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Thesis Abstract 

There is an emerging need for the implementation of technological development in the 

fisheries sector which is trying to meet the protein requirement of the ever-increasing global 

population. This is supported by the expansion of aquaculture industry and the fast-growing 

aquaculture practices have led to pollution of the aquatic environment along with the wetland 

degradation. Hence for the sustainable advancement the natural resource exploitation needed to 

be reduced, utilization of less land use for farming while intensification of high density, high 

quality indoor cultivation with reuse of water after proper wastewater treatment. India stands 

globally second in shrimp aquaculture production with whiteleg Litopenaeus vannamei most 

cultivated, nonetheless causing the deleterious environmental issues. The present study deals 

with the nutrient dynamics and microbial ecology in commercial aquaculture ponds during a 

crop cycle of L. vannamei. The high intensity culture was held for 100 days until harvest and 

ponds were maintained with biosecured zero-water exchange. At regular intervals, the 

abundance of culturable bacterial (aerobic-anaerobic) groups (heterotrophs, total anaerobes, 

methane-oxidizers, nitrate-reducers, denitrifiers, sulfur-oxidizers and sulfate reducers) 

belonging to biogeochemical cycles were enumerated along with various physicochemical 

parameters. The three nitrogenous species (ammonia, nitrite and nitrate) strongly influenced the 

physiological bacterial groups’ abundance. The strong relationship of bacterial groups with 

phytoplankton biomass and abundance clearly showed the trophic interconnections in nutrient 

exchange/recycling. The results of the study revealed that the major drivers that interweaved 

biogeochemical cycles are the three dissolved nitrogen species, which microbially mediated 

various aerobic-anaerobic assimilation/dissimilation processes in the pond ecosystem. For 



sustainable shrimp farming, from coastal and its associated ecosystems 163 bacteria were 

isolated and screened with specific activities (denitrification, methane oxidation, sulfur 

oxidation, phosphate accumulation-solubilization) and phytoplankton species were tested for 

their nutrient assimilation capacity. With the aim to utilize the mutualistic existence, three 

selected bacteria and four microalgal species were tested in various combinations for their 

nutrient removal efficiency as immobilized microalgal-bacteria consortia. From the present 

study it has been found that dual microalgal species with the three selected bacteria under 

immobilized condition (Chlorella vulgaris - Nannochloropsis salina - Spingomonas 

flavimaris - Halomonas venusta - Pseudomonas aeruginosa) showed a nutrient removal 

efficiency of 80% of nitrate and 91% phosphate. Based on these field and microcosm studies 

entitled under the Ph.D. research work: “Bioremediation of aquaculture effluent through the 

development of marine bacteria and phytoplankton consortia” suggests the application of such 

microalgal-bacteria consortia for the sustainable aquaculture. Considering the pond microbial 

ecology becoming an important management tool where applied research could improve the 

economic and environmental sustainability of the aquaculture industry, the findings of the 

present study are practically relevant. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

With every drop of water you drink, every breath you take 

You’re connected to the Sea, 

No matter where on Earth you live 

- Sylvia Earle 
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1.1. Fisheries 

Expansion of global population had challenged the food requirements and livelihoods 

of the societies by the middle of the twenty-first century and also revealing the 

disproportionate impacts of this expansion on climatic changes and degradation or depletion 

of environmental resources. Hence, the need for implementation of development in the 

fisheries sector with sustainable use of resources from the oceans, seas and inland water 

bodies along with the expansion of aquaculture is gaining significance. Fish and shellfish 

products are highly nutritious supplementing essential vitamins and minerals and thus 

contribute significantly as animal proteins to mankind worldwide. The fisheries products 

serve as vital food and a source of occupation and financial support of millions of people in 

the world.  

Aquaculture represents 46% of the total and 52% of the consumable fisheries 

products of the global fish production which peaked at about 179 million tonnes in 2018. The 

total first sale value of aquaculture and fisheries production in 2016 was estimated a worth 

of USD 401 billion, of which USD 250 billion was obtained from 82 million tonnes of 

aquaculture production (FAO, 2020). With capture fishery production relatively static since 

the late 1980s, aquaculture has been responsible for the continuing impressive growth in the 

supply of fish for human consumption. Between 1961 and 2016, the average annual increase 

in global food fish consumption (3.2%) outpaced population growth of 1.6% and exceeded 

that of meat from all terrestrial animals combined (2.8%). In 2015, fish accounted for about 

17% of animal protein consumed by the global population. Moreover, fish provided about 
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3.2 billion people with almost 20% of their average per capita intake of animal protein. 

Despite their relatively low levels of fish consumption, people in developing countries have 

a higher share of fish protein in their diets than those in developed countries. Fisheries in 

marine and inland waters provided 87.2 and 12.8% of the global total, respectively. World 

total marine catch was 79.3 million tonnes in 2016, representing a decrease of 2 million 

tonnes from the 81.2 million tonnes in 2015. Total marine catches by China, the world’s top 

producer, were stable in 2016. Sixteen countries produced almost 80% of the inland fishery 

catch, mostly in Asia, where inland catches provide a key food source for many local 

communities. Inland catches are also an important food source for several countries in Africa, 

which accounts for 25% of global inland catches.  

1.2. Aquaculture 

Aquaculture is the farming of aquatic organisms in natural, controlled marine or 

freshwater environments.  It provides 52% of all the fisheries product consumed by humans 

(FAO, 2020). In the world’s food production sector, aquaculture is the fastest growing sector 

(Moriarty, 1999). The possible benefits with increase in aquaculture production is to alleviate 

pressure on captured fisheries (Naylor et al., 2000). It was once considered an 

environmentally sound practice because of its traditional polyculture and integrated systems 

of farming based on optimum utilization of farm resources, including farm wastes. Increased 

production is being achieved by the expansion of land and water under culture and the use of 

more intensive and modern farming technologies that involve higher usage of inputs such as 

water, feeds, fertilizers and chemicals. As a result of aquaculture practices, it is now 
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considered as a potential polluter of the aquatic environment and a cause of degradation of 

wetland areas (Pillay, 1992). 

As the second largest country in aquaculture production, the share of inland fisheries 

and aquaculture has gone up from 46 % in the 1980s to over 85% in recent years in total fish 

production. In India, the aquaculture sector has evolved as a viable commercial farming 

practice from the level of traditionally backyard activity over last three decades with 

considerable diversification in terms of species and systems, and has been showing an 

impressive annual growth rate of 6-7%. Aquaculture practices are broadly classified as 

freshwater, brackish water and mariculture based on the salinity requirement for the species 

of cultivation interest.  

Freshwater aquaculture showed an overwhelming ten-fold growth from 0.37 million 

tonnes in 1980 to 4.03 million tonnes in 2010; with a mean annual growth rate of over 6%. 

Freshwater aquaculture contributes to over 95% of the total aquaculture production. The 

freshwater aquaculture comprises of the culture of carp fishes, culture of catfishes (air 

breathing and non-air breathing), culture of freshwater prawns, culture of Pangasius, and 

culture of Tilapia.  

The freshwater prawn farming has received increased attention only in the last two 

decades due to its high consumer demand. The giant river prawn, Macrobrachium 

rosenbergii, the largest and fastest growing prawn species, is cultured either under 

monoculture or polyculture with major carps. Culture for mariculture species has been 

initiated in the country and is presently carried out to a limited extent for seaweeds, and 
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mussels as a commercial activity and some fish species like seabass and cobia on an 

experimental basis to standardize the technology. Some of the important species cultured in 

India are the Indian major carps and shrimps. Besides these, ornamental fish culture and 

seaweed farming, are slowly gaining importance in the aquaculture scenario in the last few 

years as alternative livelihood supporting sectors as small-scale activities. 

In addition, in brackishwater sector, the aquaculture includes culture of shrimp 

varieties mainly, the native giant tiger prawn (Penaeus monodon) and exotic whiteleg shrimp 

(Litopenaeus vannamei). Thus, the production of carp in freshwater and shrimps in 

brackishwater forms the bulk of major areas of aquaculture activity. The three Indian major 

carps, namely catla (Catla catla), rohu (Labeo rohita) and mrigal (Cirrhinus mrigala) 

contribute the bulk of production to the extent of 70 to 75% of the total fresh water fish 

production, followed by silver carp, grass carp, common carp, catfishes forming a second 

important group contributing the balance of 25 to 30%. It is estimated that only about 40 % 

of the available area of 2.36 million hectares of ponds and tanks has been put to use and an 

immense scope for expansion of area exists under freshwater aquaculture (Handbook of 

Fisheries and Aquaculture, 2013, ICAR publication, India). The national mean production 

levels from still-water ponds have gone up from about 600 kg/hectare/year in 1974 to over 

2900 kg/hectare/annum at present and several farmers are even demonstrating higher 

production levels of 8–12 tonnes/hectare/year (Handbook of Fisheries and Aquaculture, 

2013, ICAR publication, India). The technologies of induced carp breeding and polyculture 

in static ponds and tanks virtually revolutionized the freshwater aquaculture sector and turned 

the sector into a fast-growing commercial sector. The developmental support provided by the 
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Indian Government through a network of Fish Farmers' Development Agencies and 

Brackishwater Fish Farmers' Development Agencies and the research and development 

programmes of the Indian Council of Agricultural Research (ICAR) have been the principal 

vehicles for this revolutionary development. Besides, additional support was also provided 

by various state governments, host of organizations and agencies like the Marine Products 

Export Development Authority, financial institutions, etc.  

Among maritime states, Kerala was the first to recognize the advantages of utilizing 

mussel farming technology in rural development, from a meager production in 1997 where 

cultured mussel production rose to 1250 tonnes in 2002 with over 250 mussel farms being 

established in the estuaries of Kerala. Mariculture, with technologies developed in the recent 

years, is an option for supplementing the marine capture fisheries and also gainful 

employment for the fisher folk in the coastal areas. Mussels, oysters and seaweeds have been 

the main component of mariculture, with some possibilities of crab and lobster fattening. 

Green mussel, Perna viridis and Indian brown mussel, P. indica are the two important mussel 

species viable in the country, the culture technologies of which have been standardized.  

Due to its economic importance in many countries across the world, shrimp 

aquaculture is currently undergoing a tremendous expansion to meet the protein requirement 

of burgeoning world population (Klinger and Naylor, 2012; Yuan et al., 2019; Gambao-

Delgado et al., 2020). Scientific farm management in the country was initiated only in early 

1990s, which developed into a major export-oriented sector in subsequent years. However, 

commercial farming was confined to a single commodity, shrimp Penaeus monodon, and 
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Penaeus vannamei (Litopenaeus vannamei), due to their high export potential. India has an 

estimated total estuarine area of 3.9 million hectares; of which, 1.2 million hectares of coastal 

salt-affected lands have been identified to be potentially suitable for brackish water shrimp 

farming. Of this, about 15% of the potential area has been put into aquaculture purpose. There 

are 429 Fish Farmers Development Agencies (FFDA) and 39 Brackish water Fish Farmers 

Development Agencies (BFDAs) for promoting freshwater and coastal aquaculture 

(Handbook of Fisheries and Aquaculture, 2013, ICAR, India).  

Aquaculture has been practiced in different ways based on the availability of land. 

Earlier days, most of the farmers followed extensive and semi-intensive farming. With the 

increased limitation of land, farmers had to follow intensive and super intensive farming 

techniques with less or zero exchange of water. This resulted in high production but 

accompanied by this water quality deterioration and chances of disease outbreak created new 

problems for them. The frequent water exchange is not laborious and costly, but also may 

incur disease causing agents and pollute nearby rivers and coastal areas (Mohapatra, 2012). 

1.2.1. Litopenaeus vannamei 

 Whiteleg shrimp (Litopenaeus vannamei, formerly Penaeus vannamei), 

also known as Pacific white shrimp, is a variety of prawn of the eastern Pacific Ocean 

commonly caught or farmed for food. Litopenaeus vannamei grows to a maximum length of 

230 millimeters (9.1 in), with a carapace length of 90 mm (3.5 in) Adults live in the ocean, 

at depths of up to 72 meters (236 ft), while juveniles live in estuaries. Whiteleg shrimp are 

native to the eastern Pacific Ocean, from the Mexican state of Sonora as far south as northern 

http://en.wikipedia.org/wiki/Dendrobranchiata
http://en.wikipedia.org/wiki/Pacific_Ocean
http://en.wikipedia.org/wiki/Food
http://en.wikipedia.org/wiki/Carapace
http://en.wikipedia.org/wiki/Ocean
http://en.wikipedia.org/wiki/Juvenile_%28organism%29
http://en.wikipedia.org/wiki/Estuary
http://en.wikipedia.org/wiki/Pacific_Ocean
http://en.wikipedia.org/wiki/Mexico
http://en.wikipedia.org/wiki/Sonora
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Peru. It is restricted to areas where the water temperature remains above 20°C (68 °F) 

throughout the year. The whiteleg shrimp, Litopenaeus vannamei with a total production of 

4.97 million tonnes (~53% of the total shrimps and prawn production) was the highest 

harvested crustacean species in the world during 2018 (FAO, 2020).  By virtue of its 

attributes such as high-density tolerance, physiological adaptability to variable 

environmental conditions (salinity and temperature), relatively faster growth during short 

culture periods and omnivore feeding habit, have made L. vannamei the most dominant 

shrimp species for large-scale commercial aquaculture. (Gambao-Delgado et al., 2020). 

1.2.2. Probiotics 

The use of probiotics as ‘biofriendly agents’ as animal feed additives dates back to 

the 1970s (Farzanfar, 2006) and the application of Lactobacilli are found to be 

immunostimulants (Fuller, 1992). However, the application of probiotics in aquaculture was 

reported in the late 1980s (Verschuere et al., 2000). Probiotics generally include bacteria, 

cyanobacteria and fungi and they may be called “normal microbiota” or “effective 

microbiota”. Probiotics, probiont, beneficial bacteria or friendly bacteria, are the terms used 

synonymously for mentioning the probiotic bacteria (Rao, 2002). Certain bacteria also found 

effective in recycling the nutrients and act as biological controllers of diseases during the 

culture (Yasudo and Taga, 1980). Probiotic bacteria compete with pathogenic bacteria for 

the nutrients in the culture system and they are nonpathogenic and nontoxic to the aquatic 

organisms thereby promoting the growth of cultured organisms (Farzanfar, 2006). The 

efficiency of probiotic bacteria to act antagonistic for the pathogenic microorganisms have 

increased the interest of using them as bio-control agents in aquaculture (Westerdahl et al., 

http://en.wikipedia.org/wiki/Peru
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1991; Maeda, 1994) and most commonly used probiotic species Lactobacillus, Bacillus, 

Nitrosomonas, Nitrobacter, Pseudomonas, Rhodoseudomonas, Acinetobacter and 

Cellulomonas (Singh et al., 2001; Prabhu et al., 1999; Shariff et al., 2001; Irianto and Austin, 

2002). Thus, the probiotics are living organisms which reduce the use of antibiotics which 

are chemical compounds produced by microbes in the aquaculture practice and hence known 

as counterpart of antibiotics, thereby contributing to the intestinal microbial balance (Antony 

and Philip, 2008).  

Probiotics are applied during the culture either incorporated with the feed (feed 

probiotics) or directly applied into the pond (pond probiotics). Feed probiotics easily colonize 

in the gut or gastro-intestinal tracts which are artificially prepared (dry) feed including 

pellets, crumbles, granules, flakes or microencapsulated diets or as probiotic- enriched 

encapsulation with natural live feed organisms (Nayak et al., 2003). While the pond 

probiotics settle on the pond bottom sediments and act as biocontrol with the antagonistic 

properties thereby reducing the oxygen depletion (Farzanfar, 2006). They also aid in 

degradation of organic matter, oxidizing the toxic components (ammonia, nitrite) (Prabhu et 

al., 1999) making it available for phytoplankton and thus help in maintaining the water 

quality (Nayak et al., 2003).  

The application of probiotic species in the aquaculture had revealed several benefits to the 

culture such as enhancing the immunity and disease resistance which improves the survival 

rate, improves the feed conversion efficiency thereby decreasing the organic load (Shariff et 

al., 2001), supports the degradation of organic matter, improves the nutrient absorption, and 

decreases the application of antibiotics. Thus, favoring the production and harvest yield of 
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culture organisms (Suhendra et al., 1997; Green and Green, 2003; Haung, 2003; Ahilan, 

2003; Mishra et al., 2001; Jameson, 2003; Antony and Philip, 2008). The most widely applied 

probiotics in aquaculture involves Bacillus since it can survive severe environmental 

conditions because of its sporulation capability (Kuebutornye et al., 2019). The application 

of Bacillus as probiotic candidate improved the feed utilization of the cultured animal, 

enhanced stress and immune response along with disease resistance as well as contributed to 

water quality improvement (Kuebutornye et al., 2019). Most of the currently available 

probiotics are of terrestrial origin and currently host-associated probiotics have gained 

attention which is reported to have several advantages (improved growth performance, 

disease resistance, feed value and enhanced digestive enzyme synthesis) (Van Doan et al., 

2020).  

1.3.  Effect of aquaculture effluents  

Shrimp aquaculture growth in Asia has suffered many problems in recent years and 

the major factor contributing to the problem in sustaining shrimp aquaculture are disease 

outbreaks, environmental degradation and poor management practice (Primavera, 1998). The 

accumulation of organic matter in the pond during the intense culture is mainly contributed 

by the uneaten feed, feces, plankton die-offs, molting waste etc. which is controlled majorly 

by the microbial degradation of these organic residues (Avnimelech et al., 1995; Matias et 

al., 2002). Rapid large-scale transformation of traditional aquaculture to the high-density and 

high-yield culture systems has potential to cause hypernutrification and eutrophication in the 

surrounding coastal marine areas. Many coastal areas worldwide are currently experiencing 
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pollution from various anthropogenic inputs (Hou et al., 2016) and the effluents from 

aquaculture systems may aggravate the coastal ecosystem health.  

The discharge of nutrient rich effluents from the aquaculture farms into the coastal 

areas raises the concerns of ecosystem deterioration (Eng et., 1989; Naylor et al., 1998). 

Increase in the viral diseases due to poor water quality and intensification of farms sharing 

intake and discharge waters had become a growing issue in the shrimp farming (Kautsky et 

al., 2000). Traditional shrimp ponds depend on water exchange from the growout ponds to 

minimize the algal blooms and to decrease the organic load which can lead to water quality 

deterioration especially due to high-protein feeds (Burford et al., 2003). Thus, poor water 

quality can lead to serious effects on shrimp growth, health and survival. Various 

management practices such as high aeration frequency, mixing the water column, lining the 

pond bottom, use of low-protein commercial feeds etc. can improve the pond ecosystem. The 

indigenous bacteria and phytoplankton community take part in the nutrient recycling thereby 

ultimately controlling the water quality (Browdy et al., 2001; Burford et al., 2003). These 

communities are responsible for the microbial processes involved with utilization of 

dissolved oxygen, regeneration of dissolved nutrients resulting in the formation of toxic 

metabolites such as ammonia, nitrite, sulfide and methane (a potential greenhouse gas) 

(Moriarty, 1996; Dutta et al., 2013; Neue et al., 1997). These environmental issues have 

raised the pressing demand for the development and dispersal of various environmentally 

and economically sustainable shrimp culture systems (Funge-Smith and Briggs, 1998). 

Intensification of aquaculture practices for increased production is limited by the water 

quality and economy (Avnimelech, 2006). The deterioration of water quality due to the rapid 
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accumulation of uneaten feed, organic matter and toxic inorganic nitrogen species (nitrogen 

syndrome) (Avnimelech, 2006). It has been reported that only 15% of the applied feed 

(amounting 24–37% of nitrogen and 11–20% of phosphorus) is consumed, assimilated and 

retained as shrimp biomass, while the remainder is released to the water and sediment 

(Funge-Smith and Briggs, 1998). Boyd and Tucker (1998) had reported 20-25% of protein 

fed becomes biomass of fish or shrimps while rest enters the pond as ammonium and organic 

nitrogen.  

The accumulation of nitrate has been reported to cause toxicity to the aquatic 

organisms since nitrate reacts with hemoglobin decreasing the oxygen carrying capacity due 

to the formation of methemoglobin leading to death (Camargo et al., 2005) In the aquaculture 

systems different natural and man-made farm practices result in the formation of dissolved 

organic carbon which includes humic-like substances, carbohydrates, proteineous 

substances, low molecular weight aldehydes, fulvic acids, phenols and organic peroxides 

(Mostofa et al., 2005). This organic carbon can serve as energy substrate for microorganisms 

and this process can lead to biological oxygen demand in the water column threatening the 

aquatic life (Mook et al., 2012). The increased concentration of dissolved organic carbon in 

the wastewater increases the treatment cost also. There are reports of effective 

electrochemical and bio-electrochemical methods for removal of total ammoniacal nitrogen 

(TAN), nitrate or total organic carbon (Mook et al., 2012). The conventional methods for 

removal of TAN and nitrate include chlorination, coagulation, filtration, UV and ozonation. 

The physicochemical treatments include activated carbon adsorption, ion exchange (IE), 

reverse osmosis (RO), electrodialysis (ED) (Mook et al., 2012). Except the low initial cost 
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for activated carbon adsorption, rest of the procedures have high investment costs though 

there is high efficiency in wastewater treatment (Mook et al., 2012). 

Suspended solids and dissolved nutrient contents in the effluents discharged from 

large-scale, intensive aquaculture farms are substantial and can lead to higher risks of 

environmental impacts. Aquaculture is recognized as the major contributor to the increasing 

levels of organic waste and toxic compounds (Gondwe et al., 2012; Vezzulli et al., 2008). 

When the aquaculture effluents are released without any proper treatment it can potentially 

lead to disease spread due to antibiotic resistance and harmful algal blooms in the adjacent 

coastal bodies (Hegaret, 2008; Rubert, 2008) as well as environmental deterioration from the 

eutrophication due to high concentration of nutrients and organic matter (Ali et al., 2005) 

along with huge water loss due to discharge. The amount of these components in the effluents 

can be decreased by improvement of efficient farm management practices or by physical and 

/or biological treatment of the effluent.  

Aquaculture generates considerable amount of wastes, consisting of metabolic by-

products, residual food, fecal matter and residues of prophylactic and therapeutic inputs, 

leading to the deterioration of water quality and disease outbreaks (Antony and Philip, 2006). 

There are several physical and chemical methods to reduce the pollutants. Based on the 

severity of aquaculture effluents on the environment, there are several treatment approaches 

in which the conventional physical and chemical methods are found to be non-affordable for 

the farmers. Land-based aquaculture wastewater are treated using settlement ponds to remove 

particulate and dissolved matters in Australia but their efficiency is inconsistent (Castine et 

al., 2013). They have detailed various land-based treatment approaches which are adapted 
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from the municipal wastewater treatment methods for pre-treatment, primary, secondary and 

tertiary treatments. This approach is aimed to remove the settleable solids (>100µm), 

supracolloidal (1-100µm), colloidal and dissolved components (1µm) and microorganisms 

(Castine et al., 2013). The pre-treatment for land-based aquaculture wastewater treatment 

(WWT) includes settlement grow-out ponds to remove feces and pellets, while central drain 

and filtration is applied in the recirculating aquaculture WWT. The primary treatment 

(settlement ponds and filtration) and secondary treatment (constructed wetlands, aquatic 

flora, foam fractionation, biological filtration) removes the fine particulates and dissolved 

nutrients in both land-based and recirculating WWT systems. In the tertiary treatment which 

is usually applied in the recirculating, UV lamp and ozonation (chemical method) are used 

to remove pathogens (Castine et al., 2013). But ultimately, they can contribute to the 

secondary pollution once the water is released from the pond. The physical treatments are 

found to be less effective when applied alone. But chemical treatments are expensive for the 

farmers. Development and implementation of innovative methods and technologies for farm 

effluent water treatment, water reuse and by-products recycling will reduce the quantity of 

clean water used in fish farming and the quantity of materials discharged to the environment. 

Hence the acceptable option is bioremediation or biological treatment. 

1.4. Bioremediation 

There is no single technology of profitably growing fish or shrimp. Different 

technologies have their pros and cons and different technologies suit different sets of 

conditions. Most of presently existing intensive culture systems are not designed to 

efficiently use feed, or feed components that are not immediately harvested and ingested by 



Chapter 1 - Introduction 

 

14 

 

the fish. Most of the feed components are not utilized and their disposal is an appreciable 

effort and expense. A number of systems enable intensive fish culturing in tandem with an 

efficient utilization of feed components.  

To mitigate the environmental impacts of effluent discharge and to reduce the risk of 

disease contamination from externally polluted water supply, the intensive shrimp culture in 

recent years has evolved from ‘open system’ with frequent water discharge to ‘closed system’ 

with little or ‘zero’ water discharge. However, the major problem associated with closed 

system is the rapid eutrophication in ponds, resulting from increasing concentrations of 

nutrients and organic matters over the culture period. During harvest, release of this super-

eutrophic pond water can lead to the flash point of pond carrying capacity by adverse pond 

environment (Lin, 1995). In the closed system, the major concern is maintaining the balance 

between waste production and assimilation capacity in pond environment for the success of 

closed system. Hence, the closed system culturing practices need to take full account of waste 

generation and its impact on growth of culture organisms, mortality and the overall expansion 

of total biomass in the production system (Richard et al., 1995). With the increase of biomass 

during the progress of culture, water quality becomes critical due to the accumulation of 

metabolites (ammonia and nitrite). Hence high frequency of aeration is required to grow fish 

and shrimp which controls the water quality. In the farms, the water used for the culture is 

either released or recycled. It is recycled using a series of devices (biofilters) which require 

energy and maintenance. This increases the expenses along with the cost of buying feed 

(Avnimelech, 2006). Water quality is controlled mainly by three approaches. The first one is 

the frequent exchange of pond water with fresh water which involves bio-security and water 
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scarcity considerations. The second approach is recycling the pond water using external 

filtration unit. The third approach involves the use of bacterial communities (e.g. active 

suspension ponds) or algae (partitioned aquaculture ponds) (Avnimelech, 2006).  

The current approach to improve the water quality in aquaculture is bioremediation 

using biological components.  It is defined as the application of microbes/enzymes to the 

ponds, is the method currently in use for improving water quality and maintaining the health 

and stability of aquaculture systems. When macro or microorganisms and /or their products 

are used as additives to improve water quality, they are referred to as bioremediators or 

bioremediating agents (Moriarty, 1998).  The biological treatment using bacteria to convert 

total ammoniacal nitrogen (TAN) and nitrate to nitrogen gas without any by-products or 

requirements for further treatment thus reduces the operational cost as compared to that using 

physicochemical methods (Mook et al., 2012). There are reports on using macroalgae such 

as Ulva sp. (Neori et al., 2003), Cladophora coelothrix and Chaetomorpha indica for 

bioremediation of aquaculture effluent along with seaweed productivity since they have 

faster growth rate, salinity tolerance and nutrient assimilation efficiency (Neori et al., 2003; 

de Paula Silva et al., 2008). The bioremediation capacity of adult black clam Chione 

fluctifraga grown in shrimp aquaculture showed an effective decrease in the total suspended 

solids (TSS), organic suspended solids (OSS) and TAN (Martínez-Córdova et al., 2011). 

Besides, the use of filter-feeding bivalves, microalgae and seaweeds for bioremediation can 

provide extra income for the farmers due to their commercial value (Jones et al., 2002; 

Shpigel, 2005; Muangkeow et al., 2007, Rawson et al., 2002, Peharda et al., 2007). Also, the 

integrated shrimp-shellfish-seaweed polyculture system with the bivalve Scapharcaina 
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equivalis and the seaweed Gracilaria spp. decreased the concentration of TAN (61%), total 

nitrogen (72%) and total phosphorus (71%) (Bunting, 2006).  

Some of the biological treatments include use of trickling filters, fluidized bed 

reactor, rotating biological contractor, bio-floc technology, use of wetlands etc. (Mook et al., 

2012). The trickling filters consist of fixed media bed supporting the growth of biofilm with 

prefiltered wastewater trickling over the surface area which can get clogged over time (Mook 

et al., 2012; Lekang and Kleppe 2000; Eding et al., 2006; Crab et al., 2007). Fluidized bed 

reactors are efficient for removing dissolved components in the recirculating aquaculture 

systems (Crab et al., 2007; Summerfelt, 2006). Microorganisms are grown on an inert support 

medium to form biological film in a rotating biological contractor which is partly or totally 

submerged in the effluent which has low chances of clogging, insensitivity to toxic 

substances with simple operation and low energy cost (Mook et al., 2012; Brazil, 2006; Chan 

et al., 2009; Chowdhury et al., 2010).  

The development and control of heterotrophic microbial community forming bio-

flocs at high density in water column with the carbohydrate supplementation is the basis of 

bio-floc technology (Crab et al., 2009). This suspended bio-floc consist of bacteria, 

microalgae, aggregates of living and dead particulate organic matter and grazing bacteria 

which converts the organic nitrogenous waste to bacterial proteinaceous biomass, they serve 

as feed source for the animals and also found to maintain water quality in the pond (Crab et 

al., 2007). But this technology works efficiently with the removal of TAN up to 95% when 

the C/N ratio is maintained at 20 along with the addition of protein and starch into the system. 

This can limit the denitrification process (Mook et al., 2012; Zhu and Chen, 2001; Roy and 
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Knowles, 1995). For large area of earthen or constructed shrimp farms, adjacent wetlands 

can support the treatment by removing the suspended solids, nitrogen, phosphate, trace 

elements and microorganisms from the wastewater (Hammer, 1996). With longer residence 

times, ammonia concentration declined (Verhoeven and Meuleman, 1999). But these wetland 

retentions insignificantly affected the nitrate due to high oxygen saturation in the aquaculture 

effluents (Sindilaru et al., 2007; Schulz et al., 2003; Lin et al., 2005) and longer retention 

time can decrease the nitrate concentration from the wetland wastewater treatments 

(Massingill et al., 1998). 

Microbial population is very stable and active, independent of light conditions which 

is a prerequisite for algal population. The metabolism of the organic residues in densely 

populated, aerated and mixed ponds is fast. Microbial breakdown of organic matter leads to 

the production of new bacterial cell material, amounting to 40–60% of the metabolized 

organic matter (Avnimelech, 1999). Nitrogen is needed to produce the protein rich microbial 

cells. Inorganic nitrogen is immobilized when the metabolized organic substrate has a high 

C/N ratio. Adding carbonaceous substrate, or the equivalent feeding with a low protein feed, 

leads to the diminution of ammonium and other inorganic nitrogen species in the water. 

Quantitative treatment of aquaculture wastewater treatment processes was described by 

Avnimelech (1999). The assimilation of ammonium to microbial cell protein does not 

consume oxygen, as compared to the high oxygen demand of nitrification, the alternative 

mechanism needed to remove ammonium. 
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1.4.1.  Bacteria 

Bioremediation involves organic matter mineralization to carbon dioxide, 

maximizing primary productivity that stimulate shrimp production, nitrification and 

denitrification to (1) eliminate excess nitrogen from ponds and (2) maintain diverse and stable 

pond community where the pathogens are excluded from the system and desirable species 

get established. Apart from organic matter degrading (detritivorous) heterotrophic bacteria, 

nitrifying, denitrifying and photosynthetic bacteria are generally employed in 

bioremediation. In simple terms, bioremediation involves the harnessing of biological 

systems for clean-up operations. Thus, accelerating degradation of pollutants thereby 

improving water quality, health and stability of aquaculture systems. They result in a lower 

accumulation of slime or organic matter in the pond bottom, better penetration of oxygen 

into the sediment and a generally better environment for the farmed stock (Rao and 

Karunasagar, 2000). The isolation and development of indigenous bacteria are required for 

successful bioremediation (Jameson 2003). A successful bioremediation involves: 

optimizing nitrification rates to keep low ammonia concentration; optimizing denitrification 

rates to eliminate excess nitrogen from ponds as nitrogen gas; maximizing sulfide oxidation 

to reduce accumulation of hydrogen sulfide; maximizing carbon mineralization to carbon 

dioxide to minimize sludge accumulation; maximizing primary productivity that stimulates 

shrimp production and also secondary crops; and maintaining a diverse and stable pond 

community where undesirable species do not become dominant (Bratvold et al., 1997). For 

certain bioremediation methods, aerobic ammonia-oxidizing bacteria, nitrite-oxidizing 

bacteria and anaerobic ammonia oxidizing bacteria are reared in biofilters and bioreactors, at 
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high density to decrease the ammonia loads (Tal et al., 2003a, 2006). The 

autotrophic/heterotrophic bacterial consortia grown in mats show a bioaugmentation of 

nitrifying-denitrifying efficiency to decrease the nitrogenous compounds (Bender and 

Philips, 2004; Audelo-Naranjo et al., 2011).  

1.4.2. Microalgae 

The application of various microalgal species have gained huge research significance 

for their application in various sectors such as wastewater treatment, biofuel production, 

greenhouse gas mitigation, nutritional and pharmaceutical values (Guo and Tong, 2014). 

They have the potential to assimilate nitrogen (ammonium, nitrate) and phosphorylation of 

phosphorus (orthophosphates) for their growth and this is abundantly available in the 

wastewaters (Cai et al., 2013).  

The use of microalgae in biotechnology has been increased in recent years with these 

organisms being implicated in food, cosmetic, aquaculture and pharmaceutical industries 

(Borowitzka and Borowitzka, 1988). Cultivation of microalgae in wastewater containing 

nutrients offers the combined advantages of treating water and production of algal biomass, 

which can be industrially exploited (Mallick, 2002). The microalgal species of Chlorella is 

identified to vast potential in efficient wastewater treatment due to its efficient nutrient 

assimilation capacity, fast growth rate and short generation period (He et al., 2013). It has 

been reported to have 55-88% of nitrogen and 12-100% removal performance for nitrogen 

and phosphorus, respectively (Wang et al., 2010). Aquaculture wastewater has been reused 

for the microalgal cultivation (Chaetoceros calcitrans, Nannochloropsis maculate, and 
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Tetraselmis chuii) which is further used as live feed for the cultured organisms (Khatoon et 

al., 2016). Besides, there are studies on using macroalgal species for the nitrogen assimilation 

efficiency such as growing the macroalgae Gracillaria caudata along with the 

microcrustacean Artemia franciscana for the bioremediation of aquaculture wastewater 

(Marinho-Soriano et al., 2011).  

1.4.3. Microbial consortia 

Environmental biotechnology is an emerging field of biotechnology which is 

dedicated to research and application of biological processes for the remediation of 

contaminated environments (water, soil, air) to facilitate sustainable development. The 

presence of active microbial consortia opens a number of means to control water quality and 

to optimize feed utilization. There are several commercial products marketed for use in 

aquaculture to clean up the pond bottom, maintain good water quality and improve shrimp 

health, particularly for intensive aquaculture. Management of pond microbial ecology is an 

area where applied research can lead to important findings for improving the productivity 

and environmental “friendliness” of the shrimp farming industry worldwide, particularly in 

view of recent negative environmental impacts of shrimp farms. It seems likely that the use 

of bioremediators will gradually increase and the success of aquaculture in future may be 

synonymous with the success of bioremediators that, if validated through rigorous scientific 

investigation and used wisely, may prove to be a boon for the aquaculture industry (Antony 

and Philip, 2006). To find cost effective ecofriendly techniques for the aquaculture effluent 

treatment has an increasing interest. It would be effective if microorganisms (bacteria, fungi 

and phytoplankton) with bioremediation potential can be used for this task. This can aid in 
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the utilization of majority of the particulate and dissolved organic matter and thus reduce the 

nutrient load of the effluent. Bioremediation of effluent could be helpful in recycling of waste 

water and improving the water quality for reuse. Thus, a large amount of water could be 

saved at the aquaculture farms.  

Since 1990s, although bacteria and microalgae are being widely used for the 

bioremediation of aquaculture wastewater, but less has been reported on the combined 

application of these two bioremediators in the enclosed treatment system (Lananan et al., 

2014; Huo et al., 2020). The microbial consortia composed of bacteria and microalgae are 

gaining importance since it enables the simultaneous decrease of biological oxygen demand 

(BOD) and assimilation of nutrients in a single reactor. This can be made possible if the 

components can exist symbiotically while co-cultured (Mujtaba and Lee, 2016). The 

photosynthetic process releases molecular oxygen which act as electron acceptor for the 

aerobic bacteria to mineralize the organic matter and the resultant CO2 becomes the carbon 

source for the microalgal photosynthesis. This single-step aquaculture wastewater treatment 

is required to achieve simple and cost-efficient bioremediation (Mujtaba and Lee, 2016).  

This method can act as a replacement for the complex energy intensive tertiary or advance 

wastewater treatment which involves Bardenpho sequencing batch reactor and anaerobic-

anoxic-oxic method (Peng et al., 2006; Clarens et al., 2010). 

The efficiency of microalgal species for the nutrient removal can be enhanced by the 

presence of bacteria (Mujtaba and Lee, 2016; Liang et al., 2013; De-Bashan et al., 2005). 

This helps in the simultaneous removal of nutrients by microalgae and break down of organic 

matter by the bacteria (Munoz and Guieysse, 2006). The combination of C. vulgaris with 
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bacterium Azospirillum brasilense enhanced the growth of microalgae (Gonzalez and 

Bashan, 2000) and the BOD removal efficiency was also enhanced (Vasseur et al., 2012). 

The co-existence of microalgae and bacteria could be beneficial or harmful to each other. 

Bacterial metabolites could act as growth factors or phycotoxins to the microalgae. Besides, 

microalgae produce compounds which could serve as growth factors to exotoxins for the 

bacteria (Unnithan et al., 2014). Thus, the interactions between them vary depending on the 

species of combination and environmental conditions (Park et al., 2008; Subashchandrabose 

et al., 2011). The independent bacteria or microalgae bioremediation, independently demands 

continuous supply of aeration to sustain their growth and treatment efficiency. However, the 

symbiotic relations of both these candidates does not require additional aeration because of 

their associative function (Lananan et al., 2014).  

The isolation and screening of potential candidates with bioremediation potential is 

of greater importance. Aquaculture ponds with zero water exchange will undergo a wide 

range of salinity fluctuations and also are mostly located near the mangrove regions where 

the waste water is being released after harvest. It would be convenient if innate candidates 

are selected for the bioremediation activities. Use of normal commercially available 

bioremediators remain unknown for their source of origin and could be exotic for the coastal 

area where they are washed out after harvest. Indigenous isolates would be more efficient 

since they can withstand wide range of fluctuations. It is necessary to find efficient 

microalgae-bacteria innate consortia which can bioremediate, the buildup of pollutants which 

can bring down the nutrients and organic matter thereby improving the recycling for reuse of 

water for the next production cycle. The use of bioremediators should not only be 
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environment friendly but also reduce the expenditure of using different probiotics to maintain 

the health of shrimp. Thus, bioremediators should be able to maintain the water quality as 

well as quality of shrimp.  

This doctoral research work has aimed to find out the trend and interactions of various 

environmental parameters with the culturable bacterial groups involved in the nutrient 

recycling during the shrimp production in a tropical bio-secured zero-water exchange system. 

With the baseline information, this study further intended to explore the bioremediative 

potential candidates from the bacterial and phytoplankton community for developing 

consortia for its application in aquaculture. In light of the above the present research study 

delved on developing consortia for bacteria-phytoremediation efforts of aquaculture effluents 

with the below stated objectives. 

1.5. Objectives:  

1. Analysis of physico-chemical and biological parameters from shrimp farm for one 

production cycle. 

2. Selection of bacteria and phytoplankton cultures for the development of consortia for 

evaluating bioremediation of aquaculture pond effluent. 

3. Bioremediative potential assessment under laboratory conditions by consortia vis-à-

vis synthetic aquaculture waste water. 
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2.1. Aquaculture  

The ever-increasing demand for animal protein has resulted in the tremendous 

expansion of the shrimp culture industry and has now become an activity of economic 

importance in many countries of the world (Yuan et al., 2019). The growth of aquaculture as 

the fastest growing food sector at an annual rate of 8% contributes 44.1% of world fish supply 

of 167.2 million tonnes (FAO, 2016). The average global growth rate of aquaculture industry 

is 8.8% per year since 1970 and the Gross Domestic Product (GDP) contributed typically by 

fisheries and aquaculture is from around 0.5% to 2.5% (Mohanty et al., 2018). The rapid 

growth of aquaculture in India meets the rising population demands for animal proteins 

provides direct or indirect employment for millions of people and high profitability 

generating foreign exchange of billions of USD (Vasanth et al., 2016). The shrimp industry 

act as an alternative for supplementing the fishery production to meet the demand generating 

job opportunities for rural people benefiting in the environmental and socio-economic terms. 

The expansion of this industry includes the use of wastelands for poverty alleviation, 

economical development, improving the livelihood of coastal population and supporting the 

population in the developing countries through fisheries and aquaculture related occupation 

(FAO, 2008). More than the economic success from this industry, it has gained global 

attention due to the environmental issues occurring from the unregulated and unsustainable 

development (Jayanthi et al., 2018). The expansion has caused adverse environmental 

impacts, loss of mangrove and waterways (Primavera, 1997; Paez-Osuna, 2001; Thu and 

Populus, 2007). Huge destruction of mangrove forests due to its conversion into aquaculture 

farms raised the concern of shift of most productive and biologically significant ecosystems 
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(Alongi et al., 2002; Simard et al., 2008; Jayanthi et al., 2018). In the Southeast Asia, between 

2000-2012, mangrove deforestation rate was 0.18% per year and which was mainly due to 

the expansion of aquaculture (Richards and Friess, 2016). In the Indian East coast, the shrimp 

aquaculture industry has caused the extensive mangrove degradation (Hein, 2000) and 

impacted by the conversion of agricultural lands (Alagarswami, 1995). The discharge of farm 

effluents causes salinization of adjacent agricultural lands and water bodies (Dieberg and 

Kiattisimkul, 1996) thereby impacting the agricultural production. In the developing 

countries, agricultural lands are converted to shrimp ponds resulting in salinization (Ahmad 

et al., 2010). Such conversion has been reported in large scale at Thailand and Vietnam 

(Szuster et al., 2003).  

India has a coastline stretch of 8,129 km and an Exclusive Economic Zone (EEZ) of 2.02 

million km2 and has a continental shelf area of 0.51 million km2. In India, marine fisheries 

serve significantly to nutritional security, incomeand occupation generation along with the 

foreign exchange earnings (Mohanty et al., 2018). The expansion of fisheries sector had 

severally affected the fisheries resources causing decline in catch-per-unit effort, reduction 

in the mean fish size, fishing down the food web etc. (Vivekanandan, 2011). Along with the 

overfishing, the habitat degradation and pollution also affected the fisheries resources 

(Mohanty et al., 2018). India ranks second in fish production with an annual fish production 

of 9 million ton and the total fish production of the country is supported by the inland fisheries 

and aquaculture (Mohanty et al., 2018). The earliest attempt of mariculture in India was made 

at the Mandapam centre of CMFRI in 1958–1959 with the culture of milkfish (Chanos 

chanos). Over the last three decades, CMFRI has developed various technologies for a 
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number of species including oysters, mussels and clams among sedentary species, as well as 

for shrimps and finfish. Investigation of the culture possibilities for mussels was initiated in 

early 1970s by the CMFRI which resulted in the development of a range of practices for the 

culture of these species. 

About 9 million hectares of salt–affected land has been estimated in the hot semi-arid and 

arid eco-region of northern plains and central high lands in the states of Haryana, Rajasthan, 

Uttar Pradesh, Maharashtra and Gujarat with surface and sub-soil saline water. Apart from 

the giant tiger prawn (Penaeus monodon), certain marine/brackish water fish/shrimp species 

such as milkfish, pearl-spot and mullets have shown a lot of promises for commercial 

aquaculture in such inland saline soil/water areas. Production potential ranging from 0.5 to 3 

tonnes/hectare/year has been demonstrated from such waters. (Handbook of Fisheries and 

Aquaculture, 2013, ICAR, India). 

Globally, India ranks second in the shrimp aquaculture production (FAO, 2016) and this 

utilizes approximately 11% of the potentially available area for coastal aquaculture 

(MPEDA, 2016). Thus, play a great role in supporting the Indian economy (Ojha and 

Chakrabarty, 2018). Over the last two decades, aquaculture area has increased by 879% and 

between 1988 and 2013, 0.63% of the mangroves areas are converted for aquaculture farming 

which contributes to 5% of the total shrimp farm area (Jayanthi et al., 2018). Due to the 

increasing international market demand, shrimp farms were established in India late in the 

1980s and Andhra Pradesh, West Bengal, Tamil Nadu, Gujarat and Odisha have emerged as 

the major shrimp producing states in India (Jayanthi et al., 2018). In India, nearly 140656ha 

of land has been utilized for brackishwater aquaculture out of the 1.2 million hectares of 
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coastal salt-water affected lands. This contributes a total seafood value of 24426.74 crores to 

the country and contributes 6.62% to the world aquaculture production (MPEDA, 2016). In 

India, Coastal Aquaculture Authority (CAA) is authorized to allocate license for shrimp 

aquaculture farming in the coastal regions and the expansion of aquaculture industry has 

created concerns regarding environmental impacts in India too (Jayanthi et al., 2006). The 

decline in production and environmental deterioration impacts are outcomes of poor planning 

and management by the shrimp farmers as well as in inadequate application or nonexistent 

regulations (Paez-Osuna, 2001). Between the years 2012-2016, change in soil salinity and 

soil pH has been observed (Ojha and Chakrabarty, 2018). Besides, the antibiotics and 

therapeutic chemicals used in the shrimp farms along with the feed can affect the organisms 

in the coastal areas when wastewater with uneaten feed and feces is released (Ojha and 

Chakrabarty, 2018).  

With a total production of 4.97 million tonnes, the whiteleg shrimp, Litopenaeus vannamei 

has emerged as the highest harvested crustaceans in the world, contributing to ~53% of the 

total shrimps and prawns production (∼9.39 million tonnes) in 2018 (FAO, 2020). 

Remarkable attributes of L. vannamei such as faster growth rate, high density tolerance, 

adaptability to grow and survive under varying salinity and temperature regimes and 

cultivation in both indoor (tanks or recirculating aquaculture systems) or outdoor facilities 

(ponds) have made L. vannamei as the choicest shrimp species for commercial culture in 

subtropical and tropical regions (Fernandes et al., 2019; Alfiansah et al., 2018). The high 

density and high yield culture of L. vannamei has largely been attributed to rapid 

transformation from 'open systems' (frequent water discharge) to ‘closed systems' (minimal 
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or zero-water discharge). Biosecured, zero-exchange systems offer apparent advantages such 

as better control over water quality, limited land use, reduced pollution discharge and water 

usageand risk of disease transmission between wild and captive stocks (Ray et al., 2011; Ray 

et al., 2010; Schock et al., 2013).  

2.2. Litopenaeus vannamei 

Scientific classification  

Kingdom: Animalia  

Phylum: Arthropoda 

Subphylum: Crustacea  

Class: Malacostraca  

Order: Decapoda 

Suborder: Dendrobranchiata 

Family: Penaeidae  

Genus: Litopenaeus 

Species: L. vannamei 

Binomial name 

Litopenaeus vannamei 

(Boone, 1931) 

Synonyms 

Penaeus vannamei Boone, 1931 

Whiteleg shrimp (Litopenaeus vannamei, formerly Penaeus vannamei), also known as 

Pacific white shrimp, is one of the most important shrimp species preferred for shrimp 

cultivation all over the globe. With a total production of 4.97 million tonnes, the whiteleg 

shrimp, Litopenaeus vannamei, has emerged as the highest harvested crustaceans in the 
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world, contributing to ~ 53%of the total shrimps and prawns production (∼ 9.39 million 

tonnes) in 2018 (FAO, 2020). Remarkable attributes of L. vannamei such as faster growth 

rate, high density tolerance, adaptability to grow and survive under varying salinity and 

temperature regimes and cultivation in both indoor (tanks or recirculating aquaculture 

systems) or outdoor facilities (ponds) have made L. vannamei as the most choosen shrimp 

species for commercial culture in subtropical and tropical regions (Fernandes et al., 2019; 

Alfiansah et al., 2018; Gambao-Delgado et al., 2020). 

2.3. Probiotics 

The increasing demand for environment friendly aquaculture requires the use of 

probiotics and now it is widely accepted (Zhou and Wang, 2012). Probiotics are biofriendly 

agents (nonpathogenic and nontoxic microorganisms) like lactic acid bacteria and Bacillus 

spp., added to the culture as feed additives to control and compete with pathogenic bacteria 

and promote the growth of cultured organisms (Farzanfar, 2006). The substantial benefits 

brought by aquaculture to humanity can be summarized as animal protein for worldwide 

population, high nutritional quality of aquatic products, employment sources and high 

potential food commodities in the international market (Martinez-Porchas and Martinez-

Cordova, 2012). Aquaculture is one of the important animal protein production sector which 

needs high quality feed with a high protein content along with complementary additives to 

support the health and survival of cultured organisms (Farzanfar, 2006). The application of 

hormones and antibiotics cause major limitations which could be replaced by the application 

of probiotics bacteria (Irianto and Austin, 2002). The application of probiotics dates back to 

the 1970s when bacteria was incorporated into animal feed to enhance animal growth and 
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health by stimulating the immune system thereby increasing the disease resistance (Fuller, 

1992). Certain bacteria can act as biological controllers of fish disease and activate nutrient 

regenerations (Yasuda and Taga, 1980). Only in late 1980s initial scientific works were 

published on biological control in aquaculture and then onwards the research has gained 

momentum (Verschuere et al., 2000). The use of beneficial bacteria in human, cattle, poultry 

and pig nutrition has been well documented and its application with the growth and survival 

of fish larvae, crustaceans and oysters in aquaculture has gained impact in the recent years 

(Ali, 2000; Farzanfar, 2006). 

 The periodic application of bacterial communities as probiotics during the culturing 

of several marine fish larvae increased its survival rate, body size uniformity and growth rate 

(Kennedy et al., 1998). The lactic acid bacteria supplemented in the feed of Atlantic cod fry 

exposed to virulent strain Vibrio anguillarum showed improved disease resistance and 

dominant intestinal flora on pathogen survived fish guts (Gildberg et al., 1997). The 

administration of Lactobacillus fructivorans isolated from sea bream gut was used in the sea 

bream larval rearing which significantly reduced the larvae and fry mortality (Carnavali et 

al., 2004). In shrimp farms of Negros, Philippines, the use of probiotics as a replacement for 

antibiotics was successful in controlling Luminus vibrios (Moriarty, 1999). The probiotics 

Bacillus treatment coupled with ozonation against Vibrio harveyi increased the survival rates 

of black tiger shrimp (P. monodon) (Meunpol et al., 2003) and can be used as an alternative 

for antibiotics treatment (Vaseeharan and Ramasamy, 2003).  

Depending on the progress of culture, the biomass of cultured organisms increases 

with the accumulation of organic waste, decomposition of uneaten feed and decaying biotic 
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materials (Boyd, 1994). The beneficial microorganisms (such as Lactobacillus, Bacillus, 

Nitrosomonas, Cellulomonas, Nitrobacter, Pseudomonas, Rhodoseudomonas, Nitrosomonas 

and Acinetobacter) are useful in controlling water quality and pathogenic microorganisms 

(Prabhu et al., 1999; Shariff et al., 2001; Irianto and Austin, 2002). The probiotics additive 

with mix of bacteria as liquid suspension in intensive production systems improved the water 

quality in fish and crustacean cultures by reducing the ammonia and organic materials 

(Douilett, 1998). This involves the series of enzymatic processes occurring in succession by 

the various strains present in the liquid suspension and also the addition of this, reduced the 

concentration of Vibrio thus controlling the disease outbreaks. Bacilli act antagonistic to 

potential pathogens in the aquatic environment (Irianto and Austin, 2002) and several 

bacterial species (Bacillus, Pseudomonas, Nitrosomonas, Nitrobacter, Acinetobacter and 

Cellulomonas) are known to enhance organic matter mineralization (Shariff et al., 2001). 

Matias et al. (2002) reported the ability of commercial microbial products in maintaining the 

pond water and sediment quality only in the beginning of culture period which supported the 

shrimp growth and production. The application of bacterial amendments or enzymes will not 

be effective in enhancing bacterial activity or improve water quality if the pond does not have 

proper environmental conditions (Boyd, 1995; Shariff et al., 2001). The bacterial suspension 

at different dosage did not show any effect on the pond water nutrient quality (Boyd et al., 

1984). Similar observations were reported for two commercial bacterial suspensions studied 

under laboratory conditions (Timmermans and Gerard, 1990)  

The application of probiotics is to establish a proper relationship between useful 

microorganisms and the pathogenic microflora of digestive organs and their environment and 

the successful probiotics must ensure certain criteria such as property of being antagonistic 
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to pathogens, stimulate host immunity, beneficial to host animal (releasing growth promoting 

substances like vitamins), capability of colonizing, survival and dominance, adhesion for 

colonization, long term stability, nonpathogenic and nontoxic and should be animal-species 

origin (Irianto and Austin, 2002; Fuller, 1992; Ali, 2000; Verschuere et al., 2000; Farzanfar, 

2006). There are several reports on the advantages of using gram positive bacteria (Lactic 

acid bacteria, Bacillus) in aquaculture (Farzanfar, 2006). The bacterial compounds produced 

by these bacteria can act as immunostimulants increasing macrophage activity, increased 

production of systematic antibodies (immunoglobulin and interferons which are nonspecific 

antiviral agents), increase local antibodies at mucus surfaces of gut walls (Farzanfar, 2006). 

The production of inhibitory compounds (antibiotics, bacteriocins, siderophores, protease, 

lyzozyme, hydrogen peroxide, alteration of pH, production of organic acids and ammonia) 

can inhibit the growth of competing bacteria (Verscheure et al., 2000; Gildberg et al., 1997; 

Ali, 2000).  

2.4. Biogeochemical Cycles 

The discharge of substantial amounts of polluting effluents containing feces, uneaten 

feed, phytoplankton debris and other organic matter has increased the environmental impacts 

with the global aquaculture growth (Chavez-Crooker and Obreque-Contreras, 2010). The 

water bodies and sediments receiving this organic enrichment leads to deterioration of 

environment (Crab et al., 2007). The decomposition of such large quantity of organic matter 

is achieved by increased aerobic bacterial metabolic activity with resultant high demand for 

oxygen which leads to localized hypoxia or anoxia which cause mortality of susceptible 

aerobic life forms (Gray et al., 2002). This also involves several microbial activities in the 
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sediments such as anaerobic sulfate reduction (Holmer and Kristensen, 1992), inhibition of 

nitrification and denitrification processes due to lack of oxygen (Kaspar et al, 1988). The 

decreased concentration of dissolved oxygen affects the death or migration of macrofauna 

which are usually responsible for bioirrigation of sediment thus anoxic conditions spread 

more severely (Chavez-Crooker and Obreque-Contreras, 2010). This results in the disruption 

of trophic links to the next level of food web (Wildish et al., 2004; Vezzulli et al., 2002; 

Weston 1990). Under such reduced conditions, anaerobic bacterial groups such as sulfate 

reducers and methanogens will be predominant (Wildish et al., 2004). Organic enrichment 

can also result in the increased abundance of pathogenic bacteria and viruses associated with 

organic detritus (Chavez-Crooker and Obreque-Contreras, 2010; McAllister and Bebak, 

1997). The release of shrimp aquaculture effluent both water and soil from the ponds 

contributed significantly to the spread of viruses to adjacent shrimp ponds or farms (Esparza-

Leal et al., 2009).  

The microbial processes play a significant role in maintaining the chemistry of pond 

water and sediment. These microbial processes are influenced by the water quality 

parameters like ammonium, nitrite, nitrate, sulfide and dissolved oxygen (Moriarty, 1996; 

Fernandes et al., 2010). They play a critical role in aquaculture systems such as hatchery and 

grow out ponds since microbial activity is related to the water quality and disease control 

(Jory, 1998). Moreover, with the intensive farming, the pond environment is maintained by 

modern aeration techniques which makes the pond dynamics more interdependent of the 

abiotic and biotic factors (Fernandes et al., 2010). However, the intensification of aquaculture 

to meet the demand of food sector cause deterioration of pond water and sediment quality 
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which can lead to environmental stress and increases the chances of disease outbreaks 

(Fernandes et al., 2010).  

2.4.1. Carbon Cycle 

Aquaculture ponds form major aquatic ecosystems widely distributed around the 

world utilizing vast area of inland and coastal zones ecosystems from temperate to tropical 

regions (Yang et al.,2018b). It is estimated to have a total global surface area of 110,832 km2 

by freshwater and brackish water ponds (Verdegen and Bosma, 2009; Yang et al., 2018a). 

Because of the low feed utilization efficiency, major portion of the feed input ends up 

accumulating within the aquaculture systems (Chen et al., 2015; Yang et al., 2017a) or 

reaches the adjacent water bodies as aquaculture effluent discharge (Herbeck et al., 2013b; 

Molnar et al., 2013; Chen et al., 2015). During the culture period, uneaten feeds, feces, 

phytoplankton, organic fertilizers, by-products are generated which contribute to the 

abundant organic residues comprising of labile carbon and nitrogen. This availability of labile 

matter stimulates the microbial decomposition and subsequently results in the emission of 

greenhouse gases (Yang et al., 2018a). The rapid developments in the aquaculture practices 

act as a significant anthropogenic source causing the emission of greenhouse gases (GHGs) 

with the impact on global warming (Vasanth et al., 2016). The organic feeding materials used 

during the culture, act as substrates for microbial processes involved in the carbon and 

nitrogen biogeochemical processes that emit methane and nitrous oxide (Yang et al., 2015).  

Even though aquaculture is the fast-growing major contributor to food economyit 

hasalso become an important contributor to greenhouse gas emissions (Hu et al., 2013). In 

the biogeochemical methane cycling process, the net methane release rate is determined by 
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the balance of two antagonistic processes such as methanogenesis under anaerobic conditions 

and methane oxidation in aerobic conditions (Bastviken et al., 2002; Minkkinen and Laine, 

2006; Wang et al.,2013). The mariculture practices of shrimps in the coastal and estuarine 

regions which are biologically productive regions and they are considered as potential 

“hotspots” of methane emissions (Hou et al., 2016; Yang et al., 2018b). Methane is one of 

the most abundant hydrocarbon in the atmosphere which is significant in regulating the 

Earth’s radiation balance and chemistry of troposphere (Cicerone and Oremland, 1988, 

Lashof and Ahuja, 1990). Methane is considered as one of the major atmospheric long-lived 

greenhouse gases next after to carbon dioxide which absorbs infrared radiations and has been 

impacting global warming (Xiong et al., 2017). The aquaculture effluents are comprised of 

high concentrations of organic matter and nutrients which can lead to organic pollution and 

the decomposition of organic materials under anaerobic conditions favor the methane 

emissions (Chen et al., 2013; Hou et al., 2016). Several studies have been carried out on 

methane flux across the water-air interface and sediment- water interface in aquatic 

ecosystems (Xiong et al., 2017). Moreover, this methane contribution from aquaculture gains 

significance due to its global warming potency to be 34 times higher than CO2 (IPCC, 2013, 

Yang et al., 2019a). Yang et al. (2019) has reported a dissolved methane concentration range 

of 0.18 ± 0.01 to 1.20 ± 0.11 µ mol/L in the water column of shrimp ponds. The mean air-

water methane efflux to atmosphere from sewage fed aquaculture ponds with a depth of 1.1m 

during summer is reported to 24.79 ± 12.02 mg m-2 h-1 (Shaher et al., 2020). 
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2.4.2. Nitrogen Cycle 

 In aquaculture, nitrogen can act as a nutrient as well as a toxicant depending 

upon the concentrations and it plays an important role in nutrient dynamics of aquaculture 

(Martinez-Cordova et al., 1998). This occurs when the N application exceed the assimilatory 

capacity leading to accumulation of nitrogenous compounds and water quality deterioration 

(Hargreaves, 1998). In the aquaculture ponds, feeds and feeding practices, water exchange 

and circulation, aeration, pond depth and other management procedures as well as the 

interactions between the pond water and sediment influence the nitrogen biogeochemistry 

(Hargreaves, 1998). In shrimp aquaculture, the main source of ammonia is the protein 

catabolism resulting in ammonia excretion and decomposition of organic matter and if 

accumulated can become toxic for the cultured organism (Hargreaves, 1998; Montoya et al., 

2002). Sublethal levels of ammonia can retard the growth or suppression of 

immunocompetence while acute toxicity leads to mortality of cultured organism 

(Hargreaves, 1998). The toxicity of unionized ammonia is a function of temperature, pH, 

alkalinity and total ammonia concentration (Szumski et al., 1982). The elevated pH and 

temperature elevate the ammonia toxicity which is more prominent in poorly buffered (low 

alkalinity) aquaculture ponds and the ammonia excretion contributes substantially to the N 

flow in the aquaculture ponds (Hargreaves, 1998). Chen and Ko (1993) reported the diffusion 

of unionized ammonia across the cell membranes. The studies report the exposure of 

Litopenaeus vannamei post larvae to ammonia concentrations ≥ 20 mgL-1 caused cessation 

of feeding (Frias-Espericueta et al., 2000). The recommended safe levels for ammonium are 

<1 mg L-1 (MPEDA, 1992). In an aquaculture pond, more than 90% of the N enters as 

formulated shrimp feed of which 22% is converted to shrimp biomass, 14% enters the 
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sediment and nearly 57% is discharged to the environment (Christopher et al., 2003). 

Similarly, for fish, 25% of the input N is retained as biomass while 75% of input is excreted 

and this nitrogenous excretion is composed of dissolved (62%) and particulate (13%) 

fractions (Folke, 1989; Hargreaves, 1998). The fecal solid wastes settle to the sediment along 

with the phytoplankton debris and other particulate organic matter and a large fraction of this 

organic matter is rapidly hydrolyzed and mineralized causing additional ammonia source 

(Hargreaves, 1998). Ammonia (preferred nitrogenous species) uptake by phytoplankton for 

growth and bacterial nitrification are the principal sinks for ammonia (Hargreaves, 1998; 

Kanda and Hattori, 1988).  

Next to ammonia, nitrite is another potentially toxic nitrogenous compound which is 

an intermediatory product during nitrification and denitrification and accumulates in the 

culture ponds (Hargreaves, 1998). The microbially mediated nitrification results in nitrate 

formation from ammonia thus playing an important role in maintaining dissolved ammonium 

concentrations in the aquatic systems (Fernandes et al., 2010). Mevel and Chamroux (1981) 

reported the mortality of shellfish due to high concentrations of nitrite. Nitrite competes with 

oxygen to bind with hemoglobin forming methemoglobin losing it oxygenation capacity 

(Hargreaves, 1998). Nitrogen can limit the primary productivity of ponds which totally 

depend on autotrophic food webs and due to this, organic and inorganic fertilizations are 

carried out for increasing the nitrogen availability for the phytoplankton growth (Noriega-

Curtis, 1979; Green et al., 1989; Schroeder et al., 1990; Knud-Hansen et al., 1991a, b). In 

freshwater fish, prawn ponds, marine fish and shrimp ponds, channel catfish culture, high 
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concentrations of total N and ammonia and decreased nitrate level was detected in the 

effluent waters than the influent water, (Ziemann et al., 1992; Tucker and Lloyd, 1985).  

In an aquaculture pond, there are several processes involved in the nitrogen flux 

which involves feed and fertilization, nitrogen fixation, phytoplankton uptake of inorganic 

nitrogen, ammonia volatilization and processes associated with organic matter (Hargreaves 

1998). In semi-intensive ponds, more than 90% of input N originates from the application of 

formulated feeds. The species composition of phytoplankton community (mainly 

heterocystous cyanobacteria) and ammonia concentration influences the quantity of nitrogen 

added to the aquaculture through fixation (Hargreaves, 1998). Lin et al. (1988) suggested the 

inverse relation of ammonia concentration with the extent of inhibition of N fixation. In the 

aquaculture ponds, the phytoplankton uptake of dissolved inorganic nitrogen (DIN) from the 

pond water column is the primary nitrogen removal pathway thus regulating the DIN 

concentration in the ponds (Tucker et al., 1984; Krom et al., 1989). A significant quantity of 

nitrate is assimilated by the phytoplankton only after the ammonia source is depleted since 

ammonia is the preferred N substrate for the energy efficient uptake (Syrett, 1981; McCarthy, 

1981). In the pond, heterotrophic bacteria outcompete the phytoplankton for the available 

dissolved inorganic nitrogen which results in nutrient limitation (Joint et al., 2002). pH and 

water temperature influencethe equilibrium between gaseous, unionized (NH3) and aqueous, 

ionized ammonium (NH4
+) (Hargreaves, 1998). The unionized gaseous form of ammonia is 

favored by high temperature and alkaline pH which enhances the volatilization of ammonia 

especially observed during late afternoon in poorly buffered ponds where pH exceeds 9 due 

to CO2 depletion by phytoplankton (Hariyadi et al., 1994). Lorenzen et al. (1997) reported 
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that from the added nitrogen through volatilization, 30% of N from intensive shrimp pond 

and 8% of N from the semi-intensive shrimp pond escapes. Volatilization of ammonia 

increases with increased ammonia concentrations, pH, temperature, wind speed and 

evaporation rates in the pond water (Hargreaves, 1998).  

Certain other processes such as sedimentation and resuspension, regeneration 

(mineralization) and diffusion, organic matter accumulation ammonium adsorption, 

nitrification, nitrate reduction etc are associated with organic matter influencing the nitrogen 

flux in aquaculture (Hargreaves, 1998). Uneaten feeds, organic inputs, fish fecal matters, 

senescent phytoplankton settles from the water column to the sediment surface with minimal 

organic matter decomposition within the truncated shallow water column. Schroeder et al. 

(1991) reported that nearly 50% of the algal standing crop settle to the sediment surface each 

day (about 10 g algal dry weight m-2 d-1). In intensive shrimp ponds, the settling rate of 

organic matter can exceed 800g dry matter m-2 d-1 (Wyban and Sweeney, 1989). When the 

particulate organic matter settles at the sediment-water interface it develops into a dynamic 

flocculant layer (Visscher and Duerr, 1991; Hopkins et al., 1994). Compared to water column 

and sediment the microbial density of all functional groups was maximum in the turbid layer 

above the sediments of an experimental fish tank (Ram et al., 1981). The mineralization of 

organic matter results in the consequent regeneration of nutrients at the sediment-water 

interface which sources the ammonia to the water column and also causes depletion of 

dissolved oxygen (Hargreaves, 1998). The lysis of settled phytoplankton cells or the 

hydrolysis of other particulate organic N results in the formation of dissolved organic 

nitrogen (DON). The deposition and rapid decomposition of high-quality organic matter is 
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achieved by aerobic heterotrophs and mostly the anaerobic microbes in the sediment layers 

(Hargreaves, 1998). This decomposition leads to the accumulation of ammonia in the reduced 

sediment which will be an order of magnitude greater than the overlying water column and 

increases with the pond age and water temperature (Masuda and Boyd, 1994). This elevated 

concentrations of porewater ammonia increases the concerns about the growth and survival 

of cultivated species since most of the cultivated crustaceans are bottom dwellers with 

benthic feeding or burrowing habits (Hargreaves, 1998). Bioturbation or the burrowing 

activities of the macrofauna increases the effective surface area of sediment by 125% and 

can lead to enhanced ammonia flux from the sediment (Hylleberg, 1980).  

After 2 to 3 shrimp production cycles approximately 31% of input N was estimated 

to accumulate in tropical shrimp sediments (Briggs and Funge-Smith, 1994). In semi-

intensive shrimp ponds, 15 to 22% of nitrogen input enters as bottom organic deposits 

(sludge) in sediment which gets periodically suspended by aeration or allowed to settle in 

place (Hopkins et al., 1994). On the surface of clay minerals or organic matter in the 

sediment, ammonium may weakly adsorb to the negatively charged cation exchange sites 

and this adsorbed ammonium can act either as an important source to the overlying water and 

as a sink for ammonia produced from DON mineralization (Hargreaves, 1998). In a 

freshwater fish pond nearly 2% of the input N is stored in the adsorbed pool (Acosta–Nassar 

et al., 1994). The adsorbed ammonium and the porewater ammonia stay in equilibrium hence 

their profiles are similar and the ration of adsorbed ammonium to porewater ammonia 

partition coefficient though variable usually remains much greater than 1. The variability of 

partition coefficient is related to the cation exchange capacity of soil, adsorbed and porewater 
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ammonia concentrations, temperature and sediment depth (Hargreaves, 1998). The processes 

of sediment drying and re-wetting affects the adsorbed ammonium concentrations and the 

nitrification processes carried out by the nitrifying bacteria are responsible for the utilization 

of loosely adsorbed ammonium (Seitzinger,1990; Hargreaves, 1998). In the water column, 

the concentration of ammonium temporarily increases when sediment desorption exceeds the 

diffusive flux and from suspension of pond sediments by wind-driven water turbulence or 

aeration (Hargreaves, 1998). The two-step oxidation process of ammonia to nitrate is termed 

as nitrification and is mediated by two slow growing chemoautotrophic gram-negative 

bacterial genera. Ammonia is oxidized to nitrite by Nitrosomonas and nitrite is oxidized to 

nitrate by Nitrobacter. The energy derived by the oxidation of NH4
+ is over three times as 

much NO2
- must be oxidized to support equivalent microbial growth (Verstraete and Focht, 

1977). Temperature, pH, dissolved oxygen concentration, substrate concentration, 

abundance of nitrifying bacteria and availability of surfaces are the major factors affecting 

the nitrification rates (Hargreaves, 1998). But compared to slow growing nitrifiers, fast 

growing heterotrophic bacteria may be competitively more successful than nitrifying bacteria 

at low oxygen concentration. One of the key factors controlling the nitrification is oxygen 

penetration into sediment and depth of oxygen penetration is inversely related to the 

sedimentation of organic matter and temperature (Rysgaard et al., 1994; Revsbech et al., 

1980; Hargreaves, 1998). The ammonia (substrate) concentration also influences the 

nitrification in aquaculture sediments. This ammonia arises from the organic N 

mineralization at the sediment-water interface and ammonia diffused from reduced sediment 

layer to sediment-water interface and bulk water (Hargreaves, 1998). The half-saturation 

concentration increases with temperature (20 to 30°C) for ammonia oxidation ranging from 
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1 to 10 mg N L-1 and for nitrite oxidation from 5 to 9 mg N L-1 (Painter, 1970). In the water 

column nitrification is restricted by the surface availability and possibly by light inhibition. 

The rapid uptake of ammonia by large and actively growing phytoplankton community 

causes substrate limitation and lowering of the nitrification in the water column (Hargreaves, 

1998). It is influenced by the temporary phytoplankton die-offs in response to elevated 

ammonia concentration. In high intensity pond systems, mechanical aeration cause particle 

matter suspension which act as active sites for mineralization and nitrification in the water 

column (Hargreaves, 1998). Nitrification and denitrification are closely coupled reactions in 

flooded soils and can occur in reduced microzones within the oxidized layer of sediment 

surface (Jenkins and Kemp, 1984; Hargreaves, 1998). The oxygen consumption rate, oxygen 

diffusion rate and geometry of particles decide the quantity of reduced microsites (Focht and 

Verstraete, 1977). Hence in water column, temperature and substrate concentrations 

influence the nitrification while, in sediments this process is controlled by temperature and 

depth of sediment oxygen penetration (Hargreaves, 1998). 

Assimilatory nitrate reduction helps the microbes to reduce nitrate to ammonia for 

incorporation into cellular levels as amino acids. During the oxidation of organic matter, the 

nitrate respiration results in nitrate reduction to dinitrogen (denitrification) or ammonia 

(dissimilatory nitrate reduction) where nitrate serves as terminal electron acceptor and 

thereby energy supplied for microbial growth (Hargreaves, 1998). Based on energy required, 

oxygen is preferred for organic matter oxidation, but heterotrophic facultative anaerobes shift 

to nitrate as terminal electron acceptor when oxygen concentration is limited (Hargreaves, 

1998). The denitrification rates are depended on concentrations of nitrate, oxygen and 
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organic carbon, temperature and denitrifying bacterial population. A detailed denitrification 

rate estimated for different sediments from freshwater and marine systems from several 

previous studies have been described by Hargreaves (1998). Though denitrification is an 

anaerobic process the factors stimulating nitrification (oxygen, temperature) also stimulates 

denitrification especially since nitrification is dependent on abundant oxygen (Hargreaves, 

1998). Jana and Patel (1985) reported the decrease in abundance of bacteria during winter 

(103 cells g-1) and maximum during summer (104 cells g-1) in tropical fishpond 

sedimentandthe abundance increased between 104 to 106 cells g-1 with intensity of 

management (Ram et al., 1982).  

The pond management practices also affect the nitrogen biochemistry in the 

aquaculture ponds. In the pond waters the feeds and feeding practices have a major impact 

on ammonia levels which increased with dietary protein concentration and total protein fed 

over the range of 24% to 40% (Li and Lovell, 1992). In intensive shrimp ponds, a water 

exchange rate of 0.025 d-1 was sufficient to reduce ammonia concentration compared with 

no water exchange (Hopkins et al., 1993). Diab et al. (1992) reported a hydraulic retention 

time > 24h in rearing units necessary for nitrification to complete in high biomass intensive 

fishponds (500 m3). The use of paddle-wheeled aeration in semi-intensive shrimp ponds 

maintains the concentrations of dissolved oxygen (Hargreaves, 1998) and reduced ammonia 

concentrations slightly in brackish water shrimp ponds but concentrations were not different 

from unaerated ponds (Sanares et al., 1986). The sediment particles were resuspended by 

aeration promoting the rapid desorption of exchangeable ammonium and this stimulated 

water column nitrification. With high stocking density and feeding rate large quantity of 
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ammonia will be generated and phytoplankton assimilation of ammonia will be insufficient 

(Hargreaves, 1998). Carpenter et al. (1986) reported the inverse relation of nitrite and nitrate 

with shrimp pond depth while ammonia concentration was not significantly affected by the 

pond depth. The addition of organic carbon rich materials such as cellulose, sorghum meal 

etc as part of farm management can limit the dissolved inorganic nitrogen in intensive 

circulated fishponds by promoting the microbial biomass formation which act as food source 

(single-cell protein) for carp and tilapia (Schroeder, 1978; Beveridge et al., 1989; 

Rahmatullah and Beveridge, 1993).  

The addition of naturally occurring ion exchanging materials (zeolite clinoptilolite) 

to the shrimp ponds are effective in removing ammonium from water (Spotte, 1979; Chien, 

1992) but the efficacy of ion exchange is affected by the ionic strength of water, by occlusion 

of exchange sites by dissolved organic carbon and by the size of exchange resin particle 

(Spotte, 1979). But salinity affects the removal of ammonium by ion exchange and 

application of ion exchange materials was not effective in shrimp ponds at salinities ranging 

from 0 to 30 ppt (Briggs and Funge-Smith, 1996). Between the crop cycles drying of pond 

bottom sediment is the most important cost effective and practical management technique 

which promotes oxidation of organic matter (Ayub et al., 1993) and nitrification of 

mineralized N (Diab and Shilo, 1986). The dredging of brackish water shrimp ponds during 

the crop cycle to remove accumulated organic matter or chain dragging across the pond 

bottom must be performed periodically (Costa-Pierce and Pullin,1989; Fast and Boyd, 1992; 

Beveridge et al., 1994). In the pond aquaculture, the nitrogen cycling depends on the potential 

toxicity of ammonia and nitrite and the reduction of their concentrations (Hargreaves, 1998). 
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Hence the practical technique with development of efficient experimental approaches has 

become the significant requirement.  

2.4.3. Phosphorus Cycle 

 It has been found that from the trout cage farms in the brackish waters of Baltic sea, 

72% of nitrogen and 87% of phosphorus supplied with food enters the environment (Islam, 

2005). The amount of phosphorus entering the pond phosphorus budget depends upon the 

cultured organism, culture system, type and proportion of feed ingredients (Herath and Satoh, 

2015). In the aquaculture effluent, phosphorus can occur as particulate P (settle at the 

bottom), suspended P (difficult to settle from water) and soluble P (dissolved in water) 

(Herath and Satoh, 2015). Coloso et al. (2003) reported a positive linear relationship of 

soluble fraction of P in the effluent with the dietary P level.  

Several studies on the shrimp pond nutrient budget have reported that only 13% of feed 

contributed phosphorus into the shrimp body mass while major portion of approximately 

84% remains in the pond sediment influencing the nutrient concentration since shrimps are 

poor feed converters (Rao and Karunasagar, 2000, Briggs and Funge-Smith, 1994). The 

enhanced concentration of dissolved inorganic phosphate can also cause eutrophication 

(Cloern, 2001; Islam and Tanaka, 2004). From the uneaten feed and feces, phosphorus enters 

and accumulate in the sediment and the soluble phosphorus from the organic sources can 

influence toxic phytoplankton bloom (Kato et al., 1985; Islam, 2005). Phosphate solubilizing 

bacteria increases the bioavailability of phosphorus by the production of organic acids and 

acid phosphatases which play a major role in the mineralization of organic phosphorus in the 

soil.  
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2.4.4. Sulfur Cycle 

In aquaculture ponds, the sulfur-oxidizing bacterial groups are part of the natural 

microbial community playing an important role in the sulfur cycle (Kumar et al., 2018). In 

the ecosystem, the abundance and diverse activities of microorganisms link the sulfur 

transformations with the biogeochemical cycling of carbon and nitrogen (Hu et al., 2018). 

The microbial decomposition of organic matter mainly controls the water quality in shrimp 

ponds (Avnimelech et al., 1995) and this decomposition is carried out by wide range of 

microorganisms in the pond ecosystem (Rao and Karunasagar, 2000). In the shrimp 

aquaculture system, from the feed input more than 50% of feed enters the pond as waste 

which can lead to further deterioration of pond environmentdecreasing the oxygen and 

increasing the concentration of toxic hydrogen sulfide and ammonia (Rao and Karunasagar, 

2000; Mevel and Chamroux, 1981). During the culturing period, the accumulation of organic 

matter with limited water exchange, less aeration, high stocking and feeding rates can lead 

to oxygen depleted conditions leading to the release of hydrogen sulfide formed by the sulfur 

reducing activity from the sediments and this causes toxicity to the cultured organisms such 

as shrimps and fish (Bagarinao and Lantin-Olaguer, 1998). Hydrogen sulfide in its ionic form 

can cause massive mortalities in the aquaculture ponds due to its extreme toxicity (Krom et 

al., 1985). Bagarinao and Lantin-Olaguer (1998) reported mortality due to hypoxia caused 

by the sulfide toxicity. In aquaculture system, the abundance of sulfate reducing bacteria 

(SRB) and the sulfate reduction were reported to be in correlation with the organic matter 

availability (Suplee and Cotner, 1996). The presence of reduced microniches in the sediment 

particles suspended in the pond water and sediment provides the anaerobic conditions for the 
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SRB to cause sulfide production (Suplee and Cotner, 1996). During the microbial 

decomposition, heterotrophic bacterial community consume oxygen and release carbon 

dioxide in their process whilst autotrophic sulfur bacteria utilize oxygen for the oxidation of 

sulfide (Rao and Karunasagar, 2000). Due to the sulfide toxicity to shrimps, in the 

aquaculture system the sulfur cycling bacterial communities are significant in remediating 

the lethal forms of sulfur for maintaining the pond environment (Rao and Karunasagar, 

2000). Hence there exists the fundamental significance of microbial sulfur transformation 

and the effects on sulfur and carbon elemental cycling (Hu et al., 2018). The range of various 

sulfur oxidation states from completely reduced (-2) to completely oxidized state (+6) makes 

it being utilized as electron acceptors in sulfur reduction and electron donors in oxidation 

processes of the microbial communities (Hu et al., 2018). The stability and high abundance 

of sulfate in seawater makes sulfate a ubiquitous electron acceptor in marine environments 

(Hu et al. 2018). In sulfur cycling, the microbial reduction of sulfate is one of the significant 

redox processes (Bowles et al., 2014). The sediments enriched with large quantity of organic 

matter mineralization leads to substantial hydrogen sulfide production (Hu et al., 2018). The 

reduction of sulfur compounds such as sulfite and sulfate could be for assimilation for 

synthesizing organic sulfur compounds or for the dissimilation to remove the excess 

reduction equivalents (Leloup et al., 2009). The disproportionation reaction of elemental 

sulfur, sulfite and thiosulfate also cause sulfide production (Thamdrup et al., 1993) by several 

genera of sulfate reducing bacteria (Hu et al., 2018). The heterotrophic bacteria are also 

reported to metabolize organic matter such as sulfur rich phytoplankton cellular metabolites/ 

cell leachate producing hydrogen sulfide by the process of desulfurization (Howard et al., 

2008, Durham et al., 2015, Hu et al., 2018). The organic sulfur compounds such as 
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dimethylsulfoniopropionate (DMSP) and 2,3-dihydroxypropane-1-sulfonate (DHPS) can be 

microbially metabolized by Roseobacter lineage to methanethiol and further converted into 

methionine ultimately producing hydrogen sulfide (Gonzalez et al., 1999; Xia et al., 2017). 

The oxidation of sulfide to intermediate sulfite/ thiosulfate or complete oxidation of sulfate 

can be done by sulfur-oxidizing bacteria (SOB) through dissimilatory sulfur oxidation (Hu 

et al., 2018; Lenk, 2011). The autotrophic SOB which includes phototrophic and 

chemotrophic SOB and heterotrophic SOB are involved in the phylogenetically and 

physiologically diverse sulfur-oxidizing bacterial community (Hu et al., 2018). Sulfur-

oxidizing bacteria can utilize the oxidized forms of nitrogen (nitrite or nitrate) as electron 

acceptors which are termed as autotrophic denitrifying SOB like Thiobacillus denitrificans 

(Lavik et al., 2009, Mangold et al., 2011).The microbially mediated sulfur oxidation can 

result in the formation of intermediatory products like elemental sulfur or sulfates and 

nitrogen gas or nitrites (Pokorna and Zabranska, 2015) thus inextricably coupling the 

chemolithotrophic denitrification process and sulfur oxidation with carbon and nitrogen 

cycling (Hu et al., 2018; Barton et al., 2014). The dissimilatory sulfate reduction is reported 

to couple with degradation of organic carbon compounds as well as with anaerobic methane 

oxidation (Hu et al., 2018; Barton et al., 2014). Anaerobic oxidation of methane coupled to 

dissimilatory sulfate reduction has a crucial role in the carbon and sulfur cycling in marine 

environments with the participation of anaerobic methanotrophic archaea and sulfate 

reducing deltaproteobacteria (Milucka et al., 2012). The coupling of denitrification with 

chemoautotrophic bacteria mediated sulfur oxidation mainly helps in energy conservation 

and reverses the electron transport to produce ferredoxin for carbon fixation (Hu et al., 2018). 

Several studies have reported the relation of high SRB diversity in marine sediments and 
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wetlands coupled with the biogeochemical cycling of carbon, nitrogen and sulfur (Barton and 

Fauque, 2009; Wasmund et al., 2017; Bao et al., 2018). In the Alphaproteobacteria class, the 

ubiquitous marine Roseobacter clade bacteria (RCB) often distributed throughout the world 

oceans comprising 25% of marine microbial communities especially in the coastal regions 

and polar regions (Brinkhoff et al., 2008) and have the SQR, sulfite oxidase and Sox systems 

which can completely transform sulfide, sulfite and thiosulfate to produce sulfate (Lenk et 

al., 2012). Thus, the RCB clade play a significant functional role in global biogeochemical 

cycling of carbon and sulfur (Moran et al., 2007).  

In the intensive aquaculture practices, the production of reduced sulfur compounds 

from the metabolic reactions are major issue for the aquaculture pond management 

(Krishnani et al., 2010). The high levels of hydrogen sulfide during the culture period affects 

the health of the cultured organism and hence the bioremediation in zero water exchange and 

recirculating systems are required to be applied as ecofriendly practices (Krishnani et al., 

2010). The co-existence of sulfur-reducing and sulfur-oxidizing activities in shrimp ponds 

would be in favor of reciprocal exchanges of sulfur compounds, thereby increasing the 

overall energy efficiency of the whole system. Sulfur cycling was mainly composed of Sox 

system responsible for thiosulfate oxidation, dissimilatory sulfate reduction and oxidation 

and sulfide oxidation (Cerquiera et al., 2018). The heterotrophic bacteria can perform 

complete oxidation to convert hydrogen sulfide to sulfate thus reducing the sulfide toxicity 

which can be exploited for bioremediation and protection for coastal ecosystems (Hu et al., 

2018). Based on the significance of sulfur cycle, it is necessary to understand the bacterial 

diversity involved in the cycling of sulfur in aquaculture ponds. Kumar et al. (2018) has 
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isolated and characterized 96 morphologically distinct SOB from freshwater fish farm and 

checked for their sulfate ion production ability with specific reference to the SOB genus 

Thiobacillus. 

2.5. Aquaculture effluent 

The global expansion of aquaculture activity has occurred in the tropical and 

subtropical coastal areas competing for wetland areas in common with agriculture, tourism, 

traditional fisheries and rural development (Paez-Osuna, 2001). The expansion and 

intensification of aquaculture has raised critical concerns on ecosystem due to the presence 

of nutrient rich wastewater discharge (Naylor et al., 2000). Along with the loss of habitats 

and nursery areas, mangrove deforestation, coastal erosion, reduced biodiversity, reduced 

catch yields of commercially important species, acidification and alterations of water 

drainage patterns are resulted from shrimp farming jeopardizing the integrity of ecosystems 

(Paez-Osuna, 2001). The environmental impacts caused by shrimp farming have been 

discussed in the literature (Primavera, 1991, 1997, 1998; Chua, 1992; Hopkins et al., 1995). 

Paez-Osuna (2001) detailed on the causes, effects and mitigational measures due to the 

destruction of ecosystem as a function of shrimp pond constructions, shrimp pond operation 

technology, the capacity of receiving waters, size and scale of land surface dedicated for 

production. During the construction of shrimp ponds, the coastal wetlands such as 

mangroves, inner lagoons and marshes which act as the nursery grounds and shelter for 

several species during their early developmental stages are destroyed. The seepage of 

brackishwater from the shrimp ponds affect the groundwater supplies, adjacent paddy fields, 

freshwater wetlands by salinization and or acidification of soils causing the depletion of 
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domestic and agriculture water supplies (Flaherty and Karnjanakesom, 1995, Dierberg and 

Kiattisimkul, 1996, Paez-Osuna, 2001, Martinez-Porchas, 2014).  

During the shrimp culture, nutrient rich water is discharged during partial/full harvest 

from the ponds into the nearest creeks which causes deleterious effects on the estuarine 

environments. The effect of shrimp pond discharge depends on the volume of discharges, 

chemical compositions (dissolved nutrients, organic matter like uneaten feed, feces, 

suspended matter and phytoplankton) and the discharge receiving area (chances of residence 

time, dilution efficiency and receiving water quality). The physicochemical characteristics of 

shrimp effluent depends upon the stocking density (extensive, semintensive and intensive 

culturing) which greatly influence the concentration of dissolved nutrients, biochemical 

oxygen demand (BOD), suspended matter which increases with the stocking density 

(Tunvilai et al., 1993; Robertson and Philips, 1995; Paeza-Osuna et al., 1994,1997; Paeza-

Osuna, 2001). Due to the potential environmental impacts the improvement in aquaculture 

waste management is a significantly desirable objective which involves the removal of 

nitrogen and phosphorus from the wastewater and decreasing the organic matter content in 

the sediment thereby reducing the biological risk and promoting the sustainable aquaculture 

farming practice for the long term (Chavez-Crooker and Obreque-Contreras, 2010). 

The major problem associated with the zero-exchange systems, however, has been 

the accumulation of nitrogenous waste (especially, ammonium and nitrite) and organic matter 

(derived from the excess feed, feces and metabolites) with the progress of the culture thereby 

affecting the water quality and productivity (Ray et al., 2011; Ray et al., 2010; Schock et al., 

2013; Briggs and Funge-Smith, 1994). It has been reported that only 15% of the applied feed 
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(amounting 24–37% of nitrogen and 11–20% of phosphorus) is consumed, assimilated and 

retained as shrimp biomass, while the remainder is released to the water and sediment 

(Funge-Smith and Briggs, 1998). The success of zero-exchange shrimp culture systems 

therefore depends on striking a balance between waste production and assimilation capacity 

by considering the waste impact on the growth of cultured organisms, the mortality of the 

cultured stock and overall expansion of total biomass (Richards et al., 1995). In this context, 

the role played by physiological bacterial communities in maintaining the water quality by 

assimilation and mineralization of excess organic load (uneaten feed and toxic chemicals) 

from the pond ecosystem while maintaining the optimum shrimp growth is of paramount 

importance (Mishra et al., 2008). 

The release of aquaculture wastewater with high organic matter can increase the 

biochemical oxygen demand due to the heterotrophic activity within the sediment (Islam, 

2005). Due to the exceeding demand for oxygen anoxic conditions can alter the sediment 

chemistry as well as the benthic ecology with predominance of anaerobic processes (Islam, 

2005). These anaerobic reactions lead to the formation of reduced compounds (ammonia, 

hydrogen sulfide and methane) in the sediment. These compounds are detrimental to the 

cultured organisms (Islam, 2005). In the aquaculture industry, the intensification of culture 

practices generates large quantity of nutrient-rich wastewater which if released in the 

untreated form can lead to eutrophication in the coastal areas and impact the biological 

communities in the downstream (Troell et al., 2000; Naylor et al., 2005).  

Yang et al. (2019b) has reported aquaculture ponds to be potentially large sources of 

atmospheric methane which can impact climate change. The methane produced from the 
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shrimp ponds vary depending upon the estuaries and aquaculture stages. The shrimp ponds 

located in the subtropical estuarine regions are recognized as potential “hot spots” of methane 

biogeochemical cycling (Yang et al., 2019d). Methane is one of the major end product of 

organic matter degradation (Bridgham et al., 2013) which is the most important greenhouse 

gas (IPCC, 2013). There are several reports on the oversaturation of methane in the inland 

and coastal aquatic systems (Bastviken et al., 2011; Blees et al., 2015; Dutta et al., 2015; 

Xing et al., 2004; Yang et al., 2015a) and thus these aquatic systems become sources for 

atmospheric methane (Bastviken et al., 2011; Musenze et al., 2016; Yang et al., 2011). In the 

coastal shrimp ponds, high water salinity and feed utilization efficiency effectively mitigate 

methane emissions (Yang et al., 2019c). In the aquaculture systems, the net methane flux is 

controlled by the methane production (methanogens) and methane consumption 

(methanotrophs) and the transport of methane (diffusion and ebullition) affected by various 

abiotic and biotic factors (Yang et al., 2019d). In the aquaculture ponds, methane emission 

is supported by the surface sediment since it retains large amount of organic matter from the 

uneaten feed and feces (Chen et al., 2016; Yang et al., 2017b).  

The demand for aquaculture products increased the need for significant studies on the 

various wastewater treatment methods worldwide. The physical treatment mainly consists of 

construction of wetlands and allowing the wastewater to retain for removal of settleable 

solids (Turcios and Papenbrock, 2014). The chemical treatments include coagulation, 

flocculation (Ebeling et al., 2004). The conventional wastewater treatment involves physical, 

chemical methods. The physical methods involve sedimentation, flocculation, flotation, 

filtration, aeration, screening, adsorption etc. The chemical treatments are comprised of 
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chemical precipitation, neutralization, coagulation, disinfection, ion exchange, chemical 

oxidation and these processes are expensive with chances for secondary pollutant generation 

(Kim et al., 2020). The conventional wastewater treatments may not be able to treat the 

wastewater completely which can also impart higher cost and maintenance (Singh et al., 

2019; Carty et al.,2008). The biological treatment includes the use of wide range of organisms 

such as polychaetes (Gomez et al., 2019), microalgae (Sirakov and Velichikova, 2014; Ansari 

et al., 2017; Guo et al., 2013), macroalgae (Aníbal et al., 2014), consortia (Zhang et al., 2020). 

 

Figure 2.1. Aquaculture wastewater treatment studies from literature 

In India, the studies on the aquaculture wastewater treatment are in the developing 

stage. Kumar et al. (2017) studied the nutrient removal efficiency of immobilized microalgae 

Amphora sp. with Oithona rigida, a copepod species. It was reported that the immobilized 

combination of microalgae with copepod had better nutrient removal efficiency for nitrogen 

and phosphorus from the aquaculture wastewater. A consortium of three bacterial isolates 
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(Bacillus cereus, B. amyloliquefaciens and Pseudomonas seuzeri) was reported to be efficient 

in mitigating the ammonia and nitrite in the aquaculture wastewater. Duckweeds have 

reported to be suitable for the bioremediation of fish culture effluent (Ansal et al., 2010). 

 

Figure 2.2. Percentage of aquaculture wastewater treatment studies reported from India  

2.6. Methods of effluent treatment 

The severity of shrimp effluents highlights the significance of the mitigating 

approaches for reducing the impact on adjacent coastal water quality. Improving the feeding 

method (Paez-Osuna et al, 1998), enhancing the nutrient composition of the shrimp feed 

(Avnimelech, 1999) are considered to be effective methods for reducing the load of nitrogen 

and phosphorus released into the pond water. Though nitrogen is in high concentrations in 

the formulated shrimp feed, most of it added to ponds (80%) is not retained as shrimp biomass 

(Briggs and Funge-Smith, 1994; Jackson et al., 2003) and discharged into its environment 

(Christopher et al., 2003). Paez-Osuna (2001) suggested the development of low protein, low 
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pollution diet with higher nitrogen and phosphorus digestibility or live feeds like algae, 

chironomids which can decrease the nutrient loads contributed from feed solubilization and 

help in water quality maintenance. Studies by Alongi et al. (1992), Robertson and Philips 

(1995) suggested the use of mangrove wetlands for filtration of pond effluents which 

efficiently removes the solids and nutrients prior to their release into adjacent waters. 

Denitrification efficiency of mangrove sediments can improve the quality of shrimp pond 

effluents. But the ratio of mangrove area available for the shrimp pond is a drawback for this 

approach (Rivera-Monroy et al., 1999, Paez-Osuna, 2001).  

Use of shrimp farm effluents for cultivation of salt tolerant crops, bivalves, oysters, 

mussels and seaweed in the residence pond or effluent streams is considered as mitigation 

methods with economic benefits (Lin, 1993; Sandifer and Hopkins, 1996, Glenn et al., 1991, 

Brown et al., 1999). The zero-water discharge or reduced water exchange culturing of 

shrimps also decrease the effluent impact and residence of pond water discharge in oxidation-

sedimentation ponds whereby other economically important organism can be cultivated 

(mussels, seaweeds etc) (Hopkins et al., 1993; Martinez-Cordova et al., 1998). Nearly 61% 

of settleable solids, 40% of total suspended solids, 12% of BOD, 7% of total N and 14% of 

total P from the pond water can be efficiently removed with 6 hours of residence time for the 

pond discharge in a settling pond (Teichert-Coddington et al., 1999). Brown and Glenn 

(1999) reported the application of using shrimp farm discharge water for irrigation of 

halophyte cultivation and suggested its application for the growing Artemia and salt tolerant 

alga Dunaliella. Sirakov and Velichikova (2014) reported the bioremediation potential of 
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Tetraselmis chuii (78.4% of TN, 92% of nitrate, 79% of phosphorus) for a 10-day experiment 

with aquaculture wastewater. 

Shrimp cultivation involves disease outbreaks due to invasion of bacteria, virus, fungi 

and protozoa causing great loss (Rosenberry, 1998) and thereby significant decline in the 

production. The lack of proper management of environmental factors and rapid expansion 

are found to cause increased disease outbreaks (Browdy and Hopkins, 1995). The discharge 

of pond effluents which could serve as intake water for nearby farms can cause spreading of 

waterborne disease agents (Paez-Osuna, 2001). Severe quarantine measures are required for 

disease free healthy seed supply, like good feed supplemented with probiotics, good water 

quality, strict pond preparations and lower stocking densities which are some of the actions 

for disease control in shrimp farming (Primavera, 1998). Compared to agriculture, less 

quantity of chemical substances are being used during the pondpreparations or incorporated 

in shrimp feeds. These include therapeutic and disinfectants, water and sediment 

conditioners, organic matter decomposers, algicides and pesticides, phytoplankton growth 

promoters and feed additives (Primavera et al., 1993).  

Based on the stocking density intensified shrimp stocking density requires greater 

water usage, feed and fertilizer inputs causing increased waste production which is reflected 

in the pond sediment quality (Paez-Osuna, 2001). At the end of each production cycle the 

organic nutrient rich sediment is removed or allowed to oxidize as a maintenance practice 

but in some instances, it leads to water pollution (Dierberg and Kiattisimkul, 1996). The 

removal of this dry sediment from the pond promotes the oxidation of the low organic matter 

content (Boyd et al., 1994) or it can be used for mangrove reforestation (Primavera, 1998). 
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In many localities the capture of wild penaeid post larvae which serves as a major source of 

seed for the shrimp pond stocking is a critical point. This method of collection of wild fry of 

interest causes the catch and discarding of other fish fry and zooplankton thus resulting in 

decline of biodiversity due to loss of mangrove ecosystem, bycatch mortality of shrimp fry 

and genetic degradation of native population (Primavera, 1998). 

The viral and bacterial disease outbreaks during the continuous expansion of the 

shrimp industry resulted in catastrophic collapses for extensive regions which resulted in 

shrimp ponds abandonment (Philips et al., 1993) as well as introduction of exotic species 

(Martinez-Porchas, 2014). There are various factors like management, water quality and 

sediment characteristics based on which the average lifetime of a shrimp pond is variable 

usually with a viability of 7-15 years (Flaherty and Karnjakesom, 1995). The altered 

environmental conditions during the shrimp farming complicate the restoration of abandoned 

shrimp ponds especially with changes in landscapes and interruption of drainage patterns and 

inability of substratum to support the vegetation (Flaherty and Karnjakesom, 1995). The 

possible alternative is the conversion of such abandoned shrimp ponds to salt ponds, culturing 

of other valued species (shellfish and crabs) and restoration of the ponds for halophyte or 

mangrove plantings (Paez-Osuna, 2001).  

These catastrophic effects due to the expansion of shrimp farming while trying to 

meet the global demand for animal proteins brings into focus the serious approach towards 

sustainable shrimp aquaculture across the global. In coastal aquaculture sustainability 

practices are suggested by the guidelines from the Food and Agriculture Organization (FAO) 

for responsible aquaculture and this include environmentally nondegrading, technically 
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appropriate, economically viable and socially acceptable sustainable aquaculture 

development (Paez-Osuna, 2001). 

2.7. Bioremediation  

Aquaculture is one among the major contributors causing the increased levels of dissolved 

and particulate nutrients such as nitrogen and phosphorus which lead to depletion of oxygen, 

eutrophication and siltation in the aquatic ecosystems (Burford et al., 2003; Lamprianidou et 

al., 2015). The most common concerns caused by aquaculture effluents are eutrophication, 

hypernutrification and nitrification alterations (Herbeck and Unger, 2013a). The release of 

high concentration of nitrogen and phosphorus from current aquaculture practices have 

detrimental impact on the surrounding environment induces eutrophication (Andreotti et al., 

2017). The mitigation of dissolved nitrogenous (NH4
+, NO2

- and NO3
-) and phosphorus 

nutrients are considered as a rule of thumb in aquaculture wastewater treatment (Martinez-

Porchas, 2014). When the wastewaters are released from the farms, the receiving 

environments have limited capacity to assimilate the nutrients into the trophic system and 

biogeochemical cycles. This hypernutrification lead to the accumulation of considerable 

amounts of nutrients which tend to cause ecological imbalances (Paez-Osuna et al., 1998). 

The sustainable strategy to alleviate the negative effects of aquaculture effluents can be 

achieved by bioremediation which involves the use of different organisms such as bacteria, 

fungi, microalgae, macroalgae, mollusks etc (Bender and Philips, 2004; Martinez-Porchas, 

2014). A wide range of physical, chemical and biological approaches can be helpful in 

removal of nitrogen and other nutrients from the wastewater. Small scale treatments on 

constructed wetland system with large volume of water loading, short retention times 
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decreased the levels of ammonia and nitrite while the concentrations of nitrate and 

phosphorus did not show any decline with this wetland passage method (Sindilariu et al., 

2007).  

The ability to sequester heavy metals by the bacteria and other microbes have been 

utilized in the bioremediation of industrial effluents from several decades (Lefebvre and 

Edwards, 2010). But the pollutants in aquaculture effluent are distinct from industrial 

effluents and hence the application of above microorganisms may not be useful. Out of the 

total nitrogen inputs, 22% gets converted to shrimp biomass, 14% remains in the sediment 

and 3% is lost to the atmospheric through denitrification or volatilization of ammonia while 

the rest of the nitrogen is discharged as part of effluent into the environment (Jackson et al., 

2003). The discharged nitrogen is composed of organic N (proteins attached to suspended 

matter such as uneaten feed, feces, phytoplankton and or zooplankton biomass) and inorganic 

N (NH4
+, NO2

- and NO3
-) fractions (Martinez-Porchas, 2014). Along with nitrogenous wastes 

large amount of phosphorus, carbonand suspended matters are components of aquaculture 

effluents. It is estimated that with everyone ton of shrimp harvested 56 kg of N and 21 kg of 

P is generated and discharged into the environment (Martinez-Cordova et al., 2009). The rate 

of biotransformation of ammonia and nitrite does not match with the generation rate leading 

to accumulation of toxic compounds and microbial bioremediation is considered as a 

sustainable solution to alleviate the environmental impact (Martinez-Porchas, 2014). 

Bioremediation efforts of aquaculture effluents were reported at the earliest by Bird et al. 

(1988) and relatively recent reports on successful efforts using microbes such as bacteria and 

microalgae were by Chavez-Crooker and Obreque-Contreras (2010) and Martinez-Cordova 
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et al. (2011a). The bacteria are involved inclusively in breaking down and in the 

transformation of organic wastes into nutrient supply for natural or farmed organisms (Crab 

et al., 2007; Panigrahi and Azad, 2007; Chavez-Crooker and Obreque-Contreras, 2010).  

2.7.1. Bacterial Bioremediation 

Microbes are considered potential candidates for bioremediation due to their 

nutritional requirements for rapid growth and ubiquitous presence in diverse environments 

(Martinez-Porchas, 2014). Diverse bacterial species were tested for the biological nitrogen 

removal through the processes such as nitrification, denitrification and inclusively anaerobic 

ammonium oxidation (anammox). Studies had been carried out for bioremediation of 

aquaculture effluents under aerobic and anaerobic conditions with bacteria 

(chemolithoautotrophic ammonia-oxidizing bacteria and ammonia-oxidizing bacteria, 

nitrite-oxidizing bacteria) involved in biological nitrification to form less toxic nitrate 

(Chavez-Crooker and Obreque-Contreras, 2010; Kowalchuk and Stephen, 2001). The high 

concentration of bacteria (aerobic ammonia-, nitrite- and anaerobic ammonium-oxidizing) 

reared in the biofilters and bioreactors can decrease the ammonia loads in the aquaculture 

wastewater (Tal et al., 2003a, 2006). Paredes et al., (2007) suggested the effective treatment 

with the combination of anammox with microbial nitrification. Hence, they can be used 

exclusively in bioreactor systems for bioremediation purpose in combination with microbial 

nitrification (Paredes et al. 2007; Chavez-Crooker and Obreque-Contreras, 2010). Different 

in situ biological reactors have been reported with ammonia oxidizers in stringed bed 

suspended bioreactors (Kumar et al., 2009), batch reactors with bio-floc technology (De 

Scheryver and Verstraete, 2009), immobilized nitrifying bacterial consortia as 
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bioaugmentators (Manju et al., 2009) and biological treatment of shrimp aquaculture 

wastewater (Lyles et al., 2008).  

In nature, the microbial communities colonizing in the microbial mats are dominated 

with cyanobacteria, eukaryotic microalgae (diatoms), anoxigenic phototrophic bacteria and 

sulfate reducing bacteria which are physiologically flexible with anoxygenic and oxygenic 

photosynthesis within the same consortium with enhanced bioremediation capacity 

(Paniagua-Michel and Garcia, 2003; Martinez-Porchas, 2014). This biotransformation of 

toxic compounds are achieved by different enzymes involved in the metabolic pathways 

which can be identified and genetically modified for bioremediation of aquaculture wastes 

(Pieper and Reineke, 2000). Like autotrophic bacteria, heterotrophic bacteria are also found 

to have bioremediation capacity of transforming ammonia into cellular protein besides their 

ability to break down organic wastes (uneaten feed, feces and dead organisms) which serves 

as nutrient source for proliferation (Paniagua-Michel and Garcia, 2003; Ebeling et al., 2006). 

Martinez-Porchas (2014) detailed the series of ecological imbalances which can be 

eliminated by the utilization of organic material using heterotrophic bacteria. In an earlier 

study by Avnimelech (1999) the heterotrophic bacteria were used to promote the growth of 

bioflocs (comprised of organic matter, heterotrophic bacteria, algae and diatoms) due to 

efficient biomass production than the autotrophic bacteria which can serve as a food source 

for shrimp cultured in zero water exchange systems. Along with serving as a nutritional 

source, an alternative energy flux into higher trophic levels (Azam et al., 1983; Sherr, 2000), 

the bioremediation of N and P compounds and organic matter are additional benefits. The 

application of heterotrophic bacteria is a sustainable alternative for mitigation of aquaculture 



Chapter 2 - Review of Literature 
 

63 

 

wastes. The use of probiotics bacteria in a massive concentration could also act as an 

alternative for aquaculture bioremediation since they eradicate the pathogenic bacteria but its 

efficacy depends on the competitive nature between particular species or strains of bacteria 

(Martinez-Porchas, 2014).  

The nitrate removal ability of immobilized (alginate and polyvinyl alcohol gel beads) 

photosynthetic bacterium Rhodobacter spaeroides in the aquariums have been reported by 

Nagadomi et al. (1999). Park et al. (2001) studied the nitrate removal efficiency of 

immobilized denitrifiers in marine recirculating aquariums. Heterotrophic denitrifiers 

(Pseudomonas sp.) entrapped using alginate-starch matrix was used for nitrate removal in 

freshwater and marine aquariums (Tal et al., 2003a, b). Pseudomonas sp. have been reported 

to have phosphate solubilization activity which has been used for plant growth promotion 

and disease control in rice crop (Glick et al., 1997; Kloepper, 1994; Saikia et al., 2005; 

Audenaert et al., 2002; Panwhar et al., 2011). Schoebitz et al. (2013) reported the efficiency 

of Pseudomonas fluorescens and Serratia sp. in phosphate solubilization under alginate-

starch immobilized condition. Cell immobilization of phosphate solubilizing bacteria were 

more efficient in improving the cell survival and long-term storage of inoculum (Schoebitz 

et al., 2012; Cassidy et al., 1996). Mujahid et al. (2004) reported the various phosphate 

solubilizing bacterial strains which include Pseudomonas, Bacillus and Rhizobium to be the 

most efficient and the growth promoting substances released by various phosphate 

solubilizing bacteria has been detailed by Ahemad (2014). The efficiency of phosphate 

solubilization enhanced when studied under immobilized conditions than the freely 

suspended cells (Farhat et al., 2014). Also, the encapsulated cells maintained increased 
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stability and biological efficiency (Jimenez et al., 2012). Jana et al. (2007) reported Bacillus 

to be the most effective in phosphate solubilization activity.  

2.7.2. Phycoremediation 

Similar to bacteria as a prokaryotic bioremediation tool, microalgae are diverse group of 

unicellular eukaryotic protists and prokaryotic cyanobacteria which are proven for their 

different industrial biotechnological applications including bioremediation of various 

effluents (Day et al., 1999; Raja et al., 2008, Malik, 2004; Doshi et al., 2007; Lim et al., 2010; 

Chiu et al., 2011).  Ecofriendly bioremediation process of removing pollutants or nutrients 

using any green plant-based system with energy efficient resource recovering system is 

known as phytoremediation (Danaher, 2013; Kwon et al., 2013). Several previous studies 

reported the efficient nutrient removal from aquaculture wastewater using microalgae and 

macroalgae as part of bioremediation treatments (Gao et al., 2016; Michels et al., 2014; 

Sirakov andVelichkova, 2014; Bartoli et al., 2005; Borges et al., 2005; Lefebvre et al., 2004; 

Hussenot et al., 1998; Lefebvre et al., 1996; Hammouda et al., 1995; Shpigel et al., 1993). 

Use of microalgae (phycoremediation) is a low-cost way of nutrient removal with multiple 

uses of biomass production such as biofuels, fine chemical production, fertilizers and feed in 

aquaculture (Mulbry et al., 2008; Mulbry et al., 2007; Vilchez et al., 1997). Kube et al. (2018) 

detailed the simultaneous removal of nitrogen and phosphorus by microalgal species under 

immobilized conditions. 

Shrimp effluents stocked with bivalves and benthic microalgae Navicula sp. showed the 

decrease of ammonia, nitrite, nitrate, total nitrogenand phosphate thus reusing the water for 
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next culture (Martinez-Cordova et al., 2009). Navicula sp. is already reported to remove 80% 

and 70% of ammonium and orthophosphates from polluted streams (Vymazal, 1988). 

Andreotti et al. (2017) mentioned the cost and effort effective way of using microalgal 

species (Dunaliella tertiolecta and Isochrysis galbana) for growing in aquaculture 

wastewater in unsterilized culture media with reduced energy consumption. Dunaliella 

tertiolecta was reported for bioremediation of aquaculture wastewater with more than 90% 

removal of dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus (DIP) 

(Andreotti et al., 2017). Tetraselmis suecia can assimilate dissolved nutrients from the 

aquaculture wastewater by converting itfor biomass production (Andreotti et al., 2017). 

Chlorella vulgaris is reported to have 99.9% uptake of nitrate and 99.8% of phosphate from 

aquaculture wastewater in the presence of carbon source (Blanco-Carvajal et al., 2017). 

Andreotti et al. (2017) reported that the microalgal species Tetraselmis suecica and 

Dunaliella tertiolecta removed more than 90% of dissolved inorganic nitrogen and dissolved 

inorganic phosphorus.  

Li and Tsai (2009) genetically modified commonly found microalgae in shrimp 

ponds, Nannochloropsis oculata for fish fed to defend against bacterial pathogenic infection 

with a survival of 85% of fish compared to 5% normal microalgae fed fish. But the use of 

genetically modified or exotic organisms requires strategies to prevent their escape into the 

environment which could cause serious problem for the ecosystem (Martinez-Porchas, 2014). 

Neori et al. (2004) reported the effective elimination of nutrients by macroalgae (seaweed) 

while it did not decrease the organic load which is a persistent problem.  
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Microbial bioremediation using single species cannot be relied for a sustainable 

approach in the removal and biotransformation of all the wastes generated by the aquaculture. 

The combination of species from different trophic levels can create synergistic relationship 

which helps in efficient bioremediation. Hence the co-culturing of strains with different 

bioremediative capacities can be used for creating microbial consortia. This way of integrated 

multitrophic aquaculture (IMTA) approach reduces to minimal level or eliminates the 

environmental impacts of aquaculture effluents. The strategies of IMTA are considered as a 

key for the sustainable development of aquaculture (Troell et al., 2009; Ridler et al., 2007; 

Barrington et al., 2010; Chopin et al., 2008). This involves the use of complementary 

organisms for optimal nutrient utilization and decrease the solid waste contribution into the 

pond sediments (Chavez-Crooker and Obreque-Contreras, 2010). In this approach the waste 

generated by one organism becomes the energy source for others and thereby improving the 

ecosystem balance (Chopin et al., 2008). Shellfish or other filter feeders convert a large 

amount of particulates into harvestable body mass at the same time cultivation of valuable 

seaweeds assimilates the dissolved nutrients while this is again supported by the bottom 

feeders that help to remove organic sediments and enhance bioirrigation (Chavez-Crooker 

and Obreque-Contreras, 2010). The aquaculture wastewater is composed of high amount of 

dissolved nutrients and suspended solids; these solids can be removed in the settlement pond 

with the help of filter feeding organisms (bivalves, sponges, Artemia) or with a residence 

time or passing through physical barriers (sand beds), while the microalgal species does the 

assimilation of dissolved nutrients (Milanese et al., 2003; Marinho-Sorianoet al., 2011; 

Martı´nez-Cordova et al., 2011b). 
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2.7.3. Bacterial – Phycoremediation  

There has been a significant increase in the amount of research conducted on the 

wastewater treatment using microalgae-bacteria systems in the past decade with initial efforts 

in biofuel production from microalgae which has the potential total cost savings than the 

conventional wastewater treatment technologies (Park and Craggs, 2011; Milano et al., 2016; 

Suganya et al., 2016 and Solimeno et al., 2017). Algae perform photosynthesis with the 

assimilation of nutrients producing oxygen which will be utilized by bacteria, eliminating the 

need for mechanical aeration and pathogen inactivation occurs in these algal-bacterial 

systems (Tricolici et al., 2014; Abdo et al., 2016; Liang et al., 2013). The reported earliest 

wastewater treatment using algal-bacterial systems in unmixed ponds- shallow oxidation 

ponds and deeper facultative ponds (Oswald and Gotass, 1957) and with mixed raceway 

ponds (Oswald et al., 1957). The microalgae and bacteria systems are strongly interdependent 

and the reaction processes (physical, chemical and biochemical) are difficult to understand 

and less is known (Solimeno et al., 2017).  

Neori et al. (2004) stated the microalgal uptake of dissolved nutrients (ammonia, 

nitrite, nitrate, phosphate and carbon dioxide) was released by the bacterial degradation of 

organic matter. Bacteria-microalgal consortia have been used for various biotechnological 

applications especially for wastewater treatment (removal of ammonium and phosphorus) 

using Chlorella vulgaris-Bacillus pumilus ES4 (Hernandez et al., 2009), in hatcheries or 

aquaculture using Chaetoceros gracilis, Isochrysis galbana, Pavlova lutheri with 

Flavobacterium sp. (Suminto and Hirayama, 1997). The biotechnological potential of using 

cyanobacteria/microalgae and bacteria as consortia has been detailed by Subashchandrabose 
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et al. (2011). Lananan et al. (2014) has reported the higher removal percentage (99.15%) and 

removal rate of phosphorus (0.534 mg/L/d) using the combination of microalgae with 

effective microorganisms (EM) which was better than the conventional microalgal 

bioremediation. This combination of EM (bacterial components) along with microalgae deny 

the requirement of additional aeration because of their associative function between them 

and they function simultaneously in the degradation of organic matter (Lananan et al., 2014).  

The microalgal biomass production is enhanced by the cooperative interactions 

between the bacteria and microalgae and this requires the essential step of selection of well-

suited members in the co-culture system (Mujtaba and Lee, 2016). The glycoprotein of 

Pseudomonas sp. enhanced the growth of alga Astrionella glacialis (Riquelme and Ishida, 

1989). Pseudomonas diminuate and P. vesicularis increased the growth of Chlorella sp. and 

Scenedesmus bicellularis (Moughet et al., 1995). The capacity of bacterial decomposition 

was found enhancing the growth rate of microalgae Microcystis aeruginosa (Du et al., 2013). 

Similarly, marine diatom Chaetoceros gracilis improved growth in the presence of bacterial 

strain (Suminto and Hirayama, 1996). Mujtaba and Lee (2016) has detailed the various 

bacteria-microalgal consortia. It is also worth to check their efficiency when exposed alone 

or in consortia with other potential ones.  
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3.1. Sampling site and farm management 

 Field studies were conducted in a commercial shrimp farm located near Alvekodi 

village near Kumta town (Karnataka State, India), south-west coast of India (Lat. 14.42° N; 

Long. 74.40° E). The farm is tide-fed from the adjoining mangrove creek located around 3 

km from the coast. The investigations for the present study were carried out in two 

biosecured zero-water exchange shrimp pond (water spread area, 0.84 ha; mean water 

depth,1.1 m). The farm management practices involved the stocking of certified shrimp 

seeds, stringent feed management, periodic water quality assessment, probiotics 

applications etc. The pond bottom was prepared (sun drying, fertilization and liming) 30 

days prior to the stocking of post larvae. The dechlorinated and conditioned seawater from 

the creek was initially pumped into the reservoir pond. Further it was filtered and filled into 

the pond, followed by the application of inorganic fertilizer (4 ppm of urea:single super 

phosphate in a ratio of 1:1). The farm-prepared liquid mixture containing rice/wheat bran, 

jaggery, yeast, cow dung and protein sources (groundnut oil cake, old feed, buttermilk) are 

added (100 to 150 L) during the initial 15 days of culture (DoC) for enhancing the natural 

pond productivity. This fermented liquid mixture is expected to act as a probiotic and also 

help inregulating pH fluctuations and in maintaining the optimum C:N ratio. 

3.2. Stocking and feed management 

 Post-larvae (PL18) of Litopenaeus vannamei whichtested negative to white spot 

syndrome virus by polymerase chain reaction test were procured from a nearby shrimp 

hatchery and were stocked after two weeks of pond preparation. Before stocking into the 

pond, the PL18 were observed for visible signs of morbidity and the stocking was done in 

the early morning hours at a density of 16 PL18 m
−2. During the culture, shrimps were fed 
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with formulated pellet feed (CP-Aquaculture, India, proximate composition, 38 – 40% 

protein; 5% lipids and 3% fibre) and split into three rations a day. A progressive decrease in 

feeding rate from 10% to 2% with the increase of shrimp body weight was followed. But 

the feeding rates were adjusted based on the monitoring of survival and shrimp biomass.  

3.3. Culture conditions 

 The shrimp production cycle lasted for a duration of 96 days with zero-water 

exchange. During the production to compensate the water loss through evaporation and 

seepage, fresh dechlorinated water was added to maintain the average water depth (~ 1.0 

m). The frequent monitoring of pH helped in buffering the wide fluctuations with the 

application of hydrated lime and pH fixers. Paddle-wheel aerators were operated with an 

aeration schedule of 8, 12 and 16 h d−1 for 0–50; 51–80 and 81–96 DoC, respectively for 

maintaining optimum dissolved oxygen (DO) levels in the pond. Commercially available 

liquid and powdered probiotics were administered directly to the pond water as well as with 

the feed. The consistent application of liquid probiotics ‘Super PS’ (mixture of 

Rhodobacter spp. and Rhodococcus spp., ~ 109 CFU mL–1) restricted the formation of 

hydrogen sulfide (H2S), increased the DO levels, supported the non-pathogenic bacterial 

growth and helped decomposition of the accumulated organic matter (carbohydrates, 

proteins and lipids). The commercial feed-based probiotics containing Bacillus subtilis (108 

CFU mL−1) and vitamin-mineral feed additive were also added for enhancing the growth 

and survival rates of shrimp. 

3.4. Sampling period and sample collection 

 The samplings were carried out from the larval stocking day (0 DoC) till the 

shrimps were harvested (96 DoC). Water and sediment samples were collected in clean, 
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well-rinsed bottles from three pre-determined points within the shrimp pond. All the 

samplings were carried out at a fixed time of the day. Samples were transported aseptically 

in an ice box to the laboratory for processing and analysis (Plate 1).  

3.5. Measurement of environmental parameters 

3.5.1. Hydrogen ion concentration (pH) 

 During the sampling, the pH was measured for shrimp pond water using a digital 

multimeter (IQ Scientific Waterproof ISFET pH/Ion Meter Kit: Cole-Parmer-99361-12) 

after calibration with standard buffers (pH 4, 6.9, and 9; Merck). 

3.5.2. Temperature 

 In the pond water the temperature was measured in degree centigrade using digital 

multimeter (IQ Scientific Waterproof ISFET pH/Ion Meter Kit: Cole-Parmer-99361-12). 

3.5.3. Salinity 

 The salinity for the pond water was measured using a hand-held refractometer 

(model: S/Mill-E, ATAGO, Japan) The calibration with zero setting was done using 

distilled water as per the instructions from the manufacturers. 

3.5.4. Total Suspended Solids (TSS) 

 Content of total suspended solids (TSS) was estimated by filtration of a known 

volume of water sample on pre-weighed Whatman GF/F glass fibre filter paper (47 mm 

diameter; nominal pore size: 0.7 μm). Results were calculated from the dry weight obtained 

after the filter paper attains constant weight during oven drying (Grasshoff et al., 2009). 

3.5.5. Dissolved oxygen (DO) 

 Dissolved oxygen level in the pond water was determined by using the Winkler's 

titration method (Winkler, 1888) described by Grasshoff et al. (2009). Water samples were 
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collected at the sites at three points away from the aerators in acid-washed 300 ml glass 

stopper bottles. The samples were immediately fixed using 1 ml each of Winkler's A and B 

reagents. The DO bottles were gently shaken to mix the reagents and the precipitate formed 

was allowed to settle. In the laboratory, the precipitate was acidified by adding 2ml of 

sulfuric acid (50% v/v) and titrated against 0.01N sodium thiosulfate using starch as an 

indicator. The end point was noted by observing the colour change from pale yellow to 

colorless. For the DO estimation, Milli-Q water was used as blank. The dissolved oxygen 

concentration of water was expressed as milliliters of dioxygen gas (O2) per liter of water 

(ml L-1). 

3.5.6. Biochemical oxygen demand (BOD) 

 The biochemical oxygen demand (BOD5) was estimated according to the 5-day 

BOD test as per the method suggested by Grasshoff et al. (2009). The two sets of water 

samples were carefully collected in glass BOD bottles (300 ml) from the ponds without any 

bubble formation and carefully closed with glass stopper and incubated in dark for five 

days. The first set of samples were fixed and estimated for the dissolved oxygen content at 

the time of sampling. After incubation, samples were carefully fixed using Winkler’s 

reagents and followed the procedure of DO estimation for the dissolved oxygen present in 

the sample after bacterial respiration following the thiosulfate titration. BOD is expressed 

in ml per litre by calculating the difference DO of initial day and DO after 5 days.   

3.5.7. Estimation of dissolved nutrients 

The concentrations of dissolved nutrients in the ponds were determined using the 

water samples brought to room temperature. The samples were filtered through Whatman 
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GF/F filter paper (47 mm diameter, 0.7 μm pore size) to remove high concentration of 

plankton and other suspended matter. 

3.5.7.1. Ammonia (NH4
+) 

Ammonia was determined by using indophenols blue method (Grasshoff et al., 

2009). The dissolved ammonia was made to react with hypochlorite to form 

monochloramaine which in the presence of phenol and sodium nitroprusside results in the 

formation of indophenol blue colour. The colour is measured spectrophotometrically (Jasco 

Fluorescent spectrophotometer, FP 6500PC) using wavelength of 630nm. Standard curve 

was plotted using ammonium chloride as standard and ammonia concentrations are 

expressed in μM (Appendix). 

3.5.7.2. Nitrite (NO2
-) 

Nitrite was measured using diazotization method (Grasshoff et al., 2009) by 

allowing the nitrite to react with sulfanilamide to form diazo compound, which reacts with 

N-(1-naphthyl) ethylenediamine and form highly colored azo dye, as described above in 

nitrate procedure. This dye was measured spectrophotometrically using wavelength of 

543nm. Standard curve was plotted using sodium nitrite as standard and nitrite 

concentrations are expressed in μM (Appendix). 

3.5.7.3. Nitrate (NO3
-) 

Nitrate was analyzed by reducing it quantitatively to nitrite by passing through a 

column containing cadmium filings coated with metallic copper (copper sulfate). Nitrite 

thus produced was then determined by diazotizing with sulfanilamide and coupling with N-

(1- naphthyl) ethylenediamine to form highly colored azo dye, which was measured 
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spectrophotometrically at wavelength 543nm. Standard curve was plotted using potassium 

nitrate as standard and concentrations of nitrate are expressed in μM (Appendix). 

3.5.7.4. Phosphate (PO4
3-) 

 Phosphate was measured using ascorbic acid method for orthophosphate (PO4
3-) 

(Grasshoff et al., 2009). The water was allowed to react with a composite reagent 

containing ammonium molybdate tetrahydrate solution, sulfuric acid, ascorbic acid and 

potassium antimonyl-tartrate solution. The resulting complex was reduced to give a blue 

solution, which was measured spectrophotometrically at wavelength of 885nm. Standard 

curve was plotted using potassium dihydrogen phosphate and concentration is expressed in 

μM (Appendix). 

3.5.8. Estimation of chlorophyll a and phaeophytin pigments 

 The chlorophyll a and phaeophytin concentration of the water samples were 

estimated spectrophotometrically using the standard chlorophyll a estimation protocol 

(Parsons et al., 1984). Water samples for chlorophyll a (Chl a) analysis were filtered using 

GF/F, extracted overnight in 90% acetone and the absorbance was read at 750 and 665nm. 

The acetone extracts of Chl a were treated with 10% HCl (acidification) and the absorbance 

was read at 750 and 665nm for the samples after acidification for the estimation of 

phaeophytin (Phaeo) pigments using spectrophotometer (Jasco Fluorescent 

spectrophotometer, FP 6500PC). All the environmental variables were analyzed in 

triplicate. 

3.5.9. Total organic carbon (TOC)  

 The total organic carbon content for the pond sediments were determined by wet 

oxidation method (El Wakeel and Riley, 1957). Dried sediment samples were ground using 
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mortar and pestle and sieved through a mesh (200µm). About 0.5 grams of sediment 

samples were transferred to a conical flask which was oxidized for the organic matter by 

adding 25ml of acid dichromate. After 1-hour incubation at 60°C water bath, 100 ml 

distilled water was added to the sample. This was subsequently titrated with ferrous 

ammonium sulfate and diphenylamine as an indicator. The color change from dark blue to 

green indicated the end point. Blank was run without sediment and the standard curve was 

plotted using glucose at varying concentrations. Total organic matter (TOM) was calculated 

by multiplying TOC with a factor of 1.72 (Appendix).  

3.5.10. Total inorganic carbon (TIC) 

 The pond sediments were dried under 60°C and ground using mortar and pestle. 

The samples were analyzed using CO2 coulometer (CM 5012:UIC Coulometrics Inc) 

coupled to an acidification module (CM 5130:UIC Coulometrics Inc) (Huffman, 

1977;Engleman et al. 1985). For blank 10ml of 2% HCl was used, and for standard, 12 mg 

of calcium carbonate (Merck) was used. The values were expressed as % of C.  

3.5.11. Estimation of carbohydrate 

 The estimation of carbohydrates was done by phenol-sulfuric acid method (Kochert, 

1978) using glucose as a standard. To 0.1 g of sediment from each sediment section, 2 ml 

of 5 % TCA was added in 15 ml centrifuge tubes and placed in boiling water bath for 3 hrs 

at 80-90°C. The tubes were cooled and centrifuged at 5000 rpm for 5 mins. For estimation 

of carbohydrates, 0.5 ml of supernatant was drawn to which 0.5 ml of distilled water was 

added followed by 1.0 ml of phenol reagent and 5.0 ml of concentrated sulfuric acid in a 

centrifuge tube. It was mixed well, incubated for 30 min and the OD was measured using 
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spectrophotometer at 490nm. Values were expressed as μg g-1. The standard curve was 

plotted using glucose at varying concentrations (Appendix). 

3.5.12. Estimation of protein 

 Estimation of protein was done by Lowry's method (Lowry et al., 1951). Dried 

sediment sample (0.1 g) was taken from each section, to which 2 ml of 1 N NaOH was 

added and mixed well, and incubated at 100°C for 5 min. Then the sample was centrifuged 

for 5 min at 4°C, from which 0.5 ml of supernatant was taken and mixed with 0.5 ml 

distilled water (1:1 ratio). To this solution 5 ml of reagent C was added and incubated in the 

dark for 10 min, later 0.5 ml of freshly prepared FCR (1:1 dilution) was added, vortexed 

well and incubated for 20 min in dark. The OD was measured using spectrophotometer at 

750nm. Values were expressed as μg g-1. The standard curve was plotted using bovine 

serum albumin at varying concentrations (Appendix). 

3.5.13. Estimation of lipid 

 Estimation of lipid concentrations in mangrove sediments was carried out according 

to Bligh and Dyer, (1959) and Marsh and Weinstein, (1966) and slightly modified 

according to sediment matrix. In a 15 ml centrifuge tube, 0.1 g of dried sediment was taken 

to which 1 ml of distilled water was added and vortexed vigorously for 1 min, followed by 

the addition of 1.25 ml of chloroform and 2.5 ml of methyl alcohol and incubated overnight 

at 4°C, after which the samples were centrifuged at 8000 rpm for 5 min. The supernatant 

was drawn and collected in a separate vial using a pipette to which 1.25 ml of chloroform 

and 1.25 ml of distilled water was added. The tubes were shaken vigorously for 1 min and 

allowed to form a water - methanol - chloroform emulsion and centrifuged at 8000 rpm for 

5 min to collect the supernatant of hydro-alcoholic fraction. To this fraction, 2 ml of 
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dichromate solution was added and incubated in boiling water bath for 45 min with 

intermittent shaking two to three times. The sample was then diluted with 4.5 ml distilled 

water, and the OD was taken using spectrophotometer at 375 nm. Values were expressed as 

μg g-1. The standard curve was plotted using stearic acid at varying concentrations 

(Appendix). 

3.5.14. Labile organic matter and labile organic carbon 

 The sum of total proteins, carbohydrates and lipids was expressed as labile organic 

matter (LOM). Carbohydrates (CHO), proteins (PRT) and lipids (LIP) were converted into 

carbon equivalents using conversion factors of 0.40, 0.49, and 0.70 for CHO, PRT, and 

LIP, respectively (Fichez, 1991; Fabiano and Danovaro, 1994). It is the sum being the 

labile organic carbon (LOC).  

3.5.15. Bacteriological groups 

 The total heterotrophic bacteria in water (THBw) and sediment (THBs) were 

enumerated by spread plate technique on nutrient agar plates (Rodina, 1972). Similarly, the 

total anaerobic bacteria (TAB) were enumerated by using anaerobic agar medium 

(HiMedia, India). Abundance of methane-oxidizing bacteria (MOB) in pond water and 

sediments was enumerated on nitrate mineral salts medium (Whittenbury et al., 1970). 

Sulfur-oxidizing bacteria (SOB) were enumerated with modified Lieske’s media 

(LokaBharathi, 1989). Sulfate-reducing bacterial (SRB) abundance was obtained using 

modified Hatchikan’s medium (LokaBharathi et al., 1990). Denitrifying bacteria (DNB) 

was enumerated with reference to Bonin (1996) and nitrate-reducing bacteria (NRB) were 

prepared as per Ogilvie et al. (1997). All media were prepared using filtered and autoclaved 

pond water. 
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3.5.16. Rate of potential methane oxidation and methane production in the pond 

sediments  

 The methane production rate (MP) and potential methane oxidation activity (MOA) 

were determined for the pond sediments for the entire production cycle.  For the potential 

MOA and MP in pond sediments, specific inhibitors such as 2-bromoethanesulphonate and 

acetylene, respectively were used. For detecting the rates of MOA, slurries (in triplicate) 

were prepared using 1 g wet weight of freshly collected pond sediment by addition of 10 

mL of filtered autoclaved pond water in a gas-tight vial (20 mL capacity). To these vials, 2 

ml of methane gas was injected and 10 µl of 2-bromoethanesulphonate (Sigma-Aldrich) 

was added to inhibit the methanogenic activity. The gas-tight vials were incubated at 

ambient temperatures (26 ± 2°C). The methane concentrations on day 0 (D0) and day 4 (D4) 

of incubation were estimated following the headspace method (Gonsalves et al., 2011) on 

gas chromatography (GC) equipped with a flame ionization detector (Shimadzu GC-2010). 

Nitrogen was used as a carrier gas (9 ml m−1) and the oven temperature was maintained 

isothermally at 60°C. The GC was calibrated using a reference mixture of methane 

standards (concentration range, 1–5 ppm; Alchemie Gases & Chemicals Pvt. Ltd., Mumbai, 

India). The CH4 concentrations were computed according to Bastviken et al. (2002) and 

expressed as µmole g−1 d−1. 

 For estimation of MP in sediments, slurries were prepared similarly as defined for 

MOA, except that the vials were purged with 1 mL of acetylene gas to inhibit methane 

oxidation. At the beginning of incubation, the vials were flushed with N2 gas to maintain 

anaerobic conditions (Pack et al., 2011). Methane concentrations were quantified based on 
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the differences of values on D0 and D4 following the method as described in Gonsalves et 

al. (2011). 

3.6 Screening of bacterial isolates for multiple activity 

 For screening the bacterial isolates with multiple activity, bacteria were isolated 

from coastal areas, salt pans, aquaculture pans, mangroves and estuary. They were 

maintained in nutrient agar and nutrient broth prepared in ambient water. 

3.6.1. Denitrifying activity 

All the bacterial isolates were checked for the bacterial growth curve and only the 

fast-growing isolates were selected for the activity studies. Denitrification activity was 

analyzed for the heterotrophic bacterial isolates by using acetylene injection method with 

gas chromatograph (Make: Shimadzu Gas Chromatograph, Model: GC-2010AF). Activity 

was studied for the bacterial isolates in 10 ml of 0.2 µm filtered autoclaved seawater in a 

gas-tight vial (20 mL capacity) with an incubation for 36hrs under aerobic and anaerobic 

conditions. To this vial, 2 ml of acetylene gas was injected was added to inhibit the 

conversion of N2O to N2. The gas-tight vials were incubated at ambient temperatures (26 ± 

2°C). For the denitrification under anaerobic condition, the vials were flushed with N2 gas 

at the beginning of incubation to maintain anaerobic conditions (Pack et al., 2011). After 

completion of incubation, bacterial isolate vials were injected with 0.1 ml of 1M mercuric 

chloride for termination of all bacterial activity. The gas samples from the headspace were 

analyzed for N2O using gas chromatography with electron capture detector (ECD) and 

Porapak Q column. All the samples were analyzed in triplicates. Denitrification activity 

was finally expressed in ngN/106 cells/day. 
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3.6.2. Methane oxidation potential  

 For the activity study out of 163 isolates only the fast-growing bacteria were 

selected. The methane oxidation potential was studied for the bacterial isolates in filtered 

autoclaved seawater under aerobic and anaerobic conditions. The bacterial isolate was 

inoculated in 10ml 0.2 µm filtered autoclaved seawater a in a gas-tight vial (20 mL 

capacity). To these vials, 2 ml of methane gas was injected and 10 µl of 2-

bromoethanesulphonate (Sigma-Aldrich) was added to inhibit the methanogenic activity. 

The gas-tight vials were incubated at ambient temperatures (26 ± 2°C). For the methane 

oxidation under anaerobic condition, the vials were flushed with N2 gas at the beginning of 

incubation to maintain anaerobic conditions (Pack et al., 2011). The methane 

concentrations on day 0 (D0) and day 4 (D4) of incubation were estimated following the 

headspace method (Yang et al., 2020; Gonsalves et al., 2011) on gas chromatography (GC) 

equipped with a flame ionization detector (Shimadzu GC-2010). Nitrogen was used as a 

carrier gas (9 mL m−1) and the oven temperature was maintained isothermally at 60 °C. The 

GC was calibrated using a reference mixture of methane standards (concentration range, 1–

5 ppm; Alchemie Gases & Chemicals Pvt.Ltd., Mumbai, India). The CH4 concentrations 

were computed according to Bastviken et al. (2002) and expressed as ppm CH4/day. 

3.6.3. Sulfur oxidation potential 

 Among the bacterial isolates, 72 of them showed the sulfur oxidation potential, 68. 

The bacterial isolates were inoculated into modified Leiske’s medium for 7 days and 

analyzed for the thiosulfate utilization with the titrimetric method (Rodina et al., 1972). The 

concentration of thiosulfate utilized was detected with the standard curve using sodium 
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thiosulfate (Appendix). After the incubation period, 5 mL of the inoculated medium was 

taken and diluted with 95mL distilled water. 25mL of diluted sulfuric acid was added to 

this sample followed by the addition of 12.5 mL of 0.0125N iodine. This was then titrated 

immediately with standardized 0.0125N thiosulfate until most of the iodine was consumed. 

A few drops of freshly prepared starch solution were added and titrated until the blue color 

just disappeared. Blanks were maintained and estimated as mentioned above. Thiosulfate as 

S2O3 was expressed as mM/day.  

3.6.4. Phosphate accumulating activity 

 The bacterial isolates were grown in specific Acetate Mineral Medium (AMM) 

(Jørgensen and Pauli, 1995;) which is specifically used for isolation of Polyphosphate 

Accumulating Organism (PAO). The bacterial cultures were inoculated in the AMM broth 

and incubated for 8 days with intermediate sampling at 3rd and 8thday for 

spectrophotometric estimation of the dissolved phosphate at 885nm and concentration was 

calculated using the standard curve (Appendix). 

3.6.5. Phosphate solubilizing activity 

 The fast-growing bacterial isolates were also checked for their inorganic phosphate 

solubilizing activity using Hydroxy Apatite Medium (HAM) (Hoppe, 1988). The initial 

screening was carried out on solidified agar media with the clear zones depicting inorganic 

phosphate solubilization. The isolates which showed clear zones were positive (24) and 

were further studied for their phosphate solubilization potential. The positive isolates were 

grown in HAM broth for 8 days in shaking incubator and inorganic dissolved phosphate 
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levels were checked on 3rd and 8th day. The concentration of dissolved phosphate was 

estimated using the standard curve of potassium dihydrogen phosphate (Appendix). 

3.6.2. Biochemical characterization of bacterial isolates 

 The isolates were subjected to various phenotypic and biochemical tests (shape, 

motility, Gram staining, oxidase, catalase, amylase, lipase, caseinase, DNase, urease, 

indole, methyl red, Voges-Proskauer, citrate, triple sugar iron agar, gas production, H2S 

production, gelatinase, nitrate reduction, marine oxidation fermentation) as outlined by 

Gerhardt et al. (1981) (Appendix). The isolates were identified by using Bergey’s manual 

(9th edition). 

3.7. Culturing of microalgae 

 The microalgal species were cultured and maintained periodically in Guillard’s f/2 

media (Guillard, 1975) prepared in seawater at a salinity of 34 (Appendix) at room 

temperature and 8 hours of photoperiod. Chlorella vulgaris, Nannochloropsis salina, 

Isochrysis galbana and Chaetoceros calcitrans were cultured and maintained under 

laboratory conditions for the bioremediation experimental studies. microalgae is the term 

commonly used in the national and international scientific research works on 

commercial/biotechnological application in aquaculture industry and bioremediation of 

wastewater related to present study. Hence instead of ‘phytoplankton’, the term microalgae 

is used for the wider readability. 

3.8. Synthetic aquaculture wastewater (SAWW) 
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 Due to the non-availability of aquaculture wastewater devoid of probiotic 

application, the bioremediation experiments were conducted using synthetic aquaculture 

wastewater. Four microalgal species (Chlorella vulgaris, Nannochloropsis salina, 

Isochrysis galbana and Chaetoceros calcitrans) were tested for bioremediation potential in 

two species combination using the modified synthetic aquaculture wastewater (SAWW) 

(Saililing et al., 2007) and sodium bicarbonate as carbon source (Viswanathan et al., 2008) 

which would model the dissolved nutrients present in the aquaculture wastewater. SAWW 

was prepared using stock solutions of the chemical components in filtered (0.2µm) 

autoclaved water (distilled water and seawater).  

3.9. Cell Immobilization 

 For the estimation of nutrient drawdown efficiency of microalgal and bacterial 

consortia experiments, the cultures were grown in their specific media and cells were 

pelleted at the exponential phase. For cell immobilization 4% (final concentration) sodium 

alginate was prepared, mixed with the culture inoculum and using hand-held pipette the 

inoculum was introduced into calcium chloride (De-Bashan et al., 2002; Leenen et al., 

1996). Prior to the bioremediation experiments, the bead integrity was tested using different 

alginate concentrations of 2, 3, 4, 5 & 6% at different salinities of 0, 17 and 34. The beads 

were incubated for overnight to hardened and then introduced in SAWW. Uninoculated 

clear beads were maintained as control. After the experimental incubation, beads were 

dissolved using tricalcium citrate in sodium EDTA to retrieve the cells for chlorophyll a 

estimation. Alginate beads were prepared with different microalgal combinations as well as 

with microalgal-bacterial consortia for testing their nutrient drawdown efficiency during 
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10-days experiments. For the bioremediation experiments, all the four microalgal species 

were checked as monoalgal strains in free-living and immobilized cells (Plate 2) for 

nutrient removal in SAWW at different salinity (0, 17 & 34). These microalgal species 

were also checked as dual species (Isochrysis galbana - Chaetoceros calcitrans, Isochrysis 

galbana - Chlorella vulgaris, Isochrysis galbana - Nannochloropsis salina, Chaetoceros 

calcitrans - Chlorella vulgaris, Chaetoceros calcitrans - Nannochloropsis salina, Chlorella 

vulgaris -  Nannochloropsis salina), three species (Isochrysis galbana - Chaetoceros 

calcitrans -Nannochloropsis salina; Isochrysis galbana - Chaetoceros calcitrans - 

Chlorella vulgaris; Chaetoceros calcitrans - Chlorella vulgaris - Nannochloropsis salina; 

Isochrysis galbana - Chlorella vulgaris - Nannochloropsis salina) and four species 

(Chaetoceros calcitrans - Isochrysis galbana - Chlorella vulgaris - Nannochloropsis 

salina) combination in immobilized cell set ups. For the microalgal-bacterial consortia 

experiments, three combinations were tested and they were: (a) Chlorella vulgaris - 

Nannochloropsis salina - Bacteria (E8-E80-Y27), (b) Chlorella vulgaris - Isochrysis 

galbana - Bacteria (E8-E80-Y27) and (c) Chlorella vulgaris - Chaetoceros calcitrans - 

Bacteria (E8-E80-Y27). The immobilized consortia of the three bacterial isolates (E8-E80-

Y27) were also tested for their nutrient removal efficiency from SAWW during 10-days 

experiment.    

3.10. Nutrient removal efficiency 

 The nutrient removal efficiency for the bioremediation of aquaculture wastewater 

was measured on alternate days for all the experimental set ups. Briefly, 10 mL of samples 

were collected from the experimental flasks and the samples were analyzed 
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spectrophotometrically for ammonia, nitrite, nitrate and phosphate. The efficiency of 

nutrient removal (Ansari et al., 2017) was determined using the following equation 

Percentage removal (%) 

=  Initial concentration (µM) – Final concentration (µM) x 100 

   Initial concentration (µM) 

 

3.11. Molecular identification of bacteria (16S rRNA gene sequencing) 

DNA extraction was performed using modified method of Zeng et al. (2008). The 

overnight grown pure bacterial culture pellets were aseptically transferred to 

microcentrifuge tubes with phosphate buffered saline. The bacterial cell suspensions were 

centrifuged (10,000rpm, at 4°C) for 10 min. The resulting pellet was resuspended in 

microcentrifuge tubes and incubated in the boiling water bath for 10min with intermittent 

gentle inversions. The tubes were further incubated at 60 ± 5°C (30 min) and later at 72°C 

(for 30 min) with gentle inversions. The pellet was extracted twice using 

phenol/chloroform/alcohol mixture (25:24:1, v/v/v) and centrifuged at 10,000rpm for 5 min 

for the extraction of aqueous phase. The addition of ice-cold absolute ethanol precipitated 

the nucleic acids and the tubes were incubated for 1 hr at -20°C. The tubes were further 

centrifuged at 4°C at 12,000rpm (5 min) to obtain the pellets. The pellets were washed with 

70% ice-cold ethanol to remove salt precipitations (if any). The extracted DNA samples 

were checked for concentration and purity using Nanodrop (Make: Thermoscientific, 

Model: ND 2000). Further, the samples were amplified by polymerase chain reaction 

(PCR) (Gradient Cooled Palm Cycler Model: 9600-000) followed by a PCR clean up 
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(Sigma Aldrich, USA) and again checked for purity and concentration prior to sequencing. 

The amplified DNA samples were sequenced (16S rRNA sequencing) by Sangers method 

(ABI 3130XL Genetic Analyzer; Applied Biosystems, USA) using universal primers (27F 

and 1427R). The sequences were trimmed and submitted to GenBank for the accession 

numbers. 

3.12. Statistical analyses 

 The basic statistical parameters (e.g. mean, standard deviation (SD), etc.) were 

carried out using Microsoft Excel 2003. All the environmental variables and bacterial 

groups were normalized using square root and log (x+1) transformation respectively before 

statistical analysis. Spearman’s correlation test was performed using the software Statistica 

12.0. The significant impact of environmental variables on the different physiological 

bacterial groups in the pond water and sediment were tested for the production cycle of L. 

vannamei.  

Canonical Correspondence Analysis (CCA) was carried out for the pond data using the 

software Canoco version 4.5 (ter Braak and Smilauer, 2002). Monte Carlo test was 

performed with the maximum number of possible random permutations (999) for statistical 

interpretation of the data. Cytoscape 3.2software was used to build open-source network 

visualization among the environmental variables, bacterial abundance and the sediment 

activities.  
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Plate 1. Commercial shrimp aquaculture pond and water sample collection 

 

 

 

 

 

 

Plate 2. Alginate immobilized beads: a) empty beads and b) microalgal immobilized beads 
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4.1. Environmental parameters 

The water and sediment samples were collected from two adjacent ponds in a 

commercial shrimp aquaculture farm cultivating shrimp farm growing L. vannamei for 

one production cycle. The sampling was carried out from January 2014 till the end of 

April 2014. The mean pH for pond 1 was 7.45 ± 0.24 and for pond 2 was 7.59 ± 0.41. 

The pH was monitored daily and maintained using pH fixers as part of the farm 

management practices. The water temperature ranged from 28.8 to 32°C (29.4 ± 1.85°C) 

for pond 1 and from 27.5 to 32°C (29.2 ± 1.9°C) for pond 2. In the beginning of shrimp 

culture, the salinity was 32 ± 0.71 for both the ponds and reached to 44 ± 0.71 (pond 1) 

and 43 ± 0.71 (pond 2) by the end of the culture period. Total suspended solids averaged 

59.0 ± 10.29 mg/L for pond 1 and 81.61 ± 11.19 mg/L for pond 2 on 0 DoC. For both 

pond 1 and for pond 2 highest TSS was on 41 DoC. It was 1144.50 ± 189.26 mg/L for 

pond 1 and 457.60 ± 13.80 mg/L for pond 2. It declined after 41 DoC and stayed steady 

till the harvest period (Figure 4.1).  

Measurement of dissolved oxygen ranged from 5.92 ± 0.49 mg/L on 0 to 3.75 ± 

0.19 mg/L on 96 DoC for pond 1 while 7.70 ± 0.08 mg/L on 0 DoC and 5.15 ± 0.32 mg/L 

on 96 DoC for pond 2. Both pond 1 (7.91 ± 2.04 mg/L) and pond 2 (9.14 ± 0.19 mg/L) 

had highest DO on 55 DoC with both having the similar trend for the entire crop cycle. 

The biochemical oxygen demand (BOD) also showed similarities in trend between the 

ponds. It ranged from 3.08 ± 0.98 mg/L (pond 1) and 4.46 ± 0.30 mg/L (pond 2) at the 

beginning of the cycle (0 DoC) while at 96 DoC the BOD declined to 1.93 ± 1.09 mg/L 

for pond 1 and 0.64± 0.31 mg/L for pond 2. In pond 1, the chlorophyll a concentration 

was the lowest of 0.33 ± 0.11 mg/L on 12 DoC and kept increasing till the end of the crop 

cycle with the highest value of 11.08 ± 3.96 mg/L. In pond 2, the lowest chlorophyll a 
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concentration was on 0.5± 0.00 mg/L on 25 DoC and on 96 DoC it reached 6.1 ± 1.5 

mg/L. The average phaeopigment showed lowest concentration of 0.02 ± 0.00 mg/L on 0 

DoC and highest of 18.63 ± 6.71 mg/L on 96 DoC for pond 1. In pond 2, 0 DoC showed 

the lowest phaeopigment concentration of 0.05 ± 0.004 mg/L and also reached a 

concentration of 10.16 ± 2.56 mg/L on 96 DoC.   

In pond 1, 3.00 ± 0.46 µM of ammonia was recorded on 0 DoC which peaked to 19.48 ± 

0.14 µM on 41 DoC and reached 1.45 ± 0.70 µM by the end of the crop cycle (96 DoC).  

While in pond 2, on 0 DoC the ammonia concentration was 1.13 ± 0.10 µM which reached 

a maximum of 7.94 ± 0.28 µM on 68 DoC and then declined to 1.09 ± 0.12 µM on 96 

DoC. In the case of nitrite, pond 1 recorded a highest of 13.66 ± 0.49 µM on 12 DoC and 

11.38 ± 0.00 µM for pond 2 on 41 DoC. On 96 DoC the nitrite concentration in pond 1 

and pond 2 decreased to 1.06 ± 0.20 µM and 0.87 ± 0.06 µM respectively. During the 

crop cycle, highest nitrate was recorded for pond 1 (122.76 ± 27.97 µM) on 12 DoC and 

for pond 2 (173.82 ± 5.99 µM) on 41 DoC. It declined to 1.45 ± 0.61 µM for pond 1 and 

5.62 ± 1.27 µM for pond 2 by 96 DoC. In the pond 1 phosphate increased from 5.21 ± 

3.86 µM (0 DoC) to 19.14 ± 1.56 µM (96 DoC) in an irregular manner. While in pond 2, 

the levels of phosphate were much lower and it varied from 0.14 ± 0.10 µM (0 DoC) to 

1.60 ± 0.48 µM (96 DoC). The temporal variations in the dissolved nutrients for both the 

ponds during the one crop cycle is shown in Figure 4.2. 
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Figure 4.1. Temporal variation of environmental variables (pH, temperature, salinity, 

total suspended solids (TSS), dissolved oxygen (DO), biochemical oxygen demand 

(BOD), Chlorophyll a and Phaeopigments during the cultivation of Litopenaeus 

vannamei in zero-exchange shrimp system. Data is expressed as mean ± SD (n = 3) 
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Figure 4.2. Temporal variation of nutrients during the cultivation of Litopenaeus 

vannamei in zero-exchange shrimp system in pond 1 and pond 2. Data is expressed as 

mean ± SD (n = 3) 

 

In the present study the mean total organic carbon (TOC) for pond 1 sediment was 

4.32 ± 1.63 %C and for pond 2 was 3.99 ± 2.10 %C. The TOM was calculated by 

multiplying the TOC with a factor of 1.72. The total inorganic carbon (TIC) content in 

the sediment ranged from 0.25 ± 0.03 %C for pond 1 on 0 DoC to 0.05 %C by 96 DoC. 

In pond 2, TIC averaged 0.11 ± 0.03 %C on 0 DoC and it declined to 0.05 %C by 96 DoC 

similar to pond 1.  
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Figure 4.3. Temporal variation of sediment parameters: TOC = Total organic carbon, 

TIC = Total inorganic carbon, TOM = Total organic matter, TN = Total nitrogen during 

the cultivation of Litopenaeus vannamei in zero-exchange shrimp system. Data is 

expressed as mean ± SD (n = 3) 

 In pond 1 the mean total nitrogen (TN) was 2.39 ± 0.17 % and in pond 2 it was 

1.93 ± 0.19 % (Figure 4.3). The mean carbohydrate (CHO) concentration for pond 1 was 

276.71 ± 87.02 µg/g and for pond 2 was 260.96 ± 105.48 µg/g with similar trends in both 

ponds. The mean lipids (LPD) concentration for pond 1 was 2206.94 ± 405.14 µg/g and 

for pond 2 was 1901.67 ± 565.4 µg/g with similar trends in both ponds but with a sudden 

decline at 55 DoC of culture. The mean protein (PRT) concentration in the sediment for 

pond 1 was 311.46 ± 83.41 µg/g and for pond 2 was 218.20 ± 78.26 µg/g with similar 

trends in both ponds but with a gradual decline towards the 96 DoC.  
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Figure 4.4 Temporal variation of sediment parameters: Carbohydrates, Lipids, Proteins, 

LOM = Labile organic matter and LOC = Labile organic carbon during the cultivation of 

Litopenaeus vannamei in zero-exchange shrimp system. Data is expressed as mean ± SD 

(n = 3) 
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The sum of total carbohydrates, proteins and lipids for the sediments was expressed as 

labile organic matter (LOM). The mean LOM for pond 1 was 2.79 ± 4.36 % and for pond 

2 was 2.38 ± 6.69 % for one shrimp production period. The sums of these carbon 

equivalents represent the labile organic carbon (LOC). The mean LOC for the shrimp 

production cycle in pond 1 was 1808 ± 295.03 µg C and in pond 2 it was 1542.47 ± 438.36 

µg C per gram of sediment (Figure 4.4). 

4.2. Activity levels of potential methane oxidation and methane production  

 

Figure 4.5. Methane production rates and potential methane oxidation in pond sediments 

during the cultivation of Litopenaeus vannamei in a zero-exchange shrimp system.    
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The activity levels (µmole g-1 d-1) of potential methane oxidation activity (MOA) and 

methane production (MP) in the two shrimp pond sediments during the production cycle 

is depicted in the Figure 4.5. In pond 1, the lowest MOA (15.23 ± 6.55 µmole/g/d) was 

observed on 25 DoC and the maximum (599.61 ± 167.18 µmole g-1 d-1) was on 55 DoC. 

The rate of MOA was similar for both the ponds till 78 DoC and the sediments of pond 2 

recorded the highest methane oxidation potential of 4702.12 ± 394 µmole g-1 d-1on 88 

DoC during the entire production cycle. The lowest MP (0.102 ± 0.05 µmole g-1 d-1) was 

recorded towards the end of the cycle (88 DoC) and the rate of MPA in the pond sediments 

peaked on 41 DoC (pond 1: 3.45 ± 0.97 µmole g-1 d-1 and pond 2: 0.89 ± µmole g-1 d-1). 

Post 41 DoC, the rate of MP showed a declining trend till the harvest. 

4.3. Culturable bacteriological groups in pond water and sediments 

Culturable bacterial abundance were estimated for pond water and sediment 

during each sampling (Figure 4.6 and 4.7). In the pond water, the abundance of 

heterotrophic bacteria (THB) were at the order of 106 till 41 DoC and from 55 DoC it 

decreased by an order less in both the ponds. In both the pond water, the methane-

oxidizing bacteria (MOB) ranged from 103 to 104 throughout the cycle. The sulfur-

oxidizing bacteria (SOB) ranged between 104 to 106 till 44 DoC and then decreased by an 

order in both the ponds. The sulfate-reducing bacterial (SRB) abundance ranged between 

103 to 104 throughout the cycle in both pond water. The nitrate-reducing bacteria (NRB) 

and denitrifying bacteria (DNB) showed an abundance of 104 till 44 DoC which then 

declined by an order which remained till 96 DoC. 
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Figure 4.6. Temporal variation in the abundance (CFU/mL) of physiological bacterial 

groups: total heterotrophic bacteria (THB), total anaerobic bacteria (TAB), methane-

oxidizing bacteria (MOB), sulfur-oxidizing bacteria (SOB), sulfate-reducing bacteria 

(SRB), nitrate-reducing bacteria (NRB) and denitrifying bacteria (DNB) in pond water 
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during the cultivation of Litopenaeus vannamei in zero-exchange shrimp system. Data is 

expressed as mean ± SD (n = 3) 

Figure 4.7. Temporal variation in the abundance (CFU/g) of physiological bacterial 

groups: total heterotrophic bacteria (THB), total anaerobic bacteria (TAB), methane-

oxidizing bacteria (MOB), sulfur-oxidizing bacteria (SOB), sulfate-reducing bacteria 
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(SRB), nitrate-reducing bacteria (NRB) and denitrifying bacteria (DNB) in pond 

sediment during the cultivation of Litopenaeus vannamei in zero-exchange shrimp 

system. Data is expressed as mean ± SD (n = 3) 

In the pond sediments, the heterotrophic bacterial abundance were in the order 

1010 till 41 DoC and from 55 DoC, three orders less in both the ponds. The MOB was 2 

orders higher than water and during the cycle it ranged from 105 to 106 in both ponds. The 

abundance of SOB increased by two orders after 55 DoC in both the ponds and this could 

be due to the application of commercial probiotic containing SOB. Also, H2S was not 

detected from the sediments during the cycle and the SRB count remained within the 

same range as that of the pond waters for the entire production cycle. Similar to the pond 

water, the NRB and DNB showed the abundance range between 103 to 104 throughout 

the cycle in both ponds.  

4.4. Statistical analysis 

Based on the Spearman’s correlation analysis, the levels of significance (p<0.001) 

was selected for deciphering the interrelationships between the environmental variables 

with the bacterial groups in the pond water and sediment. This was done to simplify the 

interactions since with the level of significance at p<0.05, there were 156 significant 

interactions between the environmental variables and the bacterial groups in pond 1 and 

pond 2 had 180 interactions. With the same level of significance, there was 63 significant 

interactions between the bacterial groups in water and sediment for pond 1 and 58 

interactions for pond 2. At p<0.001, the significant interactions between the 

environmental variables and bacterial groups were 69 for pond 1 and 56 for pond 2. In 

pond 1, the MOBs and DNBs did not show significant interactions with the environmental 

variables at p<0.001. In pond 2, the TABs and SOBs were absent at p<0.001. Between 

the bacterial groups, there were more complex interactions in pond 1 with all the water 
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and sediment bacteria participating in the interactions at p<0.001. While in pond 2, only 

12 significant interactions were found between the bacterial groups with the absence of 

TABs, DNBs and NRBs at p<0.001. The significant correlations of environmental 

variables with the bacterial groups in pond water and sediment are given in Table 4.1 for 

pond 1 and Table 4.2 for pond 2. The complexity of interactions of bacterial groups with 

the environmental variables is shown in the network diagram Figure 4.8 for pond 1 and 

Figure 4.9 depicts the interactions between the bacterial groups in the pond 1. Similarly, 

the complex interactions of bacterial groups with the environmental variables are shown 

in the network diagram Figure 4.10 for pond 1 and Figure 4.11 depicts the interactions 

between the bacterial groups in the pond 1.  
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Table 4.1 Spearman’s correlation matrix of physiological bacterial groups and environmental variables (n = 27) with significance level 

p<0.001 in pond 1 

THBw TABw MOBw SOBw SRBw NRBw DNBw THBs TABs MOBs SOBs SRBs NRBs DNBs 

Temp  

r= -0.861 

Sal 

r= -0.623 

NH4
+ 

r= -0.569 

Temp 

r= -0.672 

TOC 

r= -0.771 

NO2
-  

r= 0.521 

NO2
-  

r= 0.613 

Temp 

r= -0.621 

Temp 

r= -0.890 

TABw 

r= -0.782 

Sal 

r= 0.840 

Sal 

r= -0.859 

TOC 

r= 0.527 

SRBw 

r= 0.626 

NH4
+ 

r= 0.705 

NO2
-  

r= 0.665 

NO2
-  

r= -0.686 

NH4
+ 

r= 0.590 

TABw 

r= 0.798 

Chl a  

r= -0.591 

NO3
-   

r= 0.599 

NH4
+ 

r= 0.700 

NO2
-  

r= 0.759 

 Temp 

r= 0.660 

Chl a  

r= -0.590 

  

NO2
-  

r= 0.920 

NO3
-  

r= 0.607 

NO3
-  

r= -0.519 

NO2
-  

r= 0.532 

MOBw 

r= -0.766 

Phaeo  

r= -0.620 

TOC 

r= -0.653 

NO2
-  

r= 0.599 

NO3
-  

r= 0.758 

 NO2
-  

r= -0.775 

Phaeo  

r= -0.688 

  

NO3
-  

r= 0.857 

Chl a  

r= -0.615 

TOC  

r= 0.556 

MP 

r= 0.683 

TABs 

r= 0.528 

PRT 

r= -0.602 

TOM 

r= -0.653 

Phaeo  

r= -0.540 

Chl a  

r= -0.841 

 NO3
-  

r= -0.814 

 

TOC  

r= -0.631 

  

Chl a 

r= -0.771 

Phaeo  

r= -0.711 

THBw 

r= -0.600 

MOA 

r= -0.683 

 TOC 

r= -0.611 

SRBw  

r= 0.834 

TOC  

r= -0.673 

Phaeo  

r= -0.846 

 Chl a  

r= 0.856 

CHO 

r= -0.702 

  

Phaeo 

r= -0.700 

TOC  

r= -0.791 

TABw 

r= -0.582 

THBw  

r= 0.768 

 TIC 

r= 0.761 

NRBw  

r= 0.536 

MP 

r= 0.689 

TOM 

r= -0.677 

 Phaeo  

r= 0.901 

TAB 

r= 0.693 

  

TOC  

r= -0.697 

CHO 

r= -0.621 

   TABs 

r= 0.881 

TABs 

r= 0.574 

THBw 

r= 0.709 

TOC  

r= -0.839 

 TOC 

r= 0.868 

 

MOB 

r= -0.637 

  

CHO 

r= -0.535 

THBw 

r= 0.543 

     TABw 

r= 0.594 

MP 

r= 0.528 

 TIC 

r= -0.544 

SOBw 

r= -0.782 

  

MP 

r= 0.568 

SRBw  

r= 0.798 

     SOBw 

r= 0.541 

MOA 

r= -0.536 

 TOM 

r= 0.641 

NRBw 

r= 0.566 

  

TABs 

r= 0.871 

DNBw  

r= 0.861 

     TABs 

r= 0.802 

TABw 

r= 0.680 

 CHO 

r= 0.761 

   

          NRB 

r= -0.577 

   

          DNB 

r= 0.590 
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Table 4.2 Spearman’s correlation matrix of physiological bacterial groups and environmental variables (n = 27) with significance level 

p<0.001 in pond 2 

THBw TABw MOBw SOBw SRBw NRBw DNBw THBs MOBs SOBs SRBs NRBs DNBs 

Sal 

r= -0.705 

Sal 

r= -0.700 

DO 

r= 0.695 

Temp 

r= 0.680 

Sal 

r= -0.683 

Sal 

r= -0.696 

Sal 

r= -0.533 

NO2
-  

r= 0.601 

PO4
3- 

r= 0.620 

TABw 

r= -0.580 

Sal 

r= -0.611 

Sal 

r= 0.546 

Sal 

r= 0.670 

NO3
-  

r= 0.615 

PO4
3- 

r= -0.554 

BOD 

r= 0.783 

NO2
-  

r= 0.552 

PO4
3- 

r= -0.617 

NO2
-  

r= 0.635 

TIC 

r= 0.556 

 

NO3
-  

r= 0.641 

TOC 

r= 0.632 

 Temp 

r= -0.571 

PO4
3- 

r= 0.580 

Temp 

r= 0.673 

Chl a 

r= -0.520 

TOC 

r= -0.616 

LPD 

r= -0.513 

NO3
-  

r= 0.787 

Phaeo 

r= -0.551 

TOC 

r= -0.687 

TABw 

r= 0.621 

THBw 

r= 0.772 

TOM 

r= 0.632 

 NO3
-  

r= 0.538 

PRT 

r= 0.543 

NO3
-  

r= -0.727 

Phaeo 

r= -0.520 

TOM 

r= -0.616 

LOM 

r= -0.520 

Chl a 

r= -

0.527 

TOC 

r= -0.689 

TOM 

r= -0.687 

SRBw 

r= 0.909 

SOBw 

r= 0.666 

NRBw 

r= -0.668 

 Phaeo 

r= -0.588 

DNBw 

r= 0.715 

Chl a 

r= 0.743 

 CHO 

r= -0.649 

LOC 

r= 0.520 

 TOM 

r= -0.689 

CHO 

r= -0.669 

    CHO 

r= 0.583 

 Phaeo 

r= 0.750 

 PRT 

r= -0.605 

  CHO 

r= 0.682 

TABw 

r= 0.817 

    TABw 

r= 0.816 

 TIC 

r= -0.598 

    PRT 

r= -0.662 

SRBw 

r= 0.852 

    SRBw 

r= 0.836 

 CHO 

r= 0.536 

    TABw 

r= 0.958 

     DNBw 

r= 0.555 

 LOM 

r= 0.584 

            LOC 

r= 0.568 

 

Note: In the above table, THB: Total Heterotrophic Bacteria, TAB: Total Anerobic Bacteria, MOB: Methane-Oxidizing Bacteria, SOB: Sulfur-Oxidizing Bacteria, SRB: 

Sulfate-Reducing Bacteria, NRB: Nitrate-Reducing Bacteria, DNB: Denitrifying Bacteria, Sal: Salinity, Temp: Temperature, DO: Dissolved Oxygen, BOD- Biochemical 

Oxygen Demand, Chl a: Chlorophyll a, Phaeo: Phaeophytin, TOC: Total Organic Carbon, TOM: Total Organic Matter, TIC: Total Inorganic Carbon, LOC: Labile 

Organic Carbon, LOM: Labile Organic Matter, CHO: Carbohydrate, PRT: Protein, LPD: Lipid, MP: Methane production, MOA: Methane oxidation Activity 
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Figure 4.8. Network diagram depicting the interrelationships between the environmental 

variables and bacterial groups in pond 1 during one production cycle. p<0.001; Black 

solid line - Positive correlation; Red dash line - Negative correlation. w- water, s – 

sediment 
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Figure 4.9. Network diagram depicting the interrelationships between the bacterial 

groups in pond 1 during one production cycle. p<0.001; Black solid line - Positive 

correlation; Red dash line - Negative correlation. w- water, s – sediment 
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Figure 4.10. Network diagram depicting the interrelationships between the 

environmental variables and the bacterial groups in pond 2 during one production cycle. 

p<0.001; Black solid line - Positive correlation; Red dash line - Negative correlation. w- 

water, s – sediment 
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Figure 4.11 Network diagram depicting the interrelationships between the bacterial 

groups in pond 2 during one production cycle. p<0.001; p<0.001; Black solid line - 

Negative correlation. w- water, s – sediment 

Canonical correspondence analysis (CCA) was done for the water and sediment 

parameters of both ponds separately to analyse the interrelationships of bacterial groups 

and environmental variables using canonical community ordination (CANOCO) 

software. From the canonical correspondence analysis between the environmental 

variables and bacterial groups, pond 1 showed a cumulative variance of 91.3% in pond 1 

and 91.6% in pond 2 with factors in 4 axes. The three nitrogenous species (ammonia, 

nitrite and nitrate), salinity, temperature and TOC were the significant factors influencing 

the bacterial groups in both ponds with a cumulative variance of 91% in pond 1 and 92% 

in pond 2. The significant correlations revealed the complex microbially mediated 
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aerobic-anaerobic assimilation/dissimilation processes which interconnects the 

biogeochemical cycling in the pond ecosystem. Table 4.3 shows the CCA analysis for 

both ponds. The distribution of environmental variables and bacterial groups are shown 

in Figure 4.12 for pond 1 and Figure 4.13 for pond 2.   

 

 

Figure 4.12. Canonical correspondence analysis ordination diagram for water quality 

parameters with cultivable bacterial groups in pond 1 during the cultivation of 

Litopenaeus vannamei in zero-exchange shrimp system. Results are for axis 1 (horizontal) 

and axis 2 (vertical); arrows represent forward selected environmental variables (Temp- 

temperature; TSS- total suspended solids; DO- dissolved oxygen; BOD- biochemical 

oxygen demand; Chl a- chlorophyll a; Phaeo- phaeophytin; TOC- Total Organic Carbon, 

TIC- Total Inorganic Carbon, MP - Methane Production, MOA- Methane Oxidation 
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Activity, TN-Total nitrogen). Arrow length indicates the strength of that variable 

explaining the distribution during the culture period; arrow direction suggests the 

approximate correlation to the ordination axes 

Figure 4.13. Canonical correspondence analysis ordination diagram for water quality 

parameters with cultivable bacterial groups in pond 2 during the cultivation of 

Litopenaeus vannamei in zero-exchange shrimp system. Results are for axis 1 (horizontal) 

and axis 2 (vertical); arrows represent forward selected environmental variables (Temp- 

temperature; TSS- total suspended solids; DO- dissolved oxygen; BOD- biochemical 

oxygen demand; Chla- chlorophyll a; Phaeo- phaeophytin; TOC- Total Organic Carbon, 

TIC- Total Inorganic Carbon, LOC- Labile Organic Carbon, LOM- Labile Organic 

Matter, MP - Methane Production, MOA- Methane Oxidation Activity, TN-Total 

nitrogen). Arrow length indicates the strength of that variable explaining the distribution 

during the culture period; arrow direction suggests the approximate correlation to the 

ordination axes 
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Table 4.3. Summary for the 4 axes (Ax1 to Ax4) of canonical correspondence analysis 

for pond 1 and pond 2 with 15 and 23 selected environmental variables, respectively. % 

variance species-environment: cumulative percentage variance of species-environment 

relation; eigenvalues; sum of eigenvalues and canonical eigenvalues. Significant values 

represented in bold letters 

 
Pond 1 Pond 2 

Variable Ax1 Ax2 Ax3 Ax4 Ax1 Ax2 Ax3 Ax4 

pH -0.27 -0.30 0.46 -0.11 -0.08 -0.67 -0.35 -0.48 

Salinity -0.67 -0.37 -0.34 -0.24 -0.85 -0.07 -0.39 0.21 

Temp -0.64 0.55 -0.20 -0.08 -0.79 0.32 -0.19 0.12 

TSS     0.10 -0.39 -0.27 0.25 

Ammonia 0.50 -0.44 -0.11 0.02 -0.18 -0.08 -0.13 -0.30 

Nitrite 0.78 -0.35 0.22 0.08 0.58 -0.39 -0.26 -0.15 

Nitrate 0.74 -0.30 0.36 0.17 0.58 -0.45 -0.001 -0.10 

Phosphate -0.26 0.22 -0.04 -0.32 -0.75 -0.24 0.19 -0.35 

DO -0.005 0.39 0.56 0.23 0.16 0.18 0.66 0.25 

BOD 0.20 0.06 0.63 -0.27 0.07 0.13 0.79 0.08 

Chl a     -0.69 0.32 -0.39 0.27 

Phaeophytin     -0.81 -0.02 -0.07 0.11 

TN 0.28 -0.03 0.05 0.19 0.18 0.13 0.17 -0.02 

TOC -0.89 -0.03 0.005 -0.002 -0.68 -0.39 0.25 -0.17 

TIC 0.57 0.55 -0.06 0.32 0.44 -0.19 0.55 -0.03 

TOM     -0.68 -0.38 0.25 -0.17 

Carbo     -0.65 -0.34 -0.19 0.23 

Lipid     -0.13 -0.35 -0.72 -0.19 

Protein -0.31 -0.12 0.23 -0.16 -0.59 -0.35 -0.20 -0.34 

LOM     -0.28 -0.40 -0.66 -0.16 

LOC     -0.23 -0.39 -0.69 -0.18 

MP 0.30 -0.60 -0.17 0.01 -0.10 -0.52 -0.17 0.35 

MOA -0.20 0.65 -0.23 0.22 -0.26 -0.12 -0.66 0.32 

Eigenvalues: 0.007 0.004 0.001 0.001 0.009 0.004 0.002 0.001 

% var group-

env 

51.8 77.5 86.3 91.3 49.8 73.7 84.5 91.6 

Total inertia 
 

 
 

0.014    0.018 

Sum 

eigenvalues  
 

 
0.014    0.018 

Sum of 

canonical 

eigenvalues 

 
 

 
0.014    0.018 

 



Chapter 4 - Results 

 

109 

 

4.5.  Screening for bacterial isolates 

For screening the bacteria with multiple activity, 163 bacteria with different 

morphological characters were isolated from various coastal regions. The pure cultures 

were grown and maintained in nutrient agar and broth. These heterotrophic bacterial 

cultures were tested for the denitrifying potential under aerobic and anaerobic conditions. 

Only 13 isolates showed aerobic denitrification activity while 27 isolates showed 

denitrification activity under anaerobic condition. The aerobic denitrification activity of 

these bacterial isolates is depicted in the Figure 4.14 and the anaerobic denitrification 

activity is shown in the Figure 4.15.  

Similarly, all the bacterial isolates were tested for their methane oxidation 

potential under aerobic and anaerobic conditions. Among them, 36 isolates showed 

methane oxidation potential under aerobic conditions (Figure 4.) while 42 bacterial 

isolates showed methane oxidation potential under anaerobic conditions. The bacterial 

isolates showed varying phosphate accumulation and solubilization trends in both acetate 

mineral medium and hydroxy apatite medium with a significant shift depending on the 

days of incubation. 

The aerobic denitrification activity of these bacterial isolates is depicted in the Figure 

4.14 and the anaerobic denitrification activity is shown in the Figure 4.15.  

Similarly, all the bacterial isolates were tested for their methane oxidation 

potential under aerobic and anaerobic conditions. Among them 36 isolates showed 

methane oxidation potential under aerobic conditions (Figure 4.16), while, 42 bacterial 

isolates showed methane oxidation potential under anaerobic conditions (Figure 4.17). 

The bacterial isolates showed varying phosphate accumulation (Figure 4.18) and 
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solubilization (Figure 4.19) trends in both acetate mineral medium and hydroxy apatite 

medium with a significant shift depending on the days of incubation. Bacterial isolates 

were screened for phosphate solubilizing activity using hydroxy apatite media agar plates. 

Isolates which grew on the plate with clear zone were further checked for activity. Test 

was done for 8 days with an intermittent reading for dissolved phosphate on the 3rd day. 

They are known to increase the bioavailability of phosphorus by the production of organic 

acids and acid phosphatases, thus playing a major role in mineralization of organic 

phosphorus in the soil. Bacterial isolates were screened for phosphate accumulating 

activity using acetate mineral media agar plates. Isolates which grew on the plate with 

clear zone were further checked for activity. Test was done for 8 days with an intermittent 

reading for dissolved phosphate on the 3rd day. For sulfur oxidizing activity, 67 bacterial 

isolates had a wide range of thiosulfate utilization under 7-day incubation experiment 

(Figure 4.20). 

 

Figure 4.14. Denitrification activity of bacterial isolates under aerobic conditions  

0

5

10

15

20

25

30

E8 E9 E19 E25 E80 Y21 Y22 Y23 Y25 Y26 Y27 Y35 Y36

T
o
ta

l 
N

2
g
as

 (
n
g
N

/1
0

6
ce

ll
s/

d
ay

)

Bacterial isolates

Aerobic denitrifying activity 



Chapter 4 - Results 

 

111 

 

 

Figure 4.15. Denitrification activity of bacterial isolates under anaerobic conditions  
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Figure 4.16. Methane oxidation activity of bacterial isolates under aerobic conditions 

 

0

2

4

6

8

C
H

4
 (
x

 1
0

4
p
p
m

/d
ay

)

Bacterial Isolates

Aerobic Methane Oxidation



Chapter 4 - Results 

 

113 

 

 

 

Figure 4.17. Methane oxidation activity of bacterial isolates under anaerobic conditions 
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Figure 4.18. Variations in dissolved phosphate concentrations by bacterial isolates grown in acetate mineral media 
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Figure 4.19. Variations in dissolved phosphate concentrations by bacterial isolates grown in hydroxy apatite media 
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Figure 4.20. Thiosulfate utilization showing the sulfur oxidation activity of bacterial isolates: a) thiosulfate activity less than 100 

µmole/day, b) thiosulfate activity greater than 100 µmole/day. 
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Table 4.4. Biochemical characteristics of bacterial isolates  

 Biochemical Tests 
Isolates Code 

E1 E2 E8 E9 E10 E20 E25 E29 E 30 E35 

1. Gram Character Gram –ve Gram –ve Gram –ve 
Gram 

+ve 

Gram 

+ve 
Gram –ve Gram –ve Gram –ve Gram –ve 

Gram 

+ve 

2. Shape Cocci Cocci Cocci Cocci Cocci Cocci Cocci Cocci Cocci Cocci 

3. Motility Motile Motile Motile Motile Motile Motile Motile Motile Motile Motile 

4. Oxidase +ve +ve +ve +ve +ve +ve +ve +ve +ve +ve 

5. Catalase +ve +ve +ve +ve +ve +ve +ve +ve –ve –ve 

6. Amylase –ve +ve +ve –ve –ve +ve +ve +ve +ve –ve 

7.  Lipase +ve +ve +ve +ve +ve +ve +ve +ve +ve +ve 

8. Caseinase –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

9. DNase –ve –ve –ve –ve –ve –ve –ve –ve +ve –ve 

10. Urease +ve –ve –ve +ve –ve –ve +ve –ve –ve –ve 

11. Indole –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

12. Methyl Red +ve +ve –ve –ve –ve –ve +ve +ve +ve –ve 

13. Voges Proskauer –ve –ve +ve +ve +ve +ve –ve –ve –ve +ve 

14. Citrate +ve –ve +ve +ve +ve +ve –ve –ve +ve +ve 

15. Triple Sugar Iron Agar 

a. Slant Red Red Red Red Red Yellow Red Yellow Red Yellow 

b. Butt Yellow Yellow Red Red Red Yellow Yellow Red Red Red 

c. Gas Production +ve –ve –ve –ve –ve –ve –ve –ve +ve –ve 

d. H2S Production –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

16. Gelatinase –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

17. Nitrate Reduction +ve +ve –ve +ve +ve +ve +ve +ve +ve +ve 

18. MOF FA FA Aerobic Aerobic Aerobic Aerobic Aerobic FA FA FA 
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Table 4.4 continues 

 Biochemical Tests 
Isolates Code 

E40 E42 E53 E57 E65 E66 E76 E79 E80 E81 

1. Gram Character Gram –ve 
Gram –

ve 

Gram –

ve 

Gram 

+ve 

Gram –

ve 

Gram 

+ve 

Gram 

+ve 

Gram 

+ve 

Gram 

+ve 

Gram –

ve 

2. Shape Cocci Cocci Cocci Cocci Cocci Cocci Cocci Cocci Cocci Cocci 

3. Motility Motile Motile Motile Motile Motile Motile Motile Motile Motile Motile 

4. Oxidase +ve +ve +ve +ve –ve +ve +ve +ve +ve –ve 

5. Catalase +ve +ve –ve +ve +ve +ve –ve –ve +ve +ve 

6. Amylase +ve +ve +ve –ve –ve –ve –ve –ve –ve –ve 

7.  Lipase +ve +ve +ve +ve +ve +ve +ve +ve +ve +ve 

8. Caseinase –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

9. DNase –ve +ve –ve –ve –ve –ve –ve –ve –ve –ve 

10. Urease +ve –ve –ve –ve –ve –ve –ve –ve +ve +ve 

11. Indole –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

12. Methyl Red +ve +ve +ve –ve –ve –ve –ve –ve –ve –ve 

13. Voges Proskauer –ve –ve –ve +ve +ve +ve +ve +ve +ve +ve 

14. Citrate +ve –ve –ve +ve +ve +ve +ve +ve –ve +ve 

15. Triple Sugar Iron Agar           

 Slant Red Red Red Red Red Red Red Yellow  Yellow  Red 

 Butt Yellow Red  Yellow Red  Red  Red  Yellow Red  Yellow  Yellow 

 Gas Production –ve +ve –ve +ve –ve –ve +ve +ve –ve –ve 

 H2S Production –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

16. Gelatinase –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

17. Nitrate Reduction +ve +ve +ve +ve –ve +ve +ve +ve –ve +ve 

18. MOF FA FA FA Aerobic FA FA FA FA FA FA 
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Table 4.4 continues 

 Biochemical Tests Isolates Code 

  E84 E88 E94 E95 E96 E99 E100 E108 E111 E115 E116 

1. Gram Character 
Gram –

ve 

Gram –

ve 

Gram –

ve 

Gram –

ve 

Gram –

ve 

Gram 

+ve 

Gram –

ve 

Gram –

ve 

Gram –

ve 

Gram –

ve 

Gram –

ve 

2. Shape Cocci Cocci Cocci Cocci Cocci Cocci Cocci Cocci Cocci Cocci Cocci 

3. Motility Motile Motile Motile Motile Motile Motile Motile Motile Motile Motile Motile 

4. Oxidase +ve –ve +ve +ve +ve +ve +ve +ve +ve +ve +ve 

5. Catalase +ve +ve +ve +ve +ve +ve +ve +ve +ve +ve +ve 

6. Amylase –ve –ve –ve +ve –ve –ve –ve –ve –ve –ve –ve 

7.  Lipase +ve +ve +ve +ve +ve +ve +ve +ve +ve +ve +ve 

8. Caseinase –ve +ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

9. DNase –ve –ve +ve –ve +ve –ve –ve +ve –ve –ve –ve 

10. Urease +ve +ve +ve –ve –ve –ve –ve –ve –ve –ve –ve 

11. Indole –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

12. Methyl Red –ve +ve –ve +ve –ve –ve –ve –ve +ve –ve +ve 

13. Voges Proskauer +ve –ve +ve –ve +ve +ve +ve +ve –ve +ve –ve 

14. Citrate +ve +ve +ve +ve +ve +ve +ve +ve +ve +ve –ve 

15. 
Triple Sugar Iron 

Agar 
           

 Slant Red Red Red Red Red Yellow  Yellow  Red Yellow  Yellow  Red 

 Butt Yellow Yellow Yellow Yellow Red  Red Yellow  Yellow Yellow  Red Yellow 

 Gas Production –ve –ve –ve –ve –ve –ve –ve –ve –ve +ve –ve 

 H2S Production –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

16. Gelatinase –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

17. Nitrate Reduction +ve –ve –ve +ve +ve +ve +ve +ve +ve +ve +ve 

18. MOF FA FA FA FA Aerobic FA Aerobic FA FA Aerobic FA 
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Table 4.4 continues 

Sr.no. Biochemical Tests 
Isolates Code 

Y14 Y16 Y18 Y19 Y22 Y23 Y24 Y25 Y26 Y27 

1. Gram Character 
Gram –

ve 
Gram +ve 

Gram –

ve 

Gram 

+ve 

Gram –

ve 

Gram 

+ve 

Gram –

ve 

Gram 

+ve 

Gram 

+ve 

Gram 

+ve 

2. Shape Cocci Cocci Cocci Cocci Cocci Cocci Cocci Cocci Cocci Cocci 

3. Motility Motile Motile Motile Motile Motile Motile Motile Motile Motile 
Non– 

Motile 

4. Oxidase +ve +ve +ve +ve +ve +ve +ve +ve +ve +ve 

5. Catalase +ve +ve +ve +ve +ve –ve +ve +ve +ve +ve 

6. Amylase –ve +ve –ve –ve +ve –ve –ve +ve –ve +ve 

7. Lipase +ve +ve +ve +ve +ve +ve +ve +ve +ve +ve 

8. Caseinase –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

9. DNase –ve –ve –ve –ve +ve –ve –ve –ve –ve –ve 

10. Urease +ve –ve –ve +ve –ve –ve +ve –ve –ve –ve 

11. Indole –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

12. Methyl Red –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

13. Voges Proskauer +ve +ve +ve +ve +ve +ve +ve +ve +ve +ve 

14. Citrate +ve +ve +ve +ve +ve +ve +ve +ve –ve +ve 

15. Triple Sugar Iron Agar  

a. Slant Yellow Yellow Yellow Yellow Yellow Yellow Yellow Yellow Red  Red  

b. Butt Yellow Red  Red  Yellow Yellow Red  Yellow Yellow Yellow Red 

c. Gas Production –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

d. H2S Production –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

16. Gelatinase –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

17. Nitrate Reduction +ve +ve +ve +ve +ve +ve +ve +ve –ve –ve 

18. MOF FA Aerobic FA FA FA FA FA FA FA Aerobic 
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Table 4.4 continues 

Sr. 

no. 
Biochemical Tests 

Isolates Code 

Y28 Y29 Y32 Y33 Y35 Y36 Y37 Y38 Y40 Y41 

1. Gram Character Gram –ve Gram –ve Gram –ve Gram –ve 

Gram 

+ve  

 

Gram 

+ve 
Gram –ve 

Gram 

+ve  
Gram –ve Gram –ve 

2. Shape Cocci Cocci Cocci Cocci Cocci Cocci Cocci Cocci Cocci Cocci 

3. Motility Motile Motile Motile 
Non–

Motile 
Motile Motile Motile Motile Motile Motile 

4. Oxidase +ve +ve +ve +ve +ve +ve +ve +ve +ve +ve 

5. Catalase +ve +ve +ve +ve –ve +ve +ve +ve +ve +ve 

6. Amylase –ve +ve +ve +ve +ve +ve –ve –ve +ve +ve 

7.  Lipase +ve +ve +ve +ve +ve +ve +ve +ve +ve +ve 

8. Caseinase –ve –ve –ve –ve +ve +ve –ve –ve –ve –ve 

9. DNase –ve –ve –ve –ve +ve +ve –ve –ve –ve –ve 

10. Urease +ve +ve +ve –ve –ve +ve +ve –ve –ve –ve 

11. Indole –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

12. Methyl Red –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

13. Voges Proskauer +ve +ve +ve +ve +ve +ve +ve +ve +ve +ve 

14. Citrate +ve +ve +ve +ve +ve –ve +ve +ve +ve –ve 

15. Triple Sugar Iron Agar  

a. Slant Yellow Yellow Red Yellow Yellow Yellow Yellow Yellow Yellow Yellow 

b. Butt Red Red Yellow Yellow Yellow Yellow Yellow Yellow Red  Red  

c. Gas Production –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

d. H2S Production –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

16. Gelatinase –ve –ve –ve –ve –ve –ve –ve –ve –ve –ve 

17. Nitrate Reduction +ve +ve +ve +ve +ve +ve +ve +ve +ve +ve 

18. MOF FA FA FA FA Aerobic FA FA Aerobic FA Aerobic  
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Table 4.4 continues 

Sr. 

no. 
Biochemical Tests 

Isolates Code 

 Y43 Y44 

1. Gram Character Gram –ve Gram –ve 

2. Shape Cocci Cocci 

3. Motility Motile Motile 

4. Oxidase +ve +ve 

5. Catalase +ve +ve 

6. Amylase +ve +ve 

7.  Lipase +ve +ve 

8. Caseinase –ve –ve 

9. DNase –ve –ve 

10. Urease –ve –ve 

11. Indole –ve –ve 

12. Methyl Red –ve –ve 

13. Voges Proskauer +ve +ve 

14. Citrate +ve +ve 

15. Triple Sugar Iron Agar   

 Slant Yellow Red 

 Butt Red  Yellow 

 Gas Production –ve –ve 

 H2S Production –ve –ve 

16. Gelatinase –ve –ve 

17. Nitrate Reduction +ve +ve 

18. MOF FA FA 

Note: +ve: Positive, –ve: Negative, FA: Facultative aerobic, MOF: Marine oxidation fermentation test 
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The biochemical characterization was also done for 53 bacterial isolates which 

showed multiple activities (Table 4.4). In the Gram staining test, 35 isolates were Gram 

positive while 18 were Gram negative isolates. The Gram character was reassured using 

KOH test. Among the 53 isolates, 51 isolates were motile, 52 isolates were catalase 

positive and 50 isolates were oxidase positive. In the enzyme tests, 23 isolates were 

amylase positive, 11 caseinase positive, 53 lipase positive, 6 DNase positive, 15 urease 

positive and 41 isolates were positive for citrate utilization. None of the isolates were 

positive for gelatinase, cellulose hydrolysis and indole test. With the Methyl Red- 

Vogue’s Proskauer (MR-VP) test, 12 isolates were positive for methyl red and 41 for VP 

test. With the triple sugar Iron test, 30 isolates were fermentative, 20 isolates were 

oxidative and 7 isolates showed gas production but no H2S was detected. In the marine 

oxidation fermentation (MOF) test, 14 were aerobic while 39 were facultative aerobes.  

 

As part of the second objective, three bacterial species: Spingomonas flavimaris 

(E8), Halomonas venusta (E80) and Pseudomonas aeruginosa (Y27) showed multiple 

activities such as denitrification (aerobic and anaerobic), sulfur oxidation, methane 

oxidation (aerobic and anaerobic), phosphate accumulation and phosphate solubilization, 

three bacterial isolates were selected for the bacterial-microalgal consortia development. 

The results of multiple activity for the three selected isolates are shown in the Table 4.5a 

and Table 4.5b shows their biochemical characteristics. For the identification of these 

bacterial isolates molecular analysis: 16S rRNA analysis was performed and results are 

shown in Table 4.6. 
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Table 4.5a. Bacterial isolates with multiple activities selected for the consortia 

development (ND- not detected) 

Isolate Activity  Isolates Code 

E8 E80 Y27 

Denitrification 

(ngN/cell/day) 

Aerobic 1.13 ± 0.5 0.96 ± 0.4 18.41 ± 2.9 

Anaerobic 0.65 ± 

0.57 

0.42 ± 0.2 20.87 ± 2.8 

Methane Oxidation (ppm 

CH
4
/day) 

Aerobic ND 46621 ± 668 ND 

Anaerobic 3037 ± 

152 

ND 9655 ± 144 

Phosphate (AMM) (µM) 3
rd

 Day 1.10 ± 0.5 ND ND 

8
th

 Day ND 0.52 ± 0.38 ND 

Phosphate (HAM) (µM) 3
rd

 Day 4.7 ± 0.6 22.8 ± 0.9 ND 

8
th

 Day 19.5 ± 0.3 0.2 ± 0.1 ND 

Sulfur oxidation 

(µmole/day) 
7

th
 Day 78.7 ± 0.1 35 ± 3 1286.4 ± 21 

Note: AMM - Acetate mineral medium, HAM – Hydroxy apatite medium, ND- not detected 

Besides bacterial isolates, a microalgae Chaetoceros calcitrans was examined for 

nutrient removal efficiency by growing in aquaculture wastewater obtained from two 

ponds of a commercial shrimp farm in Mumbai. The nutrient removal efficiency of the 

microalgae was tested in two concentrations of the pond water: 50% and 100% with two 

pond waters. Microalgae survived better at 50% effluent with less salinity stress and slow 

increase in dissolved oxygen but had an irregular trend with the removal of nitrate and 

phosphate in both pond waters (Figure 4.21). Similarly, with 100% shrimp farm effluent, 

the salinity (pond1: 49 and pond 2: 51) caused a major stress on the microalgae with less 

dissolved oxygen and very scanty nutrient removal (Figure 4.22).   
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Table 4.5b. Biochemical characteristics of the bacterial isolates selected for consortia 

 
Biochemical 

Tests 

Isolates Code 

E8 E80 Y27 

1. 
Gram 

Character 

Gram –

ve 

Gram 

+ve 

Gram 

+ve 

2. Shape Cocci Cocci Cocci 

3. Motility Motile Motile 
Non– 

Motile 

4. Oxidase +ve +ve +ve 

5. Catalase +ve +ve +ve 

6. Amylase +ve –ve +ve 

7.  Lipase +ve +ve +ve 

8. Caseinase –ve –ve –ve 

9. DNase –ve –ve –ve 

10. Urease –ve +ve –ve 

11. Indole –ve –ve –ve 

12. Methyl Red –ve –ve –ve 

13. 
Voges 

Proskauer 
+ve +ve +ve 

14. Citrate +ve –ve +ve 

15. Triple Sugar Iron Agar 

a. Slant Red Yellow  Red  

b. Butt Red Yellow  Red 

c. 
Gas 

Production 
–ve –ve –ve 

d. 
H2S 

Production 
–ve –ve –ve 

16. Gelatinase –ve –ve –ve 

17. 
Nitrate 

Reduction 
–ve –ve –ve 

18. MOF Aerobic FA Aerobic 

 

Table 4.6 The three selected bacterial isolates with molecular identity and accession 

number 

Isolate Code Name Accession number 

E8 Sphingomonas flavimaris strain 

20KRS8AA5 

MK616430 

E80 Halomonas venusta strain MA-ZP17 MK473929 

Y27 Pseudomonas aeruginosa strain LCSI MK473929 
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Figure 4.21. Variation of dissolved nutrients and dissolved oxygen by Chaetoceros 

calcitrans in 50% commercial shrimp pond effluent 
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Figure 4.22. Variation of dissolved nutrients and dissolved oxygen by Chaetoceros 

calcitrans in 100% commercial shrimp pond effluent. 
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4.6. Monoalgal species experiments  

 Under the third objective, various microcosm experiments were conducted using 

four microalgal (Chlorella vulgaris, Nannochloropsis salina, Isochrysis galbana and 

Chaetoceros calcitrans) species in synthetic aquaculture wastewater (SAWW). These 

microalgal species were grown and acclimatized at 0 salinity. Their nutrient removal 

efficiency was checked at 0 salinity since the SAWW had a salinity of nearly 0 as per the 

chemical composition. The microalgal species responded varyingly with respect to 

nutrient removal from SAWW at 0 salinity under both as free-living cells and 

immobilized algal cells. Ammonia was not detected during subsampling with none of the 

four species. For Chlorella vulgaris, NO3
- decreased on day 6 for both free cell suspension 

and immobilized cell experimental set ups. Immobilized cells of C. vulgaris decreased 

the PO4
3- from second day onwards (Figure 4.23). With Nannochloropsis salina, both 

experimental set ups showed decline of NO3
- but only immobilized cells decreased PO4

3- 

towards day 10. For Isochrysis galbana NO3
- decreased on day 6 for immobilized cell 

experimental set up and from day 4 for free cell set up. There was no decline of PO4
3- by 

both experimental set ups of I. galbana. Chaetoceros calcitrans showed negligible 

removal in both free-living cell and immobilized cell experimental set ups which could 

be due to salinity stress (Figure 4.24).  

 Though the salinity of SAWW prepared in distilled water is 0 and microalgal 

species showed salinity stress in nutrient removal, their efficiency was also checked at 17 

(50% salinity strength) salinity to see the microalgal response. The four individual 

microalgal species were tested for their nutrient removal efficiency from SAWW at 17 

salinity. C. vulgaris (73% of nitrate and 83% phosphate) and I. galbana (62% of nitrate 

and 99% phosphate) were more efficient for nitrate and phosphate removal than C. 
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calcitrans (15% of nitrate and 89% phosphate) and N. salina (4% of nitrate and 54% 

phosphate) (Figure 4.25).  

 

  

Figure 4.23. Variations in the dissolved nutrients by C. vulgaris and N. salina growing 

in synthetic aquaculture wastewater at 0 salinity 
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Figure 4.24. Variations in the dissolved nutrients by N. salina and C. calcitrans growing 

in synthetic aquaculture wastewater at 0 salinity 
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Figure 4.25. Variation of dissolved nutrients by C. vulgaris, I. galbana, N. salina and C. 

calcitrans growing in synthetic aquaculture wastewater at 17 salinity 
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The variation of dissolved nutrients in SAWW at 34 salinity was tested for all the 

four microalgal species under free living cells and immobilized cell conditions. In the 

case of Chlorella vulgaris in the immobilized cells condition NH4
+ was detected from day 

4 to day 6. Both experimental set ups showed an increase in NO2
- concentration. The 

immobilized cells efficiently decreased the NO3
- with minimum drop on day 8 while free 

cells showed an irregular trend. Both experimental set ups recorded a decrease in the 

PO4
3- levels gradually; but immobilized cells were comparatively more efficient. The 

variations of nutrients are shown in the Figure 4.26.  

 

Figure 4.26. Variations in dissolved nutrients by C. vulgaris in free-living cell and 

immobilized cell experiment in synthetic aquaculture wastewater at 34 salinity 
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With Nannochloropsis salina, both experimental set ups had NH4
+ increased on 

day 6. While the immobilized cells kept increasing in NO2
- concentration. The 

immobilized cells efficiently decreased the NO3
- concentration with minimum drop on 

day 6 while free cells remained more or less steady. Free living cell experimental set up 

showed decrease in the PO4
3- levels gradually; but immobilized cells were efficient with 

the removal (Figure 4.27).  

 

Figure 4.27 Variations in the dissolved nutrients by N. salina in free-living cell and 

immobilized cell experiment in synthetic aquaculture wastewater at 34 salinity 
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had similar irregular trends with the concentrations of NO3
- with drop on day 6. Also, the 

decreased concentrations of PO4
3- levels were found in both types; with the free cells 

being more efficient than free cells being more efficient than the immobilized cells 

(Figure 4.28). 

 

Figure 4.28. Variation in the dissolved nutrients by I. galbana under free-living cell and 

immobilized cell experiment in synthetic aquaculture wastewater at 34 salinity 
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Figure 4.29. Variations in the dissolved nutrients in by C. calcitrans in free-living cell 

and immobilized cell experiment in synthetic aquaculture wastewater at 34 salinity 
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Figure 4.30. Chlorophyll a concentration of four microalgal species grown as free-living 

cells and immobilized cell set ups in synthetic aquaculture wastewater at 34 salinity 
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could have been entering into the stationary phase which leads to the release of cellular 

exudates causing a gradual increase in nitrite and nitrate (Figure 4.31). 

Table 4.7. The nutrient removal efficiency of four microalgal species from synthetic 

aquaculture wastewater in free-living cell and immobilized cell experimental set ups at 

34 salinity (D: days of culture) 

Microalgae Percentage Removal efficiency 

Nitrate Phosphate (Day 10) 

Free cells Immobilized Free 

cells 

Immobilized 

C. vulgaris  8 (D8) 75 (D8), 62 (D10) 91 98 

N. salina 10* (D10) 52 (D10) 29   60 

I. galbana 35 (D4), 9 (D10) 39 (D4), 1*  (D10) 48 21 

C. calcitrans 28 (D6), 4 (D10) 81 (D10) 73  74  

Note: * denotes the increase in nutrient concentration 

Figure 4.31. Variations in the dissolved nutrients by the microalgal combination of I. 

galbana and C. calcitrans in synthetic aquaculture wastewater under immobilized cell 

experiment  
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Experiment 2: Isochrysis galbana - Chlorella vulgaris in immobilized cells 

In Isochrysis galbana - Chlorella vulgaris immobilized cell combination, 

ammonia was detected from the 2nd day of the experiment with a peak on the 4th day 

(5.49 ±1.49 µM) and then later gradually decreased. The nitrite concentrations were 

detected in low concentrations which were increased gradually towards the 10th day (1.85 

± 0.22 µM). From an initial concentration of 408.85 ± 8.14 µM, nitrate declined steadily 

and reached a final concentration of 90.84 ± 6.94 µM on 10th day which showed the 

efficient uptake by this dual species combination. Similarly, this microalgal combination 

brought down the dissolved phosphate level from 18.32 ± 0.36 µM to 0.24 ± 0.15 µM by 

the 10th day. Thus, making this combination of Isochrysis galbana - Chlorella vulgaris a 

better candidate for the further studies (Figure 4.32). 

Figure 4.32. Variations in the dissolved nutrients by the microalgal combination of I. 

galbana and C. vulgaris in synthetic aquaculture wastewater experiment. 
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Experiment 3: Isochyrsis galbana - Nannochloropsis salina in immobilized cells 

In the case of experiment 3 (Isochyrsis galbana - Nannochloropsis salina), 

ammonia was detected from 2nd day and peaked at 6th day (3.53 ± 1.22 µM) and declined 

to non-detectable limit by the end of the experiment. The highest nitrite concentration of 

10.38 ± 2.51 µM was detected on the 4th day which later declined towards the end of the 

culture. The nitrate concentration decreased gradually and by the end of 10th day the 

nitrate concentration reached to 88.87 ± 63.14 µM. The initial phosphate concentration 

declined to 0.41 ± 0.20 µM by 10th day (Figure 4.33).  

Figure 4.33. Variation in dissolved nutrients by the microalgal combination of I. galbana 

and N. salina in synthetic aquaculture wastewater  
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draw down efficiency less than 50% of the initial concentration. While the concentration 

of dissolved phosphate steeply decreased and from 8th day it remained non-detectable till 

the end of the experiment (Figure 4.34).  

Figure 4.34. Variations in the dissolved nutrients by the microalgal combination of C. 

calcitrans and C. vulgaris in synthetic aquaculture wastewater  
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Figure 4.35. Variations in dissolved nutrients by the microalgal combination of C. 

calcitrans and N. salina in synthetic aquaculture wastewater  
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Figure 4.36. Variations in dissolved nutrients by the microalgal combination of C. 

vulgaris and N. salina in synthetic aquaculture wastewater  
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microalgal combination causing the release of algal exudates or the microbial activity in 

conversion of ammonia or nitrate reduction (Figure 4.37). 

 

Figure 4.37. Variations in dissolved nutrients by the microalgal combination of I. 

galbana, C. calcitrans and N. salina in synthetic aquaculture wastewater 
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Figure 4.38. Variations in dissolved nutrients by the microalgal combination of I. 

galbana, C. calcitrans and C. vulgaris in synthetic aquaculture wastewater  

Experiment 9: Chaetoceros calcitrans - Chlorella vulgaris - Nannochloropsis salina  

In this microalgal combination experiment, the ammonia concentrations increased 

till the 4th day (7.75 ± 1.82 µM) and then gradually declined towards the end of the 

experiment. The nitrite levels were lower than the ammonia concentrations and gradually 

increased towards the 10th day (2.12 ± 0.86 µM). The nitrate concentration declined and 

reached a lowest of 120.49 ± 2.58 µM. The phosphate concentrations gradually dropped 

after the peak on 2nd day (23.13 ± 0.07 µM) to 0.19 µM (Figure 4.39). 
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Figure 4.39. Variations in the dissolved nutrients by the microalgal combination of C. 

calcitrans, C. vulgaris and N. salina  

Experiment 10: Isochrysis galbana - Chlorella vulgaris - Nannochloropsis salina  

Similar to the previous experiment (Cc-Cv-Nn Immobilized Cells), ammonia had 

the peak on 4th day which declined later. The nitrite concentrations remained lower 

throughout the time than the ammonia concentrations. This Ig-Cv-Nn immobilized cells 

combination was more effective in bringing down the nitrate level to 52.06 ±1.24 µM on 

the 4th day itself after which it slowly increased to 83.19 ± 6.88 µM. This was still more 

efficient than the rest of the three species combination with respect to nitrate remediation. 

Similar to all the three previous microalgal combination experiments, the phosphate 

concentration peaked on the second day and then gradually declined to 1.44 µM on 10th 

day (Figure 4.40).  
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Figure 4.40. Variations in dissolved nutrients by the microalgal combination of I. 

galbana, C. vulgaris and N. salina in synthetic aquaculture wastewater  

4.9. Tetra microalgal species combination experiment 

Experiment 11: Chaetoceros calcitrans - Isochrysis galbana - Chlorella vulgaris - 

Nannochloropsis salina  

All the four species of microalgae were combined to make immobilized beads for 

checking their nutrient removal efficiency in SAWW for 10-days. Ammonia level 

increased from nondetectable levels to 7.87 ± 2.34 µM towards the 4th day and then 

declined to non-detectable limit by the 10th day of the experiment. Nitrite concentration 

gradually peaked towards the 10th day (4.24 ± 0.09 µM). For nitrate, a steep decline in 

the concentration was observed from the second day (68.28 ± 11.48 µM) and lowest on 

4th day (55.59 ± 12.53 µM) which slowly increased to 76.51 ± 8.24 µM. The combination 

of all the species showed the drastic decrease in nitrate concentration by the second day 
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and kept steady state till the 10th day. With this combination of all the four microalgal 

species, the phosphate concentration steadily decreased in concentration from the initial 

day till the 10th day (0.43 ± 0.09 µM) without any increase in between the culture period. 

The chlorophyll a for the combination increased from 2.77 ± 0.7 to 72.4 ± 17.2 mg/L on 

the 10th day under immobilized condition. Figure 4.41 shows the microalgal cultures 

were also tested for their nutrient removal efficiency from synthetic aquaculture 

wastewater in four species combinations under immobilized cell conditions and the 

chlorophyll a concentration is shown in the Figure 4.42. The results for the nutrient 

removal efficiency for the various microalgal combinations are showed in Table 4.8.  

 

 

Figure 4.41. Variations in the dissolved nutrients by the microalgal combination of C. 

vulgaris, I. galbana, C. vulgaris and N. salina in synthetic aquaculture wastewater  
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Figure 4.42. The chlorophyll a concentration of the microalgal combination of C. 

vulgaris, I. galbana, C. vulgaris and N. salina under immobilized cell experiment in 

synthetic aquaculture wastewater 

Table 4.8. The percentage nutrient removal efficiency of four microalga cultures in 

different combinations. (Cv- C. vulgaris, Nn- N. salina, Ig- I. galbana and Cc- C. 

calcitrans) 

Percentage Nutrient Removal Efficiency on Day 10 

Microalgal Combination Nitrate (%) Phosphate (%) 

Ig-Cc 14 98 

Ig-Cv 78 99 

Ig-Nn 78 98 

Cc-Cv 32 100 

Cc-Nn 55 100 

Cv-Nn 57 100 

Ig-CC-Nn 56 100 

Ig-Cc-Cv 67 100 

Ig-Cv-Nn 80 92 

Cv-Cc-Nn 71 99 

Cv-Nn-Ig-Cc 85 98 
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4.10. Microalgal-bacterial consortia experiments 

Experiment 12: Chlorella vulgaris - Nannochloropsis salina - Bacteria (E8-E80-Y27)  

C. vulgaris - N. salina - Bacteria (E8-E80-Y27) was found to be a potential 

bacterial-microalgal consortia for bioremediation of synthetic aquaculture wastewater 

with 80% of nitrate and 91% of phosphate removal efficiency (Figure 4.43). 

 

Figure 4.43. Variations in the dissolved nutrients by the microalgal combination of C. 

vulgaris, N. salina and three bacteria in synthetic aquaculture wastewater  
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Experiment 13: Chlorella vulgaris - Isochrysis galbana - Bacteria (E8-E80-Y27)  

For this microalgal-bacteria consortia of C. vulgaris - I. galbana with the bacteria, 

Figure 4.44 depicts the variations in the dissolved nutrients. It was found that it had a 

nutrient removal efficiency of 77% of nitrate and 83% of phosphate.  

 

 

Figure 4.44. Variations in the dissolved nutrients by the microalgal combination of C. 

vulgaris, I. galbana and three bacteria in synthetic aquaculture wastewater 

 

Experiment 14: Chlorella vulgaris - Chaetoceros calcitrans - Bacteria (E8-E80-Y27)  

In the case of microalgal-bacteria consortia: C. vulgaris - C. calcitrans – three 

bacteria, there was a removal of 48% of nitrate and 80% of phosphate removal from the 

synthetic aquaculture wastewater under immobilized cell conditions (Figure 4.45).  
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Figure 4.45. Variations in the dissolved nutrients by the microalgal combination of C. 

vulgaris, C. calcitrans and three bacteria in synthetic aquaculture wastewater  

Experiment 15: Bacteria (E8-E80-Y27)  

Other than microalgal-bacterial consortia, the nutrient drawn down efficiency of 

the three bacteria were also estimated. Three bacterial species in an immobilized cell 

consortium could perform 48% of nitrate and 25% of phosphate removal from the 

synthetic aquaculture wastewater during the ten-day experiment (Figure 4.46). 
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Figure 4.46. Variations in the dissolved nutrients by the three bacterial combination of 

E8, E80 and Y27 in synthetic aquaculture wastewater  

 Towards the completion of third objective in finding suitable microalgal-bacterial 

bioremediator for treatment of aquaculture wastewater, final set of experiments were 

carried out with dual microalgal species (based on the nutrient removal efficiency and 

ease of culturing) with the three bacterial isolates under immobilized conditions in 

synthetic aquaculture wastewater. The results are shown in Table 4.9. 
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Table 4.9. The percentage nutrient removal efficiency of microalgal-bacterial consortia 

under immobilized cell conditions in synthetic aquaculture wastewater (Cv- C. vulgaris, 

Nn- N. salina, Ig- I. galbana, Cc- C. calcitrans and Bac- bacterial isolates E8-E80-Y27) 

Percentage Removal Efficiency on Day 10 

Microalgal- Bacteria Consortium Nitrate (%) Phosphate (%) 

Cv-Nn-Bac 80 91 

Cv-Ig-Bac 77 83 

Cv-Cc-Bac 48 80 

 

Table 4.10. The percentage nutrient removal efficiency of individual or dual microalgal 

species and microalgal--bacterial consortia under immobilized cell conditions in synthetic 

aquaculture wastewater (Cv- C. vulgaris, Nn- N. salina, Ig- I. galbana, Cc- C. calcitrans 

and Bac- bacterial isolates E8-E80-Y27) 

Individual or dual species 

combination 

Percentage Nutrient Removal Efficiency 

Nitrate (%) Phosphate (%) 

Chlorella vulgaris 62 98 

Nannochloropsis salina 52 60 

Isochrysis galbana - 21 

Chaetoceros calcitrans 81 74 

Bacteria 48 25 

Cv-Nn 57 100 

Cv-Ig 78 99 

Cv-Cc 32 100 

Cv-Nn-Bac 80 91 

Cv-Ig-Bac 77 83 

Cv-Cc-Bac 48 80 
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Though several microalgal species are known bioremediators with industrial 

applications in wastewater treatment, multiple microalgal species were combined with 

bacteria in immobilized cells and their dual autotrophic-heterotrophic metabolism were 

used for bioremediative application. Immobilized cells were more efficient with nutrient 

removal, biomass production with ease in biomass harvest, better revival, and 

convenience with water reuse. The percentage nutrient removal efficiency of individual 

and combination microalga with bacteria is shown in Table 4.10. Among the several 

microalgal-bacteria consortia, Chlorella vulgaris - Nannochloropsis salina - 

Spingomonas flavimaris - Halomonas venusta - Pseudomonas aeruginosa showed 

maximum removal of nitrate (80%) and phosphate (91%) in 10 days. Results of this 

study revealed that multiple algal-bacterial species can be used in the development of 

aquaculture bioremediative consortia especially Chlorella vulgaris - Nannochloropsis 

salina - Spingomonas flavimaris - Halomonas venusta - Pseudomonas aeruginosa.  
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The expansion of aquaculture industry to meet the global protein demand involves 

the establishment of large number of aquaculture ponds and thus the farming practices 

lead to the discharge of large quantity of heavily organic loaded wastewater into the 

adjacent coastal ecosystems. This can lead to eutrophication, algal blooms and later can 

cause the destruction of marine biodiversity. Restoring the marine biodiversity and 

meeting the ever-increasing global demand for seafood will require the integration of 

fisheries management, pollution reduction, habitat restoration and to a large extent, 

development of environmentally sustainable aquaculture.  

In aquaculture practices, in order to maintain the health of the fish and to achieve 

optimal growth, the accumulated by-products such as feces, excretions, uneaten feed, 

dead plankton, mineral soils, airborne debris, pathogenic microorganisms, fertilizers, 

metabolic by-products, etc must be removed continuously. Its environmental impact can 

be decreased either by improved farm management, or by physical and/or biological 

treatment of the effluent. There are several physical and chemical effluent treatment 

methods but mostly they have been found to be non-affordable for the farmers. 

Development and implementation of innovative methods and technologies for farm 

effluent water treatment, water reuse and by-products recycling will reduce the quantity 

of clean water used in aquaculture farming and the quantity of materials discharged to the 

environment. Alternative choice is to use various biological organisms for the 

bioremediation of aquaculture wastewater. Studies (Glenn et al., 1991, Hopkins et al., 

1993; Martinez-Cordova et al., 1998; Brown et al., 1999) have been carried out to report 

the bioremediative potential of various organisms (bacteria, microalgae, fungi, 

macroalgae, filter feeding organisms such as sponges, clams etc) from different trophic 

levels.  
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Shrimp production rates depend on pond preparation, maintenance, aeration, 

water and sediment quality, and also rely on the probiotic application. Baseline data is 

essential for improving the commercial pond management practices and hence the 

objective one was intended to understand these variations of environmental variables 

along with culturable bacterial groups in two adjacent ponds cultivating Litopenaeus 

vannamei in a commercial farm. There has been an increasing interest to find cost 

effective ecofriendly techniques for the aquaculture effluent treatment. It would be 

effective if microorganisms (bacteria, fungi and phytoplankton) can be used for this 

remediation. Bioremediation of effluent could be helpful in recycling of waste water and 

improving the water quality for reuse. Thus, a large amount of water could be saved at 

the aquaculture farms. The isolation and screening of potential candidates with 

bioremediation potential is of greater importance. It is also worth to check their efficiency 

when exposed alone or in consortia with other potential ones. They can utilize majority 

of the particulate and dissolved organic matter and thus reduce the nutrient load of the 

effluent. Screening of bacteria and microalgae with bioremediative potential were carried 

out as second objective of the research work to find suitable candidates. With the baseline 

information on the variations of environmental variables as well as finding suitable 

bacteria and microalgal species with bioremediative potential, it is possible to develop 

microbial consortia of microalgal-bacterial species utilizing the complementary 

metabolism between microalgae and bacteria with ease of wastewater treatment. This 

doctoral research topic has aimed to find out the trend and interactions of various 

environmental parameters with the culturable bacterial groups involved in the nutrient 

recycling during the shrimp production in a tropical bio-secured zero-water exchange 

system. With the baseline information, this study further intended to explore the 
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bioremediative potential candidates from the bacterial and microalgal species for 

developing consortia for its application in aquaculture. 

Microbes inhabiting the shrimp ponds play vital roles in the cycling of nutrients 

as well as biotransformation of xenobiotics, mediating the balance of cycling processes 

(C, N, P, S) and maintaining the health of ecosystems (Bai et al., 2014; Zoqratt et al., 

2018). Bacteria are regarded as an essential environmental factor in shrimp ponds 

(Fernandes et al., 2010). The in depth understanding of the influence of various 

environmental variables on the microbial communities (Green et al., 2008) aids unravel 

the impact of the interactions between bacteria and environmental parameters in an 

aquaculture ecosystem. Several studies (Chien, 1992; Burford et al., 2003) have been 

carried out to understand the role of certain bacterial communities belonging to different 

biogeochemical cycles like C-N (Alongi et al., 2000), C-N-S (Fernandes et al., 2010; 

Shariff et al., 2001; Abraham et al., 2004), N (Foesel et al., 2008; Krishnani and 

Kathiravan, 2010; Castine et al., 2012; Kathiravan and Krishnani, 2014; Gao et al., 2019), 

N-S (Rao et al., 2000), S (Devaraja et al., 2002; Krishnani et al., 2010; Patil et al., 2015), 

C-N-P (Ghosh and Chattopadhyay, 2005; Bhakta et al., 2006; Tendencia et al., 2015) or 

P (Jana and Patel, 1984) in the aquaculture system. Besides, other works (Shariff et al., 

2001; Abraham et al., 2004) have been carried out on nitrification, denitrification and the 

load of nitrogen and phosphorus in the water, sediment, and aquaculture effluents. 

Besides, in recent times, in commercial shrimp aquaculture farms, many potential 

probiotics have been introduced. However, the influence of these non-native microbes is 

not clearly known, though it could have an impact on the biogeochemical cycling in the 

pond ecosystem. Hence, this study addresses the lacuna of information on the holistic role 

of culturable bacterial groups involved in the different cycles as well as their ecological 
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interactions, all of which influence the quality of effluents released into the adjacent 

coastal water bodies at the end of a production cycle. 

The shrimp growth and survival, rates of feed consumption, ammonia excretion, 

oxygen consumption and moult cycle are influenced by water temperature which is an 

important environmental factor (Van and Scarpa, 1999; Hostins et al., 2015). In the 

present study the pond water temperature varied from 28.8 to 32°C and recorded an 

average body weight of 20.8g for pond 1. In pond 2, the temperature was 27.5 to 32°C 

and the average bodyweight of the shrimp was 20.40g. These temperatures include the 

optimum temperature for growth and survival of shrimp varies according to the life stage 

and the species. This temperature range is conclusive for the maximum growth of the 

species which favour the proper development and growth of post larva. For small L. 

vannamei (<5 g), the optimum temperature is higher than 30°C, and for large shrimp (16 

g) optimum temperature is around 27°C (Wyban et al., 1995). Highest survival of juvenile 

L. vannamei is obtained between 20°C and 30°C (Ponce-Palafox et al., 1997) and based 

on growth parameters until 32°C the growth for L. vannamei showed increase in growth 

(Ponce-Palafox et al., 2019).  

Along with temperature the pond water quality is one of the major factors involved 

in maintaining shrimp health which is also impacted by the microbial processes occurring 

in the aquaculture pond, especially at the end of the shrimp production cycle. In the 

present study though shrimp cultivation was performed at zero water exchange condition, 

healthy shrimp culture was obtained by maintaining optimum water quality (Shariff et al., 

2001; Nakayama et al., 2009). This was mediated by the indigenous microbial population 

and use of probiotics. Unlike the commercial ponds, the conventional aquaculture ponds 

depend on the algal biosynthesis for the uptake of the majority of inorganic nitrogen. The 
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major disadvantage of algal-based systems is the wide diurnal variations in pH, dissolved 

oxygen, ammonia–nitrogen and the long-term changes in algal density and frequent ‘die-

offs' (Burford et al., 2003a). The pond water pH ranged from 7.19 to 7.63 without much 

variation in both the ponds. The pH was monitored regularly as part of the farm 

management practices and maintained using pH stabilizers to support the shrimp growth. 

Hence in both the ponds, pH did not show any significant relationship with any of the 

bacterial groups at p<0.001. Besides pH, dissolved oxygen also plays a major role in 

shrimp health. The DO levels were kept optimal in a range with highest on 55 DoC (pond 

1: 7.91 ± 2.04 mg/L and pond 2: 9.14 ± 0.19 mg/L) by the paddle wheeled aerators as 

well as by the addition of oxygen releasing compounds at regular intervals of time. In the 

present study based on Spearman’s correlation analysis, only significant correlations with 

a level of significance above p<0.001 is only taken for discussing the microbial 

interactions with the environmental variables and the respective r values are shown in the 

Table 4.1 and 4.2 in the results section. 

5.1. Total Heterotrophic Bacteria (THB) 

In pond 1, the several environmental parameters showed significant relationships 

with the heterotrophs in water and sediment (Figure 5.1). Among the dissolved 

nitrogenous nutrients, ammonia, nitrite and nitrate strongly influenced the THB. 

Heterotrophic bacteria are known to influence the level of vital environmental parameters 

like DO, pH and ammonia, in addition to primary production through nutrient recycling, 

especially nitrogen and phosphorus (Lemmonier et al., 2010). The heterotrophic 

bacterioplanktons are more efficient in acquisition of nitrogen from organic compounds 

than phytoplankton (Løvdal et al., 2007). In addition, the initial phase of the culture had 
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high numbers of THB. This may be attributed to the heterotrophic ammonia assimilation 

which helps in building cellular protein (Ray et al., 2010).  

 

Figure 5.1. Interrelationships of heterotrophs in pond water (THBw) and sediment 

(THBs) in pond 1 and pond 2 

In the pond 90% of the N enters through formulated shrimp feed of which 22% 

gets converted in shrimp biomass, 14% reaches the sediment, 57% enters as dissolved 

form into the pond water. Out of the entire percentage, 3% of N is unaccounted which 

could be lost to atmosphere through denitrification or ammonia volatilization (Jackson et 

al., 2003). Among the biochemical sediment parameters, TOC, carbohydrate (CHO) and 
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the methane production (MP) significantly correlated with THB. Organic matter 

mineralization and nutrient biota-interactions is carried out by the population of aerobic 

heterotrophic bacterial communities which is the most important component of the 

microbial coenoses of aquatic ecosystems (Freitas and Godinho-Orlandi, 1991; Ampofo 

and Clerk, 2003; Bhakta et al., 2006). The pond water quality parameters correlation with 

heterotrophic bacterial population (Table 4.1 & 4.2) suggests the latter’s active role in 

processing of organic matter and the resultant nutrient status of the pond water (Das et 

al., 2013; Sabu et al., 2020). Heterotrophic bacterial communities being an integral 

component in aquatic ecosystems are actively involved in the organic matter 

mineralization and nutrient biota-interactions (Freitas and Godinho-Orlandi, 1991; 

Bhakta et al., 2006) and this explains the negative correlation of THB with TOC in water 

(THBw: r = -0.679) and sediments (THBs: r = -0.673). In the present study both ponds 

had the highest abundance of THB in the sediment was four times higher than their 

abundance recorded in the pond water. Spatial and seasonal distribution of heterotrophic 

bacteria are important factors in pond management practices (Ampofo and Clerk, 2003). 

Previous study had reported heterotrophic count of 1.02 x 107 CFU ml-1 for a 

shrimp pond at 120th culture day 9 (Abraham et al., 2004) and in the present study THB 

had decreased to 3.4 x 104 CFU ml-1 on 96th DoC in pond 1 and 2.1 x x104 CFU ml-1 in 

pond 2. The processing of organic matter and the resultant nutrient status of the pond 

water quality was influenced by heterotrophic bacterial population on water quality 

parameters (Das et al., 2013) as is seen in the positive correlations with NH4
+ (r = 0.705), 

NO2
- (r = 0.920), NO3

- (r = 0.857). Microbial processes are known to affect the water 

quality parameters such as, dissolved oxygen, ammonia, nitrite, and sulfide (Moriarty, 

1996; 1997). Different microbial populations are involved in nitrification, 
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ammonification, nitrate reduction, denitrification, proteolysis, and sulfate reduction (Itoi 

et al., 2006).  

Ammonia, nitrite and nitrate are highly soluble in water. Besides, significant 

amount of dissolved organic nitrogen reaches the pond waters from the leaching out of 

both uneaten feed and shrimp feces (Burford and Williams, 2001). Instead, it becomes an 

expensive fertilizer that stimulates the growth of the natural biota, particularly the 

phytoplankton (Burford and Gilbert, 1999) and microbial communities (Burford and 

Williams, 2001; Burford and Gilbert, 1999). There exists a strong inverse relationship in 

both ponds between the heterotrophs and the chlorophyll a (pond 1: r = -0.86 and pond 

2: r = -0.52) and phytoplankton counts (Fernandes et al., 2019) which depicts the 

competition for inorganic nutrients (Liu et al., 2014). Also, the uptake of ammonia by the 

phytoplankton community in the pond is an active process requiring light (Raven, 1984) 

and thus supporting the microalgal growth in the pond waters. Besides, in pond systems 

ammonia production is controlled through oxidation to nitrate by a combination of 

autotrophic processes, driven by nitrifying bacteria and photoautotrophic processes that 

assimilate ammonia directly into algal biomass (Brune et al., 2004). These nutrients are 

being recycled mainly by phytoplankton and bacteria and hence, the studies on their 

interactions within the pond ecosystems are vital (Fellows et al., 2006; Hall and Tank, 

2003; Hargreaves, 1998). But there was no significant relationship found for ammonia at 

a level of significance p<0.001 with any of the bacterial groups in pond 2. The pond under 

study had the paddle wheeled aeration which is known to enhance microbial activity in 

high density ponds which efficiently prevented the accumulation of ions (ammonium, 

nitrite and sulfide) to toxic levels (Fernandes et al., 2019). The increase in pH has a 

positive impact on the pond health because it lessens the impact of ammonia by causing 
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its release into the atmosphere (Sommer and Olesen, 1991; Wajsbrot et al., 1990).  Among 

both the ponds, heterotrophs in pond 1 showed several significant interactions with 

bacterial groups such as THBw with MOBw (r = -0.6), SOBw (r = 0.77) and TABw 

(water: r = 0.54), TABs (r = 0.87) and THBs with TABs (r = 0.8). While in pond 2, the 

significant bacterial interaction was with SOB (r = 0.66). In both the ponds, there exist a 

similarity of heterotrophic interactions with nitrite, nitrate, chlorophyll a and SOB.  

However, the increased concentration of ammonia during the mid-culture period 

(41st DoC), could be mainly due to three factors: (i) the reduction of nitrogen species (ii) 

the leaching out of ammonia by the breakdown of protein from the uneaten shrimp feed 

that was added to the pond (Casillas-Hernández et al., 2007), (iii) from the shrimp excreta 

(Ebeling et al., 2006). Thus, the bacterial and phytoplankton community helps in 

maintaining optimum dissolved nutrient concentrations in the aquaculture pond.  

5.2. Total Anaerobic Bacteria (TAB) 

Similar to aerobic heterotrophs in the pond 1, the culturable anaerobes also 

showed several environmental interactions with the environmental variables as well as 

with the bacterial groups belonging to different elemental cycle. While in pond 2, the 

TAB in water alone showed significant interactions mainly with the sediment 

characteristics such as TOC (r = -0.616), CHO (r = -0.648), PRT (r = -0.605) and they 

were less than that of pond 1. Aquaculture pond soils are recipients of a large amount of 

nitrogen, phosphorus and organic matter (Boyd, 1990, 1992) and these substances tend 

to accumulate in bottom soils. The mineralization of organic matter results in the 

regeneration of nutrients at the sediment-water interface which act as an important source 
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of ammonia and a sink for dissolved oxygen (Hargreaves, 1998). This process occurs 

more at the sediment-water interface compared to the shallow water column.  

 

Figure 5.2. Interrelationships of anaerobes in pond water (TABw) and sediment (TABs) 

in pond 1 and pond 2  

Similar to heterotrophs, the anaerobic bacteria in pond 1 water and sediment 

showed significant negative relationship with dissolved nutrients and TOC (TABw: r = -

0.791; TABs: r = -0.839). When oxygen-depleted, other electron acceptors can be used 

to mediate the decomposition of organic matter. Many anaerobic processes in the pond 

bottom lead to the production of reduced and potentially toxic compounds like sulfide 
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and methane (Boyd, 1992). In the pond 1 water and sediment, the TAB correlated with 

THB. The significant correlation of TOC with heterotrophs (water: r = -0.697, sediment: 

r = -0.673) and anaerobes (water: r = -0.791, sediment: r = -0.839) supports the 

decomposition of organic matter along with subsequent emission of GHGs (Yang et al., 

2017b).  

There were similarities in the significant correlations found between the 

environmental variables (nitrite, nitrate, Chl a and TOC) with the TAB and THB in the 

pond 1. TABs showed significant correlation with MP (r = 0.53) and MOA (r = -0.54) 

reflecting the influence of anaerobic population in supporting the methane production and 

as well as the effect of anaerobes in inhibiting the methane oxidation in the sediment. 

This was also supported by the inverse correlation of TAB with MOB in water (r = -0.58) 

and sediment (r = -0.78). Similarly, the abundance of culturable anaerobes TAB reflected 

the group specific anaerobes such as SRBw (r = 0.798), SRBs (r = 0.693), DNBw (r = 

0.861) and NRBw (r = 0.881) in pond 1. Similar to pond 1, the TABw showed similar 

significant correlations with the specific anaerobic groups such as NRB (r = 0.816) and 

SRB (r = 0.958).  

5.3. Methane-oxidizing bacteria (MOB) 

Besides the foresaid processes, methane and also sulfide are produced due to the 

anaerobic processes taking place in the pond bottom (Boyd, 1992). Moreover, this 

methane contribution from aquaculture gains significance since the global warming 

potential of methane is 34 times than that of CO2 per mass unit over a 100-year timescale 

(IPCC, 2013; Yang et al., 2019a). These concentrations of methane are modulated by 
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methanotrophs which oxidize methane for its energy generation and growth (Trotsenko 

and Murrell, 2008; Ho et al., 2014).  

Under these conditions, significant relationship was absent between DO and the 

bacterial groups in pond 1 while DO and BOD showed significant correlation with MOB 

in water (DO: r = 0.695 and BOD: r = 0.783) in pond 2. In the ponds the paddle-wheel 

aerators were used which helped in augmenting the DO levels, and also contributed to 

circulation and water column mixing (Tendencia et al., 2015) which influence the aerobic 

methane oxidation (Yuan et al., 2019; Yang et al., 2019a). Besides, for the maintenance 

of oxic conditions during the growth of shrimps, the addition of oxygen releasing 

compounds and increased frequency of aeration in the pond is known to trigger the 

microbial activity in shrimp ponds (Fernandes et al., 2010).  

In pond 1, MOB showed correlation with all the three nitrogenous species 

(ammonia, nitrite and nitrate) and with TOC (r = 0.556). Though the methanotrophs have 

extensive pathways for assimilatory and dissimilatory nitrogen metabolism and 

detoxification yet do not rely on these pathways for growth and also have evolutionary 

relatedness to ammonia oxidizing bacteria (Hoefman et al., 2014). MOBw showed 

negative correlation with ammonia (r = -0.685) and nitrite (r = -0.686) which explains 

their competitive inhibitory effect on methane monooxygenase (MMO) enzyme which 

takes part in the oxidation of methane (Stein and Klotz, 2011; Bodelier and Laanbroek, 

2004; Nyerges et al., 2010, Stein and Klotz, 2011). Nyerges and Stein (2009) reported 

that the ability of ammonia to act as co-substrate and competitive inhibitor of methane 

monooxygenase varies among species of methanotrophic bacteria. Besides, ammonium 

and nitrite strongly influence methanotrophic activity and methanotrophic community 

composition (Nyerges et al., 2010). This has also been observed on the 41st DoC.  
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Figure 5.3. Interrelationships of methanotrophs in pond water (MOBw) and sediment 

(MOBs) in pond 1 and pond 2 

The organic matter from uneaten feed, dead plankton, organic fertilizers etc. forms 

the TOC (Boyd et al., 2010) which also impacts the MOBw (r = 0.556). The presence of 

overlying water could reduce the diffusion of atmospheric oxygen into the sediment 

thereby weakening the aerobic decomposition of organic matter and CO2 production by 

aerobic microbes (Chimner and Cooper, 2003). But the usage of aerators in the pond 

water with the advance of culture period can maintain the dissolved oxygen in the water 

column. The counts of methanotrophs in the sediments were two to three orders higher 



Chapter 5 - Discussion 

 

168 
 

throughout the culture period than the pond water. MOBs correlated with TSS (p<0.01, r 

= 0.504) and sedimentary carbohydrate (p<0.05, r = 0.46) and protein (p<0.5, r = 0.403) 

which represent the labile components of the organic matter. This organic matter is 

contributed by the addition of feed, uneaten feed, feces and other biological interactions 

such as molting, the proliferation of microalgae which increases in the sediments with the 

progressing of culture period. This reveals the influence of labile organic matter on 

methanotrophs and their methane oxidation activity (Gonsalves et al., 2011; Kamaleson 

et al., 2019). Besides, gastropods and the addition of farm-made liquid mixture are also 

known to influence the organic load in the ponds. These activities support intense 

microbial processes in the pond ecosystem which in turn influence the greenhouse gas 

emissions (Cochrane et al., 2009). Various environmental (temperature, dissolved 

oxygen), meteorological parameters (precipitation), pond management practices 

(feeding, stocking density, aeration, nutrional quality of feed, probiotics etc) and shrimp 

physiology (moulting) are known to influence feed conversion ratio (FCR). The FCR 

impacts in reducing the emission of greenhouse gases in aquaculture (Hasan and Soto, 

2017).  

The abundance of anaerobes in both pond water during the initial phase till 41 

DoC supports the highest MP which was towards the mid of production cycle 41 DoC. 

This may be due to the gradual increase in the size of the post-larvae, the frequency of 

aeration, feeding rates and the development of microalgal blooms through the progress of 

the production cycle. In the initial days, the anaerobic population was comparatively 

higher than rest of the production cycle. The continuous water cover, along with less 

frequency of pond aeration until the 41 DoC could have contributed to decreased oxygen 

penetration into sediments thus supporting the anaerobic decomposition and increased 
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methane production by methanogens. The frequency of pond aeration was lesser till the 

50 DoC and this could also lead to low levels of methane oxidation until the 41 DoC. 

However, on the 55 DoC highest methane oxidation was attained, which could be due to 

the farm management practices involving increased aeration frequency, probiotic 

application which supports the aerobic microbial activity (Yang et al., 2017a; Yang et al., 

2019a). This is also corroborated by the studies of Kettunen et al. (1999) and Yang et al. 

(2013). 

In pond 2, the MOBs showed significant correlation with dissolved phosphate (r 

= 0.619). There was an increase in the dissolved PO4
3- concentrations towards the end of 

the culture period perhaps due to the excessive remineralization processes (Burford et al., 

2003b) which might have stimulated the phytoplankton growth. Phosphate showed an 

inverse relationship with methane production rate. For the microbial growth, phosphate 

is an often known as preferred phosphorus substrate in the sea (Karl et al., 2008). In the 

marine ecosystem, phosphonates are one of the major forms of organic-P compounds 

characterized by a carbon-phosphorus (C-P) bond which are found as constituent of 

phytoplankton, particulate organic matter etc. (Karl et al., 2008; Kolowith et al., 2001; 

Benitez-Nelson et al., 2004). The methyl phosphonate formation and its utilization result 

in the aerobic formation of methane in the marine ecosystems (Karl et al., 2008). During 

the concurrent metabolism of methyl phosphonate and phosphate, uptake of phosphate is 

more favored and this results in the systematic reduction of methane yield from the 

utilization of methylphosphonate (Karl et al., 2008). Also, Carini et al. (2014), reported 

that marine bacteria containing the C–P lyase enzyme complex catabolizes 

methylphosphonate to CH4, releasing phosphate (Pi) that can be used for cellular growth. 
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This process of methane production from the methylphosphonates could be inhibited by 

the increasing concentration of dissolved phosphate in the pond ecosystem. 

More importantly aquaculture ponds are considered as hotspots for methane production 

(Yang et al., 2015b; 2018a, b; 2019c, e). From the formulated shrimp feeds substantial 

proportion of feed carbon gets transformed into CO2 and CH4 by animals and microbes 

(Boyd and Tucker, 1998) or buried in aquaculture systems (Boyd et al., 2010). Aerobic 

methanotrophs are major regulators controlling the methane emissions and among the 

dissolved nutrients ammonium is believed to be a major influential factor due to its 

competition with methane as the substrate for aerobic methanotrophs (Yang et al., 2018b). 

As the pond ecosystem provides a lot of suspended load (0.06 – 1.14 mg ml-1), and algal 

biomass (average Chl a range of 0.33 -11.08 mg L-1) both which serve as microniches 

where the formation of methane in water column occurs (Gar’kusha et al., 2019). Besides, 

the digestive tract and faecal pellets of zooplankton can serve as a niche for 

methanogenesis in highly aerobic water (Bianchi et al., 1992; Marty, 1993). The pond 

water had a zooplankton abundance of 64 species with highest count of 1.32x 104 cells 

ml-1 in 96 DoC (Fernandes et al., 2019). Also, they were negatively correlated with THB 

(r = -0.6), TAB (r = -0.582) and SRB (r = -0.766) which reflects the competition for 

substrates/electron acceptors. In pond 2, the MOB was significantly influenced by the 

sediment variables such as TOC (MOBs: r =0.632), LPD (MOBw: r = 0.-0.512) and LOM 

(r = -0.52).  

In the present study, the shallow water of biosecured system with paddle-wheel 

aerator caused effective pond water mixing. Although the potential MOA ranged from 

15.23 ± 6.55 µmole g-1d-1 to 599.61 ± 167.18 µmole g-1d-1, the frequent aeration can lead 

to rapid oxidation of methane in the over lying water column (Yang et al., 2017a) which 
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in turn could lower the levels of methane in the water column. Bastviken et al. (2008) 

reported that 80% of methane produced in the deep wetland sediments could get oxidized 

in the water column during transport. Besides, the chances of bioturbation triggered 

ebullition (bubble flux from sediment) and diffusion of methane into the atmosphere are 

possible (Bastviken et al., 2004; Tranvik et al., 2009). Moreover, this methane 

contribution from aquaculture gains significance due to its global warming potency to be 

34 times higher than CO2 (Yang et al., 2019a). Methanotrophs also help in keeping the 

concentration of methane at lower levels (Ho et al., 2014) by oxidizing methane to carbon 

dioxide for energy generation and growth (Trotsenko and Murrell, 2008). Hence, they 

have an important role in global methane budget and function in the global carbon cycle. 

They have extensive pathways for assimilatory and dissimilatory nitrogen metabolism 

and detoxification yet do not rely on these pathways for growth and also have 

evolutionary relatedness to ammonia-oxidizing bacteria. However, in the both pond 

sediments, a different array of environmental variables seemed to influence the methane 

oxidation potential in the biosecured system as the methane oxidation potential did not 

show any significant correlations with the physicochemical variables.  

The methanotrophs, MP and MOA showed significant relationships with salinity, 

temperature, dissolved nitrogen species, phytoplankton pigments, TOC and other 

bacterial groups in the shrimp pond ecosystem based on the CCA. The significant results 

from CCA are also supported by the Spearman’s correlation matrix which elucidates the 

role of environmental variables interacting with bacterial communities influencing the 

organic remineralization as well as methanotrophic activity. The methane production was 

significantly influenced by the variables such as ammonia and increase in the nutrient 

availability can exacerbate the methanogenic activity (Purvaja and Ramesh, 2001). In the 



Chapter 5 - Discussion 

 

172 
 

pond sediments, the highest MP (3.45 ± 0.97 µmole g−1d−1) was only detected at 41 DoC 

and later till the end of the culture it remained very low. This is influenced by the 

increasing aeration frequency, increase in the abundance of methanotrophs in water and 

sediment and their increased efficiency for potential methane oxidation. The potential 

methane oxidation by the sediment microbial communities suggests an efficient 

oxidization of methane produced from the sediment thus methane emission from shrimp 

culture system can be lowered or controlled due to the presence of methanotrophs. The 

concentration of methane in sediment is directly related to the competition between 

methanogens and sulfate reducers and denitrifiers; methane concentrations tend to 

increase with sediment depth (Marinho et al., 2012). Yang et al. (2017a) had highlighted 

increased methane emission from the well-drained pond in comparison with undrained 

pond over a fixed observation period. The results obtained from the present study is 

suggestive that concentrations of greenhouse gases like methane besides being influenced 

by different environmental variables can also be impacted by different stocking densities, 

effluent discharge points and specific aquaculture pond management practices.  

5.4. Nitrate-reducing bacteria (NRB) and denitrifying bacteria (DNB) 

Most of the dissolved nitrogen comes from shrimp gill excretion, leaching from 

formulated feeds and from shrimp excreta (Burford and Williams, 2001). Significant 

quantity of nitrogen and phosphorus added to pond would eventually be discharged as 

effluents which are high in particulate matter (eg. uneaten feeds, feces, phytoplankton, 

moulting wastes) and dissolved nutrients (Jackson et al., 2003) if not for the 

biogeochemical role of the microbial communities.  

Other than carbon, nitrogenous compounds in the formulated feeds are acted upon 

by the microbial flora. Among the nitrogenous compounds, ammonia is the most toxic 
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nitrogenous waste occurring in aquaculture (Antony and Philip, 2006) and hence 

microbial oxidation of ammonia is an essential step in the nitrogen cycle which is 

catalysed by physiological microorganisms (Winogradsky, 1890; Venter et al., 2004; 

Ko¨nneke et al., 2005; Treusch et al., 2005). Though there is a self-sufficiency of the 

substrate nitrate in the pond, the presence of THB, DNB, SRB lead to maintaining low 

nitrate concentration and plays a major role in maintenance of shrimp pond water quality.  

Optimum ammonia levels could be maintained by the combined activity of slow 

growing autotrophic ammonia-oxidizing bacterial community (Focht and Verstraete, 

1977; Krishnani and Kathiravan, 2010). The heterotrophic bacteria (Velusamy and 

Krishnani, 2013) including the probiotics (Gatesoupe, 1999) and the phytoplankton flora 

which supported uptake of ammonia due to less energy requirement (Hargreaves, 1998) 

when compared to nitrite and nitrate. The three pathways (photoautotrophic, autotrophic 

bacterial or heterotrophic bacterial based) for nitrogen removal are all different 

concerning the substrate utilization, bacterial biomass generated, and by-products. The 

aquaculture pond system being complex in that all three pathways may be present to some 

degree and compete for the same substrate. These are dependent upon the availability of 

carbon, and forms, either as inorganic carbon or organic carbon from the feed and fecal 

matter or as supplemental carbohydrates (Ebeling et al., 2006).  

In the present study, faster growing heterotrophic bacterial abundance was 1.5 x 

105 CFU ml-1 (pond 1) and 1.4 x 105 CFU ml-1 (pond 2) on the initial culture period.  

However, this excess of heterotrophs in the water is considered a problem in recirculatory 

aquaculture system (RAS) because they compete with the nitrifying bacteria for oxygen, 

and could thereby reduce the rate of nitrification (Michaud et al., 2006). Ammonia is 

removed by conversion into gaseous nitrogen by nitrification and denitrification. 
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Nitrification catalysed by the slow-growing autotrophic bacterial groups consisting of 

ammonia oxidizers and nitrite oxidizers. The major factors that affect the rate of 

nitrification also play a dominant role in heterotrophic bacterial growth. This could be 

supported with the correlation obtained for THB with ammonia, nitrite and nitrate 

(Figure 5.4).  

 In aquaculture water, toxicity (ammonia and nitrite) is controlled by microbial N2 

production which is important in maintaining optimum levels of dissolved nitrogen 

species (Hargreaves and Tucker, 2004). Denitrification contributes to removal of excess 

nitrogen resulting in reducing the water quality concerns and improves the water quality 

which improves the shrimp health (Castine et al., 2012; Gardner and McCarthy, 2009). 

Biological denitrification carried out by NRB and DNB is the microbially mediated 

reduction of NO3
− to various oxides of nitrogen, is one of the most effective and cost-

efficient methods to remove NO3
− from wastewater (Metcalf, 2003; van Rijn, 1996). 

Though denitrification occurs in anaerobic conditions it is not strictly an anoxic process 

because nitrogen oxide reductases are expressed when some oxygen is present 

(Shapleigh, 2009). The initial days of culture had the highest count of anaerobic bacterial 

groups of DNB and NRB involved in nitrogen assimilation. This could be due to the 

differences in the availability of NO3
− and organic carbon.  
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Figure 5.4. Interrelationships of nitrate reducers in pond water (NRBw) and sediment 

(NRBs) in pond 1 and pond 2  

In the case of DNBw (Figure 5.5), pond 1 showed significant correlation with nitrite, 

nitrate and TOC and showed interrelationship with TABs, NRBw and SRBw. Thus, the 

dissolved nitrite and nitrate serve as substrate for the DNB in pond water. While the DNBs 

showed only interaction with SRBw. There were several significant interactions found 

for DNB in pond 2. The positive correlation of Chl a suggests the substrate availability 

made by DNB for the phytoplankton growth. Among the sediment biochemical variables, 

the carbohydrate and LOM supported the abundance of DNB in sediment. Similar to 

NRB, DNB also showed significant bacterial interactions with TAB, SRB and NRB.  
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Figure 5.5. Interrelationships of denitrifiers in pond water (DNBw) and sediment 

(DNBs) in pond 1 and pond 2 

 This suggests the influence of DNB and NRB in maintaining the nitrogen species 

by denitrification along with other anaerobic microbial interactions which shows the 

direct influence on dissimilatory nitrate reduction to ammonium and also its influence 

with sulfur cycle (Jones et al., 2017). The utilization of oxidized forms of nitrogen 

(nitrates or nitrites) by the autotrophic denitrifying SOB as electron acceptors for energy 

conservation and bacterial growth. Thus, chemolithotrophic denitrification couples with 

sulfur oxidation with carbon and nitrogen metabolism (Rao et al., 2000; Hu et al., 2018). 
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The coupling of dissimilatory nitrate reduction with sulfur oxidation with in nutrient rich 

coastal ecosystem has also been reported (Li et al., 2018).  

5.5. Sulfur-oxidizing bacteria (SOB) and sulfate-reducing bacteria (SRB) 

Elemental cycles such as carbon and nitrogen interweave with sulfur cycle tightly 

through microbial-mediated redox processes and therefore has crucial importance to all 

organisms (Hu et al., 2018). In the aquaculture systems, certain metabolic processes result 

in the production of compounds that are detrimental like reduced sulfur (Antony and 

Philip, 2006; Krishnani et al., 2010). These compounds need to be mitigated for healthy 

shrimp growth and survival. The co-existence of sulfur reducing and sulfur oxidizing 

activities in shrimp ponds would be in favor of reciprocal exchanges of sulfur compounds, 

thereby increasing the overall energy efficiency of the whole system. Sulfur cycling is 

mainly composed of Sox system responsible for thiosulfate oxidation, dissimilatory 

sulfate reduction and oxidation, and sulfide oxidation (Cerquiera et al., 2018).  

Sulfur-oxidizing bacteria utilize reduced sulfur compounds which can be utilized 

for growth acting as electron donors for energy generation. The abundance of sulfur 

oxidizers fluctuated with highest counts in the initial phase which included the natural 

SOB and the applied probiotic SOB (Rhodococcus and Rhodobacter spp). In ponds 

receiving commercial microbial products, a significant increase in SOB counts were 

noted in the initial and middle of the culture period (Devaraja et al., 2002). The increased 

count of SOB (5.6 x 106 CFU ml-1) could be attributed to higher aeration followed in the 

ponds (Patil et al., 2015) and also because the activity of SOB is not restricted to the 

H2S/O2 interface that exists in the water column and aerobic sediments (Fry, 1987). 

Through the culture period in pond 1, SOB maintained a positive relation with NH4
+ (r= 
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0.590), NO2
- (r= 0.532), MP (r= 0.68) and negative correlation with MOA (r= -0.68) 

(Figure 5.6). SOB significantly related with THB (r= 0.768) since sulfur oxidizing 

bacteria detoxify the sulfide and the subsequent production of organic substrates get 

utilized by the heterotrophic bacteria (Behera et al., 2014).  

 

Figure 5.6. Interrelationships of sulfur-oxidizers in pond water (SOBw) and sediment 

(SOBs) in pond 1 and pond 2  

The level of SOB and SRB reportedly suggest the efficient sulfur cycling in an 

environment (Madrid et al., 2001). The aerobic heterotrophs consume O2 from the 

environment, thus, keeping the centre of the suspended particle anaerobic and allowing 

the SRB to flourish (Jorgensen, 1977). However, unlike SOB, the level of SRB 
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maintained naturally depending on the conditions of the pond environment, and their 

numbers may not differ significantly by extraneous administration of probiotics (Devaraja 

et al., 2002; Patil et al., 2015).  

From the initial days of culture, the abundance of SRB kept decreasing towards 

the harvesting time, and a similar decreasing trend was reported in aerated ponds by 

(Fernandes et al., 2010). SRB count declined in the water from the initial towards the end 

of culture period probably due to the varying levels of substrate availability for their 

growth and aeration of pond water. In this study also, the SRB were present in pond water 

samples in microniches in sediment particles suspended in water. Sulfate reduction is 

coupled with methane oxidation and ammonium oxidation since SRB showed correlation 

with MOB (r = -0.766) in pond 1 (Figure 5.7) as is also reported by previous studies 

(Hoehler et al., 1994; Fdz-Polanco et al., 2001). Sulfide act as a controlling factor during 

the dissimilatory nitrate reduction producing ammonium (Jones et al., 2017). In both the 

ponds, SRB showed significant correlation with organic carbon (TOC) and anaerobic 

bacteria especially with nitrate-reducers and denitrifying bacteria. Sulfide and organic 

carbon has significant effects on the nitrogen cycle especially in relation to ammonium. 

The studies stated the important role of SRB in the coupled biogeochemical cycling of C, 

N and S (Barton and Fauque, 2009; Wasmund et al., 2017, Bao et al., 2018). The level of 

SRB maintained naturally depending on the conditions of the pond environment, and their 

numbers may not differ significantly by extraneous administration of probiotics as 

suggested by Devaraja et al. (2002) and Patil et al. (2015). The anaerobic methanotrophic 

archaea (ANME archaea) found commonly co-existing with SRB oxidize methane and 

provide reducing equivalents to SRB, while SRB reduce the sulfate to sulfide and emit 

nitrogen gas (Hu et al., 2018). Anaerobic oxidation of methane coupled to dissimilatory 
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sulfate reduction has a crucial role in the carbon and sulfur cycling in the marine 

environments with the participation of anaerobic methanotrophic archaea and sulfate 

reducing deltaproteobacteria (Milucka et al., 2012).   

 

 

Figure 5.7. Interrelationships of sulfate reducers in pond water (SRBw) and sediment 

(SRBs) in pond 1 and pond 2 

Besides this, L. vannamei is known for salinity tolerance and it varied from 32 to 

44, which was due to evaporation in the summer months. Salinity showed negative 

correlation with the bacterial groups in pond 1 (TABw, SRBs) and pond 2 (THBw, 

NRBw, NRBs, DNBw, DNBs, SRBw, SRBs). Yoshie et al. (2004) had reported the 
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influence of salinity in decreasing the ability of nitrite reductase gene and this is directly 

reflected with the nitrate reduction potential of NRBw and DNBw in pond water. Salinity 

was reported as the most influential factor which can impart selective pressure on the 

denitrifiers in the microbial community in the bioreactors of recirculating aquaculture 

system (Deng et al., 2017) and this corroborate with the negative relation of salinity with 

the nitrate reducers and denitrifiers in the pond water. Zhe et al. (2012) reported salinity 

to be the most significant factor to determine the nosZ community composition in the 

wetland soil environment.  

The structure and function of microbial communities in aquatic systems are 

influenced by environmental factors (Allison and Martiny, 2008). The succession of 

microbial communities in response to combinations of Chl a, total nitrogen, PO4
3-, C/N 

ratio (Xiong et al., 2014), total phosphate, chemical oxygen demand (Zhang et al., 2014) 

and addition of feed sources (Qin et al., 2016) have been reported. Based on the canonical 

correspondence analysis, Ax1 contributed 51.8% for pond 1 and 49.8% for pond 2. This 

Ax1 in pond 1, showed that along with dissolved nitrogenous nutrients, salinity, 

temperature, TOC and TIC were the most significantly influencing the bacterial 

abundance. While the Ax1 of pond 2, showed that along with the factors (nitrite, nitrite, 

salinity, temperature, TOC, TIC) similar to pond1, there were phosphate, Chl a, 

phaeophytin, CHO, PRT revealing their role in influencing the bacterial abundance. In 

pond 1, the labile organic matter especially CHO, LPD, LOC did not statistically show 

any impact on the bacterial groups.  

The results of CCA performed to understand the major environmental 

determinants controlling the variation in the abundance of physiological bacterial groups 

(C, N and S cycles) revealed significance of the three dissolved nitrogen species along 
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with temperature and salinity, phytoplankton biomass (Fernandes et al., 2019) and 

organic matter. Collectively, these parameters explained more than 91% variation in all 

the studied bacterial groups in both ponds. A negative correlation of the three nitrogen 

species with Chl a and temperature supports the dynamic removal of N species from the 

pond. The progressive decline in the abundances of TAB, SRB, NRB and DNB with the 

progress of the culture signalling a shift in the bacterial communities from anaerobic to 

aerobic is supported by the first quadrant of the CCA ordination plot. An assessment of 

the environmental factors shaping the structure and function of microbial communities in 

shrimp culture enclosure systems has been investigated recently by Hou et al. (2017). 

Based on CCA results, they concluded that salinity, total phosphate, total nitrogen, 

temperature and pH were the most important factors shaping microbial community 

structure in enclosed culture systems growing L. vannamei. The CCA inference combined 

with Spearman’s correlation matrix in our study highlighted the significant 

interrelationship between nitrogen species and different aerobic and anaerobic bacterial 

groups thus, interlinking it with biogeochemical cycles. The aerobic, anaerobic bacterial 

and phytoplankton communities (Fernandes et al., 2019) are directly or indirectly 

influenced by the nutrients, temperature, salinity and organic matter. There exist strong 

interrelationships between the elemental cycles within the shrimp culture ecosystem. 

5.6. Multiple activity of bacteria 

The ever-increasing demand for animal protein has resulted in the tremendous 

expansion of the shrimp culture industry and has now become an activity of economic 

importance in many countries in the world (Yuan et al., 2019). With a total production of 

4.97 million tonnes, the whiteleg shrimp, Litopenaeus vannamei, has emerged as the 

highest harvested crustaceans in the world, contributing to ~ 53% of the total shrimps and 
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prawns production (∼ 9.39 million tonnes) in 2018 (FAO, 2020). Remarkable attributes 

of L. vannamei such as faster growth rate, high density tolerance, adaptability to grow 

and survive under varying salinity and temperature regimes and cultivation in both indoor 

(tanks or recirculating aquaculture systems) or outdoor facilities (ponds) have made L. 

vannamei as the choicest shrimp species for commercial culture in subtropical and 

tropical regions (Fernandes et al., 2019; Alfiansah et al., 2018). The high density and high 

yield culture of L. vannamei has largely been attributed to rapid transformation from 

“open systems” (frequent water discharge) to “closed systems” (minimal or zero-water 

discharge) (Sabu et al., 2020). 

 Various bioremediation strategies have explored the efficiency of different 

organisms for the bioremediation of aquaculture wastewater. This involves the screening 

of organisms targeting the various nutrients have been already established while studies 

with the organisms having multiple activity targeting at more than one nutrient yet to be 

carried out in depth. This brings forth the significance of screening microorganisms with 

multiple activity with the aim of developing suitable consortia in bioremediating the 

aquaculture wastewater highly relevant. Heterotrophic bacteria are reported to be more 

efficient and superior in aquaculture wastewater treatments than autotrophs (Kim et al., 

2020). Both heterotrophs and autotrophs were efficient in reducing the water replacement 

by 82% along with the nutrient removal capacity (Kim et al., 2020). Hence in the present 

study, the fast-growing heterotrophic bacteria were screened for multiple potentials for 

the bioremediation of aquaculture effluents.  

In this study, 163 fast growing heterotrophic bacterial isolates were screened for 

multiple activity. Among these isolates, only 13 isolates depicted the denitrification 
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activity under aerobic conditions. The activity ranged from 0.27 ± 0.12 ngN/cell/day 

showed by the isolate E25 while the highest activity of 18.41 ± 2.93 ngN/cell/day was 

depicted by Y27. These isolates showed their ability to perform denitrification activity 

and thereby supporting the mitigation of nitrate which is the major nutrient in the culture 

system. Denitrification is a reductive process of converting the nitrate in the culture 

system to atmospheric nitrogen (Kathiravan and Krishnani, 2014) and these isolates can 

be used as potential candidates for nitrate removal. Compared to the 13 aerobic 

denitrifying isolates, 27 isolates depicted their denitrification ability under anaerobic 

conditions. This revealed the possibility of exploiting these isolates for denitrification 

which hold nitrate removal performance under the situations of development of anaerobic 

conditions in the culture system. Among these 27 isolates, the denitrification potential 

ranged from 0.16 ± 0.12 ngN/cell/day (E66) to 20.87 ± 2.81 ngN/cell/day (Y27). Based 

on the denitrification activity under both aerobic and anaerobic conditions, 8 isolates (E8, 

E80, Y21, Y22, Y23, Y25, Y26 and Y27) showed activity under both conditions. Among 

these 8 isolates 5 isolates showed higher activity under aerobic conditions (E8, E80, Y22, 

Y25 and Y26) than their performance at anaerobic conditions. While 3 isolates (Y21, Y23 

and Y27) showed higher activity under anaerobic condition than their denitrification 

capacity at aerobic situation. Microbially mediated reduction of nitrate to nonreactive 

nitrogen by the process of biological denitrification is considered as the most effective 

and cost-efficient wastewater treatment methods (Metcalf, 2003; van Rijn, 1996). This 

makes use of heterotrophic denitrification because of their abundance and higher growth 

rate compared to the autotrophs (Metcalf, 2003). There have been studies based on culture 

independent functional gene to understand the bacterial denitrification diversity in the 

aquaculture systems (Chen et al., 2012; Palumbo et al., 2004; Wolsing and Prieme, 2004; 
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Taroncher-Oldenvurg et al., 2003; Kathiravan and Krishnani, 2014). Cottingham et al. 

(1999) reported the efficient denitrification by heterotrophs under aerated pond 

conditions. For the application in aquaculture wastewater treatment, it is necessary to 

isolate, screen and culture potential fast growing bacterial strains which can function at 

aerobic and anaerobic conditions. Hence finding the culturable strains with such potential 

are required for remediation application of them. In fluidized biofilters, heterotrophic 

denitrifiers are employed in land-based closed-contaminant aquaculture system (Tsukuda 

et al., 2015).  

Studies have shown that heterotrophic abundance outnumbered the denitrifiers, 

nitrifiers and sulfate reducers (Fernandes et al., 2010). This abundance of heterotrophs is 

supported by the increased organic carbon available in the aquaculture ponds for their 

proliferation (Fernandes et al., 2019). Heterotrophic bacteria are known for organic matter 

decomposition and also, they are reported to be better competitor for phosphate 

assimilation (Drakare, 2002). There have been reports on the release of solid-phase 

phosphate from the sediment pore water under anaerobic conditions (Roden and 

Edmonds, 1997). In the zero-water exchange system, the higher aeration frequency 

minimizes this phosphate mobilization. Similarly, the excess dissolved phosphate could 

also trigger eutrophication affecting the shrimp pond ecosystem. Polyphosphate 

accumulating bacteria (PAB) and phosphate solubilizing bacteria (PSB) involved in 

uptake and release of phosphorus (P) respectively, are important players in the P cycle 

(Sabu et al., 2020). In the wastewater treatment plans, enhanced biological phosphorus 

removal (EBPR) is already being used with alternate aerobic and anaerobic conditions 

(van Rijn et al., 2006). Under aerobic conditions, bacteria depict assimilation of excess 

phosphate as polyphosphate thus removing the phosphorus from the system. The 
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polyphosphate accumulating bacteria are also reported to have denitrification capacity 

under anaerobic conditions (van Rijn et al., 2006). Heterotrophic denitrifying bacteria 

showed polyphosphate accumulation under aerobic and anaerobic conditions (Barak and 

van Rijn, 2000). In the present study 20 heterotrophic bacteria showed varying response 

while growing them in specific media to test their phosphate accumulating activity. Out 

of the 20 isolates, 8 showed an increase in the phosphate concentration than the control 

by third day of the experiment while rest 12 isolates showed a decrease in phosphate 

concentration. These 12 isolates have a potential to remove the phosphate within 3 days 

of retention time. But during a time period of 8 days, the former 8 isolates brought down 

the nutrient concentration to non-detectable levels especially Y30 and E8. Among the 

latter 12 isolates, E80 showed comparatively least increase in dissolved phosphate level 

which suggests its capacity to keep the concentration lower than the control at third day 

(non-detectable) as well as until eighth day (0.5 ± 0.38 µM).  

Under alkaline pond water conditions, the dissolved orthophosphate can combine 

with calcium to form apatite and making it unavailable for the microalgae in the pond 

(Baldy et al., 2015; Chambers et al., 2001). The adsorption of phosphorus over the 

cationic mineral surface and their electrolyte-based precipitation, formation of organic 

matter complexes with iron and aluminium etc can contribute to the abiotic phosphorus 

removal (Reinaldo-Finkler et al 2018; House and Warwick 1999; Reddy et al., 1999; 

Yang et al., 2019c). Also, the bacterial isolates were screened and tested for the ability in 

solubilizing the phosphate while grown in specific hydroxy apatite medium. It was found 

that 24 isolates had varying range of phosphate solubilization capacity during an eight-

day experiment. Phosphate solubilizing bacteria are known to produce organic acids and 

aid phosphatases which mineralize the organic phosphorus to inorganic phosphorus 
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making it available (Panhwar et al., 2012; Panwhar et al., 2013). Their distribution and 

abundance vary in the water and sediment column based on several factors such species 

of culture, quality of input fertilizers etcl. (Jana and Patel, 1984, Jana et al., 2001). In 

freshwater and marine ecosystems, Bacillus spp. is the most known bacterial strain for 

the phosphatase enzyme (Thompson and MacLeod, 1974). The bacterial ability to 

accumulate phosphate as polyphosphate has been recently applied in aquaculture for the 

enhanced biological phosphorus removal from wastewater. 

Among the 24 isolates, 5 isolates showed an increase in dissolved phosphate by 

8th day of the experiment in which E8 found to have the highest efficiency in phosphate 

solubilization by eighth day (19.5 ± 0.3 µM). While 19 isolates decreased the phosphate 

level efficiently by the end of eighth day. In the latter category, E80 showed efficient 

phosphate solubilization within 3 days and by eight day the phosphate concentration 

decreased to non-detectable levels.  While Y27 showed efficient uptake of available 

phosphate by third day and kept the levels non-detectable even by the end of eight-day 

experiment. This shows the variability of bacteria in response to the available form of 

phosphate and their specific response with respect to experimental duration. Jana and 

Patel (1984) had considered the abundance of phosphate solubilizing bacteria as a 

biological productivity index under mono- and polyculture systems which helps to 

maintain high primary productivity (Metzger and Boyd, 1980, Jana et al., 2001). These 

phosphate solubilizing bacteria (PSB) under increased aeration frequency, play a 

significant role in aerobic organic decomposition (Jana et al., 2001). 

In addition to dissolved nutrients, organic matter, mainly carbon (C) that 

accumulated in the shrimp pond, is oxidized by sulfate-reducing bacteria (SRB) resulting 
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in the release of toxic hydrogen sulfide (H2S), particularly under anoxic conditions (Sahu 

et al., 2008). On the other hand, by assimilating H2S as a substrate, the sulfur-oxidizing 

bacteria (SOB) mitigates the toxicity in the pond ecosystem (Van Rijn et al., 2006). 

During the aquaculture practices, the chances of anaerobic conditions in the sediment can 

lead to the formation of H2S which is extremely toxic for the cultured organism 

(Balderston and Sieburth, 1976). Paulraj et al. (1998) suggested the recommended H2S 

levels to be <0.03 mg/L for shrimp culture. This can be achieved by the efficient oxidation 

of H2S by sulfur-oxidizing bacteria by oxygenated water in the aquaculture system. 

Moreover, the assimilation capacity of sulfur-oxidizing bacteria or bacteria with sulfur-

oxidation capacity can make use of H2S as a substrate thus helping in the removal. Loka 

Bharathi (1989) reported that many heterotrophic bacteria are known to exhibit sulfur 

oxidation along with denitrification in the presence of sulfide and nitrate. This aids in the 

immediate oxidation of sulfide along with the along with the simultaneous utilization of 

available nitrate (Fernandes et al., 2010). With this aim, the heterotrophic bacterial 

isolates were also screened for the sulfur oxidation ability and 67 isolates showed 

thiosulfate utilization during the 7-day experiment. It was found that 30 bacterial isolates 

had their thiosulfate utilization rate less than 100 µmole/day and 37 isolates showed 

thiosulfate utilization rate greater than 100 µmole/day. Among the isolates, E8 

(Sphingomonas flavimaris) (78.73 ±0.08 µmole/day), E80 (Halomonas venusta) (35 ±3 

µmole/day) and Y27 (Pseudomonas aeruginosa) (1286.38 ± 21.33 µmole/day) were 

selected for third objective-based experiments on consortia development. Members of the 

genus Halomonas is widely distributed, most common oceanic genera and reported as 

opportunitrophic microbes readily adapting to various environments (Singer et al., 2011; 

Wang and Shao, 2021). Wang and Shao (2021) reported the aerobic denitrification and 
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heterotrophic sulfide oxidation by 14 Halomonas strains. Another study also reported 

Halomonas sp. and Pseudomonas sp. as heterotrophs which obtain supplementary energy 

source from the conversion of thiosulfate to tetrathionate (Sorokin, 2003; Meyer et al., 

2007).  

The prevalence of anaerobic conditions in super-intensive and intensive zero-

exchange systems may lead to the rapid release of greenhouse gases such as methane 

(Yuan et al., 2019). This methane is mitigated by methane-oxidizing bacteria (MOB) by 

assimilating it for its growth (Sahu et al., 2008; Queiroz et al., 2019). Anaerobic sediment 

conditions can also act as source for methane formation from organic matter 

decomposition and emission (Adams et al., 2012; Hu et al., 2014). Thus, making 

aquaculture farms hotspots for methane emission which is a potent greenhouse gas 

contributing to the global warming (Yang et al., 2019d). There are bacterial population 

which can perform methane oxidation under aerobic and anaerobic conditions. Under 

aerobic methane oxidation, methanotrophs require molecular oxygen for their first step 

and aquaculture pond aeration can support this process. But the bacteria which perform 

methane oxidation under anaerobic conditions require alternate electron acceptor for 

oxidizing power source (Balderston and Sieburth, 1976). In the present study, 36 isolates 

showed methane oxidation potential at aerobic conditions with E8 (Sphingomonas 

flavimaris) and Y27 (Pseudomonas aeruginosa) having the oxidation rates of 3037 ± 152 

ppm CH4/day and 9655 ± 144 ppm CH4/day, respectively. While 42 isolates showed 

methane oxidation under anaerobic conditions with isolate E80 having 46.621 ± 668 ppm 

CH4/day. There are reports of heterotrophic denitrifiers living in association with 

anaerobic denitrifying methanotrophs with possible mutualistic interactions and thus can 

be used for wastewater bioremediation (He et al., 2015). Cantera et al. (2019) reported 
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novel haloalkaliphilic methanotrophic bacteria: Halomonas sp. Strain PGE1. Pang et al., 

(2020) reported the anaerobic methane oxidation potential of Pseudomonas aeruginosa 

in the presence of nitrite and nitrate. 

The biochemical characterization revealed the various potential enzymatic 

activities of these heterotrophs which can be further useful for their biotechnological 

applications. Based on the commonness of multiple activities, three fast growing 

heterotrophic bacterial strains: E8, E80 and Y27 were selected for the consortia 

development. The molecular analysis revealed the identification of the three bacterial 

isolates E8, E80 and Y27 which were selected as the bacterial components for the 

consortia experiments. E8 was Spingomonas flavimaris, E80 was Halomonas venusta and 

Y27 was Pseudomonas aeruginosa. These species with denitrification (aerobic-

anaerobic), methane oxidation (aerobic-anaerobic), phosphate accumulation-

solubilization and sulfur oxidation (Figure 5.8) can form the significant criteria aiming 

for the mitigation of aquaculture wastewater and also conservation-reutilization of large 

quantity of water with least effect due to aquaculture wastewater discharge on the 

ecosystem. Dashti et al. (2015) reported the Spingomonas bacteria isolated from crude oil 

contaminated areas of Kuwait can be used as cost-effective bioremediators for 

hydrocarbon contaminants. There are also reports of rice plant associated Sphingomonas 

bacteria which has ability for nitrogen fixation (Videira et al., 2009). The Spingomonas 

flavimaris isolated from the tidal flat of Korea reported positive for nitrate reduction test 

(Siddiqi et al., 2017). Similar to present study, Pseudomonas species isolated reported 

complete removal of phosphate by polyphosphate accumulation along (Lemos et al., 

1998) with denitrifying ability in two types of reactors (anaerobic-anoxic and anaerobic-

aerobic) (Merzouki et al., 1999).   



Chapter 5 - Discussion 

 

191 
 

  For mitigation of aquaculture wastewater, isolating and screening bacteria from 

various coastal environment which form the component of natural marine microbial 

community which avoids the chance of introduction of any exotic or invasive species 

from aquaculture practice and thus maintaining environmental safety.  These biological 

mitigation measures treat the wastewater at the source of origin there by bringing down 

the nutrients to permissible levels of discharge. Thus, preventing pollution of coastal 

water bodies (Singh et al., 2019). 

Figure 5.8. Conceptual diagram of bacterial isolate with multiple activity potential for 

denitrification, sulfur oxidation, methane oxidation, phosphate 

solubilization/accumulation 

5.7. Microalgal bioremediation  

 Microalgae based phytoremediation is considered as an eco-friendly 

comprehensive strategy with least side effects and gaining wide acceptance for the cost-

effective possibility (Ahemad, 2014).  Chaetoceros calcitrans is one of the major 
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phytoplankton species used in shrimp hatcheries as live feed for the cultivation of L. 

vannamei (Khojasteh et al., 2013). The advantages of microalgae in better nitrate and 

phosphate removal than the macrophytes make them efficient candidates for the 

bioremediation application (Karthikeyan et al., 2013). There have been several studies 

deciphering the efficiency of microalgal nutrient removal as free-living and immobilized 

cells (Garbisu et al., 1992; Urrutia et al., 1995; Gonzalez-Bashan et al., 2000; Tam and 

Wong, 2000). The experiments of C. calcitrans as free-living cells for the bioremediation 

of commercial shrimp aquaculture wastewater at 50% and 100% concentrations showed 

that salinity affected the nutrient removal (nitrate and phosphate) efficiency of the 

microalgae. The microalgae could survive in the effluent but the lower levels of dissolved 

oxygen and nutrient levels showed its inefficiency at free-living cells for bioremediative 

application. The logistical difficulties in obtaining non-probiotic applied commercial 

aquaculture wastewater made way to the use of synthetic aquaculture wastewater 

(SAWW) for the further studies in developing the consortia.  

The application of immobilization in bioremediation of wastewater using various 

potential microbes is gaining significance for its advantages. The immobilization prevents 

the microbial cells from movement by keeping cells entrapped in biologically inert 

material while keeping the cells alive and metabolically active for a longer duration thus 

supporting the biotechnological benefits of the species (de-Bashan and Bashan, 2010). 

Several studies have detailed about the use of immobilized bacteria and microalga over 

the free-living cells for wastewater treatment.  Calcium alginate immobilized cells of 

Isochrysis galbana showed maintenance of physiological activities even after one year of 

storage (Chen, 2003). The co-immobilization of microalgae (Chlorella vulgaris) with 

bacteria (Azospirillum brasilense) in calcium alginate depicted 85 to 95% removal of 



Chapter 5 - Discussion 

 

193 
 

phosphorus from the wastewater. (Cruz et al., 2013). The most commonly used 

immobilization material is alginate which is a natural polymer extracted from brown 

algae. The alginate immobilization protects the cells from physical and chemical change 

in conditions (Moreno-Garrido et al., 2008). By the co-immobilization of microalgae with 

bacteria, the former supplies organic carbon, growth factors and dissolved oxygen for the 

bacteria while the bacteria provide carbon dioxide for photosynthesis (Moreno-Garrido 

et al., 2008).  

This signifies the development of consortia utilizing the microbial candidates with 

bioremediation potential. Efficiency of bioremediating aquaculture wastewater using the 

bacterial-microalgal consortia favours the sustainable aquaculture practice with the 

possibilities for recycling the water in the cost-effective manner. Both the species can 

symbiotically support each other in the consortia with the effective utilization of pollutant 

loads from the aquaculture wastewater. Based on literature, the bioremediation 

technology involves the application of combining bacteria and microalgal species. 

Though they represent two different trophic levels, when combined as consortia, their 

nutrient removal efficiency was found to be enhanced. This is due to the mutualistic 

growth enhancement provided between the bacterial and microalgal candidates.  

Microalgal cultivation is of significance due to its ability to remove dissolved 

nutrients with simultaneous biomass production and this has made it more suitable for 

industrial application (Rawat et al., 2011; Caporgno et al., 2015). In the aquaculture 

industry, several microalgal species serve as live feed in the hatchery systems for growing 

larvae of crustaceans and molluscs (Reitan et al., 1997). In order to reduce the dependency 

of microalgal cultivation based on chemical nutrients microalgal species of interest can 
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be grown in aquaculture wastewater (Ansari et al., 2017). The major components of 

aquaculture wastewater are nitrogenous components such as ammonia, nitrite, nitrate, 

phosphorus and organic carbon (Nasir et al., 2015; Lananan et al., 2014; Mook et al., 

2012; Wuang et al., 2016). Thus, the release of highly nutrient and organic matter rich 

aquaculture wastewater into the natural ecosystem can cause eutrophication and thereby 

destruction of biodiversity (Ansari et al., 2017). Hence, it is necessary to improve 

sustainable aquaculture practices wherein growing microalgal species in aquaculture 

wastewater is an emerging technology which bioremediates the nutrients as well as 

supports the reuse of water (Nasir et al., 2015; Ansari et al., 2017). There have been 

several studies of using single microalgae species for the nutrient removal from 

wastewater produced during fish and shrimp production (Gao et al., 2016; Michels et al., 

2014; Sirakov and Velichikov, 2014; Bartoli et al., 2005; Borges et al., 2005; Lefebvre et 

al., 2004; Hammouda et al., 1995; Lefebvre et al., 1996; Shpigel et al., 1993; Mulbry et 

al., 2008). Das et al. (2018) had studied mono and dual microalgal (free-living cell 

combination) bioremediation for tannery effluents. While in the present study, different 

combinations of dual, tri and tetra microalgal species combinations were tested for their 

nutrient removal efficiency specifically under immobilized cell conditions. 

In the present study four microalgal species were tested for their nutrient removal 

efficiency by growing them in synthetic aquaculture wastewater as a nutrient medium.  

The non-availability of aquaculture wastewater from the commercial shrimp farms 

without the addition of probiotics and chemicals (used as part of pond management 

practices), gave way to the use of synthetic aquaculture wastewater for analyzing the 

nutrient removal efficiency at microcosm levels. In the present study, all the four 

microalgal species were grown and acclimatized at a salinity of 34 ± 2. The synthetic 



Chapter 5 - Discussion 

 

195 
 

aquaculture wastewater composition had a salinity less than 0.5 when prepared in distilled 

water. At this salinity, the four species responded to nutrient removal efficiency in varying 

manner with respect to whether the cells were free living cells or immobilized cell 

conditions.  

In the case of Chlorella vulgaris, the nitrate concentration showed a slight decline 

only on 6th day for both free living and immobilized experimental set ups and this could 

be because of the salinity-induced stress on the microalgal species. In the case of 

phosphate, only immobilized cells of C. vulgaris showed efficient removal from 2nd day 

onwards and it showed 88.5% of removal efficiency even under salinity stress (0 salinity) 

by 10th day. C. sorokiniana in 0 salinity aquaculture wastewater had a nutrient removal 

efficiency of 76% for nitrate and approximately 100% for phosphate during 14-day 

experiment (Ansari et al., 2017). At 34 salinity, the free-living cells showed 8% nitrate 

removal by the 8th day and then the nitrate concentration increased to 29% by 10th day 

from the initial concentration. While the immobilized C. vulgaris showed a nitrate 

removal of 62% by 10th day. In the case of phosphate concentration in the present study, 

at 34 salinity, free-living cells and immobilized cells showed 91% and 98% of removal 

efficiency. At a salinity of 17, immobilized C. vulgaris cells showed efficient nutrient 

removal and it was found to be 73.2% for nitrate and 82.9% for phosphate. This reveals 

that immobilized C. vulgaris cells are very efficient with nitrate removal at both 17 and 

34 salinity. The salinity variation only affected the nitrate removal of free-living cells 

while under immobilized cell conditions, C. vulgaris could efficiently perform the 

removal of nitrate (17 & 34 salinity) and phosphate (0, 17 and 34 salinity). At such a low 

salinity near to 0, the free-living cells of Nannochloropsis salina showed 50.8% of nitrate 

removal while immobilized cells showed 36.8% nitrate and 14.1% of phosphate removal 
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during 10-day experiments. Sirakov and Velichikov (2014) reported 92% nitrate and 

52.3% phosphate removal by N. oculata (free-living cells) by growing for 10-days in 

wastewater generated from recirculating aquaculture system, which was maintained at 29 

salinity. Hii et al. (2011) had reported 33.24% of nitrate removal by Nannochloropsis sp. 

from the wastewater.  

In the aquaculture wastewater treatment, removal of nutrients by the microalgae 

for their nutrition is considered as the most advantageous low-cost effective method and 

it is named as phycoremediation (Andreotti et al., 2017). The nitrate concentrations 

decreased from 6th day with both free-living and immobilized cells of I. galbana at 0 

salinity. Both experimental types showed nitrate removal efficiency of 66.9% and 74.7% 

respectively by 10th day. While I. galbana did not show any phosphate removal efficiency 

at 0 salinity. During a 7-day aquaculture wastewater experiment at 37 salinity, free-living 

cells of I. galbana removed 91.9% of dissolved inorganic phosphate but it removed 

66.02% of dissolved inorganic nitrogen only (Andreotti et al., 2017). I. galabana was 

reported to be not suitable for nutrient removal from the aquaculture wastewater 

cultivating the fish, Mugil cephalus (Andreotti et al., 2017) and this was also supported 

by the low removal efficiency reported by Borges et al. (2003).  Because of the high 

nitrogen and phosphorus growth requirement, culturing of microalgae for nutrient 

removal from wastewater is reported ideal (Mata et al., 2012) with the wastewater serving 

as suitable growth medium (Das et al., 2018).  

Chaetoceros calcitrans had severe salinity stress and affected the nitrate and 

phosphate removal from the synthetic aquaculture wastewater at 0 salinity. C. calcitrans 

showed a removal efficiency of 81% for nitrate and 74% for phosphate which suggested 

that immobilization enhanced their efficiency.  A nitrogen assimilation efficiency of 
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55.29% was reported for Chaetoceros calcitrans grown in high nutrient conditions such 

as shrimp farms (Tantanasarit et al., 2013).  

Only fewer studies have reported the nutrient removal by co-culturing of two or 

more microalgal species in wastewater.  The microalgal consortium of co-culturing 

marine Chlorella sp. with Plantothrix sp. in municipal wastewater showed 20% removal 

of total nitrogen and 25% removal of phosphate in 4 days (Silva-Benavides and Torzillo, 

2012). A removal efficiency of 90% of nitrate and 97% of phosphate was reported for a 

consortium of filamentous strains of microalgae during the bioremediation of sewage 

wastewater after 10th and 6th day of treatment (Renuka et al., 2013). Bioremediation of 

wastewater by the microalgal consortium of marine Chlorella sp. and Phormidium sp. 

reported a better bioremediation of TN and TP than the reports of Silva-Benavides and 

Torzillo (2012). Das et al. (2018) reported 91% of TN and 89% of TP reduction by 20 

days of experiment as free-living cells of marine Chlorella sp. and Phormidium sp. as 

consortium.  

5.8. Bacterial bioremediation 

Among the three identified bacteria, the isolate E80 is Halomonas venusta. Halomonas 

species are reported for their bioremediation capabilities especially with remediation of 

metals (lead, cadmium) in contaminated saline soils and waste discharge sites 

(Amoozegar et al., 2012), hexavalent chromium reduction from saline contaminated sites 

(Focardi et al., 2012; Arshad and Ahmed, 2017). These halophilic bacteria (H. venusta) 

reported for production of biodegradable polymer such as polyhydroxyalkanoates which 

is reported to be a replacement for non-biodegradable plastics (Berlanga et al., 2014), 

biosurfactants (Cheffi et al., 2021). Yoshie et al. (2004) had reported the denitrification 
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potential of Halomonas species. John et al. (2020) reported the bioremediation potential 

of three Bacillus species in treating aquaculture wastewater. 

5.9. Microalgal-bacteria consortia bioremediation 

Microalgae are eco-friendly sustainable alternative renewable resource for 

biofuels with their advantages of shorter generation time, better adaptation to various 

environments, nutrient uptake and high cellular lipid content (Zhuang et al., 2018; 

Abdullah et al., 2019; Wang et al., 2018). Thus, microalgae emerged as suitable candidate 

for bioenergy production along with production of bio-products, mitigation of greenhouse 

gases, energy (electricity or heat) generation, wastewater bioremediation (Zhang et al., 

2020; Raslavičius et al., 2014; Su et al., 2017; Goh et al., 2019; Adeniyi et al., 2018; 

Kumar et al., 2010). The ability of microalgal sequestration of nutrients for cellular 

growth and simultaneous mitigation of wastewater had proved the application feasibility 

of microalgae-based biotechnological processes (Shuba et al., 2018; Mehrabadi et al., 

2015). Thus, the process of water purification using microalgal species have proved to be 

promising approach with advantages of bioenergy and recovery of chemicals (Xiao et al., 

2016; Posadas et al., 2017; Van Den et al., 2014). But use of microalgae in suspension 

for the purification processes can lead to harvesting of cells energetically expensive and 

can greatly obstruct their further exploitability (Zhang et al., 2020).  

The recent advances in the wastewater treatment involves various experimental 

strategies to make use of the nutrient removal efficiencies of bacteria and microalgal 

species together in the form of consortium. The application of microalgal-bacterial 

consortia in wastewater treatment depends only on photosynthetic oxygenation which has 

been applied in closed photobioreactors (Foladari et al., 2020). The photosynthetic end 
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product, oxygen is donated by the microalgae which supports the bacterial respiration, 

and the bacterial oxidation of degrading organic matter provides carbon dioxide for the 

microalgal photosynthesis (Kang et al., 2018; Fu and Secundo, 2016). Thus microalgal-

bacteria proved to be good candidate for different wastewater treatment without aeration 

(Arcila et al., 2016; Cai et al., 2013; Wang et al., 2016; Gonçalves et al., 2017; Lee and 

Lei, 2019; Gutzeit et al., 2005) even at lab- and pilot scale in closed photobioreactors 

(Gutzeit et al., 2005; Su et al., 2011; Ye et al., 2018). This technology of microalgal-

bacterial consortium in treating wastewater is in the early development stage (Molinuevo-

Salces et al., 2019) and little is known about the composition of consortia that naturally 

develop during real wastewater treatment (Arango et al., 2016; Cho et al., 2017; He et al., 

2013; Tsioptsias et al., 2016).  

The presence of bacteria (heterotrophic and nitrifying) can enhance the efficiency 

of bioremediation of wastewater through synergistic interactions which exchange 

dissolved oxygen, respiratory carbon dioxide, mineralized nutrients, hormones, vitamins 

etc. between algae and bacteria (Ferro et al., 2019). These interactions promote algal 

biomass productivity, enhance nutrient removal, and thus serves the environmental 

sustainability (Munoz et al., 2006; Posadas et al., 2013; Fuentes et al., 2016; Gonçalves 

et al., 2017; Amavizca et al., 2017). The co-culturing of C. vulgaris with the bacterium 

Rhizobium sp. in a mixotrophic condition could perform 55-75% of TN and 96-99% of 

TP removal during the wastewater treatment with different retention time (7, 5 and 3 

days) (Ferro et al., 2019). The microalgal -bacterial consortium of Chlorella vulgaris with 

Bacillus licheniformis reported 86% ammonia and 93% of total phosphorus removal from 

synthetic wastewater (Liang et al., 2013, 2015).  
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From the present study this immobilized consortium of C. vulgaris – N. salina 

with the three bacteria (Spingomonas flavimaris, Halomonas venusta and Pseudomonas 

aeruginosa) can work as a powerful bioremediator for the efficient nutrient removal from 

aquaculture wastewater than depending on the conventional treatment methods or plants. 

This application of aerobic bacteria as the bacterial component of microalgal-bacterial 

consortium facilitates in decreasing the oxygen induced inhibition of microalgae (Huo et 

al., 2020). Thus improving the carbon assimilation capacity of microalgae and in turn 

excrete bacterial growth promoting factors (hormones and vitamins) (Huo et al., 2020; 

Jauffraisa et al., 2017; Bilanovic et al., 2016). This consortium of microalgal-bacteria also 

depicted the feasibility of co-cultivation and ease of harvesting with the long-term 

application, survivability of candidates serving as integral part of consortium. In the 

present study the consortium of just the three selected bacteria (E8-E80-Y27) showed a 

nutrient removal efficiency of 49% of nitrate and 25% of phosphate which is comparable 

with the bacteria stand-alone performance of 31% removal of total kjeldahl nitrogen 

(TKN) and 50% of phosphate from wastewater by 8-day experiment (Fito and Alemu et 

al., 2019). In the wastewater treatment, the use of aerobic and anaerobic reactor is 

common, but it is not cost effective and unaffordable for the developing countries due to 

the technical and financial constraints (Fito and Alemu et al., 2019). It is necessary to 

identify cost effective bioremediation methods with less requirement of technical 

expertise and infrastructures. Use of microalgal treatment methods with lower cost and 

technical inputs has been gaining significance due to the rapid growth of indigenous algal 

consortium with a promising renewal energy source in the form of biofuel (Pittman et al., 

2011; Halfhide et al., 2015).  
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From the present microalgal-bacteria consortia, the nitrate removal efficiency of 

dual combination of C. vulgaris with N. salina was enhanced from 57% to 80% by the 

addition of bacterial component to the consortium. This is due to the combined 

interactions of mutual existence of naturally growing algae and bacteria (Fito and Alemu 

et al., 2019). Also, the removal rates were better than the monoculture of C. vulgaris (62% 

removal) with specific reference to nitrate while 98% phosphate removal as monoculture 

decreased by 7% in the microalgal-bacteria consortium. But in the case of monoculture 

of N. salina, 52% nitrate and 60% of phosphate removal under immobilized cell 

conditions enhanced in the consortium. The microalgal species selected for the consortia 

experiments were already known for their various industrial applications, acclimatized to 

marine conditions and bacterial isolates with multiple activity potentials were also 

screened from the natural marine environment which supported the ease in 

acclimatization and co-immobilization of both to the local environment easily (Fito and 

Alemu, 2019). The application of microalgal-bacteria consortia does not need external 

supply of oxygen or carbon dioxide required to support the microbial growth since there 

exists efficient gas exchange between the microalgae and bacteria within the consortium 

which in turn reduces the operational costs (Ferro et al., 2019).  

Different consortia of microalgae-bacteria decipher different nutrient removal 

efficiencies in the wastewater (Ferro et al., 2019). Su et al. (2011) reported a phosphate 

removal efficiency of 54.5% to 72.6% by the co-cultivation of microalgae Chlorella 

pyrenoidosa and bacteria on municipal wastewater. Culturing of various microalgae 

species in sewage water diluted with tap water reported 44-91% of phosphate removal 

(Renuka et al., 2013). The co-immobilization of Chlorella vulgaris with and without he 

Azospirillum brasilense reported only 36% of phosphate removal after 6 days of 
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experiment (De-Bashan et al., 2002). Immobilized consortium enhances the biomass 

harvest, reduces the manual labour in reusing the bioremediated water for the next cycle 

and enhances the survival of candidates in the consortia thus indicating the efficiency and 

feasibility of this approach in bioremediation of aquaculture wastewater. The wide variety 

of possible microalgal-bacteria consortia candidates are promising for their practical 

application in bioremediation of wastewater. 
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The farming of aquatic organisms (animals and plants) in controlled or non-

controlled conditions dates back to history and these practices are generally termed as 

aquaculture which has now become the dominant food production sector in Asia. 

According to FAO (2019), more than 91% of the world aquaculture production is 

contributed by the Asian region (Tacon, 2019). The significance of aquaculture sector came 

into relevance because of the lack of availability of fishery products which occurred from 

the continuous overexploitation of fisheries resources from inland and marine waterbodies.  

In 2017, 328 species of diverse groups of aquatic organisms (plants and animals) were 

cultured which ranges from the indoor mass cultivation of microalgae like Chlorella sp. 

(Görs et al., 2019) to open ocean floating net cage culturing of Atlantic salmon (FAO, 

2019). Among the various cultured species, fishes form 47.7% of total aquaculture 

followed by 28.4% of aquatic plants, 15.4% of molluscs, 7.5% of crustaceans contribute to 

the major production (FAO, 2019; Tacon, 2019). Shrimps specifically Pacific whiteleg 

shrimp, Litopenaeus vannamei is the most cultivated species with its specific culturable 

advantageous over other species which make it the farmers best choice.  

The demand to meet the animal protein requirement by the fast-expanding global 

population implies the direct stress on the aquaculture industrial expansion. This involves 

the tremendous developmental changes to this sector in both developed and developing 

countries. There came a shift from outdoor open-system farming to intensified closed-

systems or indoor cultivation which involves less use of land yet high-density, high-quality 

production. The major effect of this global industry was the massive destruction of coastal 

wetlands/mangrove ecosystems which supported several freshwater and marine species, 
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eutrophication leading to destruction of marine diversity occurring as a result of organic 

matter rich aquaculture pond discharges. With the ever-increasing demand for the 

aquaculture species, the expansion in this industry demands the sustainable developmental 

steps which mitigate and restricts its ecological impacts. This involves the addressing of 

aquaculture based environmental issues with main focus on application of various 

wastewater treatment methods. Though there are several physical and chemical methods 

reported, the time and cost-effective methods suitable for the farmers are much in need. 

This brings into point the adaptation of biological treatment (bioremediation) of 

aquaculture wastewater. Several researches have reported the application of various species 

from different trophic levels in mitigating the effluent along with the possibilities of reusing 

the water, growing economically beneficial organisms (seaweeds, molluscs) in the 

wastewater or integrating species from different trophic levels (integrated multitrophic 

aquaculture: IMTA) etc.  

In India, the expansion of shrimp aquaculture is located majorly along the coastal 

regions and this involves vast conversion of wetlands for this purpose which with time 

cause severe loss of soil nutrient quality, water loss and environmental pollution. The 

application of indoor intensification of culturing the species of demand is in the progressive 

state but requires the addressing of keeping the water quality high. This requires the 

application of bioremediation of wastewater with a systematic approach. The 

bioremediation properties of bacteria and microalgal species have been known for the 

scientific world from several years and has been applied in the treatment of wastewater 

originating from several wide range of industries. In the commercial shrimp aquaculture 
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pond the farm management practices aim at maximizing the survival and harvest of the 

cultured organism. To find sustainable bioremediators, it is necessary to understand the 

water and sediment quality of commercial zero-water exchange shrimp farming practices 

which has been presently adapted in the coastal commercial shrimp farms. The present 

study could perform sampling and analysis of various environmental parameters from two 

adjacent ponds cultivating L. vannamei for one crop cycle. Compared to the previous 

studies which reported in the bacterial abundance of one or two biogeochemical cycles 

along with the major environmental variables, this study attempted to represent the possible 

culturable bacterial groups (aerobes and anaerobes) from all the four biogeochemical cycles 

(Sabu et al., 2020) along with the various water and sediment parameters. The studied farm 

had maintained the ponds in biosecured, zero-water exchange condition with routine 

monitoring of water quality along with the application of various probiotics. The key water 

quality parameters fell within the acceptable levels for the culturing of L. vannamei during 

the 96-day production cycle. Results of Spearman’s correlation matrix revealed that 

different sets of variables correlated at varying levels of significance of the 

interrelationships between bacterial abundances and water quality parameters. The three 

nitrogenous species (ammonia, nitrite and nitrate) strongly influenced the physiological 

bacterial groups’ abundance. Canonical correspondence analysis performed to assess the 

total variation revealed that the three dissolved nitrogen species followed by salinity, 

temperature, phytoplankton biomass and organic matter collectively accounted for more 

than 91% of the total variation. The results of the study revealed that the major drivers that 

interweaved biogeochemical cycles are the three dissolved nitrogen species, which 

microbially mediated various aerobic-anaerobic assimilation/dissimilation processes in the 
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pond ecosystem. In the earthen shrimp pond, the management practices are proved efficient 

by the in situ microbial biogeochemical cycling within the culture system.  

In the aquaculture production, the wastewater consists of high amount of organic 

matter, dissolved nutrients and, under anaerobic conditions dissolved gases such as 

hydrogen sulfide, methane etc. are also formed at the sediment-water interface or from the 

suspended particles which serves as microniches. Based on the farm-dependent study, to 

address the mitigation of aquaculture wastewater fast growing bacteria with multiple 

activities (denitrification, methane oxidation, sulfur oxidation, phosphate accumulation-

solubilization) were isolated and screened from the coastal ecosystems. This screening for 

bacterial isolates with multiple activities address the major components in the aquaculture 

wastewater. Out of the 163 bacterial isolates, the screening for different activities revealed 

that several of the bacterial isolates had a wide range of bioremediative potentials. Nine 

bacterial isolates had enzymatic activities for more than 5 enzymes. The biochemical 

characterization revealed the various potential enzymatic activities of these heterotrophs 

which can be further useful for their biotechnological applications. Based on the 

commonness of multiple activities, three fast growing heterotrophic bacterial strains: E8, 

E80 and Y27 were selected for the consortia development. The molecular identification 

revealed them to be Spingomonas flavimaris (E8), Halomonas venusta (E80) and 

Pseudomonas aeruginosa (Y27). These three isolates showed the maximum common 

functionalities for the multiple potentials. These species with denitrification (aerobic-

anaerobic), methane oxidation (aerobic-anaerobic), phosphate accumulation-solubilization 

and sulfur oxidation can form a significant criterion aiming for the mitigation of 
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aquaculture wastewater and also conservation-reutilization of large quantity of water with 

least effect due to aquaculture wastewater discharge on the ecosystem. 

Similar to bacteria, several species of microalgae are studied and revealed their 

bioremediation potential for the treatment of various industrial effluents. Chlorella vulgaris 

is one such well known bioremediation used for phycoremediation. As part of initial 

studies, bioremediation experiments were conducted using Chaetoceros calcitrans which is 

commonly used as live feed in shrimp hatchery. The aquaculture effluents were obtained 

from two ponds of a commercial shrimp farm in Mumbai. These effluents with 50% and 

100% strength were used with free-living microalgal cells for the experiment. This did not 

reveal any specific trend in nutrient removal which could be due to stress induced by 

salinity and chemicals used in the farm.  

To identify the bioremediation potential of microalgae and for the development of 

consortia, further experiments were conducted in synthetic aquaculture wastewater 

(SAWW). The four microalgal species (Chlorella vulgaris, Nannochloropsis salina, 

Isochrysis galbana and Chaetoceros calcitrans) with their relevant biotechnological or 

aquaculture applications were used for the experiments. All the four species were cultured 

and maintained at laboratory conditions with Guillard’s f/2 medium. The microalgal cells 

were tested as free-living and alginate immobilized cells at 0, 17 and 34 salinity. The 

alginate immobilization maintains the cells without physical or chemical stress. The results 

of the experiments showed variations in nutrient removal efficiency of all the four 

microalgal species based on salinity, their cell condition (free-living and immobilized) as 

well as with microalgal species used. During the 10-days experiment at 34 salinity, 
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immobilized C. calcitrans showed highest nitrate removal efficiency of 81% nitrate and C. 

vulgaris showed highest phosphate removal of 98%. These four species were also tested in 

combinations (dual/tri/tetra species). The microcosm experiments revealed that the 

microalgal species performed better nutrient removal under immobilized conditions which 

provides the ease of cell harvest and enhances their survival/storage. In the dual microalgal 

combination under immobilized cell conditions, all the combinations were effective and 

showed above 98% of phosphate removal. While in the case of nitrate removal Isochrysis – 

Nannochloropsis (78.3%). Isochryisis – Chlorella (77.8%), Chlorella – Nannochloropsis 

(56.7%) and Chaetoceros – Nannochloropsis (55.1) showed above 55% of removal. 

Among the tri species microalgal immobilized combination, all the combinations showed 

above 55.6% efficiency and from tetra microalgal species combination, there was 85% of 

nitrate and 97.7% of phosphate removal. 

The intensification of culture with the rising demands requires enhancement of 

culturing efficiency which involves the treatment of waste during the production cycle. 

This signifies the development of consortia utilizing the microbial candidates with 

bioremediation potential. Efficiency of bioremediating aquaculture wastewater using the 

bacterial-microalgal consortia favors the sustainable aquaculture practice with the 

possibilities for recycling the water in the cost-effective manner. Both the species can 

symbiotically support each other in the consortia with the effective utilization of pollutant 

loads from the aquaculture wastewater. Based on literature, the bioremediation technology 

involves the application of combining bacteria and microalgal species. Though they 

represent two different trophic levels, when combined as consortia, their nutrient removal 
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efficiency was found to be enhanced. This is due to the mutualistic growth enhancement 

provided between the bacterial and microalgal candidates. In the present study, three 

combinations of dual microalgal species with three bacterial isolates were used for the 

bioremediation experiments. For these consortia, the microalgae C. vulgaris was kept 

constant because of its wide applicability in bioremediation along with significance of 

economical relevance of its byproducts. An immobilized consortium of three bacterial 

isolates alone showed 49.4% of nitrate and 24.9% of phosphate removal during the 10-days 

experiment. While the microalgal-bacterial combinations of Chlorella vulgaris – Isochrysis 

galbana – Bacteria (E8-E80-Y27) showed 77.2% of nitrate and 83.2% of phosphate 

removal. The consortium of Chlorella vulgaris - Chaetoceros calcitrans - Bacteria (E8-

E80-Y27) had only 48.4% of nitrate and 80.2% of phosphate removal efficiency. In this 

combination of dual microalgal species with the three bacterial candidates, the consortium 

of Chlorella vulgaris - Nannochloropsis salina - Spingomonas flavimaris - Halomonas 

venusta - Pseudomonas aeruginosa showed maximum removal of nitrate (80%) and 

phosphate (91%) in 10 days. Results of this study revealed that this multiple algal-

bacterial species can be used as bioremediative consortia for the mitigation of aquaculture 

wastewater.  

Conclusions 

To meet the increasing global demand efficient less land area is utilized intensive 

aquaculture practices are needed where the accumulation of surplus dissolved and organic 

matter, gaseous by products all need to be biologically remediated. This study provides 

comprehensive information on the abundance and temporal changes in physiological 
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bacterial communities involved in C, N, P and S cycling and the delineation of principal 

environmental variables affecting their variability in zero-exchange shrimp culture. 

Screening and application of microbes for their bioremediation potential provides the 

sustainable approach in aquaculture. The development of microbial consortia composed of 

bacteria with multiple activities and microalgal isolates revealed its great prospect for its 

culturable and retrievable feasibility as immobilized consortia. This kind of scientific 

approach can help in reuse of water with preliminary physical treatment of water to 

eliminate the suspended load, reduces the discharge of organic loads, restricts the 

introduction of non-indigenous species into the ecosystem. Thus, the use of microalgal-

bacterial consortia for bioremediation of aquaculture effluents serves as energy and cost-

efficient approach with least impact on the adjacent ecosystems in the most sustainable 

manner. 

Future Scope 

Aquaculture industry demands biotechnological advancement as a prerequisite for their 

significant role in supporting the global food production in the most sustainable way. The 

intensification of production along with simultaneous reuse of water for agriculture or 

aquaponics, multitrophic culturing, recycling of water in the recirculatory systems etc 

involves technological advancements which must be sustainable for the ecosystem. Future 

studies should increase the in depth understanding of these challenges and technological 

applications to meet the demand with efficient management of pond health thus sustaining 

the ecosystem.  

 



 

 

 

References 

 

 

 



References 
 

"Litopenaeus vannamei (Boone, 1931)". Integrated Taxonomic Information System. 

Retrieved June 8, 2011. 

Abdo, S. M., El-Enin, S. A., El-Khatib, K. M., El-Galad, M. I., Wahba, S. Z., El 

Diwani, G., & Ali, G. H. (2016). Preliminary economic assessment of biofuel 

production from microalgae. Renewable and Sustainable Energy Reviews, 55, 1147-

1153. 

Abdullah, B., Muhammad, S. A. F. A. S., Shokravi, Z., Ismail, S., Kassim, K. A., 

Mahmood, A. N., & Aziz, M. M. A. (2019). Fourth generation biofuel: A review on 

risks and mitigation strategies. Renewable and Sustainable Energy Reviews, 107, 37-50. 

Abraham, T. J., Ghosh, S., Nagesh, T. S., & Sasmal, D. (2004). Distribution of bacteria 

involved in nitrogen and sulphur cycles in shrimp culture systems of West Bengal, 

India. Aquaculture, 239(1-4), 275-288. 

Acosta‐Nassar, M. V., Morell, J. M., & Corredor, J. E. (1994). The nitrogen budget of a 

tropical semi‐intensive freshwater fish culture pond. Journal of the World Aquaculture 

Society, 25(2), 261-270. 

Adams, C. A., Andrews, J. E., & Jickells, T. (2012). Nitrous oxide and methane fluxes 

vs. carbon, nitrogen and phosphorus burial in new intertidal and saltmarsh 

sediments. Science of the Total Environment, 434, 240-251. 

Adeniyi, O. M., Azimov, U., & Burluka, A. (2018). Algae biofuel: Current status and 

future applications. Renewable and Sustainable Energy Reviews, 90, 316-335. 

Ahemad, M. (2014). Phosphate-solubilizing bacteria-assisted phytoremediation of 

metalliferous soils: a review. 3 Biotech, 5(2), 111-121. 

Ahilan, B. (2003). Probiotics in aquaculture. Aqua International, 39-40. 

Ahmed, N., Allison, E. H., & Muir, J. F. (2010). Rice fields to prawn farms: a blue 

revolution in southwest Bangladesh? Aquaculture International, 18(4), 555-574.  



References 
 

Alagarswami, K., (1995). India country case study. In Regional study and workshop on 

the environmental assessment and management of aquaculture development (TCP/RAS/ 

2253). NACA environment and aquaculture development series No. 1. Network of 

Aquaculture Centres in Asia – Pacific (NACA), Bangkok, Thailand Accessed 18 

January 2017. 

Alfiansah, Y. R., Hassenrück, C., Kunzmann, A., Taslihan, A., Harder, J., & Gärdes, A. 

(2018). Bacterial abundance and community composition in pond water from shrimp 

aquaculture systems with different stocking densities. Frontiers in Microbiology, 9, 

2457. 

Ali, A. (2000). Probiotics in fish farming. Evaluation of a bacterial mixture. Rapport-

Sveriges Lantbruks universitet, Vattenbruks institutionen (Sweden). 

Ali, N., Mohammad, A.W., Jusoh, A., Hasan, M.R., Ghazali, N., & Kamaruzaman, 

K.(2005). Treatment of aquaculture wastewater using ultra-low pressure asymmetric 

polyethersulfone (PES) membrane. Desalination, 185, 317e326. 

Allison, S. D., &Martiny, J. B. (2008). Resistance, resilience, and redundancy in 

microbial communities. Proceedings of the National Academy of 

Sciences, 105(Supplement 1), 11512-11519. 

Alongi, D. M. (2002). Present state and future of the world's mangrove forests. 

Environmental conservation, 29(3), 331-349.  

Alongi, D. M., Boto, K. G., & Robertson, A. I. (1992). Nitrogen and phosphorus 

cycles. Tropical Mangrove Ecosystems. American Geophysical Union, Washington DC. 

Alongi, D. M., Johnston, D. J., & Xuan, T. T. (2000). Carbon and nitrogen budgets in 

shrimp ponds of extensive mixed shrimp–mangrove forestry farms in the Mekong 

Delta, Vietnam. Aquaculture Research, 31(4), 387-399. 

Amavizca, E., Bashan, Y., Ryu, C. M., Farag, M. A., Bebout, B. M., & de-Bashan, L. E. 

(2017). Enhanced performance of the microalga Chlorella sorokiniana remotely 

induced by the plant growth-promoting bacteria Azospirillum brasilense and Bacillus 

pumilus. Scientific Reports, 7(1), 1-11. 



References 
 

Amoozegar, M. A., Ghazanfari, N., & Didari, M. (2012). Lead and cadmium 

bioremoval by Halomonas sp., an exopolysaccharide-producing halophilic bacterium. 

Progress in Biological Sciences, 2(1), 1-11. 

Ampofo, J. A., & Clerk, G. C. (2003). Bacterial flora of fish feeds and organic 

fertilizers for fish culture ponds in Ghana. 

Andreotti, V., Chindris, A., Brundu, G., Vallainc, D., Francavilla, M., & García, J. 

(2017). Bioremediation of aquaculture wastewater from Mugil cephalus (Linnaeus, 

1758) with different microalgae species. Chemistry and Ecology, 33(8), 750-761. 

Aníbal, J., Madeira, H. T., Carvalho, L. F., Esteves, E., Veiga-Pires, C., & Rocha, C. 

(2014). Macroalgae mitigation potential for fish aquaculture effluents: an approach 

coupling nitrogen uptake and metabolic pathways using Ulva rigida and Enteromorpha 

clathrata. Environmental Science and Pollution Research, 21(23), 13324-13334. 

Ansal, M. D., Dhawan, A., & Kaur, V. I. (2010). Duckweed based bio-remediation of 

village ponds: An ecologically and economically viable integrated approach for rural 

development through aquaculture. Livestock Research for Rural Development, 22(7), 

129. 

Ansari, F. A., Singh, P., Guldhe, A., & Bux, F. (2017). Microalgal cultivation using 

aquaculture wastewater: integrated biomass generation and nutrient remediation. Algal 

Research, 21, 169-177. 

Antony, S. P., & Philip, R. (2006). Bioremediation in shrimp culture systems. Naga The 

World Fish Center Quarterly, 29(3 & 4), 62-66. 

Antony, S.P. & Philip, R. (2008). Probiotics in aquaculture. World Aquaculture, 39 (2): 

59–63. 

Arango, L., Cuervo, F. M., González-Sánchez, A., & Buitrón, G. (2016). Effect of 

microalgae inoculation on the start-up of microalgae–bacteria systems treating 

municipal, piggery and digestate wastewaters. Water Science and Technology, 73(3), 

687-696. 



References 
 

Arcila, J. S., & Buitrón, G. (2016). Microalgae–bacteria aggregates: effect of the 

hydraulic retention time on the municipal wastewater treatment, biomass settleability 

and methane potential. Journal of Chemical Technology & Biotechnology, 91(11), 

2862-2870. 

Arshad, Q., & Ahmed, A. (2017). Chromium-resistant PGPB: Growth stimulatory 

impact on Vigna radiata L. under chromium stress. Romanian Biotechnological Letters, 

22(5), 12988. 

Audelo‐Naranjo, J. M., Martínez‐Córdova, L. R., Voltolina, D., & Gómez‐Jiménez, S. 

(2011). Water quality, production parameters and nutritional condition of Litopenaeus 

vannamei (Boone, 1931) grown intensively in zero water exchange mesocosms with 

artificial substrates. Aquaculture Research, 42(9), 1371-1377. 

Audenaert, K., Pattery, T., Cornelis, P., & Höfte, M. (2002). Induction of systemic 

resistance to Botrytis cinerea in tomato by Pseudomonas aeruginosa 7NSK2: role of 

salicylic acid, pyochelin, and pyocyanin. Molecular Plant-Microbe Interactions, 15(11), 

1147-1156. 

Avnimelech, Y. (1999). Carbon/nitrogen ratio as a control element in aquaculture 

systems. Aquaculture, 176(3-4), 227-235. 

Avnimelech, Y. (2006).  Bio-filters: The need for a new comprehensive approach.  

Aquacultural Engineering 34:172–178. 

Avnimelech, Y., Mozes, N., Diab, S., & Kochba, M. (1995). Rates of organic carbon 

and nitrogen degradation in intensive fish ponds. Aquaculture, 134(3-4), 211-216. 

Ayub, M., Boyd, C. E., & Teichert-Coddington, D. (1993). Effects of urea application, 

aeration and drying on total carbon concentrations in pond bottom soils. The 

Progressive Fish-Culturist, 55(3), 210-213. 

Azam, F., Fenchel, T., Field, J. G., Gray, J. S., Meyer-Reil, L. A., & Thingstad, F. 

(1983). The ecological role of water-column microbes in the sea. Marine Ecology 

Progress Series, 257-263. 



References 
 

Bagarinao, T., & Lantin-Olaguer, I. (1998). The sulfide tolerance of milkfish and tilapia 

in relation to fish kills in farms and natural waters in the 

Philippines. Hydrobiologia, 382(1-3), 137-150. 

Bai, Y., Qi, W., Liang, J., & Qu, J. (2014). Using high-throughput sequencing to assess 

the impacts of treated and untreated wastewater discharge on prokaryotic communities 

in an urban river. Applied Microbiology and Biotechnology, 98(4), 1841-1851. 

Balderston, W. L., & Sieburth, J. M. (1976). Nitrate removal in closed-system 

aquaculture by columnar denitrification. Applied and Environmental 

Microbiology, 32(6), 808-818. 

Baldy, V., Thiebaut, G., Fernandez, C., Sagova-Mareckova, M., Korboulewsky, N., 

Monnier, Y., ... & Tremolieres, M. (2015). Experimental assessment of the water 

quality influence on the phosphorus uptake of an invasive aquatic plant: biological 

responses throughout its phenological stage. PLoS One, 10(3), e0118844. 

Bao, P., Li, G. X., Sun, G. X., Xu, Y. Y., Meharg, A. A., & Zhu, Y. G. (2018). The role 

of sulfate-reducing prokaryotes in the coupling of element biogeochemical 

cycling. Science of the Total Environment, 613, 398-408. 

Barak, Y., & van Rijn, J. (2000). Atypical polyphosphate accumulation by the 

denitrifying bacterium Paracoccus denitrificans. Applied and Environmental 

Microbiology, 66(3), 1209-1212. 

Barrington, K., Ridler, N., Chopin, T., Robinson, S., & Robinson, B. (2010). Social 

aspects of the sustainability of integrated multi-trophic aquaculture. Aquaculture 

International, 18(2), 201-211. 

Bartoli, M., Nizzoli, D., Naldi, M., Vezzulli, L., Porrello, S., Lenzi, M., & Viaroli, P. 

(2005). Inorganic nitrogen control in wastewater treatment ponds from a fish farm 

(Orbetello, Italy): denitrification versus Ulva uptake. Marine Pollution Bulletin, 50(11), 

1386-1397. 

Barton, L. L., & Fauque, G. D. (2009). Biochemistry, physiology and biotechnology of 

sulfate‐reducing bacteria. Advances in Applied Microbiology, 68, 41-98. 



References 
 

Barton, L. L., Fardeau, M. L., & Fauque, G. D. (2014). Hydrogen sulfide: a toxic gas 

produced by dissimilatory sulfate and sulfur reduction and consumed by microbial 

oxidation. In The Metal-Driven Biogeochemistry of Gaseous Compounds in the 

Environment (pp. 237-277). Springer, Dordrecht. 

Bastviken, D., Ejlertsson, J., & Tranvik, L. (2002). Measurement of methane oxidation 

in lakes - a comparison of methods. Environmental Science & Technology, 36, 3354–

3361. 

Bastviken, D., Tranvik, L. J., Downing, J. A., Crill, P. M., & Enrich‐Prast, A. (2011). 

Freshwater methane emissions offset the continental carbon sink. Science, 331(6013), 

50.  

Behera, B. C., Mishra, R. R., Dutta, S. K., & Thatoi, H. N. (2014). Sulphur oxidising 

bacteria in mangrove ecosystem: a review. African Journal of Biotechnology, 13(29). 

Bender, J., & Phillips, P. (2004). Microbial mats for multiple applications in 

aquaculture and bioremediation. Bioresource Technology, 94(3), 229-238. 

Benitez-Nelson, C. R., O'Neill, L., Kolowith, L. C., Pellechia, P., & Thunell, R. (2004). 

Phosphonates and particulate organic phosphorus cycling in an anoxic marine 

basin. Limnology and Oceanography, 49(5), 1593-1604. 

Berlanga, M., Domènech, Ò., & Guerrero, R. (2014). Biofilm formation on polystyrene 

in detached vs. planktonic cells of polyhydroxyalkanoate-accumulating Halomonas 

venusta. International Microbiology, 17, 25-212. 

Beveridge, M. C. M., Begum, M., Frerichs, G. N., & Millar, S. (1989). The ingestion of 

bacteria in suspension by the tilapia Oreochromis niloticus. Aquaculture, 81(3-4), 373-

378. 

Beveridge, M. C. M., Wahab, A., & Dewan, S. (1994). Effects of daily harrowing on 

pond soil and water nutrient levels and on rohu fingerling production. The Progressive 

Fish-Culturist, 56(4), 282-287. 



References 
 

Bhakta, J. N., Bandyopadhyay, P. K., & Jana, B. B. (2006). Effect of different doses of 

mixed fertilizer on some biogeochemical cycling bacterial population in carp culture 

pond. Turkish Journal of Fisheries and Aquatic Sciences, 6(2). 

Bianchi, M., Marty, D., Teyssié, J. L., & Fowler, S. W. (1992). Strictly aerobic and 

anaerobic bacteria associated with sinking particulate matter and zooplankton fecal 

pellets. Marine Ecology Progress Series, 55-60. 

Bilanovic, D., Holland, M., Starosvetsky, J., & Armon, R. (2016). Co-cultivation of 

microalgae and nitrifiers for higher biomass production and better carbon capture. 

Bioresource Technology, 220, 282-288. 

Blanco-Carvajal, E., González-Delgado, A. D., García-Martínez, J. B., Sánchez-Galvis, 

E., & Barajas-Solano, A. F. (2017). Bioremediation of aquaculture wastewater using 

microalgae Chlorella vulgaris. Contemporary Engineering Science, 10(35), 1701-1708. 

Blees, J., Niemann, H., Erne, M., Zopfi, J., Schubert, C. J., & Lehmann, M. F. (2015). 

Spatial variations in surface water methane super‐saturation and emission in Lake 

Lugano, southern Switzerland. Aquatic Sciences, 77(4), 535–545.  

Bligh, E. G., & Dyer, W. J. (1959). A rapid method of total lipid extraction and 

purification. Canadian Journal of Biochemistry and Physiology, 37(8), 911–917. 

Bodelier, P. L., & Laanbroek, H. J. (2004). Nitrogen as a regulatory factor of methane 

oxidation in soils and sediments. FEMS Microbiology Ecology, 47(3), 265–277. 

Bonin, P. (1996). Anaerobic nitrate reduction to ammonium in two strains isolated from 

coastal marine sediment: a dissimilatory pathway. FEMS Microbiology Ecology, 19(1), 

27-38. 

Borges, M. T., Silva, P., Moreira, L., & Soares, R. (2005). Integration of consumer-

targeted microalgal production with marine fish effluent biofiltration–a strategy for 

mariculture sustainability. Journal of Applied Phycology, 17(3), 187-197. 

Borowitzka, M.A., Borowitzka, J.L., (1988). Micro-algal biotechnology. Cambridge 

University Press, Cambridge. 



References 
 

Bowles, M. W., Mogollón, J. M., Kasten, S., Zabel, M., & Hinrichs, K. U. (2014). 

Global rates of marine sulfate reduction and implications for sub–sea-floor metabolic 

activities. Science, 344(6186), 889-891. 

Boyd, C. E. (1990). Water quality in ponds for aquaculture. 

Boyd, C. E. (1992, May). Shrimp pond bottom soil and sediment management. 

In Proceedings of the special session on shrimp farming. World Aquaculture Society, 

Baton Rouge, Louisiana (pp. 166-181). 

Boyd, C. E. (1994). Composition of sediment from intensive shrimp ponds in 

Thailand. World Aquaculture, 25, 53-55. 

Boyd, C. E. (1995). Chemistry and efficacy of amendments used to treat water and soil 

quality imbalances in shrimp ponds. In Proceedings of the Special Session on Shrimp 

Farming. The World Aquaculture Society. 

Boyd, C. E., & Tucker, C. S., (1998). Pond aquaculture water quality management. 

Kluwer Academic Publishers, Boston, MA. 

Boyd, C. E., Hollerman, W. D., Plumb, J. A., & Saeed, M. (1984). Effect of treatment 

with a commercial bacterial suspension on water quality in channel catfish ponds. The 

Progressive Fish‐Culturist, 46(1), 36-40. 

Boyd, C. E., Wood, C. W., Chaney, P. L., & Queiroz, J. F. (2010). Role of aquaculture 

pond sediments in sequestration of annual global carbon emissions. Environmental 

Pollution, 158(8), 2537-2540. 

Bratvold, D., C.L. Browdy and J.S. Hopkins. (1997). Microbial ecology of shrimp 

ponds: toward zero discharge. World Aquaculture 1997. 

Brazil, B. L. (2006). Performance and operation of a rotating biological contactor in a 

tilapia recirculating aquaculture system. Aquacultural Engineering, 34(3), 261-274. 



References 
 

Bridgham, S. D., Cadillo‐Quiroz, H., Keller, J. K., & Zhuang, Q. L. (2013). Methane 

emissions from wetlands: Biogeochemical, microbial and modeling perspectives from 

local to global scales. Global Change Biology, 19(5), 1325–1346.  

Briggs, M. R. P., & Funge‐Smith, S. J. (1994). A nutrient budget of some intensive 

marine shrimp ponds in Thailand. Aquaculture Research, 25(8), 789-811. 

Briggs, M. R. P., & Funge‐Smith, S. J. (1996). The effects of zeolites and other 

alumino‐silicate clays on water quality at various salinities. Aquaculture 

Research, 27(5), 301-311. 

Brinkhoff, T., Giebel, H. A., & Simon, M. (2008). Diversity, ecology and genomics of 

the Roseobacter clade: a short overview. Archives of Microbiology, 189(6), 531-539. 

Browdy, C. L., & Hopkins, J. S. (1995). Editors: Swimming Through Troubled Waters: 

Proceedings of the Special Session on Shrimp Farming. World Aquaculture, 97. 

Browdy, C. L., Bratvold, D., Stokesland, A. D., & McIntosh, P. (2001). Perspective on 

the application of closed shrimp culture systems. Journal of Aquaculture Research. 

Brown, J. J., & Glenn, E. P. (1999). Management of saline aquaculture effluent through 

the production of halophyte crops. World Aquaculture, 30(4), 44-49. 

Brown, J. J., Glenn, E. P., Fitzsimmons, K. M., & Smith, S. E. (1999). Halophytes for 

the treatment of saline aquaculture effluent. Aquaculture, 175(3-4), 255-268. 

Brune, D. E., Kirk, K., & Eversole, A. G. (2004). Autotrophic intensification of pond 

aquaculture; shrimp production in a partitioned aquaculture system. In Proceedings of 

the Fifth International Conference on Recirculating Aquaculture, Roanoke, 

Virginia (pp. 201-210). 

Bunting, S. W. (2006). Low impact aquaculture. Centre for Environment and Society 

Occasional Paper, 3. 

Burford, M. A., & Glibert, P. M. (1999). Short‐term nitrogen uptake and regeneration in 

early and late growth phase shrimp ponds. Aquaculture Research, 30(3), 215-227. 



References 
 

Burford, M. A., & Williams, K. C. (2001). The fate of nitrogenous waste from shrimp 

feeding. Aquaculture, 198(1-2), 79-93. 

Burford, M. A., Costanzo, S. D., Dennison, W. C., Jackson, C. J., Jones, A. B., 

McKinnon, A. D., & Trott, L. A. (2003a). A synthesis of dominant ecological processes 

in intensive shrimp ponds and adjacent coastal environments in NE Australia. Marine 

Pollution Bulletin, 46(11), 1456-1469. 

Burford, M. A., Thompson, P. J., McIntosh, R. P., Bauman, R. H., & Pearson, D. C. 

(2003b). Nutrient and microbial dynamics in high-intensity, zero-exchange shrimp 

ponds in Belize. Aquaculture, 219(1-4), 393-411. 

Cai, T., Park, S. Y., & Li, Y. (2013). Nutrient recovery from wastewater streams by 

microalgae: status and prospects. Renewable and Sustainable Energy Reviews, 19, 360-

369. 

Camargo, J. A., Alonso, A., & Salamanca, A. (2005). Nitrate toxicity to aquatic 

animals: a review with new data for freshwater invertebrates. Chemosphere, 58(9), 

1255-1267. 

Cantera, S., Sánchez-Andrea, I., Sadornil, L. J., García-Encina, P. A., Stams, A. J., & 

Muñoz, R. (2019). Novel haloalkaliphilic methanotrophic bacteria: An attempt for 

enhancing methane bio-refinery. Journal of Environmental Management, 231, 1091-

1099. 

Caporgno, M. P., Taleb, A., Olkiewicz, M., Font, J., Pruvost, J., Legrand, J., & Bengoa, 

C. (2015). Microalgae cultivation in urban wastewater: nutrient removal and biomass 

production for biodiesel and methane. Algal Research, 10, 232-239. 

Carini, P., White, A. E., Campbell, E. O., & Giovannoni, S. J. (2014). Methane 

production by phosphate-starved SAR11 chemoheterotrophic marine bacteria. Nature 

Communications, 5(1), 1–7. 

Carnevali, O., Zamponi, M. C., Sulpizio, R., Rollo, A., Nardi, M., Orpianesi, C., ... & 

Cresci, A. (2004). Administration of probiotic strain to improve sea bream wellness 

during development. Aquaculture International, 12(4-5), 377-386. 



References 
 

Carpenter, K. E., Fast, A. W., Corre, V. L., Woessner, J. W., & Janeo, R. L. (1986). 

Effects of water depth and circulation on the water quality and production of Penaeus 

monodon in earthen ponds. In I. Asian Fisheries Forum, Manila (Philippines), 26-31  

Carty, A., Scholz, M., Heal, K., Gouriveau, F., & Mustafa, A. (2008). The universal 

design, operation and maintenance guidelines for farm constructed wetlands (FCW) in 

temperate climates. Bioresource Technology, 99(15), 6780-6792. 

Casillas-Hernández, R., Nolasco-Soria, H., García-Galano, T., Carrillo-Farnes, O., & 

Páez-Osuna, F. (2007). Water quality, chemical fluxes and production in semi-intensive 

Pacific white shrimp (Litopenaeus vannamei) culture ponds utilizing two different 

feeding strategies. Aquacultural Engineering, 36(2), 105-114. 

Cassidy, M. B., Lee, H., & Trevors, J. T. (1996). Environmental applications of 

immobilized microbial cells: a review. Journal of Industrial Microbiology and 

Biotechnology, 16(2), 79-101. 

Castine, S. A., Erler, D. V., Trott, L. A., Paul, N. A., De Nys, R., & Eyre, B. D. (2012). 

Denitrification and anammox in tropical aquaculture settlement ponds: an isotope tracer 

approach for evaluating N2 production. PloS one, 7(9), e42810. 

Castine, S. A., McKinnon, A. D., Paul, N. A., Trott, L. A., & de Nys, R. (2013). 

Wastewater treatment for land-based aquaculture: improvements and value-adding 

alternatives in model systems from Australia. Aquaculture Environment Interactions, 

4(3), 285-300. 

Cerqueira, T., Barroso, C., Froufe, H., Egas, C., & Bettencourt, R. (2018). Metagenomic 

signatures of microbial communities in deep-sea hydrothermal sediments of Azores 

vent fields. Microbial Ecology, 76(2), 387-403. 

Chambers, P. A., Prepas, E. E., Ferguson, M. E., Serediak, M., Guy, M., & Holst, M. 

(2001). The effects of lime addition on aquatic macrophytes in hard water: in situ and 

microcosm experiments. Freshwater Biology, 46(8), 1121-1138. 



References 
 

Chan, Y. J., Chong, M. F., Law, C. L., & Hassell, D. G. (2009). A review on anaerobic–

aerobic treatment of industrial and municipal wastewater. Chemical Engineering 

Journal, 155(1-2), 1-18. 

Chávez-Crooker, P., & Obreque-Contreras, J. (2010). Bioremediation of aquaculture 

wastes. Current Opinion in Biotechnology, 21(3), 313-317. 

Cheffi, M., Maalej, A., Mahmoudi, A., Hentati, D., Marques, A. M., Sayadi, S., & 

Chamkha, M. (2021). Lipopeptides production by a newly Halomonas venusta strain: 

Characterization and biotechnological properties. Bioorganic Chemistry, 104724. 

Chen, H., Zhu, Q. A., Peng, C., Wu, N., Wang, Y., Fang, X., ... & Yu, G. (2013). 

Methane emissions from rice paddies natural wetlands, lakes in China: synthesis new 

estimate. Global Change Biology, 19(1), 19-32. 

Chen, J. C., & Kou, Y. Z. (1993). Accumulation of ammonia in the haemolymph of 

Penaeus monodon exposed to ambient ammonia. Aquaculture, 109(2), 177-185. 

Chen, Y., Dong, S. L., Wang, F., Gao, Q. F., & Tian, X. L. (2016). Carbon dioxide and 

methane fluxes from feeding and no‐feeding mariculture ponds. Environmental 

Pollution, 212, 489–497.  

Chen, Y., Dong, S., Wang, Z., Wang, F., Gao, Q., Tian, X., & Xiong, Y. (2015). 

Variations in CO2 fluxes from grass carp Ctenopharyngodon idella aquaculture 

polyculture ponds. Aquaculture Environment Interactions, 8, 31-40. 

Chen, Z., Liu, J., Wu, M., Xie, X., Wu, J., & Wei, W. (2012). Differentiated response of 

denitrifying communities to fertilization regime in paddy soil. Microbial 

Ecology, 63(2), 446-459. 

Chien, Y. H. (1992, May). Water quality requirements and management for marine 

shrimp culture. In Proceedings of the special session on shrimp farming (pp. 144-156). 

World Aquaculture Society Baton Rouge, LA, USA. 



References 
 

Chimner, R. A., & Cooper, D. J. (2003). Influence of water table levels on CO2 

emissions in a Colorado subalpine fen: an in-situ microcosm study. Soil Biology and 

Biochemistry, 35(3), 345–351. 

Chiu, S. Y., Kao, C. Y., Huang, T. T., Lin, C. J., Ong, S. C., Chen, C. D., ... & Lin, C. 

S. (2011). Microalgal biomass production and on-site bioremediation of carbon dioxide, 

nitrogen oxide and sulfur dioxide from flue gas using Chlorella sp. 

cultures. Bioresource Technology, 102(19), 9135-9142. 

Cho, H. U., Kim, Y. M., & Park, J. M. (2017). Enhanced microalgal biomass and lipid 

production from a consortium of indigenous microalgae and bacteria present in 

municipal wastewater under gradually mixotrophic culture conditions. Bioresource 

Technology, 228, 290-297. 

Chopin, T., Robinson, S. M. C., Troell, M., Neori, A., Buschmann, A., & Fang, J. G. 

(2008). Ecological engineering: multi-trophic integration for sustainable marine 

aquaculture. 

Chowdhury, P., Viraraghavan, T., & Srinivasan, A. (2010). Biological treatment 

processes for fish processing wastewater–A review. Bioresource Technology, 101(2), 

439-449. 

Christopher, J., Preston, N., Thompson, P. J., & Burford, M. (2003). Nitrogen budget 

and effluent nitrogen components at an intensive shrimp farm. Aquaculture 

(Amsterdam, Netherlands), 218(1–4), 397–411. 

Chua, T. E. (1992). Coastal aquaculture development and the environment: the role of 

coastal area management. Marine Pollution Bulletin, 25(1-4), 98-103. 

Cicerone, R. J., & Oremland, R. S. (1988). Biogeochemical aspects of atmospheric 

methane. Global Biogeochemical Cycles, 2(4), 299-327. 

Clarens, A. F., Resurreccion, E. P., White, M. A., & Colosi, L. M. (2010). 

Environmental life cycle comparison of algae to other bioenergy feedstocks. 

Environmental Science & Technology, 44(5), 1813-1819. 



References 
 

Cloern, J. E. (2001). Our evolving conceptual model of the coastal eutrophication 

problem. Marine Ecology Progress Series, 210, 223-253. 

Cochrane, K., De-Young, C., Soto, D., & Bahri, T. (Eds.) (2009). Climate change 

implications for fisheries and aquaculture: overview of current scientific knowledge, 

FAO Fisheries and Aquaculture Technical Paper. No. 530. Food and Agriculture 

Organization of the United Nations: Rome 212p. 

Coloso, R. M., King, K., Fletcher, J. W., Hendrix, M. A., Subramanyam, M., Weis, P., 

& Ferraris, R. P. (2003). Phosphorus utilization in rainbow trout (Oncorhynchus mykiss) 

fed practical diets and its consequences on effluent phosphorus levels. Aquaculture, 

220(1-4), 801-820. 

Costa-Pierce, B. A., & Pullin, R. S. V. (1989). Stirring ponds as a possible means of 

increasing aquaculture production. 

Cottingham, P. D., Davies, T. H., & Hart, B. T. (1999). Aeration to promote 

nitrification in constructed wetlands. Environmental Technology, 20(1), 69-75. 

Crab, R., Avnimelech, Y., Defoirdt, T., Bossier, P., & Verstraete, W. (2007). Nitrogen 

removal techniques in aquaculture for a sustainable production. Aquaculture, 270(1-4), 

1-14. 

Crab, R., Kochva, M., Verstraete, W., & Avnimelech, Y. (2009). Bio-flocs technology 

application in over-wintering of tilapia. Aquacultural Engineering, 40(3), 105-112. 

Cruz, I., Bashan, Y., Hernàndez-Carmona, G., & De-Bashan, L. E. (2013). Biological 

deterioration of alginate beads containing immobilized microalgae and bacteria during 

tertiary wastewater treatment. Applied Microbiology and Biotechnology, 97(22), 9847-

9858. 

Danaher, J. (2013). Phytoremediation of aquaculture effluent using integrated 

aquaculture production systems (Doctoral dissertation). 



References 
 

Das, C., Ramaiah, N., Pereira, E., & Naseera, K. (2018). Efficient bioremediation of 

tannery wastewater by monostrains and consortium of marine Chlorella sp. and 

Phormidium sp. International Journal of Phytoremediation, 20(3), 284-292. 

Das, M., Ayyappan, S., Dash, B., & Muduli, H. K. (2013). Heterotrophic bacterial 

populations and dehydrogenase activity in fishponds under different fertilisation 

practices. Indian Journal of Fisheries, 60(3), 87-90. 

Dashti, N., Ali, N., Eliyas, M., Khanafer, M., Sorkhoh, N. A., & Radwan, S. S. (2015). 

Most hydrocarbonoclastic bacteria in the total environment are diazotrophic, which 

highlights their value in the bioremediation of hydrocarbon contaminants. Microbes and 

Environments, 30(1), 70-75. 

Day, J. G., Benson, E. E., & Fleck, R. A. (1999). In vitro culture and conservation of 

microalgae: applications for aquaculture, biotechnology and environmental research. In 

Vitro Cellular & Developmental Biology-Plant, 35(2), 127-136. 

de Paula Silva, P. H., McBride, S., de Nys, R., & Paul, N. A. (2008). Integrating 

filamentous ‘green tide’ algae into tropical pond-based aquaculture. Aquaculture, 

284(1-4), 74-80. 

De Schryver, P., & Verstraete, W. (2009). Nitrogen removal from aquaculture pond 

water by heterotrophic nitrogen assimilation in lab-scale sequencing batch 

reactors. Bioresource Technology, 100(3), 1162-1167. 

De-Bashan, L. E., & Bashan, Y. (2010). Immobilized microalgae for removing 

pollutants: review of practical aspects. Bioresource Technology, 101(6), 1611-1627. 

De-Bashan, L. E., Antoun, H., & Bashan, Y. (2005). Cultivation factors and population 

size control the uptake of nitrogen by the microalgae Chlorella vulgaris when 

interacting with the microalgae growth-promoting bacterium Azospirillum brasilense. 

FEMS Microbiology Ecology, 54(2), 197-203. 

De-Bashan, L. E., Moreno, M., Hernandez, J. P., & Bashan, Y. (2002). Removal of 

ammonium and phosphorus ions from synthetic wastewater by the microalgae Chlorella 



References 
 

vulgaris coimmobilized in alginate beads with the microalgae growth-promoting 

bacterium Azospirillum brasilense. Water Research, 36(12), 2941-2948. 

Deng, Y. L., Ruan, Y. J., Zhu, S. M., Guo, X. S., Han, Z. Y., Ye, Z. Y., ... & Shi, M. M. 

(2017). The impact of DO and salinity on microbial community in poly (butylene 

succinate) denitrification reactors for recirculating aquaculture system wastewater 

treatment. AMB express, 7(1), 1-11. 

Devaraja, T. N., Yusoff, F. M., & Shariff, M. (2002). Changes in bacterial populations 

and shrimp production in ponds treated with commercial microbial 

products. Aquaculture, 206(3-4), 245-256. 

Diab, S., & Shilo, M. (1986). Transformation of nitrogen in sediments of fish ponds in 

Israel. Bamidgeh, 38(3), 67-88. 

Diab, S., Kochba, M., Mires, D., & Avnimelech, Y. (1992). Combined intensive-

extensive (CIE) pond system A: inorganic nitrogen 

transformations. Aquaculture, 101(1-2), 33-39. 

Dierberg, F. E., & Kiattisimkul, W. (1996). Issues, impacts and implications of shrimp 

aquaculture in Thailand. Environmental Management, 20(5), 649-666. 

Doshi, H., Ray, A., & Kothari, I. L. (2007). Bioremediation potential of live and dead 

Spirulina: spectroscopic, kinetics and SEM studies. Biotechnology and 

Bioengineering, 96(6), 1051-1063. 

Douillet, P. A. (1998). Bacterial probiotic for water quality and disease control. World 

Aquaculture Society, Las Vegas, Nevada, EE. UU. 

Drakare, S. (2002). Competition between picoplanktonic cyanobacteria and 

heterotrophic bacteria along crossed gradients of glucose and phosphate. Microbial 

Ecology, 44(4), 327-335. 

Du, J., Zhao, G., Wang, F., Zhao, D., Chen, X., Zhang, S., ... & Tian, X. (2013). Growth 

stimulation of Microcystis aeruginosa by a bacterium from hyper-eutrophic water 

(Taihu Lake, China). Aquatic Ecology, 47(3), 303-313. 



References 
 

Durham, B. P., Sharma, S., Luo, H., Smith, C. B., Amin, S. A., Bender, S. J., ... & 

Armbrust, E. V. (2015). Cryptic carbon and sulfur cycling between surface ocean 

plankton. Proceedings of the National Academy of Sciences, 112(2), 453-457. 

Dutta, M. K., Chowdhury, C., Jana, T. K., & Mukhopadhyay, S. K. (2013). Dynamics 

and exchange fluxes of methane in the estuarine mangrove environment of the 

Sundarbans, NE coast of India. Atmospheric Environment, 77, 631–639. 

Dutta, M. K., Mukherjee, R., Jana, T. K., & Mukhopadhyay, S. K. (2015). 

Biogeochemical dynamics of exogenous methane in an estuary associated to a 

mangrove biosphere; The Sundarbans, NE coast of India. Marine Chemistry, 170, 1–10.   

Ebeling, J. M., Ogden, S. R., Sibrell, P. L., & Rishel, K. L. (2004). Application of 

chemical coagulation aids for the removal of suspended solids (TSS) and phosphorus 

from the microscreen effluent discharge of an intensive recirculating aquaculture 

system. North American Journal of Aquaculture, 66(3), 198-207. 

Ebeling, J. M., Timmons, M. B., & Bisogni, J. J. (2006). Engineering analysis of the 

stoichiometry of photoautotrophic, autotrophic, and heterotrophic removal of ammonia–

nitrogen in aquaculture systems. Aquaculture, 257(1-4), 346-358. 

Eding, E. H., Kamstra, A., Verreth, J. A. J., Huisman, E. A., & Klapwijk, A. (2006). 

Design and operation of nitrifying trickling filters in recirculating aquaculture: a review. 

Aquacultural Engineering, 34(3), 234-260. 

El Wakeel, S. K., & Riley, J. P. (1957). The determination of organic carbon in marine 

muds. ICES Journal of Marine Science, 22(2), 180–183. 

Eng, C. T., Paw, J. N., & Guarin, F. Y. (1989). The environmental impact of 

aquaculture and the effects of pollution on coastal aquaculture development in 

Southeast Asia. Marine Pollution Bulletin, 20(7), 335-343. 

Engleman, E. E., Jackson, L. L., & Norton, D.R. (1985). Determination of carbonate 

carbon in geological materials by coulometric titration. Chemical Geology, 53,125–128. 



References 
 

Esparza-Leal, H. M., Escobedo-Bonilla, C. M., Casillas-Hernández, R., Álvarez-Ruíz, 

P., Portillo-Clark, G., Valerio-García, R. C., ... & Magallón-Barajas, F. J. (2009). 

Detection of white spot syndrome virus in filtered shrimp-farm water fractions and 

experimental evaluation of its infectivity in Penaeus (Litopenaeus) vannamei. 

Fabiano, M., & Danovaro, R. (1994). Composition of organic matter in sediments 

facing a river estuary (Tyrrhenian Sea): relationships with bacteria and 

microphytobenthic biomass. Hydrobiologia, 277(2), 71-84. 

Farhat, M. B., Taktek, S., & Chouayekh, H. (2014). Encapsulation in alginate enhanced 

the plant growth promoting activities of two phosphate solubilizing bacteria isolated 

from the phosphate mine of Gafsa. Net Journal of Agricultural Science, 2(4), 131-139. 

Farzanfar, A. (2006). The use of probiotics in shrimp aquaculture. FEMS Immunology 

& Medical Microbiology, 48(2), 149-158. 

Fast, A. W., & Boyd, C. E. (1992). Water circulation, aeration and other management 

practices. Developments in Aquaculture and Fisheries Science, 23, 457-495. 

Fdz-Polanco, F., Fdz-Polanco, M., Fernandez, N., Urueña, M. A., Garcia, P. A., & 

Villaverde, S. (2001). Combining the biological nitrogen and sulfur cycles in anaerobic 

conditions. Water Science and Technology, 44(8), 77-84. 

Fellows, C. S., Valett, H. M., Dahm, C. N., Mulholland, P. J., & Thomas, S. A. (2006). 

Coupling nutrient uptake and energy flow in headwater streams. Ecosystems, 9(5), 788-

804. 

Fernandes, S. O., Kulkarni, S. S., Shirodkar, R. R., Karekar, S.V., Kumar, R. P., 

Sreepada, R. A., LokaBharathi, P. A. (2010). Water quality and bacteriology in an 

aquaculture facility equipped with a new aeration system. Environment Monitoring and 

Assessment, 64, 81–92.  

Fernandes, V., Sabu, E. A., Shivaramu, M. S., Gonsalves, M. J. B., Sreepada, R. A. 

(2019) Dynamics and succession of plankton communities with changing nutrient levels 

in tropical culture ponds of whiteleg shrimp. Aquaculture Environment Interaction 11, 

639–655.  



References 
 

Ferro, L., Gojkovic, Z., Muñoz, R., & Funk, C. (2019). Growth performance and 

nutrient removal of a Chlorella vulgaris- Rhizobium sp. co-culture during mixotrophic 

feed-batch cultivation in synthetic wastewater. Algal Research, 44, 101690. 

Fichez, R. (1991). Suspended particulate organic matter in a Mediterranean submarine 

cave. Marine Biology, 108(1), 167-174. 

Finkler, R. N., Tromboni, F., Boëchat, I. G., Gücker, B., & Gasparini Fernandes Cunha, 

D. (2018). Nitrogen and phosphorus uptake dynamics in tropical Cerrado woodland 

streams. Water, 10(8), 1080. 

Fito, J., & Alemu, K. (2019). Microalgae–bacteria consortium treatment technology for 

municipal wastewater management. Nanotechnology for Environmental 

Engineering, 4(1), 1-9. 

Flaherty, M., & Karnjanakesorn, C. (1995). Marine shrimp aquaculture and natural 

resource degradation in Thailand. Environmental Management, 19(1), 27-37. 

Focardi, S., Pepi, M., Landi, G., Gasperini, S., Ruta, M., Di Biasio, P., & Focardi, S. E. 

(2012). Hexavalent chromium reduction by whole cells and cell free extract of the 

moderate halophilic bacterial strain Halomonas sp. TA-04. International 

Biodeterioration & Biodegradation, 66(1), 63-70. 

Focht, D. D., & Verstraete, W. (1977). Biochemical ecology of nitrification and 

denitrification. In Advances in Microbial Ecology (pp. 135-214). Springer, Boston, MA. 

Foesel, B. U., Gieseke, A., Schwermer, C., Stief, P., Koch, L., Cytryn, E., ... & 

Schramm, A. (2008). Nitrosomonas Nm143-like ammonia oxidizers and Nitrospira 

marina-like nitrite oxidizers dominate the nitrifier community in a marine aquaculture 

biofilm. FEMS Microbiology Ecology, 63(2), 192-204. 

Foladori, P., Petrini, S., Bruni, L., & Andreottola, G. (2020). Bacteria and 

photosynthetic cells in a photobioreactor treating real municipal wastewater: Analysis 

and quantification using flow cytometry. Algal Research, 50, 101969. 



References 
 

Folke, C. (1989). The role of ecosystems for a sustainable development of 

aquaculture. Ambio, 18, 234-243. 

Food and Agriculture Organization of the United Nations (FAO) (2020) The state of 

world fisheries and aquaculture 2020 Sustainability in action. Rome. 

https://doi.org/10.4060/ca9229en 

Food and Agriculture Organization of the United Nations (FAO) Fisheries Department, 

Fishery Information, Data and Statistics Unit. 2019. FishStatJ, a tool for fishery 

statistics analysis, Release: 3.5.0, Universal Software for Fishery Statistical Time 

Series. Global aquaculture production: Quantity 1950–2017; Value 1950–2017; Global 

capture production. Rome, Italy: FAO. p. 1950–2017.  

Food and Agriculture Organization of the United Nations (FAO), 2008. Report of the 

FAO expert workshop on the use of wild fish and/or other aquatic species as feed in 

aquaculture and its implications to food security and poverty alleviation, FAO Fisheries 

Report No. 867. Rome.  

Food and Agriculture Organization of the United Nations (FAO), 2016. The State of 

World Fisheries and Aquaculture 2016. Contributing to food security and nutrition for 

all. Rome. pp. 200. 

Freitas, E. A. C., & Godinho-Orlandi, M. J. L. (1991). Distribution of bacteria in the 

sediment of an oxbow tropical lake (Lagoa do Infernão, SP, 

Brazil). Hydrobiologia, 211(1), 33-41. 

Frias-Espericueta, M. G., Harfush-Melendez, M., & Páez-Osuna, F. (2000). Effects of 

ammonia on mortality and feeding of postlarvae shrimp Litopenaeus vannamei. Bulletin 

of Environmental Contamination and Toxicology, 65(1), 98. 

Fry, J. C. (1987). Functional roles of the major groups of bacteria associated with 

detritus. Detritus and Microbial Ecology in Aquaculture, 14, 83-122. 

Fu, P., & Secundo, F. (2016). Algae and their bacterial consortia for soil 

bioremediation. Chemical Engineering Transactions, 49, 427-432. 

https://doi.org/10.4060/ca9229en


References 
 

Fuentes, J. L., Garbayo, I., Cuaresma, M., Montero, Z., González-del-Valle, M., & 

Vílchez, C. (2016). Impact of microalgae-bacteria interactions on the production of 

algal biomass and associated compounds. Marine Drugs, 14(5), 100. 

Fuller, R. (1992). History and development of probiotics. In Probiotics (pp. 1-8). 

Springer, Dordrecht. 

Funge-Smith, S. J., & Briggs, M. R. (1998). Nutrient budgets in intensive shrimp ponds: 

implications for sustainability. Aquaculture, 164(1-4), 117-133. 

Gamboa-Delgado, J., Nieto-López, M. G., Maldonado-Muñiz, M., Villarreal-Cavazos, 

D., Tapia-Salazar, M., & Cruz-Suárez, L. E. (2020). Comparing the assimilation of 

dietary nitrogen supplied by animal-, plant-and microbial-derived ingredients in Pacific 

white shrimp Litopenaeus vannamei: A stable isotope study. Aquaculture Reports, 17, 

100294. 

Gao, D., Liu, M., Hou, L., Derrick, Y. L., Wang, W., Li, X., ... & Yin, G. (2019). 

Effects of shrimp-aquaculture reclamation on sediment nitrate dissimilatory reduction 

processes in a coastal wetland of southeastern China. Environmental Pollution, 255, 

113219. 

Gao, F., Li, C., Yang, Z. H., Zeng, G. M., Feng, L. J., Liu, J. Z., ... & Cai, H. W. (2016). 

Continuous microalgae cultivation in aquaculture wastewater by a membrane 

photobioreactor for biomass production and nutrients removal. Ecological 

Engineering, 92, 55-61. 

Gar’kusha, D. N., Fedorov, Y. A., Tambieva, N. S., Andreev, Y. A., & Mikhailenko, O. 

A. (2019). Methane in Water and Bottom Sediments of Lake Baikal. Water 

Resources, 46(5), 726-737. 

Garbisu, C., Hall, D. O., & Serra, J. L. (1992). Nitrate and nitrite uptake by free-living 

and immobilized N-started cells of Phormidium laminosum. Journal of Applied 

Phycology, 4(2), 139-148. 



References 
 

Gardner, W. S., & McCarthy, M. J. (2009). Nitrogen dynamics at the sediment–water 

interface in shallow, sub-tropical Florida Bay: why denitrification efficiency may 

decrease with increased eutrophication. Biogeochemistry, 95(2), 185-198. 

Gatesoupe, F. J. (1999). The use of probiotics in aquaculture. Aquaculture, 180(1-2), 

147-165. 

Gerhardt, P., Murray, R. G. E., Costilow, R. N., Nester, E. W., Wood, W. A., Krieg, N. 

R., & Phillips, G. B. (1981) Manual of methods for general bacteriology. American 

Society for Microbiology. 

Ghosh, M., & Chattopadhyay, N. R. (2005). Effects of carbon/nitrogen/phosphorus ratio 

on mineralizing bacterial population in aquaculture systems. Journal of Applied 

Aquaculture, 17(2), 85-98. 

Gildberg, A., Mikkelsen, H., Sandaker, E., & Ringø, E. (1997). Probiotic effect of lactic 

acid bacteria in the feed on growth and survival of fry of Atlantic cod (Gadus 

morhua). Hydrobiologia, 352(1-3), 279-285. 

Glenn, E. P., O'LEARY, J. W., Watson, M. C., Thompson, T. L., & Kuehl, R. O. 

(1991). Salicornia bigelovii Torr.: an oilseed halophyte for seawater 

irrigation. Science, 251(4997), 1065-1067. 

Glick, B. R., Liu, C., Ghosh, S., & Dumbroff, E. B. (1997). Early development of 

canola seedlings in the presence of the plant growth-promoting rhizobacterium 

Pseudomonas putida GR12-2. Soil Biology and Biochemistry, 29(8), 1233-1239. 

Goh, B. H. H., Ong, H. C., Cheah, M. Y., Chen, W. H., Yu, K. L., & Mahlia, T. M. I. 

(2019). Sustainability of direct biodiesel synthesis from microalgae biomass: A critical 

review. Renewable and Sustainable Energy Reviews, 107, 59-74. 

Gonçalves, A. L., Pires, J. C. M., & Simões, M. (2017). A review on the use of 

microalgal consortia for wastewater treatment. Algal Research, 24, 403–415. 



References 
 

Gondwe, M.J., Guildford, S.J., Hecky, R.E., (2012). Tracing the flux of aquaculture 

derived organic wastes in the southeast arm of Lake Malawi using carbon and nitrogen 

stable isotopes. Aquaculture 350e353, 8e18. 

Gonsalves, M. J., Fernandes, C. E., Fernandes, S. O., Kirchman, D. L., & Bharathi, P. 

L. (2011). Effects of composition of labile organic matter on biogenic production of 

methane in the coastal sediments of the Arabian Sea. Environmental Monitoring and 

Assessment, 182(1-4), 385–395.  

González, J. M., Kiene, R. P., & Moran, M. A. (1999). Transformation of Sulfur 

Compounds by an Abundant Lineage of Marine Bacteria in the α-Subclass of the Class 

Proteobacteria. Applied and Environmental Microbiology., 65(9), 3810-3819. 

Gonzalez, L. E., & Bashan, Y. (2000). Increased growth of the microalga Chlorella 

vulgaris when co-immobilized and cocultured in alginate beads with the plant-growth-

promoting bacterium Azospirillum brasilense. Applied and Environmental 

Microbiology, 66(4), 1527-1531. 

Gonzalez-Bashan, L. E., Lebsky, V. K., Hernandez, J. P., Bustillos, J. J., & Bashan, Y. 

(2000). Changes in the metabolism of the microalga Chlorella vulgaris when 

coimmobilized in alginate with the nitrogen-fixing Phyllobacterium myrsinacearum. 

Canadian Journal of Microbiology, 46(7), 653-659. 

Görs, M., Schumann, R., Hepperle, D., & Karsten, U. (2010). Quality analysis of 

commercial Chlorella products used as dietary supplement in human nutrition. Journal 

of Applied Phycology, 22(3), 265-276. 

Grasshoff, K., Kremling, K., & Ehrhardt, M. (Eds.). (2009). Methods of seawater 

analysis. John Wiley & Sons. 

Gray, J. S., Wu, R. S. S., & Or, Y. Y. (2002). Effects of hypoxia and organic 

enrichment on the coastal marine environment. Marine Ecology Progress Series, 238, 

249-279. 

Green, A., & Green, M. (2003). Probiotics in Asian shrimp aquaculture. Asian 

Aquaculture Magazine, March and April, 28-29. 



References 
 

Green, B. W., Phelps, R. P., & Alvarenga, H. R. (1989). The effect of manures and 

chemical fertilizers on the production of Oreochromis niloticus in earthen 

ponds. Aquaculture, 76(1-2), 37-42. 

Green, J. L., Bohannan, B. J., & Whitaker, R. J. (2008). Microbial biogeography: from 

taxonomy to traits. Science, 320(5879), 1039-1043. 

Guillard, R. R. (1975). Culture of phytoplankton for feeding marine invertebrates. 

In Culture of marine invertebrate animals (pp. 29-60). Springer, Boston, MA. 

Guo, Z., & Tong, Y. W. (2014). The interactions between Chlorella vulgaris and algal 

symbiotic bacteria under photoautotrophic and photoheterotrophic conditions. Journal 

of Applied Phycology, 26(3), 1483-1492. 

Guo, Z., Liu, Y., Guo, H., Yan, S., & Mu, J. (2013). Microalgae cultivation using an 

aquaculture wastewater as growth medium for biomass and biofuel production. Journal 

of Environmental Sciences, 25, S85-S88. 

Gutzeit, G., Lorch, D., Weber, A., Engels, M., & Neis, U. (2005). Bioflocculent algal–

bacterial biomass improves low-cost wastewater treatment. Water Science and 

Technology, 52(12), 9-18. 

Halfhide, T., Dalrymple, O. K., Wilkie, A. C., Trimmer, J., Gillie, B., Udom, I., & 

Ergas, S. J. (2015). Growth of an indigenous algal consortium on anaerobically digested 

municipal sludge centrate: photobioreactor performance and modeling. BioEnergy 

Research, 8(1), 249-258. 

Hall, R. J. O., & Tank, J. L. (2003). Ecosystem metabolism controls nitrogen uptake in 

streams in Grand Teton National Park, Wyoming. Limnology and Oceanography, 48(3), 

1120-1128. 

Hammer, D. A. (1996). Creating freshwater wetlands. CRC Press. 

Hammouda, O., Gaber, A., & Abdelraouf, N. (1995). Microalgae and wastewater 

treatment. Ecotoxicology and Environmental Safety, 31(3), 205-210. 



References 
 

Handbook of Fisheries and Aquaculture (2013). Indian Council of Agriculture Research 

(ICAR), India. 

Hargreaves, J. A. (1998). Nitrogen biogeochemistry of aquaculture 

ponds. Aquaculture, 166(3-4), 181-212. 

Hargreaves, J. A., & Tucker, C. S. (2004). Managing ammonia in fish ponds (Vol. 

4603). Stoneville, MS: Southern Regional Aquaculture Center. 

Hariyadi, S., Tucker, C. S., Steeby, J. A., van der Roeg, M., & Boyd, C. E. (1994). 

Environmental conditions and channel catfish Ictalurus punctatus production under 

similar pond management regimes in Alabama and Mississippi. Journal of the World 

Aquaculture Society, 25(2), 236-249. 

Hasan, M. R. & Soto, S. (2017). Improving feed conversion ratio and its impact on 

reducing greenhouse gas emissions in aquaculture. FAO Non-Serial Publication. Rome, 

FAO. 33 pp. 

Haung, H. J. (2003). Important tools to the success of shrimp aquaculture-Aeration and 

the applications of tea seed cake and probiotics. Aqua International February, 2003, 13-

16. 

He, P. J., Mao, B., Lü, F., Shao, L. M., Lee, D. J., & Chang, J. S. (2013). The combined 

effect of bacteria and Chlorella vulgaris on the treatment of municipal wastewaters. 

Bioresource Technology, 146, 562-568. 

Hegaret, H. (2008). Impacts of Harmful Algal Blooms on Physiological and Cellular 

Processes of Bivalve Molluscs. Ph.D. University of Connecticut, United States - 

Connecticut. 

 Hein, L. (2000). Impact of shrimp farming on mangroves along India’s East Coast. 

Unasylva, 51, 48–55. Accessed 13 May 2017.  

Herath, S. S., & Satoh, S. (2015). Environmental impact of phosphorus and nitrogen 

from aquaculture. In Feed and Feeding Practices in Aquaculture (pp. 369-386). 

Woodhead Publishing. 



References 
 

Herbeck, L. S., & Unger, D. (2013). Pond aquaculture effluents traced along back-reef 

waters by standard water quality parameters, δ15N in suspended matter and 

phytoplankton bioassays. Marine Ecology Progress Series, 478, 71-86. 

Herbeck, L. S., Unger, D., Wu, Y., & Jennerjahn, T. C. (2013). Effluent, nutrient and 

organic matter export from shrimp and fishponds causing eutrophication in coastal and 

back-reef waters of NE Hainan, tropical China. Continental Shelf Research, 57, 92-104. 

Hernandez, J. P., de-Bashan, L. E., Rodriguez, D. J., Rodriguez, Y., & Bashan, Y. 

(2009). Growth promotion of the freshwater microalga Chlorella vulgaris by the 

nitrogen-fixing, plant growth-promoting bacterium Bacillus pumilus from arid zone 

soils. European Journal of Soil Biology, 45(1), 88-93. 

Hii, Y. S., SOOº, C. L., Chuah, T. S., Mohd-Azmi, A., & Abol-Munafi, A. B. (2011). 

UPTAKE BY Nannochloropsis sp. Journal of Sustainability Science and 

Management, 6(1), 60-68. 

Ho, A., De Roy, K., Thas, O,, De Neve, J., Hoefman, S., Vandamme, P., Heylen, K., 

Boon, N. (2014). The more, the merrier: heterotroph richness stimulates methanotrophic 

activity. The ISME Journal 8(9):1945.  

Hoefman, S., van der Ha, D., Boon, N., Vandamme, P., De Vos, P., & Heylen, K. 

(2014). Niche differentiation in nitrogen metabolism among methanotrophs within an 

operational taxonomic unit. BMC Microbiology, 14(1), 1-11. 

Hoehler, T. M., Alperin, M. J., Albert, D. B., & Martens, C. S. (1994). Field and 

laboratory studies of methane oxidation in an anoxic marine sediment: Evidence for a 

methanogen‐sulfate reducer consortium. Global Biogeochemical Cycles, 8(4), 451-463. 

Holmer, M., & Kristensen, E. (1992). Impact of marine fish cage farming on 

metabolism and sulfate reduction of underlying sediments. Marine Ecology Progress 

Series. Oldendorf, 80(2), 191-201. 

Hongyang, S., Yalei, Z., Chunmin, Z., Xuefei, Z., &Jinpeng, L. (2011). Cultivation of 

Chlorella pyrenoidosa in soybean processing wastewater. Bioresource 

Technology, 102(21), 9884-9890. 



References 
 

Hopkins, J. S., Hamilton, R. D., Sandier, P. A., Browdy, C. L., & Stokes, A. D. (1993). 

Effect of water exchange rate on production, water quality, effluent characteristics and 

nitrogen budgets of intensive shrimp ponds. Journal of the World Aquaculture 

Society, 24(3), 304-320. 

Hopkins, J. S., Sandifer, P. A., & Browdy, C. L. (1994). Sludge management in 

intensive pond culture of shrimp: effect of management regime on water quality, sludge 

characteristics, nitrogen extinction and shrimp production. Aquacultural 

Engineering, 13(1), 11-30. 

Hopkins, J. S., Sandifer, P. A., DeVoe, M. R., Holland, A. F., Browdy, C. L., & Stokes, 

A. D. (1995). Environmental impacts of shrimp farming with special reference to the 

situation in the continental United States. Estuaries, 18(1), 25-42. 

Hoppe, H. G. (1988) Methods in aquatic bacteriology. (modern microbiological 

methods), Austin B (Ed.), vol XXI. Wiley, Chichester, p425. 

Hostins, B., Braga, A., Lopes, D. L., Wasielesky, W., & Poersch, L. H. (2015). Effect of 

temperature on nursery and compensatory growth of pink shrimp Farfantepenaeus 

brasiliensis reared in a super-intensive biofloc system. Aquacultural Engineering, 66, 

62-67. 

Hou, D., Huang, Z., Zeng, S., Liu, J., Wei, D., Deng, X., & He, J. (2017). 

Environmental factors shape water microbial community structure and function in 

shrimp cultural enclosure ecosystems. Frontiers in Microbiology, 8, 2359. 

Hou, J., Zhang, G., Sun, M., Ye, W., & Song, D. (2016). Methane distribution, sources, 

and sinks in an aquaculture bay (Sanggou Bay, China). Aquaculture Environment 

Interactions, 8, 481–495. 

House, W. A., & Warwick, M. S. (1999). Interactions of phosphorus with sediments in 

the River Swale, Yorkshire, UK. Hydrological Processes, 13(7), 1103-1115. 

Howard, E. C., Sun, S., Biers, E. J., & Moran, M. A. (2008). Abundant and diverse 

bacteria involved in DMSP degradation in marine surface waters. Environmental 

Microbiology, 10(9), 2397-2410. 



References 
 

Hu, X., Liu, J., Liu, H., Zhuang, G., & Xun, L. (2018). Sulfur metabolism by marine 

heterotrophic bacteria involved in sulfur cycling in the ocean. Science China Earth 

Sciences, 61(10), 1369-1378. 

Hu, Z., Lee, J. W., Chandran, K., Kim, S., Sharma, K., & Khanal, S. K. (2014). 

Influence of carbohydrate addition on nitrogen transformations and greenhouse gas 

emissions of intensive aquaculture system. Science of the Total Environment, 470, 193-

200. 

Hu, Z., Lee, J. W., Chandran, K., Kim, S., Sharma, K., Brotto, A. C., & Khanal, S. K. 

(2013). Nitrogen transformations in intensive aquaculture system and its implication to 

climate change through nitrous oxide emission. Bioresource Technology, 130, 314-320. 

Huffman, E. W. D., Jr. (1977). Performance of a new automatic carbon dioxide 

coulometer. Microchemical Journal, 22,567– 573. 

Huo, S., Kong, M., Zhu, F., Qian, J., Huang, D., Chen, P., & Ruan, R. (2020). Co-

culture of Chlorella and wastewater-borne bacteria in vinegar production wastewater: 

Enhancement of nutrients removal and influence of algal biomass generation. Algal 

Research, 45, 101744. 

Hussenot, J., Lefebvre, S., & Brossard, N. (1998). Open-air treatment of wastewater 

from land-based marine fish farms in extensive and intensive systems: current 

technology and future perspectives. Aquatic Living Resources, 11(4), 297-304. 

Hylleberg, J. (1980). The central role of bioturbation in sediment mineralization and 

element re-cycling. Ophelia, Supplementary, 1, 1-16. 

IPCC (2013). The Physical Science Basis. Contribution of Working Group I to the Fifth 

Assessment Report of the Intergovernmental Panel on Climate Change. In T. F. Stocker 

& others (Eds.), Climate Change 2013 (pp. 1535). Cambridge University Press. 

Irianto, A., & Austin, B. (2002). Probiotics in aquaculture. Journal of Fish 

Diseases, 25(11), 633-642. 



References 
 

Islam, M. S. (2005). Nitrogen and phosphorus budget in coastal and marine cage 

aquaculture and impacts of effluent loading on ecosystem: review and analysis towards 

model development. Marine Pollution Bulletin, 50(1), 48-61. 

Islam, M. S., & Tanaka, M. (2004). Impacts of pollution on coastal and marine 

ecosystems including coastal and marine fisheries and approach for management: a 

review and synthesis. Marine Pollution Bulletin, 48(7-8), 624-649. 

Itoi, S., Niki, A., & Sugita, H. (2006). Changes in microbial communities associated 

with the conditioning of filter material in recirculating aquaculture systems of the 

pufferfish Takifugu rubripes. Aquaculture, 256(1-4), 287-295. 

Jackson, C., Preston, N., Thompson, P. J., & Burford, M. (2003). Nitrogen budget and 

effluent nitrogen components at an intensive shrimp farm. Aquaculture, 218(1-4), 397-

411. 

Jameson, J. D. (2003). Role of probiotics in aquaculture practices. Fish Chimes, 23(9). 

Jana, B. B. (2007). Distribution pattern and role of phosphate solubilizing bacteria in the 

enhancement of fertilizer value of rock phosphate in aquaculture ponds: state-of-the-art. 

In First International Meeting on Microbial Phosphate Solubilization (pp. 229-238). 

Springer, Dordrecht. 

Jana, B. B., & Patel, G. N. (1984). Spatial and seasonal variations of phosphate 

solubilizing bacteria in fish ponds of varying fish farming managements. Archivfür 

Hydrobiologie, 101(4), 555-568. 

Jana, B. B., & Patel, G. N. (1985). Distribution pattern of denitrifying bacteria in fish 

ponds of differing farming managements. Archivfür Hydrobiologie, 103(3), 291-303. 

Jana, B. B., Chatterjee, J., Ganguly, S., & Jana, T. (2001). Responses of phosphate 

solubilizing bacteria to qualitatively different fertilization in simulated and natural fish 

ponds. Aquaculture International, 9(1), 17-34. 

Jauffrais, T., Agogué, H., Gemin, M. P., Beaugeard, L., & Martin-Jézéquel, V. (2017). 

Effect of bacteria on growth and biochemical composition of two benthic diatoms 



References 
 

Halamphora coffeaeformis and Entomoneis paludosa. Journal of Experimental Marine 

Biology and Ecology, 495, 65-74. 

Jayanthi, M., Nila Rekha, P., Kavitha, N., Ravichandran, P., (2006). Assessment of the 

impact of aquaculture on Kolleru Lake (India) using remote sensing and geographical 

information system. Aquaculture Research, 37, 1617–1626.  

Jayanthi, M., Thirumurthy, S., Muralidhar, M., & Ravichandran, P. (2018). Impact of 

shrimp aquaculture development on important ecosystems in India. Global 

Environmental Change, 52, 10-21. 

Jenkins, M. C., & Kemp, W. M. (1984). The coupling of nitrification and denitrification 

in two estuarine sediments 1, 2. Limnology and Oceanography, 29(3), 609-619. 

Jimenez, B. J., Rivas, P. R., Lopez, J. G., Pesciaroli, C., Barghini, P., & Fenice, M. 

(2012). Immobilization of Delftia tsuruhatensis in macro-porous cellulose and 

biodegradation of phenolic compounds in repeated batch process. Journal of 

Biotechnology, 157(1), 148-153. 

John, E. M., Krishnapriya, K., & Sankar, T. V. (2020). Treatment of ammonia and 

nitrite in aquaculture wastewater by an assembled bacterial 

consortium. Aquaculture, 526, 735390. 

Joint, I., Henriksen, P., Fonnes, G. A., Bourne, D., Thingstad, T. F., & Riemann, B. 

(2002). Competition for inorganic nutrients between phytoplankton and 

bacterioplankton in nutrient manipulated mesocosms. Aquatic Microbial 

Ecology, 29(2), 145-159. 

Jones, A. B., Preston, N. P., & Dennison, W. C. (2002). The efficiency and condition of 

oysters and macroalgae used as biological filters of shrimp pond effluent. Aquaculture 

Research, 33(1), 1-19. 

Jones, Z. L., Jasper, J. T., Sedlak, D. L., & Sharp, J. O. (2017). Sulfide-induced 

dissimilatory nitrate reduction to ammonium supports anaerobic ammonium oxidation 

(anammox) in an open-water unit process wetland. Applied and Environmental 

Microbiology, 83(15). 



References 
 

Jørgensen, B. B. (1977). Bacterial sulfate reduction within reduced microniches of 

oxidized marine sediments. Marine Biology, 41(1), 7-17. 

Jørgensen, K. S., & Pauli, A. S. L. (1995). Polyphosphate accumulation among 

denitrifying bacteria in activated sludge. Anaerobe, 1(3), 161-168. 

Jory, D. E. (1998). Use of probiotics in penaeid shrimp growout. Aquaculture 

Magazine, 24, 62-67. 

Kamaleson, A. S., Gonsalves, M. J., & Nazareth, D. R. (2019). Interactions of sulfur 

and methane-oxidizing bacteria in tropical estuarine sediments. Environmental 

Monitoring and Assessment, 191(8), 1-18. 

Kanda, J., & Hattori, A. (1988). Ammonium uptake and synthesis of cellular 

nitrogenous macromolecules in phytoplankton. Limnology and 

Oceanography, 33(6part2), 1568-1579. 

Kang, D., Kim, K., Jang, Y., Moon, H., Ju, D., & Jahng, D. (2018). Nutrient removal 

and community structure of wastewater-borne algal-bacterial consortia grown in raw 

wastewater with various wavelengths of light. International Biodeterioration & 

Biodegradation, 126, 10-20. 

Karl, D. M., Beversdorf, L., Björkman, K. M., Church, M. J., Martinez, A., & Delong, 

E. F. (2008). Aerobic production of methane in the sea. Nature Geoscience, 1(7), 473–

478. 

Karthikeyan, P., Manimaran, K., Sampathkumar, P., & Rameshkumar, L. (2013). 

Growth and nutrient removal properties of the diatoms, Chaetoceros curvisetus and C. 

simplex under different nitrogen sources. Applied Water Science, 3(1), 49-55. 

Kaspar, H. F., Hall, G. H., & Holland, A. J. (1988). Effects of sea cage salmon farming 

on sediment nitrification and dissimilatory nitrate reductions. Aquaculture, 70(4), 333-

344. 



References 
 

Kathiravan, V., & Krishnani, K. K. (2014). Diversity of denitrifying bacteria in the 

greenwater system of coastal aquaculture. International Aquatic Research, 6(3), 135-

145. 

Kato, S., Hirobe, H., Maegawo, T. (1985). On the essential sea water parameters to 

discriminate between red tide and non-red tide by discriminate analysis. Bulletin of the 

Japanese Society of Scientific Fisheries 51, 7–12. 

Kautsky, N., Rönnbäck, P., Tedengren, M., & Troell, M. (2000). Ecosystem 

perspectives on management of disease in shrimp pond farming. Aquaculture, 191(1-3), 

145-161. 

Kennedy, S. B., Tucker, J. W., Thoresen, M., & Sennett, D. G. (1998). Current 

methodology for the use of probiotic bacteria in the culture of marine fish larvae. 

Aquaculture 98. World Aquaculture Society. Baton Rouge, 286. 

Kettunen, A., Kaitala, V., Lehtinen, A., Lohila, A., Alm, J., Silvola, J., &Martikainen, 

P. J. (1999). Methane production and oxidation potentials in relation to water table 

fluctuations in two boreal mires. Soil Biology and Biochemistry, 31(12), 1741–1749. 

Khatoon, H., Banerjee, S., Syakir Syahiran, M., Mat Noordin, N. B., Munafi Ambok 

Bolong, A., & Endut, A. (2016). Re-use of aquaculture wastewater in cultivating 

microalgae as live feed for aquaculture organisms. Desalination and Water Treatment, 

57(60), 29295-29302. 

Khojasteh, Z., Davoodi, R., Vaghei, R. G., & Nooryazdan, H. (2013). Survival, 

development and growth of whiteleg shrimp, Litopenaeus vannamei zoea fed with 

monoalgae (Chaetoceros and Tetraselmis) diets. World Journal of Fish and Marine 

Sciences, 5(5), 553-555. 

Kim, K., Hur, J. W., Kim, S., Jung, J. Y., & Han, H. S. (2020). Biological wastewater 

treatment: Comparison of heterotrophs (BFT) with autotrophs (ABFT) in aquaculture 

systems. Bioresource Technology, 296, 122293. 

Klinger, D., & Naylor, R. (2012). Searching for solutions in aquaculture: charting a 

sustainable course. Annual Review of Environment and Resources, 37, 247–276. 



References 
 

Kloepper, J. W. (1994). Plant growth-promoting rhizobacteria (other 

systems). Azospirillum/Plant Associations, 187, 137-166. 

Knud-Hansen, C. F., Batterson, T. R., McNabb, C. D., Harahat, I. S., Sumantadinata, 

K., & Eidman, H. M. (1991a). Nitrogen input, primary productivity and fish yield in 

fertilized freshwater ponds in Indonesia. Aquaculture, 94(1), 49-63. 

Knud-Hansen, C. F., McNabb, C. D., & Batterson, T. R. (1991b). Application of 

limnology for efficient nutrient utilization in tropical pond aquaculture. Internationale 

Vereinigungfürtheoretische und Angewandte Limnologie: Verhandlungen, 24(4), 2541-

2543. 

Kochert, G. (1978). Carbohydrate determination by the phenol- sulfuric acid method. In 

J. A. Hellebust & J. S. Craigie (Eds.), Handbook of phycological methods: 

physiological and bio- chemical methods (pp. 95–97). Cambridge University Press: 

England. 

Kolowith, L. C., Inga Kolowith, L. C., Ingall, E. D., & Benner, R. (2001). Composition 

and cycling of marine organic phosphorus. Limnology and Oceanography, 46, 309–320.  

Könneke, M., Bernhard, A. E., José, R., Walker, C. B., Waterbury, J. B., & Stahl, D. A. 

(2005). Isolation of an autotrophic ammonia-oxidizing marine 

archaeon. Nature, 437(7058), 543-546. 

Kowalchuk, G. A., & Stephen, J. R. (2001). Ammonia-oxidizing bacteria: a model for 

molecular microbial ecology. Annual Reviews in Microbiology, 55(1), 485-529. 

Krishnani, K. K., & Kathiravan, V. (2010). A quantitative method for detecting 

ammonia‐oxidizing bacteria in coastal aquaculture systems. Aquaculture 

Research, 41(11), 1648-1657. 

Krishnani, K. K., Kathiravan, V., Natarajan, M., Kailasam, M., & Pillai, S. M. (2010). 

Diversity of sulfur-oxidizing bacteria in greenwater system of coastal 

aquaculture. Applied Biochemistry and Biotechnology, 162(5), 1225-1237. 



References 
 

Krom, M. D., Erez, J., Porter, C. B., & Ellner, S. (1989). Phytoplankton nutrient uptake 

dynamics in earthen marine fishponds under winter and summer 

conditions. Aquaculture, 76(3-4), 237-253. 

Krom, M. D., Porter, C., & Gordin, H. (1985). Description of the water quality 

conditions in a semi-intensively cultured marine fish pond in Eilat, 

Israel. Aquaculture, 49(2), 141-157. 

Kube, M., Jefferson, B., Fan, L., & Roddick, F. (2018). The impact of wastewater 

characteristics, algal species selection and immobilisation on simultaneous nitrogen and 

phosphorus removal. Algal Research, 31, 478-488. 

Kuebutornye, F. K., Abarike, E. D., & Lu, Y. (2019). A review on the application of 

Bacillus as probiotics in aquaculture. Fish & Shellfish Immunology, 87, 820-828. 

Kumar, A., Ergas, S., Yuan, X., Sahu, A., Zhang, Q., Dewulf, J., ... & Van Langenhove, 

H. (2010). Enhanced CO2 fixation and biofuel production via microalgae: recent 

developments and future directions. Trends in Biotechnology, 28(7), 371-380. 

Kumar, N. R., Archana, K. K., Basha, K. A., Muthulakshmi, T., Joseph, T. C., & 

Prasad, M. M. (2018). Isolation and identification of sulphur oxidizing bacteria from 

freshwater fish farm soil. 

Kumar, S. D., Santhanam, P., Ananth, S., Kaviyarasan, M., Nithya, P., Dhanalakshmi, 

B., ... & Kim, M. K. (2017). Evaluation of suitability of wastewater-grown microalgae 

(Picochlorum maculatum) and copepod (Oithona rigida) as live feed for white leg 

shrimp Litopenaeus vannamei post-larvae. Aquaculture International, 25(1), 393-411. 

Kumar, V. R., Achuthan, C., Manju, N. J., Philip, R., & Singh, I. B. (2009). Stringed 

bed suspended bioreactors (SBSBR) for in situ nitrification in penaeid and non-penaeid 

hatchery systems. Aquaculture International, 17(5), 479-489. 

Kwon, H. K., Oh, S. J., & Yang, H. S. (2013). Growth and uptake kinetics of nitrate and 

phosphate by benthic microalgae for phytoremediation of eutrophic coastal 

sediments. Bioresource Technology, 129, 387-395. 



References 
 

Lamprianidou, F., Telfer, T., & Ross, L. G. (2015). A model for optimization of the 

productivity and bioremediation efficiency of marine integrated multitrophic 

aquaculture. Estuarine, Coastal and Shelf Science, 164, 253-264. 

Lananan, F., Hamid, S. H. A., Din, W. N. S., Khatoon, H., Jusoh, A., & Endut, A. 

(2014). Symbiotic bioremediation of aquaculture wastewater in reducing ammonia and 

phosphorus utilizing Effective Microorganism (EM-1) and microalgae (Chlorella sp.). 

International Biodeterioration & Biodegradation, 95, 127-134. 

Lashof, D. A., & Ahuja, D. R. (1990). Relative contributions of greenhouse gas 

emissions to global warming. Nature, 344(6266), 529-531. 

Lavik, G., Stührmann, T., Brüchert, V., Van der Plas, A., Mohrholz, V., Lam, P., ... & 

Kuypers, M. M. (2009). Detoxification of sulphidic African shelf waters by blooming 

chemolithotrophs. Nature, 457(7229), 581-584. 

Lee, Y. J., & Lei, Z. (2019). Microalgal-bacterial aggregates for wastewater treatment: 

A mini-review. Bioresource Technology Reports, 8, 100199. 

Lefebvre, D. D., & Edwards, C. (2010). Decontaminating heavy metals from water 

using photosynthetic microbes. In Emerging Environmental Technologies, Volume 

II (pp. 57-73). Springer, Dordrecht. 

Lefebvre, S., Hussenot, J., & Brossard, N. (1996). Water treatment of land-based fish 

farm effluents by outdoor culture of marine diatoms. Journal of Applied 

Phycology, 8(3), 193-200. 

Lefebvre, S., Probert, I., Lefrançois, C., & Hussenot, J. (2004). Outdoor phytoplankton 

continuous culture in a marine fish–phytoplankton–bivalve integrated system: combined 

effects of dilution rate and ambient conditions on growth rate, biomass and nutrient 

cycling. Aquaculture, 240(1-4), 211-231. 

Lefebvre, S., Probert, I., Lefrançois, C., & Hussenot, J. (2004). Outdoor phytoplankton 

continuous culture in a marine fish–phytoplankton–bivalve integrated system: combined 

effects of dilution rate and ambient conditions on growth rate, biomass and nutrient 

cycling. Aquaculture, 240(1-4), 211-231. 



References 
 

Lekang, O. I., & Kleppe, H. (2000). Efficiency of nitrification in trickling filters using 

different filter media. Aquacultural Engineering, 21(3), 181-199. 

Leloup, J., Fossing, H., Kohls, K., Holmkvist, L., Borowski, C., & Jørgensen, B. B. 

(2009). Sulfate‐reducing bacteria in marine sediment (Aarhus Bay, Denmark): 

abundance and diversity related to geochemical zonation. Environmental 

Microbiology, 11(5), 1278-1291. 

Lemonnier, H., Courties, C., Mugnier, C., Torréton, J. P., & Herbland, A. (2010). 

Nutrient and microbial dynamics in eutrophying shrimp ponds affected or unaffected by 

vibriosis. Marine Pollution Bulletin, 60(3), 402-411.   

Lemos, P. C., Viana, C., Salgueiro, E. N., Ramos, A. M., Crespo, J. P. S. G., & 

Reiszcorr, M. A. M. (1998). Effect of carbon source on the formation of 

polyhydroxyalkanoates (PHA) by a phosphate-accumulating mixed culture. Enzyme and 

Microbial Technology, 22(8), 662-671. 

Lenk, S. (2011). Molecular ecology of key organisms in sulfur and carbon cycling in 

marine sediments. University of Bremen. 

Lenk, S., Moraru, C., Hahnke, S., Arnds, J., Richter, M., Kube, M., & Mußmann, M. 

(2012). Roseobacter clade bacteria are abundant in coastal sediments and encode a 

novel combination of sulfur oxidation genes. The ISME Journal, 6(12), 2178-2187. 

Li, M., & Lovell, R. T. (1992). Effect of dietary protein concentration on nitrogenous 

waste in intensively fed catfish ponds. Journal of the World Aquaculture Society, 23(2), 

122-127. 

Li, S. S., & Tsai, H. J. (2009). Transgenic microalgae as a non-antibiotic bactericide 

producer to defend against bacterial pathogen infection in the fish digestive tract. Fish 

& Shellfish Immunology, 26(2), 316-325. 

Li, Y., Tang, K., Zhang, L., Zhao, Z., Xie, X., Chen, C. T. A., ... & Zhang, Y. (2018). 

Coupled carbon, sulfur, and nitrogen cycles mediated by microorganisms in the water 

column of a shallow-water hydrothermal ecosystem. Frontiers in Microbiology, 9, 

2718. 



References 
 

Liang, Z., Liu, Y., Ge, F., Liu, N., & Wong, M. (2015). A pH-dependent enhancement 

effect of co-cultured Bacillus licheniformis on nutrient removal by Chlorella vulgaris. 

Ecological Engineering, 75, 258-263. 

Liang, Z., Liu, Y., Ge, F., Xu, Y., Tao, N., Peng, F., & Wong, M. (2013). Efficiency 

assessment and pH effect in removing nitrogen and phosphorus by algae-bacteria 

combined system of Chlorella vulgaris and Bacillus licheniformis. Chemosphere, 

92(10), 1383-1389. 

Lim, S. L., Chu, W. L., & Phang, S. M. (2010). Use of Chlorella vulgaris for 

bioremediation of textile wastewater. Bioresource Technology, 101(19), 7314-7322. 

Lin CK (1995). Progression of intensive marine shrimp culture in Thailand. In 

Swimming Through Troubled Water, Proceeding of the Special Session on Shrimp 

Farming. ed. C. L. and J. S. Hopkins, 13- 23. The World Aquacult., Society, Papers 

presented at Aquaculture ‘95’ February 1-4, 1995. San Diego, California, USA. 

Lin, C. K. (1993). Integrated culture of the green mussel (Pernaviridis) in wastewater 

from an intensive shrimp pond: concept and practice. World Aquaculture, 24, 68-73. 

Lin, C. K., Tansakul, V., & Apinhapath, C. (1988). Biological nitrogen fixation as a 

source of nitrogen input in fishponds. In The Second International Symposium on 

Tilapia in Aquaculture. ICLARM Conference Proceedings (Vol. 15, pp. 53-58). 

Lin, Y. F., Jing, S. R., Lee, D. Y., Chang, Y. F., Chen, Y. M., & Shih, K. C. (2005). 

Performance of a constructed wetland treating intensive shrimp aquaculture wastewater 

under high hydraulic loading rate. Environmental Pollution, 134(3), 411-421. 

Liu, L., Yang, J., Lv, H., & Yu, Z. (2014). Synchronous dynamics and correlations 

between bacteria and phytoplankton in a subtropical drinking water reservoir. FEMS 

Microbiology Ecology, 90(1), 126-138. 

LokaBharathi, P. A. (1989). The occurrence of denitrifying colourless sulphur-oxidising 

bacteria in marine waters and sediments as shown by the agar shake technique. FEMS 

Microbiology Ecology, 5(6), 335-342. 



References 
 

LokaBharathi, P. A., Oak, S., & Chandramohan, D. (1991). Sulfate-reducing bacteria 

[rom mangrove swamps II: Their ecology and physiology. Oceanologica Acta, 14(2), 

163-171. 

Lorenzen, K., Struve, J., & Cowan, V. J. (1997). Impact of farming intensity and water 

management on nitrogen dynamics in intensive pond culture: a mathematical model 

applied to Thai commercial shrimp farms. Aquaculture Research, 28(7), 493-507. 

Løvdal, T., Eichner, C., Grossart, H. P., Carbonnel, V., Chou, L., & Thingstad, T. F. 

(2007). Competition for inorganic and organic forms of nitrogen and phosphorous 

between phytoplankton and bacteria during an Emiliania huxleyi spring bloom (PeECE 

II). Biogeosciences Discussions, 4(5), 3343-3375. 

Lowry, O. H., Rosebrough, N. J., Farr, A. L., & Randall, R. J. (1951). Protein 

measurement with the Folin phenol reagent. Journal of Biological Chemistry, 193(1), 

265–275. 

Lyles, C., Boopathy, R., Fontenot, Q., & Kilgen, M. (2008). Biological treatment of 

shrimp aquaculture wastewater using a sequencing batch reactor. Applied Biochemistry 

and Biotechnology, 151(2-3), 474. 

Madrid, V. M., Taylor, G. T., Scranton, M. I., & Chistoserdov, A. Y. (2001). 

Phylogenetic diversity of bacterial and archaeal communities in the anoxic zone of the 

Cariaco Basin. Applied and Environmental Microbiology, 67(4), 1663-1674. 

Maeda, M. (1994). Biocontrol of the larvae rearing biotope in aquaculture. Bulletin of 

National Research Institute of Aquaculture Supplement, 1:71-74. 

Malik, A. (2004). Metal bioremediation through growing cells. Environment 

International, 30(2), 261-278. 

Mallick, N., (2002). Biotechnological potential of immobilized algae for wastewater N, 

P and metal removal: a review. BioMetals, 15, 377–390. 

Mangold, S., Valdés, J., Holmes, D., & Dopson, M. (2011). Sulfur metabolism in the 

extreme acidophile Acidithiobacillus caldus. Frontiers in Microbiology, 2, 17. 



References 
 

Manju, N. J., Deepesh, V., Achuthan, C., Rosamma, P., & Singh, I. B. (2009). 

Immobilization of nitrifying bacterial consortia on wood particles for bioaugmenting 

nitrification in shrimp culture systems. Aquaculture, 294(1-2), 65-75. 

Marinho, C. C., Campos, E. A., Guimarães, J. R. D., & Esteves, F. A. (2012). Effect of 

sediment composition on methane concentration and production in the transition zone of 

a mangrove (Sepetiba Bay, Rio de Janeiro, Brazil). Brazilian Journal of Biology, 72(3), 

429-436. 

Marinho-Soriano, E., Azevedo, C. A. A., Trigueiro, T. G., Pereira, D. C., Carneiro, M. 

A. A., & Camara, M. R. (2011). Bioremediation of aquaculture wastewater using 

macroalgae and Artemia. International Biodeterioration & Biodegradation, 65(1), 253-

257. 

Marsh, J. B., & Weinstein, D. B. (1966). Simple charring method for determination of 

lipids. Journal of Lipid Research, 7(4), 574-576. 

Martínez‐Córdova, L. R., López‐Elías, J. A., Leyva‐Miranda, G., Armenta‐Ayón, L., & 

Martinez‐Porchas, M. (2011a). Bioremediation and reuse of shrimp aquaculture 

effluents to farm whiteleg shrimp, Litopenaeus vannamei: a first approach. Aquaculture 

Research, 42(10), 1415-1423. 

Martínez-Córdova, L. R., López-Elías, J. A., Martínez-Porchas, M., Bernal-Jaspeado, 

T., & Miranda-Baeza, A. (2011b). Studies on the bioremediation capacity of the adult 

black clam, Chione fluctifraga, of shrimp culture effluents. Revista de Biología Marina 

y Oceanografía, 46(1), 105-113. 

Martínez-Córdova, L. R., MARTÍNEZ PORCHAS, M., & Cortés-Jacinto, E. (2009). 

Camaronicultura mexicana y mundial:¿ actividad sustentable o industria 

contaminante?. Revista Internacional de Contaminación Ambiental, 25(3), 181-196. 

Martinez-Cordova, L. R., Porchas-Cornejo, M. A., Villarreal-Colemnares, H., Calderon-

Perez, J. A., & Naranjo-Paramo, J. (1998). Evaluation of three feeding strategies on the 

culture of white shrimp Penaeus vannamei Boone 1931 in low water exchange 

ponds. Aquacultural Engineering, 17(1), 21-28. 



References 
 

Martinez-Porchas, M., & Martinez-Cordova, L. R. (2012). World aquaculture: 

environmental impacts and troubleshooting alternatives. The Scientific World 

Journal, 2012. 

Martinez-Porchas, M., Martinez-Cordova, L. R., Lopez-Elias, J. A., & Porchas-Cornejo, 

M. A. (2014). Bioremediation of aquaculture effluents. In Microbial Biodegradation 

and Bioremediation (pp. 539-553). Elsevier. 

Marty, D. G. (1993). Methanogenic bacteria in seawater. Limnology and 

Oceanography, 38, 452-456 

Massingill, M. J., Kasckow, E. M., Chamberlain, R. J., Carlberg, J. M., & Van Olst, J. 

C. (1998, July). Constructed wetlands for water treatment in aquaculture. In 

Proceedings of the Second International Symposium on Recirculating Aquaculture, 

Roanoke, VA (pp. 72-79). 

Masuda, K., & Boyd, C. E. (1994). Chemistry of sediment pore water in aquaculture 

ponds built on clayey Ultisols at Auburn, Alabama. Journal of the World Aquaculture 

Society, 25(3), 396-404. 

Mata, T. M., Melo, A. C., Simões, M., & Caetano, N. S. (2012). Parametric study of a 

brewery effluent treatment by microalgae Scenedesmus obliquus. Bioresource 

Technology, 107, 151-158. 

Matias, H. B., Yusoff, F. M., Shariff, M., & Azhar, O. (2002). Effects of commercial 

microbial products on water quality in tropical shrimp culture ponds. Asian Fisheries 

Science, 15(3), 239-248. 

McAllister, P. E., & Bebak, J. (1997). Infectious pancreatic necrosis virus in the 

environment: relationship to effluent from aquaculture facilities. Journal of Fish 

Diseases, 20(3), 201-207. 

McCarthy, J. J. (1981). The kinetics of nutrient utilization. Canadian Bulletin of 

Fisheries and Aquatic Sciences, 210, 211-233. 



References 
 

Mehrabadi, A., Craggs, R., & Farid, M. M. (2015). Wastewater treatment high rate algal 

ponds (WWT HRAP) for low-cost biofuel production. Bioresource Technology, 184, 

202-214. 

Merzouki, M., Delgenes, J. P., Bernet, N., Moletta, R., & Benlemlih, M. (1999). 

Polyphosphate-accumulating and denitrifying bacteria isolated from anaerobic-anoxic 

and anaerobic-aerobic sequencing batch reactors. Current Microbiology, 38(1), 9-17. 

Metcalf, L. (2003). Wastewater engineering: treatment and reuse. Metcalf & Eddy Inc. 

Metzger, R. J., & Boyd, C. E. (1980). Liquid ammonium polyphosphate as a fish pond 

fertilizer. Transactions of the American Fisheries Society, 109(5), 563-570. 

Meunpol, O., Lopinyosiri, K., & Menasveta, P. (2003). The effects of ozone and 

probiotics on the survival of black tiger shrimp (Penaeus 

monodon). Aquaculture, 220(1-4), 437-448. 

Mevel, G., & Chamroux, S. (1981). A study on nitrification in the presence of prawns 

(Penaeus japonicus) in marine closed systems. Aquaculture, 23(1-4), 29-43. 

Meyer, B., Imhoff, J. F., & Kuever, J. (2007). Molecular analysis of the distribution and 

phylogeny of the soxB gene among sulfur‐oxidizing bacteria–evolution of the Sox 

sulfur oxidation enzyme system. Environmental Microbiology, 9(12), 2957-2977. 

Michaud, L., Blancheton, J. P., Bruni, V., & Piedrahita, R. (2006). Effect of particulate 

organic carbon on heterotrophic bacterial populations and nitrification efficiency in 

biological filters. Aquacultural Engineering, 34(3), 224-233. 

Michels, M. H., Vaskoska, M., Vermuë, M. H., & Wijffels, R. H. (2014). Growth of 

Tetraselmis suecica in a tubular photobioreactor on wastewater from a fish farm. Water 

Research, 65, 290-296. 

Milanese, M., Chelossi, E., Manconi, R., Sara, A., Sidri, M., & Pronzato, R. (2003). The 

marine sponge Chondrilla nucula Schmidt, 1862 as an elective candidate for 

bioremediation in integrated aquaculture. Biomolecular Engineering, 20(4-6), 363-368. 



References 
 

Milano, J., Ong, H. C., Masjuki, H. H., Chong, W. T., Lam, M. K., Loh, P. K., & 

Vellayan, V. (2016). Microalgae biofuels as an alternative to fossil fuel for power 

generation. Renewable and Sustainable Energy Reviews, 58, 180-197. 

Milucka, J., Ferdelman, T. G., Polerecky, L., Franzke, D., Wegener, G., Schmid, M., ... 

& Kuypers, M. M. (2012). Zero-valent sulphur is a key intermediate in marine methane 

oxidation. Nature, 491(7425), 541-546. 

Milucka, J., Ferdelman, T. G., Polerecky, L., Franzke, D., Wegener, G., Schmid, M., ... 

& Kuypers, M. M. (2012). Zero-valent sulphur is a key intermediate in marine methane 

oxidation. Nature, 491(7425), 541-546. 

Minkkinen, K., & Laine, J. (2006). Vegetation heterogeneity and ditches create spatial 

variability in methane fluxes from peatlands drained for forestry. Plant and Soil, 285(1-

2), 289-304. 

Mishra, J. K., Samocha, T. M., Patnaik, S., Speed, M., Gandy, R. L., Ali, A. M. (2008) 

Performance of an intensive nursery system for the Pacific white shrimp, Litopenaeus 

vannamei, under limited discharge condition. Aquaculture Engineering, 38, 2–15.  

Mishra, S., Mohanty, S., Pattnaik, P., & Ayyappan, S. (2001). Probiotics: possible 

application in aquaculture. Fish Chimes, 21(1), 31-37. 

Mohanty, B., Vivekanandan, E., Mohanty, S., Mahanty, A., Trivedi, R., Tripathy, M., & 

Sahu, J. (2018). The impact of climate change on marine and inland fisheries and 

aquaculture in India. Climate change impacts on fisheries and aquaculture: a global 

analysis, 2, 569-601. 

Mohapatra, S., Chakraborty, T., Kumar, V., DeBoeck, G., & Mohanta, K. N. (2013). 

Aquaculture and stress management: a review of probiotic intervention. Journal of 

Animal Physiology and Animal Nutrition, 97(3), 405-430. 

Molinuevo-Salces, B., Riaño, B., Hernández, D., & García-González, M. C. (2019). 

Microalgae and wastewater treatment: advantages and disadvantages. In Microalgae 

biotechnology for development of biofuel and wastewater treatment (pp. 505-533). 

Springer, Singapore. 



References 
 

Molnar, N., Welsh, D. T., Marchand, C., Deborde, J., & Meziane, T. (2013). Impacts of 

shrimp farm effluent on water quality, benthic metabolism and N-dynamics in a 

mangrove forest (New Caledonia). Estuarine, Coastal and Shelf Science, 117, 12-21. 

Montoya, R. A., Lawrence, A. L., Grant, W. E., & Velasco, M. (2002). Simulation of 

inorganic nitrogen dynamics and shrimp survival in an intensive shrimp culture 

system. Aquaculture Research, 33(2), 81-94. 

Mook, W. T., Chakrabarti, M. H., Aroua, M. K., Khan, G. M. A., Ali, B. S., Islam, M. 

S., & Hassan, M. A. (2012). Removal of total ammonia nitrogen (TAN), nitrate and 

total organic carbon (TOC) from aquaculture wastewater using electrochemical 

technology: a review. Desalination, 285, 1-13. 

Moran, M. A., Belas, R., Schell, M. A., González, J. M., Sun, F., Sun, S., & Howard, E. 

C. (2007). Ecological genomics of marine roseobacters. Applied and Environmental 

Microbiology., 73(14), 4559-4569. 

Moreno-Garrido, I. (2008). Microalgae immobilization: current techniques and 

uses. Bioresource Technology, 99(10), 3949-3964. 

Moriarty, D. J. (1997). The role of microorganisms in aquaculture 

ponds. Aquaculture, 151(1-4), 333-349. 

Moriarty, D. J. (1999, August). Disease control in shrimp aquaculture with probiotic 

bacteria. In Proceedings of the 8th international symposium on microbial ecology (pp. 

237-243). Atlantic Canada Society for Microbial Ecology Halifax. 

Moriarty, D. J. W. (1996). Microbial biotechnology: a key ingredient for sustainable 

aquaculture. Infofish International, 4, 29-33. 

Moriarty, D.J.W. (1998). Control of luminous Vibrio sp. in penaeid aquaculture ponds. 

Aquaculture, 164:351-358. 

Moriarty, D.J.W. (1999). Disease control in shrimp aquaculture with probiotic bacteria. 

In: Bell, C.R.B., M. Brylinsk, and P. Johnson-Green (eds.)  Microbial bioassays: New 



References 
 

frontiers. Proceedings of the Eighth International Symposium on Microbial Ecology. 

Atlantic Canada Society for Microbial Ecology, Halifax, Canada. 

Mostofa, K. M., Honda, Y., & Sakugawa, H. (2005). Dynamics and optical nature of 

fluorescent dissolved organic matter in river waters in Hiroshima prefecture, Japan. 

Geochemical Journal, 39(3), 257-271. 

Mouget, J. L., Dakhama, A., Lavoie, M. C., & de la Noüe, J. (1995). Algal growth 

enhancement by bacteria: is consumption of photosynthetic oxygen involved? FEMS 

Microbiology Ecology, 18(1), 35-43. 

MPEDA (1992) Handbook of Shrimp Farming. Marine Products Export Development 

Authority, Cochin, 74 pp. 

MPEDA, (2016). The Marine Product Development Authority (MPEDA) State-wise 

details of shrimp and scampi production. Accessed 13 February 2018. 

http://mpeda.gov.in.  

Muangkeow, B., Ikejima, K., Powtongsook, S., & Yi, Y. (2007). Effects of white 

shrimp, Litopenaeus vannamei (Boone), and Nile tilapia, Oreochromis niloticus L., 

stocking density on growth, nutrient conversion rate and economic return in integrated 

closed recirculation system. Aquaculture, 269(1-4), 363-376. 

Mujahid, T. Y., Siddiqui, K., Ahmed, R., Kazmi, S. U., & Ahmed, N. (2014). Isolation 

and partial characterization of phosphate solubilizing bacteria isolated from soil and 

marine samples. Pakistan Journal of Pharmaceutical Sciences, 27, 1483-1490. 

Mujtaba, G., & Lee, K. (2016). Advanced treatment of wastewater using symbiotic co-

culture of microalgae and bacteria. Applied Chemistry for Engineering, 27(1), 1-9. 

Mulbry, W., Kondrad, S., & Pizarro, C. (2007). Biofertilizers from algal treatment of 

dairy and swine manure effluents: characterization of algal biomass as a slow-release 

fertilizer. Journal of Vegetable Science, 12(4), 107-125. 

Mulbry, W., Kondrad, S., Pizarro, C., & Kebede-Westhead, E. (2008). Treatment of 

dairy manure effluent using freshwater algae: algal productivity and recovery of manure 



References 
 

nutrients using pilot-scale algal turf scrubbers. Bioresource Technology, 99(17), 8137-

8142. 

Munoz, R., & Guieysse, B. (2006). Algal–bacterial processes for the treatment of 

hazardous contaminants: a review. Water Research, 40(15), 2799-2815. 

Musenze, R. S., Fan, L., Grinham, A., Werner, U., Gale, D., Udy, J., & Yuan, Z. G. 

(2016). Methane dynamics in subtropical freshwater reservoirs and the mediating 

microbial communities. Biogeochemistry, 128(1‐2), 233–255.  

Nagadomi, H., Hiromitsu, T., Takeno, K., Watanabe, M., & Sasaki, K. (1999). 

Treatment of aquarium water by denitrifying photosynthetic bacteria using immobilized 

polyvinyl alcohol beads. Journal of Bioscience and Bioengineering, 87(2), 189-193. 

Nakayama, T., Lu, H., & Nomura, N. (2009). Inhibitory effects of Bacillus probionts on 

growth and toxin production of Vibrio harveyi pathogens of shrimp. Letters in Applied 

Microbiology, 49(6), 679-684. 

Nasir, N. M., Bakar, N. S. A., Lananan, F., Hamid, S. H. A., Lam, S. S., & Jusoh, A. 

(2015). Treatment of African catfish, Clarias gariepinus wastewater utilizing 

phytoremediation of microalgae, Chlorella sp. with Aspergillus niger bio-harvesting. 

Bioresource Technology, 190, 492-498. 

Nayak, A. K., A. K. Reddy & R. A. Pawar. (2003). Use of probiotics in aquaculture. 

Fishing Chimes, 22 (10/11): 40-43. 

Naylor, R. L., Goldburg, R. J., Mooney, H., Beveridge, M., Clay, J., Folke, C., ... & 

Williams, M. (1998). Nature's subsidies to shrimp and salmon farming. 

Naylor, R. L., Goldburg, R. J., Primavera, J. H., Kautsky, N., Beveridge, M. C., Clay, J., 

... & Troell, M. (2000). Effect of aquaculture on world fish supplies. Nature, 405(6790), 

1017-1024. 

Neori, A., Chopin, T., Troell, M., Buschmann, A. H., Kraemer, G. P., Halling, C., ... & 

Yarish, C. (2004). Integrated aquaculture: rationale, evolution and state of the art 



References 
 

emphasizing seaweed biofiltration in modern mariculture. Aquaculture, 231(1-4), 361-

391. 

Neori, A., Msuya, F. E., Shauli, L., Schuenhoff, A., Kopel, F., & Shpigel, M. (2003). A 

novel three-stage seaweed (Ulva lactuca) biofilter design for integrated mariculture. 

Journal of Applied Phycology, 15(6), 543-553. 

Neue, H. U., Gaunt, J. L., Wang, Z. P., Becker-Heidmann, P., & Quijano, C. (1997). 

Carbon in tropical wetlands. Geoderma, 79(1–4), 163–185. 

Noriega-Curtis, P. (1979). Primary productivity and related fish yield in intensely 

manured fishponds. Aquaculture, 17(4), 335-344. 

Nyerges, G., & Stein, L. Y. (2009). Ammonia cometabolism and product inhibition vary 

considerably among species of methanotrophic bacteria. FEMS Microbiology 

Letters, 297(1), 131-136. 

Nyerges, G., Han, S. K., & Stein, L. Y. (2010). Effects of ammonium and nitrite on 

growth and competitive fitness of cultivated methanotrophic bacteria. Applied and 

Environmental Microbiology, 76(16), 5648-5651. 

Ogilvie, B. G., Rutter, M., & Nedwell, D. B. (1997). Selection by temperature of 

nitrate-reducing bacteria from estuarine sediments: species composition and competition 

for nitrate. FEMS Microbiology Ecology, 23(1), 11-22. 

Ojha, A., & Chakrabarty, A. (2018). Brackish Water Aquaculture Development and its 

Impacts on Agriculture Land: A Case Study on Coastal Blocks of Purba Medinipur 

District, West Bengal, India Using Multi-Temporal Satellite Data and GIS Techniques. 

International Journal of Applied Engineering Research, 13(11), 10115-10123. 

Oswald, W. J., Gotaas, H. B., Golueke, C. G., Kellen, W. R., Gloyna, E. F., & 

Hermann, E. R. (1957). Algae in waste treatment [with discussion]. Sewage and 

Industrial Wastes, 29(4), 437-457. 

Oswald, W., & Gotass, H. (1957). Photosynthesis in sewage treatment. Transactions of 

the American Society of Civil Engineers, 122. 



References 
 

Pack, M. A., Heintz, M. B., Reeburgh, W. S., Trumbore, S. E., Valentine, D. L., Xu, X., 

& Druffel, E. R. (2011). A method for measuring methane oxidation rates using low 

levels of 14C‐labeled methane and accelerator mass spectrometry. Limnology and 

Oceanography: Methods, 9(6), 245-260. 

Páez-Osuna, F. (2001). The environmental impact of shrimp aquaculture: causes, effects 

and mitigating alternatives. Environmental Management, 28(1), 131-140. 

Páez-Osuna, F., Guerrero-Galván, S. R., & Ruiz-Fernández, A. C. (1998). The 

environmental impact of shrimp aquaculture and the coastal pollution in 

Mexico. Marine Pollution Bulletin, 36(1), 65-75. 

Páez-Osuna, F., Guerrero-Galván, S. R., Ruiz-Fernández, A. C., & Espinoza-Angulo, R. 

(1997). Fluxes and mass balances of nutrients in a semi-intensive shrimp farm in north-

western Mexico. Marine Pollution Bulletin, 34(5), 290-297. 

Páez-Osuna, F., Hendrickx-Reners, M., & Cortés-Altamirano, R. (1994). Efecto de la 

calidad del agua y composición biológica sobre la producción en granjas 

camaronícolas. Informe final CONACYT proyecto, 0625-N9110. 

Painter, H. A. (1970). A review of literature on inorganic nitrogen metabolism in 

microorganisms. Water Research, 4(6), 393-450. 

Palumbo, A. V., Schryver, J. C., Fields, M. W., Bagwell, C. E., Zhou, J. Z., Yan, T., ... 

& Brandt, C. C. (2004). Coupling of functional gene diversity and geochemical data 

from environmental samples. Applied and Environmental Microbiology, 70(11), 6525-

6534. 

Pang, J., Liu, L., Liu, X., Wang, Y., Chen, B., Wu, S., ... & Xu, X. (2020). A novel 

identified Pseudomonas aeruginosa, which exhibited nitrate‐and nitrite‐dependent 

methane oxidation abilities, could alleviate the disadvantages caused by nitrate 

supplementation in rumen fluid fermentation. Microbial Biotechnology. 

Panhwar, Q. A., Jusop, S., Naher, U. A., Othman, R., & Razi, M. I. (2013). Application 

of potential phosphate-solubilizing bacteria and organic acids on phosphate 

solubilization from phosphate rock in aerobic rice. The Scientific World Journal, 2013. 



References 
 

Panhwar, Q. A., Othman, R., Rahman, Z. A., Meon, S., & Ismail, M. R. (2012). 

Isolation and characterization of phosphate-solubilizing bacteria from aerobic 

rice. African Journal of Biotechnology, 11(11), 2711-2719. 

Paniagua-Michel, J., & Garcia, O. (2003). Ex-situ bioremediation of shrimp culture 

effluent using constructed microbial mats. Aquacultural Engineering, 28(3-4), 131-139. 

Panigrahi, A., & Azad, I. S. (2007). Microbial intervention for better fish health in 

aquaculture: the Indian scenario. Fish Physiology and Biochemistry, 33(4), 429-440. 

Paredes, D., Kuschk, P., Mbwette, T. S. A., Stange, F., Müller, R. A., & Köser, H. 

(2007). New aspects of microbial nitrogen transformations in the context of wastewater 

treatment–a review. Engineering in Life Sciences, 7(1), 13-25. 

Park, E. J., Seo, J. K., Kim, M. R., Jung, I. H., yun Kim, J., & Kim, S. K. (2001). 

Salinity acclimation of immobilized freshwater denitrifier. Aquacultural 

Engineering, 24(3), 169-180. 

Park, J. B. K., & Craggs, R. J. (2011). Algal production in wastewater treatment high-

rate algal ponds for potential biofuel use. Water Science and Technology, 63(10), 2403-

2410. 

Park, Y., Je, K. W., Lee, K., Jung, S. E., & Choi, T. J. (2008). Growth promotion of 

Chlorella ellipsoidea by co-inoculation with Brevundimonas sp. isolated from the 

microalga. Hydrobiologia, 598(1), 219-228. 

Parsons, T.R., Maita, Y. and Lalli, C.M. (1984). A Manual of Chemical and Biological 

Methods for Seawater Analysis. Pergamon, New York, pp. 52-71. 

Patil, P. K., Muralidhar, M., Solanki, H. G., Patel, P. P., Patel, K., & Gopal, C. (2015). 

Effect of culture intensity and probiotics application on microbiological and 

environmental pramaters in Litopenaeus vannamei culture ponds. 

Patil, P. K., Muralidhar, M., Solanki, H. G., Patel, P. P., Patel, K., & Gopal, C. (2015). 

Effect of culture intensity and probiotics application on microbiological and 



References 
 

environmental parameters in Litopenaeus vannamei culture ponds. FS-CIBA-

Publication. 

Paulraj, R., Rajagopalan, M., Vijayakumaran, M., Vivekanandan, E., & Sathiadhas, R. 

(1998). Environmental and social issues in coastal aquaculture: a case study. Bay of 

Bengal News (FAO/BOBP). 

Peharda, M., Župan, I., Bavčević, L., Frankić, A., & Klanjs̆ček, T. (2007). Growth and 

condition index of mussel Mytilus galloprovincialis in experimental integrated 

aquaculture. Aquaculture Research, 38(16), 1714-1720. 

Peng, Y. Z., Wang, X. L., & Li, B. K. (2006). Anoxic biological phosphorus uptake and 

the effect of excessive aeration on biological phosphorus removal in the A2O process. 

Desalination, 189(1-3), 155-164. 

Phillips, M. J., Kweilin, C., & Beveridge, M. C. M. (1993). Shrimp culture and the 

environment: lessons from the world's most rapidly expanding warmwater aquaculture 

sector. 

Pieper, D. H., & Reineke, W. (2000). Engineering bacteria for bioremediation. Current 

Opinion in Biotechnology, 11(3), 262-270. 

Pillay, T.V.R. (1992). Aquaculture and the Environment. Fishing New Books. England. 

Pittman, J. K., Dean, A. P., & Osundeko, O. (2011). The potential of sustainable algal 

biofuel production using wastewater resources. Bioresource Technology, 102(1), 17-25. 

Pokorna, D., & Zabranska, J. (2015). Sulfur-oxidizing bacteria in environmental 

technology. Biotechnology Advances, 33(6), 1246-1259. 

Ponce-Palafox, J. T., Pavia, Á. A., López, D. G. M., Arredondo-Figueroa, J. L., Lango-

Reynoso, F., del Refugio Castañeda-Chávez, M., ... & Peraza-Gómez, V. (2019). 

Response surface analysis of temperature-salinity interaction effects on water quality, 

growth and survival of shrimp Penaeus vannamei postlarvae raised in biofloc intensive 

nursery production. Aquaculture, 503, 312-321. 

https://krishi.icar.gov.in/jspui/handle/123456789/467
https://krishi.icar.gov.in/jspui/handle/123456789/467


References 
 

Ponce-Palafox, J., Martinez-Palacios, C. A., & Ross, L. G. (1997). The effects of 

salinity and temperature on the growth and survival rates of juvenile white shrimp, 

Penaeus vannamei, Boone, 1931. Aquaculture, 157(1-2), 107-115. 

Posadas, E., García-Encina, P. A., Soltau, A., Domínguez, A., Díaz, I., & Muñoz, R. 

(2013). Carbon and nutrient removal from centrates and domestic wastewater using 

algal–bacterial biofilm bioreactors. Bioresource Technology, 139, 50-58. 

Posadas, E., Muñoz, R., & Guieysse, B. (2017). Integrating nutrient removal and solid 

management restricts the feasibility of algal biofuel generation via wastewater 

treatment. Algal Research, 22, 39-46. 

Prabhu, N. M., Nazar, A. R., Rajagopal, S., & Khan, S. A. (1999). Use of probiotics in 

water quality management during shrimp culture. Journal of Aquaculture in the Tropics, 

14: 227–236. 

Primavera, J. H. (1991). Intensive prawn farming in the Philippines: ecological, 

socialand economic implications. AMBIO: A Journal of the Human Environment, 20(1), 

28-33. 

Primavera, J. H. (1997). Socio‐economic impacts of shrimp culture. Aquaculture 

Research, 28(10), 815-827. 

Primavera, J. H. (1998). Shrimp culture in the tropics and its long-term sustainability. 

In: De Silva, S.S. Ed.., Tropical Mariculture Academic Press, London. 

Primavera, J. H., Lavilla-Pitogo, C. R., Ladja, J. M., & Pena, M. D. (1993). A survey of 

chemical and biological products used in intensive prawn farms in the 

Philippines. Marine Pollution Bulletin, 26(1), 35-40. 

Purvaja, R., & Ramesh, R. (2001). Natural and anthropogenic methane emission from 

coastal wetlands of South India. Environmental Management, 27(4), 547-557. 

Qin, Y., Hou, J., Deng, M., Liu, Q., Wu, C., Ji, Y., & He, X. (2016). Bacterial 

abundance and diversity in pond water supplied with different feeds. Scientific 

Reports, 6(1), 1-13. 



References 
 

Queiroz, H. M., Artur, A. G., Taniguchi, C. A. K., da Silveira, M. R. S., do Nascimento, 

J. C., Nóbrega, G. N., ... & Ferreira, T. O. (2019). Hidden contribution of shrimp 

farming effluents to greenhouse gas emissions from mangrove soils. Estuarine, Coastal 

and Shelf Science, 221, 8-14. 

Rahmatullah, S. M., & Beveridge, M. C. M. (1993). Ingestion of bacteria in suspension 

Indian major carps (Catlacatla, Labeorohita) and Chinese carps (Hypophthalmichthys 

molitrix, Aristichthys nobilis). Hydrobiologia, 264(2), 79-84. 

Raja, R., Hemaiswarya, S., Kumar, N. A., Sridhar, S., & Rengasamy, R. (2008). A 

perspective on the biotechnological potential of microalgae. Critical Reviews in 

Microbiology, 34(2), 77-88. 

Ram, N. (1981). Microbial and chemical changes occurring at the mud-water interface 

in an experimental fish aquarium. 

Ram, N. M., Zur, O., & Avnimelech, Y. (1982). Microbial changes occurring at the 

sediment-water interface in an intensively stocked and fed fishpond. Aquaculture, 27(1), 

63-72. 

Rao, P. S., Karunasagar, I., Otta, S. K., & Karunasagar, I. (2000). Incidence of bacteria 

involved in nitrogen and sulphur cycles in tropical shrimp culture ponds. Aqua 

International, 8, 463-472. 

Rao, V. A. (2002). Bioremediation technology to maintain healthy ecology in 

aquaculture ponds. Fishing Chimes. September, 22(6), 39-42. 

Raslavičius, L., Semenov, V. G., Chernova, N. I., Keršys, A., & Kopeyka, A. K. (2014). 

Producing transportation fuels from algae: In search of synergy. Renewable and 

Sustainable Energy Reviews, 40, 133-142. 

Raven, J. A. (1984). A cost‐benefit analysis of photon absorption by photosynthetic 

unicells. New Phytologist, 98(4), 593-625. 



References 
 

Rawat, I., Kumar, R. R., Mutanda, T., & Bux, F. (2011). Dual role of microalgae: 

phycoremediation of domestic wastewater and biomass production for sustainable 

biofuels production. Applied Energy, 88(10), 3411-3424. 

Rawson Jr, M. V., Chen, C., Ji, R., Zhu, M., Wang, D., Wang, L., ... & Carmona, R. 

(2002). Understanding the interaction of extractive and fed aquaculture using ecosystem  

Ray, A. J., Dillon, K. S., & Lotz, J. M. (2011). Water quality dynamics and shrimp 

(Litopenaeus vannamei) production in intensive, mesohaline culture systems with two 

levels of biofloc management. Aquacultural Engineering, 45(3), 127-136. 

Ray, A. J., Seaborn, G., Leffler, J. W., Wilde, S. B., Lawson, A., & Browdy, C. L. 

(2010). Characterization of microbial communities in minimal-exchange, intensive 

aquaculture systems and the effects of suspended solids 

management. Aquaculture, 310(1-2), 130-138. 

Reddy, K. R., Kadlec, R. H., Flaig, E., & Gale, P. M. (1999). Phosphorus retention in 

streams and wetlands: a review. Critical reviews in Environmental Science and 

Technology, 29(1), 83-146. 

Reinaldo Finkler, N., Tromboni, F., Boëchat, I. G., Gücker, B., & Gasparini Fernandes 

Cunha, D. (2018). Nitrogen and phosphorus uptake dynamics in tropical Cerrado 

woodland streams. Water, 10(8), 1080. 

Reitan, K. I., Rainuzzo, J. R., Øie, G., & Olsen, Y. (1997). A review of the nutritional 

effects of algae in marine fish larvae. Aquaculture, 155(1-4), 207-221. 

Renuka, N., Sood, A., Ratha, S. K., Prasanna, R., & Ahluwalia, A. S. (2013). Nutrient 

sequestration, biomass production by microalgae and phytoremediation of sewage 

water. International Journal of Phytoremediation, 15(8), 789-800. 

Revsbech, N. P., Sorensen, J., Blackburn, T. H., & Lomholt, J. P. (1980). Distribution 

of oxygen in marine sediments measured with microelectrodes 1. Limnology and 

Oceanography, 25(3), 403-411. 



References 
 

Richard, G., Boiffin, J., & Duval, Y. (1995). Direct drilling of sugar beet (Beta vulgaris 

L.) into a cover crop: effects on soil physical conditions and crop establishment. Soil 

and Tillage Research, 34(3), 169-185. 

Richards, D.R., Friess, D.A., 2016. Rates and drivers of mangrove deforestation in 

Southeast Asia, 2000–2012. Proceedings of the National Academy of Sciences, 113, 

344–349.  

Ridler, N., Barrington, K., Robinson, B., Wowchuk, M., Chopin, T., Robinson, S., ... & 

Boyne-Travis, S. (2007). Integrated multitrophic aquaculture. Canadian project 

combines salmon, mussels, kelps. Global Aquaculture Advocate, 10(2), 52-55. 

Riquelme, C. E., & Ishida, Y. (1989). Interaction between microalgae and bacteria in 

coastal seawater. Memoirs of The College of Agriculture-Kyoto University (Japan). 

Rivera‐Monroy, V. H., Torres, L. A., Bahamon, N., Newmark, F., & Twilley, R. R. 

(1999). The potential use of mangrove forests as nitrogen sinks of shrimp aquaculture 

pond effluents: the role of denitrification. Journal of the World Aquaculture 

Society, 30(1), 12-25. 

Robertson, A. I., & Phillips, M. J. (1995). Mangroves as filters of shrimp pond effluent: 

predictions and biogeochemical research needs. Hydrobiologia, 295(1-3), 311-321. 

Roden, E. E., & Edmonds, J. W. (1997). Phosphate mobilization in iron-rich anaerobic 

sediments: microbial Fe (III) oxide reduction versus iron-sulfide formation. Archivfür 

Hydrobiologie, 347-378. 

Rodina, A. G. (1972). Methods in aquatic microbiology, University Park Press, 

Rosenberry, B. (1998). World shrimp farming. Shrimp News International, San Diego, 

California, 328 pp. 

Roy, R., & Knowles, R. (1995). Differential inhibition by allyl sulfide of nitrification 

and methane oxidation in freshwater sediment. Applied and Environmental 

Microbiology, 61(12), 4278-4283. 



References 
 

Rubert, K.F.I.V. (2008). Tetracycline Antibiotic Distribution and Transformation in 

Aquatic Systems. Ph.D. The University of Wisconsin e Madison, United States - 

Wisconsin. 

Rysgaard, S., Risgaard‐Petersen, N., Niels Peter, S., Kim, J., & Lars Peter, N. (1994). 

Oxygen regulation of nitrification and denitrification in sediments. Limnology and 

Oceanography, 39(7), 1643-1652. 

Sabu, E. A., Gonsalves, M. J., Sreepada, R. A., Shivaramu, M. S., & Ramaiah, N. 

(2020). Evaluation of the Physiological Bacterial Groups in a Tropical Biosecured, 

Zero-Exchange System Growing Whiteleg Shrimp, Litopenaeus vannamei. Microbial 

Ecology, 81(2), 335-346. 

Sahu, M. K., Swarnakumar, N. S., Sivakumar, K., Thangaradjou, T., & Kannan, L. 

(2008). Probiotics in aquaculture: importance and future perspectives. Indian Journal of 

Microbiology, 48(3), 299-308. 

Saikia, R., Singh, B. P., Kumar, R., & Arora, D. K. (2005). Detection of pathogenesis-

related proteins–chitinase and β-1, 3-glucanase in induced chickpea. Current Science, 

659-663. 

Saliling, W. J. B., Westerman, P. W., & Losordo, T. M. (2007). Wood chips and wheat 

straw as alternative biofilter media for denitrification reactors treating aquaculture and 

other wastewaters with high nitrate concentrations. Aquacultural Engineering, 37(3), 

222-233. 

Sanares, R. C., Katase, S. A., Fast, A. W., & Carpenter, K. E. (1986). Water quality 

dynamics in brackish water shrimp ponds with artificial aeration and circulation. In 1. 

Asian Fisheries Forum, Manila (Philippines), 26-31 May 1986. 

Sandifer, P. A., & Hopkins, J. S. (1996). Conceptual design of a sustainable pond-based 

shrimp culture system. Aquacultural Engineering, 15(1), 41-52. 

Schock, T. B., Duke, J., Goodson, A., Weldon, D., Brunson, J., Leffler, J. W., & 

Bearden, D. W. (2013). Evaluation of Pacific white shrimp (Litopenaeus vannamei) 



References 
 

health during a superintensive aquaculture growout using NMR-based 

metabolomics. PLoS One, 8(3), e59521. 

Schoebitz, M., Ceballos, C., & Ciamp, L. (2013). Effect of immobilized phosphate 

solubilizing bacteria on wheat growth and phosphate uptake. Journal of Soil Science 

and Plant Nutrition, 13(1), 1-10. 

Schoebitz, M., Simonin, H., & Poncelet, D. (2012). Starch filler and osmoprotectants 

improve the survival of rhizobacteria in dried alginate beads. Journal of 

Microencapsulation, 29(6), 532-538. 

Schroeder, G. L. (1978). Autotrophic and heterotrophic production of micro-organisms 

in intensely manured fishponds and related fish yields. Aquaculture, 14(4), 303-325. 

Schroeder, G. L., Alkon, A., & Laher, M. (1991). Nutrient flow in pond aquaculture 

systems. Aquaculture and water quality. Advances in World Aquaculture, 3, 489-505. 

Schroeder, G. L., Wohlfarth, G., Alkon, A., Halevy, A., & Krueger, H. (1990). The 

dominance of algal-based food webs in fishponds receiving chemical fertilizers plus 

organic manures. Aquaculture, 86(2-3), 219-229. 

Schulz, C., Gelbrecht, J., & Rennert, B. (2003). Treatment of rainbow trout farm 

effluents in constructed wetland with emergent plants and subsurface horizontal water 

flow. Aquaculture, 217(1-4), 207-221. 

Seitzinger, S. P. (1990). Denitrification in aquatic sediments. In ‘Denitrification in Soil 

and Sediment’. (Eds NP Revsbech and J. Sorensen.) pp. 301–322. 

Shaher, S., Chanda, A., Das, S., Das, I., Giri, S., Samanta, S., ... & Mukherjee, A. D. 

(2020). Summer methane emissions from sewage water–fed tropical shallow 

aquaculture ponds characterized by different water depths. Environmental Science and 

Pollution Research, 1-14. 

Shapleigh, J. P. (2009). Dissimilatory and assimilatory nitrate reduction in the purple 

photosynthetic bacteria. In The purple phototrophic bacteria (pp. 623-642). Springer, 

Dordrecht. 



References 
 

Shariff, M., Yusoff, F. M., Devaraja, T. N., & Rao, P. S. (2001). The effectiveness of a 

commercial microbial product in poorly prepared tiger shrimp, Penaeus monodon 

(Fabricius), ponds. Aquaculture Research, 32(3), 181-187. 

Sherr, E. (2000). Marine microbes: an overview. Microbial Ecology of the Oceans, 13-

46. 

Shpigel, M. (2005). Bivalves as biofilters and valuable byproducts in land-based 

aquaculture systems. In The comparative roles of suspension-feeders in ecosystems (pp. 

183-197). Springer, Dordrecht. 

Shpigel, M., Neori, A., Popper, D. M., & Gordin, H. (1993). A proposed model for 

“environmentally clean” land-based culture of fish, bivalves and 

seaweeds. Aquaculture, 117(1-2), 115-128. 

Shuba, E. S., & Kifle, D. (2018). Microalgae to biofuels: ‘Promising’alternative and 

renewable energy, review. Renewable and Sustainable Energy Reviews, 81, 743-755. 

Siddiqi, M. Z., Kim, S. B., Cho, J. C., Yoon, J. H., Joh, K. S., Seong, C. N., & Im, W. 

T. (2017). Description of 39 unrecorded bacterial species in Korea, belonging to the 

class Alphaproteobacteria. Journal of Species Research, 6(2), 141-153. 

Silva-Benavides, A. M., & Torzillo, G. (2012). Nitrogen and phosphorus removal 

through laboratory batch cultures of microalga Chlorella vulgaris and cyanobacterium 

Planktothrix isothrix grown as monoalgal and as co-cultures. Journal of Applied 

Phycology, 24(2), 267-276. 

Simard, M., Rivera-Monroy, V. H., Mancera-Pineda, J. E., Castañeda-Moya, E., & 

Twilley, R. R. (2008). A systematic method for 3D mapping of mangrove forests based 

on Shuttle Radar Topography Mission elevation data, ICEsat/GLAS waveforms and 

field data: Application to Ciénaga Grande de Santa Marta, Colombia. Remote Sensing of 

Environment, 112(5), 2131-2144.  

Sindilariu, P. D., Schulz, C., & Reiter, R. (2007). Treatment of flow-through trout 

aquaculture effluents in a constructed wetland. Aquaculture, 270(1-4), 92-104. 



References 
 

Singer, E., Webb, E. A., Nelson, W. C., Heidelberg, J. F., Ivanova, N., Pati, A., & 

Edwards, K. J. (2011). Genomic potential of Marinobacter aquaeolei, a biogeochemical 

“opportunitroph”. Applied and Environmental Microbiology, 77(8), 2763-2771. 

Singh, I. S. B., Jayaprakash, N. S., & Somnath, P. (2001, January). Antagonistic 

bacteria as gut probiotics. IP 24. In National Workshop on Aquaculture Medicine (pp. 

55-59). 

Singh, N. K., Gupta, G., Upadhyay, A. K., & Rai, U. N. (2019). Biological wastewater 

treatment for prevention of river water pollution and reuse: perspectives and challenges. 

In Water conservation, recycling and reuse: issues and challenges (pp. 81-93). 

Springer, Singapore. 

Sirakov, I. N., & Velichkova, K. N. (2014). Bioremediation of wastewater originate 

from aquaculture and biomass production from microalgae species-Nannochloropsis 

oculata and Tetraselmischuii. Bulgarian Journal of Agricultural Science, 20(1), 66-72. 

Solimeno, A., Parker, L., Lundquist, T., & García, J. (2017). Integral microalgae-

bacteria model (BIO_ALGAE): Application to wastewater high-rate algal 

ponds. Science of the Total Environment, 601, 646-657. 

Sommer, S. G., & Olesen, J. E. (1991). Effects of dry matter content and temperature on 

ammonia loss from surface‐applied cattle slurry (Vol. 20, No. 3, pp. 679-683). 

American Society of Agronomy, Crop Science Society of America, and Soil Science 

Society of America. 

Sorokin, D. Y. (2003). Oxidation of inorganic sulfur compounds by obligately 

organotrophic bacteria. Microbiology, 72(6), 641-653. 

Spotte, S. (1979). Fish and invertebrate culture: water management in closed systems-2. 

Stein, L. Y., & Klotz, M. G. (2011). Nitrifying and denitrifying pathways of 

methanotrophic bacteria.  Biochemical Society Transactions, 39(6), 1826–1831. 



References 
 

Su, Y., Mennerich, A., & Urban, B. (2011). Municipal wastewater treatment and 

biomass accumulation with a wastewater-born and settleable algal-bacterial culture. 

Water Research, 45(11), 3351-3358. 

Su, Y., Song, K., Zhang, P., Su, Y., Cheng, J., & Chen, X. (2017). Progress of 

microalgae biofuel’s commercialization. Renewable and Sustainable Energy Reviews, 

74, 402-411. 

Subashchandrabose, S. R., Ramakrishnan, B., Megharaj, M., Venkateswarlu, K., & 

Naidu, R. (2011). Consortia of cyanobacteria/microalgae and bacteria: biotechnological 

potential. Biotechnology Advances, 29(6), 896-907. 

Suganya, T., Varman, M., Masjuki, H. H., & Renganathan, S. (2016). Macroalgae and 

microalgae as a potential source for commercial applications along with biofuels 

production: a biorefinery approach. Renewable and Sustainable Energy Reviews, 55, 

909-941. 

Suhendra, T., Handoko, J., Octaviano, D., Porubcan, R. S., & Douillet, P. A. (1997). 

Management with bacterial probiotics for Vibrio and virus control in an Indonesian 

prawn farm. In Proceedings of the IV Central American Aquaculture Symposium: 

Sustainable Culture of Shrimp and Tilapia (pp. 201-202). 

Suminto and Hirayama, K. (1997). Application of a growth-promoting bacteria for 

stable mass culture of three marine microalgae. In Live Food in Aquaculture (pp. 223-

230). Springer, Dordrecht. 

Summerfelt, S. T. (2006). Design and management of conventional fluidized-sand 

biofilters. Aquacultural Engineering, 34(3), 275-302. 

Suplee, M. W., & Cotner, J. B. (1996). Temporal changes in oxygen demand and 

bacterial sulfate reduction in inland shrimp ponds. Aquaculture, 145(1-4), 141-158. 

Syrett, P. J. (1981). Nitrogen metabolism of microalgae. Canadian Bulletin of Fisheries 

and Aquatic Sciences, 210, 182-210. 



References 
 

Szumski, D. S., Barton, D. A., Putnam, H. D., & Polta, R. C. (1982). Evaluation of EPA 

un-ionized ammonia toxicity criteria. Journal (Water Pollution Control Federation), 

281-291. 

Szuster, B., Molle, F., Flaherty, M., Srijantr, T. (2003). Socioeconomic and 

environmental implications of inland shrimp farming in the Chao Phraya Delta. In: 

Molle, F., Srijantr, T. (Eds.), Thailand’s rice bowl -Perspectives on social and 

agricultural change in the Chao Phraya delta. White Lotus Press, Bangkok, Thailand, 

pp. 177–194. Accessed 2 January 2018.  

Tacon, A. G. (2019). Trends in global aquaculture and aquafeed production: 2000–

2017. Reviews in Fisheries Science & Aquaculture, 28(1), 43-56. 

Tal, Y., Nussinovitch, A., & Van Rijn, J. (2003a). Nitrate removal in aquariums by 

immobilized Pseudomonas. Biotechnology Progress, 19(3), 1019-1021. 

Tal, Y., Watts, J. E., & Schreier, H. J. (2006). Anaerobic ammonium-oxidizing 

(anammox) bacteria and associated activity in fixed-film biofilters of a marine 

recirculating aquaculture system. Applied and Environmental Microbiology, 72(4), 

2896-2904. 

Tal, Y., Watts, J. E., Schreier, S. B., Sowers, K. R., & Schreier, H. J. (2003b). 

Characterization of the microbial community and nitrogen transformation processes 

associated with moving bed bioreactors in a closed recirculated mariculture system. 

Aquaculture, 215(1-4), 187-202. 

Tam, N. F. Y., & Wong, Y. S. (2000). Effect of immobilized microalgal bead 

concentrations on wastewater nutrient removal. Environmental Pollution, 107(1), 145-

151. 

Tantanasarit, C., Englande, A. J., & Babel, S. (2013). Nitrogen, phosphorus and silicon 

uptake kinetics by marine diatom Chaetoceros calcitrans under high nutrient 

concentrations. Journal of Experimental Marine Biology and Ecology, 446, 67-75. 



References 
 

Taroncher-Oldenburg, G., Griner, E. M., Francis, C. A., & Ward, B. B. (2003). 

Oligonucleotide microarray for the study of functional gene diversity in the nitrogen 

cycle in the environment. Applied and Environmental Microbiology, 69(2), 1159-1171. 

Teichert-Coddington, D. R., Rouse, D. B., Potts, A., & Boyd, C. E. (1999). Treatment 

of harvest discharge from intensive shrimp ponds by settling. Aquacultural 

Engineering, 19(3), 147-161. 

Tendencia, E. A., Bosma, R. H., Verdegem, M. C., & Verreth, J. A. (2015). The 

potential effect of greenwater technology on water quality in the pond culture of 

Penaeus monodon (Fabricius). Aquaculture Research, 46(1), 1-13.  

ter Braak CJF, Šmilauer P (2002) CANOCO Reference manual and CanoDraw for 

Windows user’s guide — software for canonical community ordination, version 4.5. 

Microcomputer Power, Publisher Biometris, Ithaca, pp 500. 

Thamdrup, B. O., Finster, K., Hansen, J. W., & Bak, F. (1993). Bacterial 

disproportionation of elemental sulfur coupled to chemical reduction of iron or 

manganese. Applied Environmental Microbiology, 59(1), 101-108. 

Thompson, L. M., & MacLeod, R. A. (1974). Biochemical localization of alkaline 

phosphatase in the cell wall of a marine pseudomonad. Journal of Bacteriology, 117(2), 

819-825. 

Thu, P. M., & Populus, J. (2007). Status and changes of mangrove forest in Mekong 

Delta: Case study in Tra Vinh, Vietnam. Estuarine, Coastal and Shelf Science, 71(1-2), 

98-109.  

Timmermans, J. A., & Gerard, P. (1990). Observations on the use of commercial 

bacterial suspensions in ponds. Bulletin Francais de la Peche et de la Pisciculture 

(France). 

Tranvik, L. J., Downing, J. A., Cotner, J. B., Loiselle, S. A., Striegl, R. G., Ballatore, T. 

J., ... & Weyhenmeyer, G. A. (2009). Lakes and reservoirs as regulators of carbon 

cycling and climate. Limnology and Oceanography, 54(6part2), 2298-2314. 



References 
 

Treusch, A. H., Leininger, S., Kletzin, A., Schuster, S. C., Klenk, H. P., & Schleper, C. 

(2005). Novel genes for nitrite reductase and Amo‐related proteins indicate a role of 

uncultivated mesophilic crenarchaeota in nitrogen cycling. Environmental 

Microbiology, 7(12), 1985-1995. 

Tricolici, O., Bumbac, C., & Postolache, C. (2014). Microalgae-bacteria system for 

biological wastewater treatment. Journal of Environmental Protection and 

Ecology, 15(1), 268-276. 

Troell, M., Joyce, A., Chopin, T., Neori, A., Buschmann, A. H., & Fang, J. G. (2009). 

Ecological engineering in aquaculture—potential for integrated multi-trophic 

aquaculture (IMTA) in marine offshore systems. Aquaculture, 297(1-4), 1-9. 

Trotsenko YA, Murrell JC (2008). Metabolic aspects of aerobic obligate 

methanotrophy. Advances in Applied Microbiology 63:183-229.  

Tsioptsias, C., Lionta, G., Deligiannis, A., & Samaras, P. (2016). Enhancement of the 

performance of a combined microalgae-activated sludge system for the treatment of 

high strength molasses wastewater. Journal of Environmental Management, 183, 126-

132. 

Tsukuda, S., Christianson, L., Kolb, A., Saito, K., & Summerfelt, S. (2015). 

Heterotrophic denitrification of aquaculture effluent using fluidized sand 

biofilters. Aquacultural Engineering, 64, 49-59. 

Tucker, C. S., & Lloyd, S. W. (1985). Water quality in streams and channel catfish 

(Ictalurus punctatus) ponds in west-central Mississippi. Technical bulletin-Mississippi 

Agricultural and Forestry Experiment Station (USA). 

Tucker, C. S., Lloyd, S. W., & Busch, R. L. (1984). Relationships between 

phytoplankton periodicity and the concentrations of total and unionized ammonia in 

channel catfish ponds. Hydrobiologia, 111(1), 75-79. 

Tunvilai, D., Songsangjinda, P., & Chaiyakam, K. (1993). Pollution loading of effluent 

from intensive tiger shrimp culture ponds: Technical paper No. 4/1993. 



References 
 

Turcios, A. E., & Papenbrock, J. (2014). Sustainable treatment of aquaculture 

effluents—what can we learn from the past for the future? Sustainability, 6(2), 836-856. 

Unnithan, V. V., Unc, A., & Smith, G. B. (2014). Mini-review: a priori considerations 

for bacteria–algae interactions in algal biofuel systems receiving municipal wastewaters. 

Algal Research, 4, 35-40. 

Urrutia, I., Serra, J. L., & Llama, M. J. (1995). Nitrate removal from water by 

Scenedesmus obliquus immobilized in polymeric foams. Enzyme and Microbial 

Technology, 17(3), 200-205. 

Van Den Hende, S., Carré, E., Cocaud, E., Beelen, V., Boon, N., & Vervaeren, H. 

(2014). Treatment of industrial wastewaters by microalgal bacterial flocs in sequencing 

batch reactors. Bioresource Technology, 161, 245-254. 

Van Doan, H., Hoseinifar, S. H., Ringø, E., Ángeles Esteban, M., Dadar, M., Dawood, 

M. A., & Faggio, C. (2020). Host-associated probiotics: a key factor in sustainable 

aquaculture. Reviews in Fisheries Science & Aquaculture, 28(1), 16-42. 

Van Rijn, J. (1996). The potential for integrated biological treatment systems in 

recirculating fish culture—a review. Aquaculture, 139(3-4), 181-201. 

Van Rijn, J., Tal, Y., & Schreier, H. J. (2006). Denitrification in recirculating systems: 

theory and applications. Aquacultural Engineering, 34(3), 364-376. 

Van Wyk, P., & Scarpa, J. (1999). Water quality requirements and 

management. Farming Marine shrimp in Recirculating Freshwater Systems, 141-162. 

Vasanth, M., Muralidhar, M., Saraswathy, R., Nagavel, A., Dayal, J. S., Jayanthi, M., ... 

& Vijayan, K. K. (2016). Methodological approach for the collection and simultaneous 

estimation of greenhouse gases emission from aquaculture ponds. Environmental 

Monitoring and Assessment, 188(12), 671. 

Vaseeharan, B. A. R. P., & Ramasamy, P. (2003). Control of pathogenic Vibrio spp. by 

Bacillus subtilis BT23, a possible probiotic treatment for black tiger shrimp Penaeus 

monodon. Letters in Applied Microbiology, 36(2), 83-87. 



References 
 

Vasseur, C., Bougaran, G., Garnier, M., Hamelin, J., Leboulanger, C., Le Chevanton, 

M., ... & Fouilland, E. (2012). Carbon conversion efficiency and population dynamics 

of a marine algae–bacteria consortium growing on simplified synthetic digestate: first 

step in a bioprocess coupling algal production and anaerobic digestion. Bioresource 

Technology, 119, 79-87. 

Velusamy, K., & Krishnani, K. K. (2013). Heterotrophic nitrifying and oxygen tolerant 

denitrifying bacteria from greenwater system of coastal aquaculture. Applied 

Biochemistry and Biotechnology, 169(6), 1978-1992. 

Venter, J. C., Remington, K., Heidelberg, J. F., Halpern, A. L., Rusch, D., Eisen, J. A., 

... & Smith, H. O. (2004). Environmental genome shotgun sequencing of the Sargasso 

Sea. Science, 304(5667), 66-74. 

Verdegem, M. C. J., & Bosma, R. H. (2009). Water withdrawal for brackish and inland 

aquacultureand options to produce more fish in ponds with present water use. Water 

Policy, 11(S1), 52-68. 

Verhoeven, J. T., & Meuleman, A. F. (1999). Wetlands for wastewater treatment: 

opportunities and limitations. Ecological Engineering, 12(1-2), 5-12. 

Verschuere, L., Rombaut, G., Sorgeloos, P., & Verstraete, W. (2000). Probiotic bacteria 

as biological control agents in aquaculture. Microbiology and Molecular Biology 

Reviews, 64(4), 655-671. 

Verstraete, W., & Focht, D. D. (1977). Biochemical ecology of nitrification and 

denitrification. In Advances in Microbial Ecology (pp. 135-214). Springer, Boston, MA. 

Vezzulli, L., Chelossi, E., Riccardi, G., & Fabiano, M. (2002). Bacterial community 

structure and activity in fish farm sediments of the Ligurian sea (Western 

Mediterranean). Aquaculture International, 10(2), 123-141. 

Vezzulli, L., Moreno, M., Marin, V., Pezzati, E., Bartoli, M. & Fabiano, M., (2008). 

Organic waste impact of capture-based Atlantic bluefin tuna aquaculture at an exposed 

site in the Mediterranean Sea. Estuarine, Coastal and Shelf Science, 78, 369e384. 



References 
 

Videira, S. S., De Araujo, J. L. S., da Silva Rodrigues, L., Baldani, V. L. D., & Baldani, 

J. I. (2009). Occurrence and diversity of nitrogen-fixing Sphingomonas bacteria 

associated with rice plants grown in Brazil. FEMS Microbiology Letters, 293(1), 11-19. 

Vilchez, C., Garbayo, I., Lobato, M. V., & Vega, J. (1997). Microalgae-mediated 

chemicals production and wastes removal. Enzyme and Microbial Technology, 20(8), 

562-572. 

Visscher, P. T., & Duerr, E. O. (1991). Water quality and microbial dynamics in shrimp 

ponds receiving bagasse‐based feed. Journal of the World Aquaculture Society, 22(1), 

65-76. 

Visvanathan, C., Hung, N. Q., & Jegatheesan, V. (2008). Hydrogenotrophic 

denitrification of synthetic aquaculture wastewater using membrane bioreactor. Process 

Biochemistry, 43(6), 673-682. 

Vivekanandan, E. (2011) Climate Change and Indian Marine Fisheries. CMFRI Special 

Publication, India. 

Vymazal, J. (1988). The use of periphyton communities for nutrient removal from 

polluted streams. Hydrobiologia, 166(3), 225-237. 

Wajsbrot, N., Krom, M. D., Samocha, T. M., & Gasith, A. (1990). Effect of dissolved 

oxygen and the molt stage on the acute toxicity of ammonia to juvenile green tiger 

prawn Penaeus semisulcatus. Environmental Toxicology and Chemistry: An 

International Journal, 9(4), 497-504. 

Wang, J. H., Zhuang, L. L., Xu, X. Q., Deantes-Espinosa, V. M., Wang, X. X., & Hu, 

H. Y. (2018). Microalgal attachment and attached systems for biomass production and 

wastewater treatment. Renewable and Sustainable Energy Reviews, 92, 331-342. 

Wang, L., Liu, J., Zhao, Q., Wei, W., & Sun, Y. (2016). Comparative study of 

wastewater treatment and nutrient recycle via activated sludge, microalgae and 

combination systems. Bioresource Technology, 211, 1-5. 



References 
 

Wang, L., Min, M., Li, Y., Chen, P., Chen, Y., Liu, Y., ... & Ruan, R. (2010). 

Cultivation of green algae Chlorella sp. in different wastewaters from municipal 

wastewater treatment plant. Applied Biochemistry and Biotechnology, 162(4), 1174-

1186. 

Wang, Y., Ho, S. H., Cheng, C. L., Guo, W. Q., Nagarajan, D., Ren, N. Q., ... & Chang, 

J. S. (2016). Perspectives on the feasibility of using microalgae for industrial 

wastewater treatment. Bioresource Technology, 222, 485-497. 

Wang, Y., Yang, H., Ye, C., Chen, X., Xie, B., Huang, C., ... & Xu, M. (2013). Effects 

of plant species on soil microbial processes and CH4 emission from constructed 

wetlands. Environmental Pollution, 174, 273-278. 

Wasmund, K., Mußmann, M., & Loy, A. (2017). The life sulfuric: microbial ecology of 

sulfur cycling in marine sediments. Environmental Microbiology Reports, 9(4), 323-

344. 

Westerdahl, A. L. L. A. N., Olsson, J. C., Kjelleberg, S. T. A. F. F. A. N., & Conway, P. 

L. (1991). Isolation and characterization of turbot (Scophtalmus maximus)-associated 

bacteria with inhibitory effects against Vibrio anguillarum. Applied and Environmental 

Microbiology, 57(8), 2223-2228. 

Weston, D. P. (1990). Quantitative examination of macrobenthic community changes 

along an organic enrichment gradient. Marine Ecology Progress Series. 

Oldendorf, 61(3), 233-244. 

Whittenbury, R., Phillips, K. C., & Wilkinson, J. F. (1970). Enrichment, isolation and 

some properties of methane-utilizing bacteria. Microbiology, 61(2), 205-218. 

Wildish, D. J., Dowd, M., Sutherland, T. F., & Levings, C. D. (2004). Near-field 

organic enrichment from marine finfish aquaculture. Canadian Technical Report of 

Fisheries and Aquatic Sciences, 2450(3). 

Winkler, L.W. (1888). Die Bestimmung des in Wasser gelösten Sauerstoffen. Berichte 

der Deutschen Chemischen Gesellschaft, 21: 2843-2855. 



References 
 

Winogradsky (1890). Annales de l'Institut Pasteur, 4, 213, 257, 760. 

Wolsing, M., & Priemé, A. (2004). Observation of high seasonal variation in 

community structure of denitrifying bacteria in arable soil receiving artificial fertilizer 

and cattle manure by determining T-RFLP of nir gene fragments. FEMS Microbiology 

Ecology, 48(2), 261-271. 

Wuang, S. C., Khin, M. C., Chua, P. Q. D., & Luo, Y. D. (2016). Use of Spirulina 

biomass produced from treatment of aquaculture wastewater as agricultural 

fertilizers. Algal Research, 15, 59-64. 

Wyban, J. A., & Sweeney, J. N. (1989). Intensive shrimp growout trials in a round 

pond. Aquaculture, 76(3-4), 215-225. 

Wyban, J., Walsh, W. A., & Godin, D. M. (1995). Temperature effects on growth, 

feeding rate and feed conversion of the Pacific white shrimp (Penaeus 

vannamei). Aquaculture, 138(1-4), 267-279. 

Xia, Y., Lü, C., Hou, N., Xin, Y., Liu, J., Liu, H., & Xun, L. (2017). Sulfide production 

and oxidation by heterotrophic bacteria under aerobic conditions. The ISME 

Journal, 11(12), 2754-2766. 

Xiao, R., & Zheng, Y. (2016). Overview of microalgal extracellular polymeric 

substances (EPS) and their applications. Biotechnology Advances, 34(7), 1225-1244. 

Xing, Y. P., Xie, P., Yang, H., Ni, L. Y., Wang, Y. S., & Tang, W. H. (2004). Diel 

variation of methane fluxes in summer in a eutrophic subtropical lake in China. Journal 

of Freshwater Ecology, 19(4), 639–644.  

Xiong, J., Zhu, J., Wang, K., Wang, X., Ye, X., Liu, L., ... & Zhang, D. (2014). The 

temporal scaling of bacterioplankton composition: high turnover and predictability 

during shrimp cultivation. Microbial Ecology, 67(2), 256-264. 

Xiong, Y., Wang, F., Guo, X., Liu, F., & Dong, S. (2017). Carbon dioxide and methane 

fluxes across the sediment-water interface in different grass carp Ctenopharyngodon 

idella polyculture models. Aquaculture Environment Interactions, 9, 45-56. 

https://www.sciencedirect.com/journal/annales-de-linstitut-pasteur-immunologie/issues


References 
 

Yang, H., Huang, X., Thompson, J. R., & Flower, R. J. (2015a). Enforcement key to 

China's environment. Science, 347(6224), 834–835.  

Yang, H., Xie, P., Ni, L. Y., & Flower, R. J. (2011). Underestimation of CH4 emission 

from freshwater lakes in China. Environmental Science & Technology, 45(10), 4203–

4204.  

Yang, J., Liu, J., Hu, X., Li, X., Wang, Y., & Li, H. (2013). Effect of water table level 

on CO2, CH4 and N2O emissions in a freshwater marsh of Northeast China. Soil Biology 

and Biochemistry, 61, 52–60. 

Yang, P., Bastviken, D., Lai, D. Y. F., Jin, B. S., Mou, X. J., Tong, C., & Yao, Y. C. 

(2017a). Effects of coastal marsh conversion to shrimp aquaculture ponds on CH4 and 

N2O emissions. Estuarine, Coastal and Shelf Science, 199, 125–131. 

Yang, P., He, Q., Huang, J., & Tong, C. (2015b). Fluxes of greenhouse gases at two 

different aquaculture ponds in the coastal zone of southeastern China. Atmospheric 

Environment, 115, 269-277. 

Yang, P., Lai, D. Y. F., Jin, B. S., Bastviken, D., Tan, L. S., & Tong, C. (2017b). 

Dynamics of dissolved nutrients in the aquaculture shrimp ponds of the Min River 

estuary, China: Concentrations, fluxes and environmental loads. Science of the Total 

Environment, 603‐604, 256–267.  

Yang, P., Lai, D. Y., Huang, J. F., & Tong, C. (2018a). Effect of drainage on CO2, CH4, 

and N2O fluxes from aquaculture ponds during winter in a subtropical estuary of 

China. Journal of Environmental Sciences, 65, 72-82. 

Yang, P., Lai, D. Y., Yang, H., Tong, C., Lebel, L., Huang, J., & Xu, J. (2019b). 

Methane dynamics of aquaculture shrimp ponds in two subtropical estuaries, southeast 

China: dissolved concentration, net sediment release and water oxidation. Journal of 

Geophysical Research: Biogeosciences, 124(6), 1430-1445. 

Yang, P., Wang, M. H., Lai, D. Y., Chun, K. P., Huang, J. F., Wan, S. A., ... & Tong, C. 

(2019a). Methane dynamics in an estuarine brackish Cyperus malaccensis marsh: 



References 
 

Production and porewater concentration in soils, and net emissions to the atmosphere 

over five years. Geoderma, 337, 132-142. 

Yang, P., Yang, H., Lai, D. Y., Jin, B., & Tong, C. (2019c). Production and uptake of 

dissolved carbon, nitrogen, and phosphorus in overlying water of aquaculture shrimp 

ponds in subtropical estuaries, China. Environmental Science and Pollution 

Research, 26(21), 21565-21578. 

Yang, P., Zhang, Y., Lai, D. Y., Tan, L., Jin, B., & Tong, C. (2018b). Fluxes of carbon 

dioxide and methane across the water–atmosphere interface of aquaculture shrimp 

ponds in two subtropical estuaries: The effect of temperature, substrate, salinity and 

nitrate. Science of the Total Environment, 635, 1025-1035. 

Yang, P., Zhang, Y., Yang, H., Zhang, Y., Xu, J., Tan, L., ... & Lai, D. Y. (2019d). 

Large fine‐scale spatiotemporal variations of CH4 diffusive fluxes from shrimp 

aquaculture ponds affected by organic matter supply and aeration in Southeast 

China. Journal of Geophysical Research: Biogeosciences, 124(5), 1290-1307. 

Yang, Y., Tong, T., Chen, J., Liu, Y., & Xie, S. (2020). Ammonium impacts methane 

oxidation and methanotrophic community in freshwater sediment. Frontiers in 

bioengineering and biotechnology, 8, 250. 

Yang, Z., Tang, C., Li, X., Zhang, H., & Cai, Y. (2019e). Dynamics of dissolved 

greenhouse gas response to seasonal water mixing in subtropical reservoirs. 

Environmental Monitoring and Assessment, 191(10), 639.  

Yasuda, K., & Taga, N. (1980). A mass culture method for Artemia salina using 

bacteria as food. Marine Environmental Journal, 18(53), 62. 

Ye, J., Liang, J., Wang, L., Markou, G., & Jia, Q. (2018). Operation optimization of a 

photo-sequencing batch reactor for wastewater treatment: Study on influencing factors 

and impact on symbiotic microbial ecology. Bioresource Technology, 252, 7-13. 

Yoshie, S., Noda, N., Tsuneda, S., Hirata, A., & Inamori, Y. (2004). Salinity decreases 

nitrite reductase gene diversity in denitrifying bacteria of wastewater treatment systems. 

Applied and Environmental Microbiology, 70(5), 3152-3157. 



References 
 

Yuan, J., Xiang, J., Liu, D., Kang, H., He, T., Kim, S., & Ding, W. (2019). Rapid 

growth in greenhouse gas emissions from the adoption of industrial-scale aquaculture. 

Nature Climate Change, 9(4), 318–322.  

Zeng, L., Huang, J., Zhang, Y., Qiu, G., Tong, J., Chen, D., ... & Luo, X. (2008). An 

effective method of DNA extraction for bioleaching bacteria from acid mine 

drainage. Applied Microbiology and Biotechnology, 79(5), 881-888. 

Zhang, B., Li, W., Guo, Y., Zhang, Z., Shi, W., Cui, F., & Tay, J. H. (2020). 

Microalgal-bacterial consortia: From interspecies interactions to biotechnological 

applications. Renewable and Sustainable Energy Reviews, 118, 109563. 

Zhang, D., Wang, X., Xiong, J., Zhu, J., Wang, Y., Zhao, Q., & Dai, H. (2014). 

Bacterioplankton assemblages as biological indicators of shrimp health 

status. Ecological Indicators, 38, 218-224. 

Zhe, P. I. A. O., Zhang, W. W., Shuai, M. A., Yu-Min, L. I., & Shi-Xue, Y. I. N. 

(2012). Succession of denitrifying community composition in coastal wetland soils 

along a salinity gradient. Pedosphere, 22(3), 367-374. 

Zhou, X., & Wang, Y. (2012). Probiotics in Aquaculture-Benefits to the health, 

technological applications and safety. Health and Environment in Aquaculture, 215-

226. 

Zhu, S., & Chen, S. (2001). Effects of organic carbon on nitrification rate in fixed film 

biofilters. Aquacultural Engineering, 25(1), 1-11. 

Zhuang, L. L., Yu, D., Zhang, J., Liu, F. F., Wu, Y. H., Zhang, T. Y., ... & Hu, H. Y. 

(2018). The characteristics and influencing factors of the attached microalgae 

cultivation: a review. Renewable and Sustainable Energy Reviews, 94, 1110-1119. 

Ziemann, D. A., Walsh, W. A., Saphore, E. G., & Fulton‐Bennett, K. (1992). A survey 

of water quality characteristics of effluent from Hawaiian aquaculture facilities. Journal 

of the World Aquaculture Society, 23(3), 180-191. 



References 
 

Zoqratt, M. Z. H. M., Eng, W. W. H., Thai, B. T., Austin, C. M., & Gan, H. M. (2018). 

Microbiome analysis of Pacific white shrimp gut and rearing water from Malaysia and 

Vietnam: implications for aquaculture research and management. PeerJ, 6, e5826. 



 

 

 

Appendix 

 

 
 



Estimation of ammonia 

Reagents used for ammonia estimation: 

Phenol nitroprusside: Solution A: 10 g of phenol in 100 mL of 95% ethanol. Solution B: 0.6 

g of sodium nitroprusside dehydrate in 100 mL of distilled water. Mix both 100 mL of 

Solution A and 100 mL of Solution B. (light sensitive, should be freshly prepared) 

Sodium hypochlorite: 4 mL of hypochlorite in 100 mL of 0.5 N NaOH. 

Trisodium citrate: Dissolve 120 g of trisodium citrate in 250 mL of distilled water. Add 5 

mL of 0.8 N NaOH  

Ammonia standard: 

Ammonium chloride stock solution (1 mM): 0.05349 g of NH4C1 dissolved in 1000 mL of 

distilled water. 

Working standard: prepare the standard up to 50 mL of different concentrations. 

 

Determination of ammonia in sample: 

For 5 mL of sample, add 200 µL of phenol nitroprusside solution and mix it well, then add 

100 µL of trisodium citrate, mix it and 200 µL of hypochlorite reagent. Incubate in dark for 

6 hr and measure the optical density (OD) at 630nm. 

 

 

y = 0.0418x - 0.0201
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Estimation of nitrite 

Reagents used for determination of nitrate 

1% sulfanilamide: lg sulfanilamide in 10 mL concentrated HCl, made up to 100 mL with 

distilled water. 

N(1-naphthyl)ethylenediamine dihydrochloride: 100 mg N(1-naphthyl)ethylenediamine 

dihydrochloride in 100 mL distilled water. 

Nitrite standards 

Sodium nitrite stock solution: 0.0345 g of sodium nitrite is dissolved in 100 mL of distilled 

water. 

Working standard: from the stock solution 1 mL is taken and the volume made up to 100 mL 

with distilled water.  

Determination of nitrite: 

For 5 mL of nitrite sample, add 100 µL of sulfanilamide solution. Incubate for 2 - 8 min then 

add 100 µL of N - (1 - napthyl)ethylene diamine dihydrochloride. Appearance of pink colour 

is conformation of nitrite in sample. Calculate the nitrite concentration by checking the OD 

at 543 nm by spectrophotometer. 

 

Standard curve for nitrite using sodium nitrite as standard 

 

 

y = 0.381x + 0.1314

R² = 0.9962
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Estimation of nitrate 

Reagents used for determination of nitrate 

1% sulfanilamide: lg sulfanilamide in 10 mL concentrated HCl, made up to 100 mL with 

distilled water. 

N(1-naphthyl)ethylenediamine dihydrochloride: 100 mg N(1-naphthyl)ethylenediamine 

dihydrochloride in 100 mL distilled water. 

 

Preparation of cadmium column 

Mercuric chloride solution: Add 2.5 g of mercuric chloride in 250 mL of distilled water. 

Cadmium fillings: Cadmium fillings cut into 3 mm size. 

Preparation: 

Weigh about 50 fillings and stir with mercuric chloride solution until clear solution changes 

black. Wash fillings with distilled water. Push glass wool at bottom of the column. Fill 

column with distilled water, add filling by tapping gently, pack without air bubble and spaces 

should be minimum. Put glass wool plug at the top. Wash column with distilled water. Adjust 

flow rate such that 100 mL passes through 8 -12 min. column should be left completely 

covered with distilled water. 

 

Cadmium column reduction 

Pass 10 mL through the cadmium column twice. Then pour the rest 30 mL. Discard the initial 

15 mL and collect approx. 15 mL sample required for nitrate analysis. Add 200 µL of 

sulfanilamide in 5 mL of sample, wait for 5 min, and then add 200 µL of N (1 - 

napthyl)ethylene diamine dihydrochloride. Take OD between 10 min to 2 hr at 543nm. 

 

Determination of nitrate in sample 

Pass 10 mL through the cadmium column twice. Then pour the rest 30 mL. Discard the initial 

15 mL and collect ~ 15 mL sample required for nitrate analysis. Add 200 µL of sulfanilamide 

in 5 mL of sample wait for 5min and then add 200 µL of N- (1-napthyl)- ethylene diamine 

dihydrochloride. Take OD between 10 min to 2 hrs at 543nm. 



Nitrate standard 

Potassium nitrate stock solution was prepared using 1 M KNO3. Pipette 50 µL of 1M solution 

and make up volume with distilled water to 50 mL. 

Working standard: From the stock solution 0 µL, 250 µL, 500 µL, 1 mL, 1.5 mL and 2 mL 

is taken and volume is made up to 50 mL of distilled water to prepare standard solutions 

containing 0, 5, 10, 20, 30, 40, 50 µM. 

 

Standard curve for nitrate using potassium nitrate as standard 

 

 

Estimation of phosphate 

Reagents used for phosphate estimation 

Ammonium molybdate: Dissolve 4 g of ammonium molybdate in 100 mL of deionized 

water. 

Potassium antimonyl tartrate: Dissolve 0.274 g of potassium antimonyl tartrate in 100 mL 

of deionized water. 

Ascorbic acid: Dissolve 1.76 g ascorbic acid in 100 mL of deionized water. 

Concentrated Sulfuric acid (5N): Dilute 2.8 mL of sulfuric acid up to 20 mL with deionized 

water. 
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y = 0.2352x + 0.1317

R² = 0.9983



Mixed reagent: Freshly prepared by mixing 100 mL of ammonium molybdate solution, 250 

mL of sulfuric acid, 100 mL of ascorbic acid solution and 50 mL of potassium antimonyl 

tartarate solution. 

 

Phosphate standard 

Potassium Dihydrogen phosphate: Dissolve 0.816 g of anhydrous potassium dihydrogen 

phosphate in 1000 mL distilled water. 

Working standard: prepare the standard up to 50 mL of different concentrations. 

Determination of phosphate 

To 50 mL of sample add 5 mL of mixed reagent and mixed immediately by vortexing. After 

5 minutes and within 2 hours, the absorbance of the sample is measured at 885 nm. 

 

Standard curve for phosphate using potassium dihydrogen phosphate as standard 

 

 

Estimation of thiosulfate (S2O3
2-) (Hansen 1973) 

Potassium iodide solution: Dissolved 10 g of potassium iodide in 100 mL of water. Stored 

in a dark bottle.   

Sulfuric acid, diluted: Cautiously added 1 volume of concentrated sulfuric acid about 98% 

(36 N) to 3 volumes of D.W., with mixing and cooling. 

y = 0.0139x + 0.0912

R² = 0.9935
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Iodine, 0.1 N: Non-standardized volumetric solution: Dissolved 20 g of potassium iodide in 

about 50 mL of D.W. in a glass stoppered 1-litre volumetric flask. Weighed out 12.7 g of 

iodine in a weighing bottle and transferred it by means of a small dry funnel into a liter flask. 

The flask was stoppered and shaken until all the iodine had dissolved. Diluted to 1 liter with 

D.W. 

Iodine 0.0125 N: Non-standardized volumetric solution. Prepared freshly from 0.1 N iodine 

by diluting 25 mL of the solution to 200 mL with D.W. 

Potassium iodate 0.0125 N: Standard volumetric solution, for standardizing the 0.0125 N 

sodium thiosulfate solution. Dried about 1 g of potassium iodate at 120°C. Weighed 0.446 g 

of the dry material, dissolved in water and made up to 1 liter. Stored in a glass stoppered 

bottle. The solution is stable for long periods. 

Sodium thiosulfate stock solution 0.25 N: Non-standardized volumetric solution. Dissolved 

63 g of sodium thiosulfate pentahydrate (Na2S2O3.5H2O) in 1 liter of freshly boiled and 

cooled D.W. Stabilized the solution by the addition of three drops of chloroform. Stored in a 

dark bottle. 

Sodium thiosulfate 0.0125 N: Standard volumetric solution. Diluted 50 mL of 0.25 N sodium 

thiosulfate stock solution to 1 liter with freshly boiled and cooled DW, adding 1 mL of 

chloroform to stabilize the solution. The solution should be standardized against 0.0125 N 

potassium iodate standard solution at frequent intervals. 

Starch indicator solution: Grind 5 g of soluble starch into smooth paste with a little cold water 

and poured into 1 liter of boiling water with constant stirring. Continued to boil for 1 minute 

and allowed to cool before use.  

 

Work flow 

Measured 200 mL of the sample and added into a conical flask. Then 50 mL of diluted 

sulfuric acid was added. Transferred 25 mL of 0.0125 N iodine into the flask and titrated 

immediately with standardized 0.0125 N thiosulfate until most of the iodine appears to have 

been consumed. Added a few drops of starch solution and titrated until the blue color just 

disappears. Standardization was done using different concentrations and expressed in mM. 

 



Standard curve for thiosulphate using Sodium thiosulfate as standard 

 

Estimation of Total Organic Carbon 

Reagents 

2N K2Cr2O7: Dissolved 49 g of K2Cr2O7 in D.W. in a standard flask and made up to 500 mL. 

Concentrated sulfuric acid (98%) 

Different concentration of glucose ranging from 2 to 10 mg mL-1 were used for 

standardization. 

Work flow 

To about 1 gram of the sample added 5 mL of 2N K2Cr2O7 and 8 mL of concentrated H2SO4. 

Incubated the sample for 30 minutes and transferred to a 50 mL volumetric flask and made 

the final volume up to 50 mL with D.W. Gently mixed the sample and used 5 mL for OD 

measurement at 590 nm. 
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Standard curve for TOC using glucose as standard 

 

Estimation of Total Carbohydrates 

In the shrimp pond sediments, carbohydrate was estimated by phenol-sulfuric acid method 

(Kochert, 1978). The sample is mixed with phenol solution and the addition of concentrated 

sulfuric acid result in the formation of yellow color. The sulfuric acid dehydrates the 

carbohydrate to form furfural along with several other degradation products.  

Reagents 

5% TCA solution 

Trichloroacetic acid  5 g 

DW    100 mL 

5% Phenol solution 

Phenol crystals   5 g 

DW    100 mL 

H2SO4 (95.5% with specific gravity 1.82) 

DW 

 

1.5 mL of 5% TCA solution was added to known amount of pre-weighed sediment sample 

taken in the glass tubes. The tubes are heated at boiling water bath for 3 hours and allowed 

to cool. The samples are centrifuged at 5000 rpm for 5 min to collect the supernatant. 0.5 mL 



distilled water is added to 0.5 mL of clear supernatant to form 1mL of treated sample solution. 

1 mL of 5% phenol solution is added to the 1mL sample and mixed well. Then 5 mL of conc. 

H2SO4 is added and kept at dark incubation of 30 min. The OD was measured for the samples 

at 480 nm using spectrophotometer. For calibration, standard curve was prepared using 

glucose as standard.  

 

Standard curve for carbohydrate estimation with glucose as standard 

 

 

Estimation of Total Lipids 

This involves the oxidation of acid dichromate leading to the decrease in the color intensity 

of dichromate. There is an inverse relationship between the extraction of reaction mixture 

depending on the decrease in dichromate color.  

Reagents 

0.5% dichromate in conc. H2SO4 

K2Cr2O4 0.75 g 

DW     10 mL 

H2SO4 (95.5% with specific gravity 1.82)  500mL 

Organic solvent 

CHCl3  200 mL 

CH3OH 400 mL 

y = 0.0082x - 0.0263
R² = 0.9942
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DW   160 mL 

Chloroform (Analytical grade; CHCl3) 

 DW 

8 mL of organic solvent is added to pre-weighed sediment samples in triplicates. The tubes 

are mixed and homogenized at 9000 rpm for 1 min and centrifuged for 5000 rpm for 5min. 

The supernatant is added to a separating funnel and 2 mL of DW is added. After shaking the 

funnels thoroughly, it is allowed to stand still for certain time. Once there is a clear separation 

between the two layers, the lower layer is carefully collected in an evaporating flask. In a 

rotary evaporator the flasks are evaporated and the dried lipid sample is treated with 2 mL of 

0.15% acid dichromate and heated in boiling water bath for 15 mins. After consistent cooling, 

4.5 mL DW is added, mixed and kept aside to cool. The OD of these samples were measured 

at 440 nm using spectrophotometer. Stearic acid was used as standard for the standard curve 

calibration.  

Standard curve for lipid using stearic acid as standard 

 

 

Estimation of Total Proteins 

Reagents 

Reagent A (2% Na2CO3 in 0.1N NaOH) 

Na2CO3  2 g 

y = -0.0013x - 0.0349
R² = 0.9823
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0.1N NaOH   100 mL 

Reagent B (0.5% CuSO4 in 1% sodium potassium tartrate solution) 

a) CuSO4    0.5 g 

DW     5 mL 

b) Na-K-tartrate   1 g 

DW     50 mL 

Mix the reagents A and B together 

Reagent C 

Reagent A    50 mL 

Reagent B (Prepare fresh batch)  1 mL 

Folin’s reagent (1:1 dilution) 

Folin Ciocalteau phenol reagent  5 mL 

DW      5 mL 

1N NaOH 

NaOH       4 g 

DW      100 mL 

DW 

2 mL of NaOH was added to a known amount of pre-weighed sediment sample. After mixing, 

the tubes were placed in a boiling water bath for 5 min at 100°C. After cooling, the tubes 

were centrifuged at 5000 rpm for 5min for obtaining the clear supernatant. 0.5 mL of DW is 

added to 0.5 mL of supernatant, mixed and 5mL of Reagent C was added. The tubes were 

incubated in dark for 10 min. After the incubation, 10 mL of Folin’sCiocalteau reagent (1:1 

dilution) was added, mixed and dark incubated for another 20 min. The optical density of the 

samples was taken at 750 nm using spectrophotometer. The standard curve was prepared 

using bovine serum albumin as the standard. 

Standard curve for protein estimation with bovine serum albumin as standard 



 

MICROBIOLOGICAL MEDIA AND REAGENTS 

Nutrient agar 

Peptic digest of animal tissue     5.0 g 

Sodium chloride       5.0 g 

Beef extract                                1.5 g 

Yeast extract                               1.5 g 

Agar powder                               15 g 

Nutrient broth 

Peptic digest of animal tissue     5.0 g 

Sodium chloride                         5.0 g 

Beef extract                                1.5 g 

Yeast extract                               1.5 g 

Anaerobic agar 

Peptic digest of animal tissue    5.0 g 

Sodium chloride                         5.0 g 

Beef extract                                1.5 g 

Yeast extract                               1.5 g 

Sodium thioglycolate (6/100 mL) 5.0 mL 

Agar powder                               8.0 g 

y = 0.0029x + 0.0142
R² = 0.9908
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Methane oxidizing bacteria 

MgSO4·7H2O                            0.5 g 

KNO3                                          0.5 g  

CaCl2·2H2O                                0.1 g  

Fe–EDTA 3.8%                          50 μL  

NaMoO4·2H2O 0.1%                  250 μL 

Trace metal solution                   5mL 

 

 

Trace metal solution 

FeSO4·7H2O                              50 mg/L 

ZnSO4·7H2O                              40 mg/L 

MnCl2·7H2O                               2 mg/L 

CoCl2·6H2O                                5 mg/L 

NiCl2·6H2O                                 1 mg/L 

H3BO3                                          1.5 mg/L 

EDTA                                          25 mg/L 

 

Leiske's medium  

Na2S2O3.5H2O                              5 g  

KH2PO4                                        0.6 g  

KNO3                                            0.5 g  

MgCl2.6H2O                                 0.1 g  

FeCl3.6H2O                                   0.01 g  

CaCl2.6H2O                                  0.01 g  

Phenol red                                     0.01 g  

Seawater                                       1000 mL  

Stock solution of 10% NaHCO3 (sterilize separately)  



After sterilization of media, add 0.1 mL of NaHCO3 stock solution in 100 mL media 

(0.01% final concentration)  

Sulfur reducing bacteria 

Sodium sulfide (5g/100 mL)           2.5 mL 

Sodium thioglycolate (6g/100 mL)   5.0 mL 

Sodium acetate                              1.0 g 

Sodium lactate                               8.0 mL 

K2H2PO4                                        0.2 g 

Ferrous sulfate (1g/10mL)            5.0 mL 

Trace element                               1.0 mL 

Yeast extract                                 1.0 g  

Agar                                              8.0 g 

pH                                                 7.8 ± 0.2 

Trace elements  

EDTA                                            0.05 g  

FeSO4                                            0.02 g  

ZnSO4                                           0.01 g  

MnCl2.4H2O                                 0.0003 g  

H3BO3                                           0.003 g  

CoCl2.6H2O                                  0.02 g  

CuCl2.2H2O                                  0.0001 g  

NiCl2.6H2O                                  0.0002 g  

NaMoO4.2H2O                             0.0003 g  

CaCl2                                            0.002 g  

Distilled water                              100 mL  

After autoclaving the media, add:  

NaOH (0.1 N)                             1 mL  



FeSO4.7H2O (0.04%)*                 5 mL  

Na2S (5%)                                   2.5 mL  

*Acidified with 0.1 mL in 50 mL of 4N H2SO4 

Denitrifying bacteria 

KNO3                                           0.36 g/L 

Na2HPO4·12H2O                         10.55 g/L 

KH2PO4                                       1.5 g/L 

MgSO4·7H2O                               0.1 g/L 

Na3C6H5O7                                   4.0 g/L 

Trace metal                                  0.2% (volume ratio) 

Trace metal solution 

EDTA-Na2                                   50.0 g/L 

ZnSO4          2.2 g/L 

CaCl2          5.5 g/L 

MnCl2·4H2O         5.06 g/L 

FeSO4·7H2O         5.0 g/L 

CuSO4·5H2O        1.57 g/L 

CoCl2·6H2O         1.61 g/L.  

pH          7.0 ± 0.2 

Nitrate reducing bacteria selective medium 

Potassium nitrate    0.101 g 

Sodium lactate    1.0 g 



Sodium acetate   1.0 g 

Sodium succinate   1.0 g 

Agar     8.0 g 

Or Nutrient broth   0.01% 

pH     8.1 ± 0.2 

Acetate Mineral medium 

CH3COONa.3H2O   3.68 g 

Na2HPO4.2H2O   28.73 mg 

NH4Cl     57.27 mg 

MgSO4.7H2O    131.82 mg 

K2SO4     26.74 mg 

CaCl2.2H2O    17.2 mg 

HEPES Buffer   12 g 

Trace mineral solution 2 mL 

Trace Mineral Solution 

EDTA     50 g 

FeSO4.7H2O    5 g 

CuSO4.5H2O    1.6 g 

MnCl2.4H2O    5g 

(NH4)6Mo7O24.4H2O   1.1. g 

H3BO3    50 mg 

KI     10 mg 



CoCl2.6H2O    50 mg 

Agar     18.0 g 

pH     7.0 ± 0.2 

Hydroxy Apatite Medium  

(NH4)2SO4    0.5 g 

MgSO4    0.1 g 

KCl     0.2 g 

CaCl2     10% 60 mL 

KH2PO4    10% 40.0 mL 

1N NaOH    45.0 mL 

Yeast Extract    0.2 g 

Dextrose    10.0 g 

50% sea water   1000.0 mL 

Agar    18.0 g 

pH     7.6 to 8.0  

Calcium chloride, potassium dihydrogen phosphate and sodium hydroxide were 

sterilized separately and then added to the rest of the sterilized constituents of hydroxyl 

apatite medium after cooling. 

Phenotypic and biochemical characterization of bacterial isolates 

Bacterial colonies were isolated from water and sediment samples using nutrient agar plates. 

Bacteria colonies with varying phenotypic colony characters such as colony pigmentation, 

size, margin, surface texture, shape, elevation and opacity were recorded. Pure cultures 

freshly grown in nutrient broth were used for the biochemical tests. 



Gram Staining 

For each bacterial isolate, a smear of culture was prepared, air dried and heat fixed on a clean 

glass slide. Crystal violet was used for the primary staining followed by Gram’s iodine. The 

slide was decolorised and then secondary staining was done using safranin. The glass slide 

was observed under light microscope to determine the gram character. Gram positive bacteria 

showed violet or purple stained and Gram-negative bacteria showed pink-colored cells.  

KOH string test 

The KOH test is performed as a confirmation test for the Gram stain. Freshly grown bacterial 

colony was picked up with a sterile loop from the nutrient agar plate and mixed with a drop 

of 3% KOH. Mix the colony and gently lift the loop to see if any string is formed or not. 

Gram negative bacteria forms string and no string is formed by Gram positive bacteria.   

Motility test  

Motility was observed under light microscope using hanging drop method. 

Oxidase test 

Bacterial isolate picked with sterile toothpicks and smeared on oxidase disc containing the 

oxidase reagent N, N, N’, N’ -tetra-methyl-p-phenylenediamine dihydrochloride. 

Appearance of deep blue or violet colour indicates oxidase positive. 

Catalase test 

Catalase test involves the detection of catalase enzyme the decomposition of hydrogen 

peroxide to release oxygen and water. Bacterial culture from the plate were scraped and 

mixed with hydrogen peroxide (3%) on a clear glass slide to examine the effervescence which 

denotes the positive test and the absence of effervescence indicates negative reaction.   

Marine Oxidative/Fermentative (MOF) test 

Bacterial cultures were inoculated in readymade MOF medium in glass test tubes. The 

oxidative bacteria can metabolize the carbohydrate source under aerobic conditions with 

oxygen as the ultimate hydrogen acceptor. While certain can perform the fermentation under 

anaerobic condition with sulfur as hydrogen acceptor. Change of green coloured medium to 

yellow colour only on the bottom or bottom to top indicates fermentative reaction (with or 



without gas). Yellow colour appearance on the top indicates oxidative reaction. Blue colour 

on the top indicates alkaline reaction. 

Citrate test 

Bacterial cultures were stab and streak inoculated on the citrate medium. The test is based on 

the ability of an organism to use citrate as its only sole source of carbon and ammonia as its 

only source of nitrogen. The change of media from green to blue indicates the citrate 

utilization. 

 

Triple sugar iron test 

This test indicates the ability of bacteria to ferment carbohydrate source such as glucose 

(0.1%), lactose (1%), sucrose (1%) present in the medium and leading to the hydrogen sulfide 

production. Present of phenol red as acid-base indicator detects the carbohydrate 

fermentation and ferrous sulfate indicates sulfate indicates H2S formation. Bacterial culture 

is stabbed and streaked over the slant and colour of both slant and butt is observed after 24 

hours of incubation. Yellow colour at the bottom or top to bottom of the slant indicates 

fermentative cultures. Yellow on top alone indicates oxidative. Blue colour indicates alkaline 

nature. The presence of bubbles or cracks in the agar indicate the formation of CO2 and H2S. 

The blackening of the butt of the medium in the tube is due to the production of H2S under 

acidic environment. 

Methyl red test 

This test indicates the glucose utilization with the acid formation ability of the bacteria in 

MR-VP broth with methyl red as the indicator. Positive cultures produced red colour and 

negative results had yellow colour in the medium due to absence of acid production. 

Voges-Proskauer test 

Bacterial cultures were inoculated in VP medium. After 24 hours of incubation at room 

temperature, Baritt’s reagent A and B were added. Formation of dark red colour at the surface 

of the medium indicates positive reaction.  

Indole test 

This test is carried out to find the bacterial isolates which can degrade the tryptophan 

molecule into indole with tryptophanase enzyme. Sterile tryptone broth was inoculated with 



the culture and incubated for 24 hours at room temperature. After incubation, 15 drops of 

Kovac’s reagent was added down the inner wall of the tube. Development of bright red colour 

at the interface of the reagent and the broth within seconds after adding the reagent indicates 

the presence of indole (positive result).  

Nitrate reduction test 

The bacterial cultures were inoculated in nitrate broth and this test is performed to find the 

ability of bacteria to reduce nitrate to nitrite or free dinitrogen gas. The reduction of - nitrate 

to nitrite is determined using the reagents sulfanilic acid and alpha naphthylamine. The 

formation of cherry red colour (azo-dye formation from diazotization reaction) indicates the 

positive reaction. If there is no colour change at this step, nitrite is absent due to unreduced 

nitrate or further conversion of nitrite to gaseous nitrogen could have taken place. If the 

nitrate is unreduced and still in its original form, this would be a negative nitrate reduction 

result. However, it is possible that the nitrate was reduced to nitrite but has been further 

reduced to ammonia or nitrogen gas (which evolved out). This would be recorded as a 

positive nitrate reduction result. This can be determined by the addition of a pinch of zinc 

dust. In the medium, if nitrate is present, zinc dust can reduce it to nitrite. The prior presence 

of reagents determines the nitrite by formation of colour. Thus, a red colour after the zinc is 

added indicates the negative nitrate reduction test.  

Amylase test 

Bacterial cultures were grown in nutrient agar supplemented with 1% soluble starch (24-48 

hours at room temperature) to determine the amylase enzyme production. Formation of 

yellow/colourless halo zone around the colonies after the addition of iodine over the agar 

plates indicated the enzyme production.  

DNase test 

Bacterial cultures were grown in readymade DNase test agar base (Himedia, India) 

containing 0.2% of DNA as final concentration with toluidine blue. The presence of clear 

zone indicates positive result.  



Lipase test 

Nutrient agar was supplemented with 1% Tween 80 (Oleic acid) and cultures were spot 

inoculated, incubated for 24 -48 hours at room temperature. The formation of halo area 

around the colony (the formation of calcium soaps with oleic acid) is considered as positive 

result.  

Caseinase test 

Skim milk (1%, final concentration) was supplemented in the nutrient agar and cultures were 

inoculated. The formation of clear zones around the colonies depicted the hydrolysis of 

casein by the caseinase enzyme produced by the bacterial cultures.   

Urease test  

Bacterial cultures were inoculated in Christensen agar base (Himedia, India) supplemented 

with 40% urea. The urease enzyme hydrolyze the urea into ammonia which can turn the 

media color to bright pink (positive reaction).  

Gelatinase test 

This test determines the hydrolysis of gelatin by the gelatinase enzyme produced by the 

bacteria during incubation in nutrient gelatin medium. The inoculated tubes are incubated 

upto 2 weeks. The tubes are placed in ice bath or refrigerator for 15-30 minutes every day to 

check liquefaction of gelatin. Partial or total liquefaction of the inoculated tube even after 

cold temperature exposure indicates positive result while completely solidified tubes are 

considered negative for the test.  

Composition of modified synthetic aquaculture wastewater 

NaNO3   380 mg/L 

NaHCO3  210 mg/L 

CaCl2.2H2O   82.8 mg/L 

CoCl2.6H2O   0.40 mg/L 



CuSO4.5H2O   0.12 mg/L 

FeCl3.6H2O   1.0 mg/L 

KH2PO4  52.65 mg/L 

MgCl2. 2H2O   81.96mg/L 

MnCl2.4H2O   0.32mg/L 

(NH4)6Mo7O24.4H2O  0.6 mg/L 

ZnCl2    0.11 mg/L 

Na2SO2  70.92 mg/L 

NaCl    56.72 mg/L 

 

Guillard’s f/2 media for Microalgae (Guillard and Ryther, 1963) 

1. NaNO3 stock solution – 75.0 g/L 

2. NaH2PO4 stock solution – 5.0 g/L 

3. Na2SiO3.9H2O stock solution –30.0 g/L (only for diatoms) 

4. Trace metal stock solution (in 1000 mL distilled water) 

Na2EDTA – 4.36 g 

FeCl3.6H2O – 3.15 g 

Primary metal stock solution (1mL each of the below five) 

CuSO4.5H2O – 1.0 g/100 mL 

ZnSO4.7H2O – 2.2 g/100 mL 

CoCl2.6H2O – 1.0 g/mL 

MnCl2.4H2O – 1.8 g/100 mL 



NaMoO4.2H2O – 0.63 g/100 mL 

5. Vitamin stock solution (for 1L) 

Biotin – 1 mg in 10 mL 

Vitamin B12 1 mg in 1 mL 

Thiamine HCl – 0.2 g  

For the preparation of 1000 mL medium, add 1mL stock solution of NaNO3 stock solution, 

NaH2PO4 stock solution, Trace metal stock solution, Vitamin stock solution.  
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A B S T R A C T   

Recently, aquaculture has emerged as the fastest growing food-producing sector accounting for nearly 50% of the 
world’s food fish and is an activity of economic importance worldwide. Aquaculture systems are considered as 
one of the potential contributors to atmospheric methane (CH4)—the second most important greenhouse gas 
(GHG). The present study was undertaken to assess the influence of environmental variables on the abundance of 
culturable methanotrophs (MOB), methane oxidation activity (MOA) and methane production activity (MPA) 
during a grow-out cycle in zero-exchange shrimp pond growing whiteleg shrimp, Litopenaeus vannamei. During 
the 96 days of culture (DoC), the abundance of MOB in the pond water and sediment, ranged between 3.04 ×
103–1.8 × 104 CFU mL-1 and 3.36 × 105–3.17 × 106 CFU g-1, respectively. The mean potential rates of MOA and 
MPA in pond sediments were 392.71 ± 53.06 µmole g-1d-1 and 0.60 ± 0.30 µmole g-1d-1, respectively. The 
abundance of MOB and methane related activities were strongly influenced by the dissolved nitrogen species and 
total organic carbon (p < 0.05). In addition to providing the baseline data on microbial mediated methane ac-
tivities, the study highlights the importance of methane oxidation/production processes in commercial earthen 
shrimp aquaculture system and the influence of environmental variables in regulating these processes. The re-
sults of this study would aid in developing environmental friendly management processes to reduce the efflux of 
GHG methane from shrimp aquaculture systems which is a thriving industry in the food sector.   

1. Introduction 

Shrimp aquaculture is currently undergoing tremendous expansion 
due to its economic importance across the world, to meet the protein 
requirement of burgeoning world population (Klinger and Naylor, 2012; 
Yuan et al., 2019; Gamboa-Delgado et al., 2020). With a total production 
of 4.97 million tonnes (~53% of the total shrimps and prawns produc-
tion), the whiteleg shrimp, Litopenaeus vannamei was the highest har-
vested crustacean species in the world during 2018 (FAO, 2020). By 
virtue of its attributes such as high density tolerance, physiological 
adaptability to environmental variables like salinity and temperature, 
relatively faster growth during short culture periods and omnivore 
feeding habit, have made L. vannamei the most dominant shrimp species 
for large-scale commercial aquaculture (Gamboa-Delgado et al., 2020). 
Rapid large-scale transformation from traditional aquaculture to the 
high-density and high-yield culture systems have the potential to cause 
hypernutrification and eutrophication in the surrounding coastal eco-
systems. Currently many coastal areas worldwide are experiencing 

pollution from several anthropogenic sources (Hou et al., 2016) and the 
effluents from aquacultutre systems may deteriorate the coastal 
ecosystem health. Hence, an understanding of the variations of different 
environmental parameters and by-products formed during shrimp 
farming will contribute to the improvement of the ecological and envi-
ronmental sustainability of shrimp farming. 

In contrast to other natural water bodies, aquaculture ponds have 
potential in contributing to carbon emissions by virtue of addition of 
management inputs to enhance aquatic production (Boyd et al., 2007, 
2010). With the progress of the culture, organically rich residues (un-
eaten feed, feces and detrital aggregates) that accumulate on the pond 
bottom provide abundant sources of labile organic matter (carbon and 
nitrogen) to microbes, thereby stimulating the microbial decomposition 
(Green et al., 2012; Chen et al., 2016; Yang et al., 2017b). This leads to 
concomitant decrease in pH (Fazli et al., 2013) and dissolved oxygen 
levels thus triggering the development of anaerobic conditions. The 
formation of anaerobic conditions in the pond sediment favors the 
production of green house gases (GHGs) like methane (CH4) and its 
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subsequent ebullition into the atmosphere (Krüger et al., 2001; Bast-
viken et al., 2004; Yang et al., 2017b; Yuan et al., 2019, 2021). Methane 
being the second most important GHG has a global warming potency of 
34 times higher than CO2 (Yang et al., 2019b) and increased emissions of 
CH4 during shrimp culture, especially during the middle and late phase 
in the brackish marsh ecosystem converted shrimp ponds (Yang et al., 
2017a). This has a severe impact on the global climate change hence the 
methane emission from aquaculture systems are a matter of concern and 
needs to be monitored. However, the mechanisms involved in CH4 
cycling in aquaculture ponds are not fully understood (Martinez-Cruz 
et al., 2017). The methane cycle consists of distinct microbial taxa that 
are involved in the production and oxidation of methane thereby con-
trolling the methane emission from the ponds into the atmosphere (Fazli 
et al., 2013). In the aquaculture ponds, the presence of substrates and 
anaerobic niches favor the production of methane by methanogenesis. 
This CH4 gas gets released into the atmosphere from the sediment and 
water column (Dutta et al., 2013; Neue et al., 1997). During the carbon 
mineralization more than 50% is reported to get converted into methane 
through methanogenesis in the aquaculture ponds (Brigolin et al., 
2009). Methane thus released, can be oxidized under aerobic and 
anaerobic conditions by various methanotrophic microbial groups 
(Kalyuzhnaya et al., 2019). These methanotrophs act as bio-filters thus 
playing an important role in mitigating the emission of methane. Bast-
viken et al. (2011) reported that about 80% of CH4 is oxidized into CO2 
by the methanotrophic bacteria (Kumaraswamy et al., 2000). Hence, the 
sediment-water interface plays a significant role in the biogeochemical 
cycling of CH4 in aquaculture ponds (Xiong et al., 2017). The balancing 
between the sources and sinks of methane by methanogens and meth-
anotrophs respectively, determine the net CH4 flux from the aquaculture 
ponds (Grinham et al., 2018; Sabu et al., 2021). 

Studies have reported that the methane emissions from various 
aquaculture practices are influenced by factors such as high water 
salinity, substrate (Yang et al., 2019a) and dissolved oxygen (Hu et al., 
2016). Yang et al. (2020a, 2020b) reported that methane is emitted from 
the aquaculture ponds majorly through ebullition. Erazo and Bowman 
(2021) studied the impact of aquaculture effluent released into the 
mangrove ecosystem which could act as a source for methane emission 
rather than a sink (Maher et al., 2016). The above studies deals majorly 
on the methane emission rates from the aquaculture systems. However 
the present study focuses on the interaction of microbial communities 
involved in the production and oxidation of CH4. These activities 
significantly govern the net CH4 emission. Hence, considering the global 
footprint of shrimp aquaculture, study on methane related physiological 
microbial groups and its activity in relation to the environmental vari-
ables during the 96 days of culture of L. vannamei in zero-exchange 
shrimp culture system was undertaken. The findings of the study 
would help in upgrading and improvising the farm management prac-
tices for mitigating the emissions of GHG methane from shrimp aqua-
culture systems. 

2. Materials and methods 

2.1. Sampling site and farm management 

A commercial shrimp farm located near Alvekodi village near Kumta 
town (Karnataka State, India), south-western coastal India (Lat. 14.42◦

N; Long. 74.40◦ E) was chosen for the present study. The farm is tide-fed 
from the adjoining mangrove creek located around 3 km from the coast. 
The investigations for the present study were carried out in a biosecured 
zero-exchange shrimp pond (water spread area, 0.84 ha; mean water 
depth,1.2 ± 0.10 m). The farm management practices involved the 
stocking of certified shrimp seeds, stringent feed management, periodic 
water quality assessment, probiotics application etc. The pond bottom 
was prepared (sun drying, fertilization and liming) 30 days prior to the 
stocking of post larvae. During the pond preparation prior to larval 
stocking 800 kg of agrilime was applied and during the production cycle 

agrilime, dolomite, calcium hydroxide and calmag were added at 
different quantities on regular basis to buffer the pH and alkalinity 
fluctuations. The culture pond was filled with dechlorinated and 
conditioned seawater from reservoir followed by the application of 
inorganic fertilizer (4 ppm of urea:single super phosphate in a ratio of 
1:1). The farm-prepared liquid mixture containing rice/wheat bran, 
jaggery, yeast, cow dung and protein sources (groundnut oil cake, old 
feed, buttermilk) were added (100–150 L) during the initial 15 days of 
culture (DoC) for enhancing the natural pond productivity. This fer-
mented liquid mixture is expected to act as a probiotic and also help in 
regulating pH fluctuations and in maintaining the optimum C:N ratio. 

2.2. Stocking and feed management 

Post-larvae (PL18) of Litopenaeus vannamei which tested negative to 
white spot syndrome virus by polymerase chain reaction test procured 
from a nearby shrimp hatchery were stocked after two weeks of pond 
preparation. Before stocking into the pond, the PL18 were observed for 
visible signs of morbidity and the stocking was done in the early 
morning hours at a density of 11 PL18 m-2. During the culture, shrimps 
were fed with formulated pellet feed (CP-Aquaculture, India, proximate 
composition, 38–40% protein; 5% lipids and 3% fiber) split into three 
rations a day. A progressive decrease in feeding rate from 10% to 2% 
with the increase of shrimp body weight was followed. The feeding rates 
were adjusted based on the monitoring of survival and shrimp biomass. 

2.3. Culture conditions 

The shrimp production cycle lasted for a duration of 96 days with 
zero-water exchange. During the production to compensate the water 
loss through evaporation and seepage, fresh dechlorinated water was 
added to maintain the minimum water depth (~ 1.2 m). The frequent 
monitoring of pH helped in buffering the wide fluctuations with the 
application of hydrated lime and pH fixers. Paddle-wheel aerators were 
operated with an aeration schedule of 8, 12 and 16 h d-1 for 0–50; 51–80 
and 81–96 DoC, respectively for maintaining optimum dissolved oxygen 
(DO) levels in the pond. Commercially available liquid and powdered 
probiotics were administered directly to the pond water as well as with 
the feed. The consistent application of liquid probiotics ‘Super PS’ 
(mixture of Rhodobacter spp. and Rhodococcus spp., ~ 109 CFU mL-1) 
restricted the formation of hydrogen sulfide (H2S), increased the DO 
levels, supported the non-pathogenic bacterial growth and helped 
decomposition of the accumulated organic matter (carbohydrates, pro-
teins and lipids). The commercial feed-based probiotics containing Ba-
cillus subtilis (108 CFU mL-1) and vitamin-mineral feed additive were also 
added for enhancing the growth and survival rates of shrimp. 

2.4. Environmental parameters and analysis 

The study involved nine sampling campaigns, 0 DoC (one day prior 
to transfer of post larvae) and thereafter on 12, 25, 41, 55, 68, 78, 88 and 
96 DoC. Water and sediment samples were collected from three pre- 
determined points within the shrimp pond. The three pre-determined 
points in the pond were close to pond outlet; middle of the pond and 
proximate to feeding tray in the pond and the selection of these sampling 
locations were based on the positioning of paddle-wheel aerators. A 
Niskin water sampler was used to collect pond water (30 cm above the 
bottom) and a handheld acrylic core (50 mm diameter) was used to 
collect the sediment from the top 0–5 cm of the pond bed. All the 
samplings were carried out at a fixed time of the day. Samples were 
transported aseptically in an ice box to the laboratory for processing and 
analysis. Water temperature, pH and salinity were measured in situ with 
the help of calibrated thermometer, portable pH meter (Cole-Parmer- 
99361-12) and a handheld refractometer (Atago, Japan), respectively. 
The DO concentrations in the pond water samples were estimated by 
Winkler’s method (Parsons et al., 1984). The biochemical oxygen 
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demand (BOD5) was estimated according to the 5-day BOD test as per 
the method suggested by Grasshoff et al. (2009). Content of total sus-
pended solids (TSS) was estimated by filtration of a known volume of 
water sample on pre-weighed Whatman GF/F glass fiber filter paper (47 
mm diameter; nominal pore size: 0.7 µm). The filter paper was oven 
dried to attain constant weight and the results were computed 
(Grasshoff et al., 2009). The concentrations of dissolved nutrients in the 
pond were determined using the salicylate method for ammonium 
(NH4

+), diazotization method using nitrite (NO2
-), cadmium column 

reduction followed by diazotization method for nitrate (NO3
-) and 

ascorbic acid method for orthophosphate (PO4
3-) (Grasshoff et al., 

2009). Water samples for chlorophyll a (Chl a) analysis were filtered 
using GF/F, extracted overnight in 90% acetone and analyzed spectro-
photometrically (Parsons et al., 1984). The acetone extracts of Chl a 
were treated with 10% HCl and analyzed for phaeophytin (Phaeo) pig-
ments using spectrophotometer (Parsons et al., 1984). All the environ-
mental variables were analyzed in triplicate. 

The concentrations of total carbohydrates (CHO) in the pond sedi-
ment were estimated using phenol-sulfuric acid method as described by 
Kochert (1978), with glucose as the standard. The total protein (PRT) 
content was analyzed using Lowry’s Folin-Ciocalteu method with bovine 
serum albumin as a standard (Lowry et al., 1951). Bligh and Dyer (1959) 
method using chloroform and methanol extraction was used to deter-
mine the total lipid (LIP) concentrations in the sediment with stearic 
acid as standard. Total organic carbon (TOC) in the pond sediment were 
analyzed by wet oxidation method (El Wakeel and Riley, 1957) with 
glucose as standard. The total nitrogen (TN) content in the pond sedi-
ments was estimated by Kjeldahl digestion (Bremner, 1965) and total 
phosphorus (TP) (Parsons et al., 1984). 

2.5. Bacteriological groups 

The total heterotrophic bacteria in water (THBw) and sediment 
(THBs) were enumerated by spread plate technique on nutrient agar 
plates (Rodina, 1972) and the total anaerobic bacteria (TAB) were 
enumerated using anaerobic agar medium (HiMedia, India) (Rodina, 
1972). Abundance of methane-oxidizing bacteria (MOB) in pond water 
and sediments were enumerated on nitrate mineral salts medium (NMS) 
(Whittenbury et al., 1970). The enumeration of methanotrophs were 
performed at ambient room temperature (26 ± 2 ◦C) on NMS agar plates 
which were incubated in anaerobic bags with a headspace of roughly 
80% air and flushed with methane contributing 20% (Kalyuzhnaya 
et al., 2019). The colonies were counted after 4–5 days of incubation. 
The source for each bacterial group is indicated by ‘w’ and ‘s’ for water 
and sediment, respectively. 

2.6. Methane related activities 

The methane production activity (MPA) and potential methane 
oxidation activity (MOA) were determined for the pond sediments for 
the entire production cycle. For detecting the rates of MOA, slurries (in 
triplicate) were prepared using 1 g (wet weight) of pond sediment and 9 
mL of pond water (filtered and autoclaved) in a gas-tight vial (20 mL 
capacity) and, vials were purged with 0.1 mL of methane gas. To inhibit 
the methanogenic activity 100 µL of 2-bromoethanesulphonate (Sigma- 
Aldrich, USA) was added. The gas-tight vials were incubated at ambient 
room temperatures (26 ± 2 ◦C). The methane concentrations on days, 
0 (D0) and 4 (D4) of incubation were estimated following the headspace 
method (Yang et al., 2020) using gas chromatography (GC) equipped 
with a flame ionization detector (Shimadzu GC-2010). Nitrogen was 
used as a carrier gas (9 mL min-1) and the oven temperature was 
maintained isothermally at 60 ◦C. The GC was calibrated using a refer-
ence mixture of methane standards (concentration range, 1–5 ppm; 
Alchemie Gases & Chemicals Pvt. Ltd., Mumbai, India). The methane 
oxidation activity for the sediments were computed using Bunsen solu-
bility coefficient according to Bastviken et al. (2002) and Tishchenko 

et al. (2005). The values obtained were expressed as µmole g-1 d-1. 
For estimation of MPA in sediments, slurries were prepared similarly 

as defined for MOA, except that the vials were purged with 1 mL of 
acetylene gas to inhibit methane oxidation. At the beginning of incu-
bation, the vials were flushed with N2 gas to maintain anaerobic con-
ditions (Pack et al., 2011). Methane concentrations were quantified 
based on the differences of values on D0 and D4 (Gonsalves et al., 2011). 
The rates were calculated as mentioned above. 

2.7. Statistical analyses 

Before subjecting the data for statistical analysis, data on environ-
mental variables were square root transformed, and bacterial abun-
dances were log (x + 1) transformed. The significant interrelationships 
between these variables were deciphered using Spearman correlation 
analysis using the software Statistica version 12.0 (Zar, 1996). The 
correlation coefficient showed the significant relationships between 
environmental variables and bacterial groups which influence the 
methane related activities (MPA and MOA). Three levels of significance 
(p < 0.05, p < 0.01 and p < 0.001) were reported. The network diagrams 
for visualizing the significant relationships (p < 0.05) were built using 
the software Cytoscape version 3.7.0 (Shannon et al., 2003). Principal 
component analysis was performed for delineating a set of environ-
mental parameters controlling the abundance of bacterial groups using 
PRIMER 6 software (Primer-E Ltd., Plymouth, UK) after data 
normalization. 

3. Results 

3.1. Environmental parameters 

All the measured water quality parameters during the culture period 
(Fig. S1) fell within the optimal range for the growth and survival of L. 
vannamei. During the culture period, the temperature varied from 
normal range of 25 ◦C to 32 ◦C (29.4 ± 1.85 ◦C) and nearly alkaline pH 
values (7.91 ± 0.08) were maintained. A wide variation in alkalinity 
values (80–140 mg L-1; 106.56 ± 15.89 mg L-1) recorded during the 
production cycle were largely due to the frequent application of lime to 
buffer pH fluctuation. Salinity increased from an initial value of 32 (0 
DoC) to 44 by the end of the culture period (96 DoC) and L. vannamei is 
known to adapt to wide variations in salinity levels (Ponce-Palafox et al., 
2019). Concentration of total suspended solids (TSS) peaked during the 
middle of the culture period and declined thereafter and remained low 
until the end of the culture period. Optimum concentrations of DO (5.50 
± 1.14 mg L-1) were maintained during the entire culture duration with 
the help of paddle-wheel aerators and commercial oxygen releasing 
compounds. With the progress of culture, the concentrations of Chl a 
(4.18 ± 3.80 mg m-3) increased from the 0 DoC (0.69 ± 0.05 mg m-3) 
towards the end of the culture period (11.08 ± 4.42 mg m-3). Levels of 
nutrients showed a decreasing trend after the 41 DoC. The concentration 
of NH4

+ (19.48 ± 0.14 µM) peaked during the middle culture period (41 
DoC). On the other hand, the mean concentrations of NO2

- (13.66 ±
0.49 µM) and NO3

- (122.76 ± 27.97 µM) showed a similar trend peaking 
on 12 DoC and declined thereafter progressively with the DoC. The 
concentration of PO4

3- increased towards the end of the culture period 
(19.14 ± 1.56 µM). The mean concentrations of TN and TP in the pond 
sediments during the culture period (dry weight) were 2.39 ± 0.17 and 
0.28 ± 0.03 mg kg-1 respectively and varied within a narrow range. An 
increase in the concentrations of nutrients (NH4

+, NO2
- and NO3

-) and 
sediment TN and TP on 12 DoC was discernible. The average TOC in the 
pond sediment was 4.32 ± 1.63%. During the production cycle, the 
mean content of CHO for pond sediment was 276.71 ± 87.02 µg g-1. The 
mean LIP concentration was 2206.94 ± 405.14 µg g-1 with a sudden 
decline on 55 DoC and the mean concentration of PRT for pond was 
311.46 ± 83.41 µg g-1 with a gradual decline towards the 96 DoC. The 
survival rate, mean biomass and the food conversion ratio (FCR) 
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recorded during the culture were 78%, 20.83 ± 0.5 g shrimp-1 and 1.66, 
respectively. 

3.2. Bacteriological abundance 

The abundance of THBw increased by an order of magnitude on 12 
DoC (5.5 × 106 CFU mL-1) from an initial count of 1.5 × 105 CFU mL-1 

and dropped to 3.3 × 104 CFU mL-1 post 41 DoC (Fig. 1). The highest 
abundance of THBs was during the 41 DoC (1.0 × 1010 CFU g-1) and 
decreased gradually to 3.3 × 107 CFU g-1 at the time of crop harvest 
(Fig. 2). Both in water and sediment, the abundance of TAB showed a 
decreasing trend from the initial to the final harvesting time. The cul-
turable TAB in water and sediment were more abundant during the 
initial stages of culture: 2 × 106 CFU mL-1 (water) and 8.8 × 104 CFU g-1 

(sediment), respectively and decreased with the increase in shrimp 
biomass to 1.1 × 104 CFU mL-1 and 7.4 × 103 CFU g-1 on 96 DoC. The 
counts of TAB peaked (0–30 DoC) during the initial stages of culture and 
progressively decreased after 30 DoC (Figs. 1 and 2). The abundance of 
THBw showed the highest count when compared to the other bacterial 
groups. The abundance of THBs was two-orders higher than those of 
TAB. The MOB in the sediment ranged from 3.36 × 105 (0 DoC) to 11.2 
× 105 CFU g-1 (96 DoC). Comparatively, the MOB abundance was almost 
two-orders lower in the water: 5.2 × 103 (0 DoC) to 6.8 × 103 CFU mL-1 

(96 DoC). However, the general trend of MOB population in water 
(Fig. 1) and sediment (Fig. 2) was almost similar. 

3.3. Methane related activities 

The levels (µmole g-1 d-1) of potential MOA and MPA in the shrimp 
pond sediments during the production cycle is depicted in Fig. 3. The 
lowest rates of MOA (15.23 ± 6.55 µmole g-1 d-1) was observed on 25 
DoC and the maximum of 599.61 ± 167.18 µmole g-1 d-1 was on 55 DoC. 
The rate of MOA did not show any specific trend during the entire 
production cycle. The rate of MPA in the pond sediments peaked on 41 
DoC (3.45 ± 0.97 µmole g-1 d-1), post 41 DoC, the rate of MPA showed a 
declining trend till the harvest. The lowest MPA (0.102 ± 0.05 µmole g-1 

d-1) was recorded on 88 DoC. 

3.4. Interrelationship between environmental variables and bacterial 
abundance 

The results of Spearman correlation analysis revealed the significant 

interrelationships (p < 0.05) between the environmental parameters 
and the bacterial groups which influence the rates of MPA and MOA in 
the pond ecosystem (Fig. 4). The network of interactions between the 
bacterial groups (water and sediment) and methane related activities 
(sediment) and various environmental variables as revealed by Cyto-
scape network in shrimp pond is shown in Fig. 4. The abundance of 
heterotrophs and anaerobes in both water and sediments showed sig-
nificant positive correlation with dissolved nitrogen species, while 
negative correlation was obtained for methanotrophs in water (Fig. 4). 
Similarly, TOC negatively correlated with THB and TAB in water and 
sediment. MOBw positively correlated with TOC (p < 0.01, r = 0.556) 
and negatively correlated with NH4

+ (p < 0.01, r = − 0.569), NO2
- 

(p < 0.001, r = − 0.686), NO3
- (p < 0.01, r = − 0.519), THBw 

(p < 0.001, r = − 0.600) and TABw (p < 0.01, r = − 0.582) in the water. 
In the sediment, the CHO (p < 0.05, r = 0.460) and PRT (p < 0.05, 
r = 0.403) showed positive correlation with the MOBs, while negatively 
correlated with TABw (p < 0.05, r = − 0.782). The methane production 
correlated with ammonia (p < 0.001, r = 0.785), TOC (p < 0.05, 
r = − 0.402) and TABs (p < 0.05, r = 0.420). 

The results of principal component analysis (PCA) for assessing the 
magnitude of influence of environmental variables on the bacterial 
groups and the methane related microbial activities are summarized in 
the Table 1. Based on the eigen values (≥ ± 0.2), the first five principal 
components (PC) were retained and they explained a cumulative vari-
ance of 87.30%. The PC1 explained as much as 40% of the total variance 
with positive loadings by NO2

-, NO3
- and the bacterial groups such as 

THBw, TABw and negative loadings by salinity, temperature, Chl a, 
Phaeo and TOC (Table 1). PC2 explained 18.5% of the variability and 
included negative loadings by pH, TSS, NH4

+, CHO, MPA, MOBs and 
phytoplankton abundance (Table 1). There was a significant positive 
loading for potential MOA on this axis. PC3 explained 12.35% of the 
variance with positive loadings of DO, BOD, TP, PRT, MOBs while the 
axis had LIP, TABw and THBs with negative loadings. PC4 and PC5 
explained 10.55% and 5.9% of the total variability, respectively. This is 
indicated by the positive loading of MOBs on PC4. PC5 was positively 
loaded with TN and PRT (Table 1). 

4. Discussion 

Aquaculture has emerged as the fastest-growing food-producing 
sector to meet the increasing demand for aquatic products (Muralidhar 
et al., 2017; FAO, 2020). The emission of potential GHGs mainly CH4 

Fig. 1. Temporal variation in the abundance (CFU mL-1) of physiological bacterial groups: total heterotrophic bacteria (THBw), total anaerobic bacteria (TABw) and 
methane-oxidizing bacteria (MOBw) in the pond water during the cultivation of Litopenaeus vannamei in zero-exchange shrimp system. Data presented is Mean 
± SD (n = 3). 
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and N2O (Yang et al., 2017a, 2017b) formed as end products from the 
degradation of rich organic matter (Bridgham et al., 2013) during the 
aquaculture production has been documented (Queiroz et al., 2019). 
Considering CH4 as the second most important GHG, few studies (Yang 
et al., 2017a; Queiroz et al., 2019; Raul et al., 2020; Erazo and Bowman, 
2021) on the emission of CH4 in aquaculture systems have been inves-
tigated (IPCC, 2018). Yang et al. (2017a) reported a mean CH4 flux of 
123 ± 48 mg CH4 m-2 h-1 from shrimp ponds, whereas Queiroz et al. 
(2019) reported a CH4 flux of 0.8 mg CH4 m-2 h-1 from a mangrove site 
receiving shrimp pond effluents. Besides, coastal marine shrimp ponds 
have significantly higher methane emissions compared to that from 
freshwater aquaculture ponds (Hu et al., 2016) that could be attribut-
able to the sub-optimal water quality (Hasan and Soto, 2017). 

The pond water quality gets influenced by the microbial processes, 
especially towards the end of the production cycle (Moriarty, 1997; 
Funge-Smith and Briggs, 1998). In order to obtain sustainable yields, 
shrimp farmers strive to maintain the key water quality parameters 
within the desired levels by adopting best pond management practices 

including the application of probiotics (Shariff et al., 2001; Nakayama 
et al., 2009). In a healthy shrimp farming system, the indigenous mi-
crobial flora aid in the remineralization of organic nutrients and also 
tend to influence the methane related activities (Sahu et al., 2008). 
Various complex biogeochemical processes (Holmer et al., 2005; Yang 
et al., 2019b) including microbial methane related activities which form 
an integral part of aquaculture pond ecosystems has seldom been taken 
into account while explaining the variability in global methane budgets 
(Yang et al., 2020a, 2020b). The present study was undertaken in order 
to gain comprehensive understanding of pond ecosystem functioning 
and magnitude of influence of environmental variables that are intrin-
sically linked to the methane related microbial activities. Such an in-
formation is crucial for achieving environmentally friendly standards for 
pond management and for the sustainability of shrimp culture farms. 

Environmental variables play an important role in determining the 
shrimp productivity and health (Ray et al., 2011). These environmental 
variables influenced the microbial biogeochemical processes which 
determine the pond dynamics (Sabu et al., 2021). Accumulation of 

Fig. 2. Temporal variation in the abundance (CFU g-1) of physiological bacterial groups: total heterotrophic bacteria (THBs), total anaerobic bacteria (TABs) and 
methane-oxidizing bacteria (MOBs) in the pond sediment during the cultivation of Litopenaeus vannamei in zero-exchange shrimp system. Data presented is Mean 
± SD (n = 3). 

Fig. 3. Methane production (MPA) and potential methane oxidation rates (MOA) in (µmole g-1 d-1) in pond sediments during the cultivation of Litopenaeus vannamei 
in a zero-exchange shrimp culture system. 
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dissolved nutrients (NH4
+, NO2

-, NO3
- and PO4

3-) and organic matter 
(uneaten feed, feces and metabolites) with the progress of the culture 
period tend to affect the water quality and shrimp productivity in the 
zero-exchange shrimp systems (Ray et al., 2010). It has been docu-
mented that as low as 15% of the formulated feed (amounting to 
24–37% of nitrogen and 11–20% of phosphorus) is assimilated as shrimp 
biomass and the remainder is discharged into the pond water and 
sediment (Funge-Smith and Briggs, 1998; Christopher et al., 2003). This 
accumulation of organic matter contributes to CH4 formation (Boyd 
et al., 2010; Boyd and Tucker, 2014). The paddle-wheel aerators used in 
augmenting the DO levels are also known to contribute to the circulation 
and facilitate water column mixing (Tendencia et al., 2015). Further-
more, maintenance of oxic conditions through aeration in enhancing the 
microbial activity (Fernandes et al., 2010) such as the aerobic methane 
oxidation (Yuan et al., 2019; Yang et al., 2019a) in shrimp ponds have 
been reported. 

Bacterial and phytoplankton communities in the pond ecosystem 
recycle the nutrients (Hargreaves, 1998; Fellows et al., 2006). In the 
present study, THBw showed highly significant correlation with dis-
solved nitrogen species (NH4

+, NO2
-, NO3

-) and an inverse relationship 
with Chl a (p < 0.001, r = − 0.771) and phytoplankton abundance 
(p < 0.05, r = − 0.435) implying the occurrence of effective recycling 
and assimilation of nutrients (Lemonnier et al., 2010). Significant 
negative correlation of phytoplankton abundance with NO2

- (p < 0.01, 
r = − 0.503) and NO3

- (p < 0.01, r = − 0.537), implies that the uptake of 
dissolved inorganic nitrogen by phytoplankton might constitute the 
primary nitrogen removal pathway aiding in the growth and abundance 
of phytoplankton populations (Hargreaves, 1998). An increase in dis-
solved nutrients during the initial days supported the gradual estab-
lishment of the phytoplankton community in shrimp pond ecosystem 
which has also been reported from our previous study (Fernandes et al., 
2019). 

Heterotrophic ammonia assimilation helps in building cellular pro-
tein (Ray et al., 2010), this was correborated with the positive 

correlation obtained for THB with NH4
+ (p < 0.001, r = 0.705), as well 

as in the efficient uptake of inorganic nutrients by THB which was more 
than the phytoplankton (Løvdal et al., 2008; Liu et al., 2014; Sabu et al., 
2021). The concentrations of all dissolved nutrients were within the safe 
limits for the culture of L. vannamei throughout the production cycle 
(Chien, 1992), except for a peak of NH4

+ on 41 DoC. The initial increase 
of NH4

+ could mainly be due to the breakdown of abundant supply of 
labile carbon and nitrogen (protein from uneaten feed, reduction of 
nitrogen species and shrimp excretion) (Brune et al., 2004) for the mi-
crobial assimilation (Burford and Glibert, 1999; Yang et al., 2018). 
Negative correlation between abundance of MOBw and NH4

+ (p < 0.01, 
r = − 0.568) and NO2

- (p < 0.001, r = − 0.686) explains the competitive 
inhibitory effect of nitrogenous compounds on methane monoxygenase 
(MMO) enzyme which regulates methane oxidation (Bodelier and 
Laanbroek, 2004; Nyerges et al., 2010; Stein and Klotz, 2011). Nyerges 
and Stein (2009) reported that the ability of NH4

+ to act as cosubstrate 
and competitive inhibitor of MMO enzyme varies amongst species of 
methanotrophic bacteria. Besides, ammonia and nitrite are known to 
strongly influence methanotrophic activity and composition of meth-
anotrophic communities (Nyerges et al., 2010). 

Apart from nitrogen, the high concentration of dissolved phosphate 
is of major concern for the sustainable shrimp aquaculture (Boyd et al., 
2007; Sabu et al., 2021). An increase in the concentration of dissolved 
PO4

3- towards the end of the culture period, was perhaps due to the 

Fig. 4. Network of interactions between the methane related variables with 
various environmental parameters in the shrimp pond. The relationships with 
only significant correlation coefficient (r) were plotted (p ≤ 0.05). Note: In the 
above diagram, the positive correlations are denoted by bold black line 
(p < 0.001), bold gray line (p < 0.01) and thin black line (p < 0.05). The 
negative correlations are denoted by bold red line (p < 0.001), bold dash red 
line (p < 0.01) and thin red line (p < 0.05). THB - total heterotrophic bacteria, 
TAB - total anaerobic bacteria, Phyto - phytoplankton, Chl a - chlorophyll a, 
Phaeo - phaeophytin, TSS - total suspended solids, TOC - total organic carbon, 
CHO - carbohydrates, PRT - proteins, Temp - temperature, MOB - methane- 
oxidizing bacteria, MOA - methane oxidation activity, MPA - methane pro-
duction activity. The subscript ’w’ and ’s’ denote water and sediment as the 
sampling sources for the bacterial groups. 

Table 1 
Summary of principal component analysis (PCA) of environmental variables in 
shrimp aquaculture system. Loadings ≥ ± 0.2 are represented in bold.  

PC Eigen values Variation (%) Cumulative Variation (%) 

1 11.2 40 40 
2 5.18 18.5 58.5 
3 3.42 12.35 70.85 
4 2.98 10.55 81.40 
5 1.65 5.9 87.30 
Eigenvectors  
Variables PC1 PC2 PC3 PC4 PC5 
pH -0.05 -0.29 0.18 -0.04 -0.34 
Salinity -0.23 -0.19 -0.17 -0.13 0.09 
Temperature -0.26 0.09 -0.04 -0.05 -0.11 
TSS 0.042 -0.398 0.024 -0.049 -0.019 
NH4

+ 0.189 -0.268 -0.041 -0.199 -0.01 
NO2

- 0.261 -0.007 -0.007 -0.216 0.089 
NO3

- 0.272 0.043 0.082 -0.07 0.174 
PO4

3- -0.139 0.151 0.014 -0.44 -0.196 
DO 0.062 0.161 0.423 0.196 -0.076 
BOD 0.114 -0.029 0.404 -0.043 -0.365 
Chl a -0.286 -0.04 -0.078 -0.105 0.016 
Phaeo -0.283 -0.083 -0.02 -0.119 0.082 
TN 0.174 -0.03 0.182 -0.016 0.331 
TP 0.069 -0.095 0.294 -0.382 0.084 
TOC -0.27 -0.066 0.081 0.056 0.199 
CHO -0.082 -0.372 -0.005 0.037 -0.026 
LIP -0.105 0.024 -0.32 -0.32 0.185 
PRT -0.042 0.115 0.302 -0.143 0.498 
MPA 0.166 -0.333 0.00 0.008 -0.132 
MOA 0.004 0.335 0.046 -0.251 -0.013 
THBw 0.259 -0.115 -0.039 -0.136 0.078 
TABw 0.22 0.163 -0.209 -0.051 -0.195 
MOBw -0.162 0.014 -0.019 0.387 0.1 
THBs 0.203 -0.137 -0.344 -0.047 0.063 
TABs 0.269 -0.024 -0.156 0.039 -0.023 
MOBs -0.087 -0.261 0.258 -0.144 0.178 
Phyto -0.194 -0.244 0.025 0.114 0.073 

Note: TSS - total suspended solids, DO - dissolved oxygen, BOD - biochemical 
oxygen demand, Chl a - chlorophyll a, Phaeo - phaeophytin, TN - total nitrogen, 
TP - total phosphorus, TOC - total organic carbon, CHO - carbohydrates, LIP - 
lipids, PRT - proteins, MPA - methane production activity, MOA - methane 
oxidation activity, THB - total heterotrophic bacteria, TAB - total anaerobic 
bacteria, MOB - methane-oxidizing bacteria, Phyto - phytoplankton abundance. 
The subscript ’w’ and ’s’ denote water and sediment as the sampling sources for 
the bacterial groups. 
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excessive remineralization processes (Burford, 2003) which could have 
stimulated the phytoplankton growth. In the marine ecosystems, phos-
phonates are one of the major forms of organic-P compounds which are 
also constituents of phytoplankton, particulate organic matter (Karl 
et al., 2008; Kolowith et al., 2001; Benitez-Nelson et al., 2004; Kittredge 
and Roberts, 1969). The formation of methylphosphonate and its sub-
sequent utilization result in the aerobic formation of CH4 in the coastal 
marine ecosystems (Karl et al., 2008; Sosa et al., 2019). During the 
concurrent metabolism of methylphosphonate and phosphate, the up-
take of the latter is more favored and this results in the systematic 
reduction of CH4 yield from the utilization of methylphosphonate (Karl 
et al., 2008). This process of CH4 production from the methyl-
phosphonates could be inhibited by the increasing concentration of 
dissolved phosphate in the pond ecosystem (Carini et al., 2014) and 
hence in the present study an inverse relationship of PO4

3- with MPA 
was observed. 

Significant relationships between pond water quality parameters and 
heterotrophic bacterial population suggest the active role of microbes in 
processing the organic matter and the resultant nutrients in the pond 
(Das et al., 2013; Sabu et al., 2021). MOBw and MOA positively corre-
lated (p < 0.05) with phytoplankton (Fig. 4). This could be due to the 
presence of methane formed from the degradation of organic matter or 
from the methylated compounds (dimethylsulfoniopropionate) which 
are produced as metabolic by-product of microalgae (Damm et al., 
2008). This methane undergoes oxidation by methanotrophs resulting in 
the release of CO2 as an end product. The CO2 thus produced serves as 
substrate for phytoplankton and in turn leads to an increase in the DO 
levels (Yang et al., 2019b). In addition, the increased Chl a concentra-
tion towards the end of the culture period concomitant with the higher 
phytoplankton abundance reflects the increased photosynthetic rates as 
observed by Fernandes et al. (2019). This effectively helps in the uptake 
of atmospheric CO2 and fixes into organic matter (Maberly, 1996; Gu 
et al., 2011; Wang et al., 2015). This organic biomass eventually adds to 
the TOC in the sediment thus explaining the positive correlation of 
phytoplankton with TOC (p < 0.001, r = 0.816). TOC is negatively 
correlated with THB in water (p < 0.001, r = − 0.679) and sediments 
(p < 0.001, r = − 0.673) (Fig. 4). Thus implying that heterotrophic 
bacterial communities are actively involved in the organic matter 
mineralization and nutrient biota-interactions (Freitas and 
Godinho-Orlandi, 1991; Bhakta et al., 2006). In the present study, the 
abundance of THB in the sediment (Fig. 2) was four times higher than 
that recorded in pond water (Fig. 1). Abraham et al. (2004) reported a 
heterotrophic count of 1.02 × 107 CFU mL-1 in the semi-intensive 
shrimp culture system on the day of harvest. In the present study, the 
highest abundance of THB in water of 2.03 × 106 CFU mL-1 was on 
0 DoC and of 1.04 × 1010 CFU g-1 in sediment on 41 DoC. This variation 
in the abundance of THB might reflect the obvious differences in 
stocking density, species, and pond management practices (Ampofo and 
Clerk, 2003). Aquaculture pond bottoms are recipients of a large amount 
of nitrogen, phosphorus and organic matter (Boyd, 1990, 1992) and 
these substances tend to accumulate in the bottom sediment. Accumu-
lation of high organic matter in the sediment layer is likely to result in 
anaerobic processes in the pond bottom which lead to the formation of 
reducing conditions and the release of potentially toxic compounds such 
as sulfide and methane (Boyd, 1992). In the pond water, abundance of 
TAB was an order higher than those recorded in the sediment. This could 
be due to the mechanical aeration maintained in the pond leading to the 
resuspension of the bottom sediments (Seo and Boyd, 2001; McGraw 
et al., 2001) which serve as microniches for the anaerobes in the pond 
water. However, the mineralization of organic matter results in the 
regeneration of nutrients at the sediment-water interface which act as an 
important source of ammonia and a sink for dissolved oxygen (Har-
greaves, 1998). Similar to heterotrophs, the TABw and TABs showed 
significant negative relationship (p < 0.001) with dissolved nutrients 
and TOC (TABw: r = − 0.791; TABs: r = − 0.839) (Fig. 4). In oxygen 
deficient conditions, other electron acceptors are used to mediate the 

decomposition of organic matter. In both pond water and sediment, the 
TAB significantly correlated with THB. The significant correlation of 
THB, TAB with TOC reflects the decomposition of organic matter along 
with subsequent emission of GHGs (Yang et al., 2017b). Content of 
sediment TOC recorded during the present study (1.68–6.18%) was 
relatively higher than those reported previously from shrimp culture 
ponds (scampi culture ponds, 1.24–1.3%; polyculture ponds, 
1.33–1.39%) (Adhikari et al., 2012). 

In the present study, the concentrations of TOC (organic matter from 
uneaten feed, dead plankton, organic fertilizers) influenced the abun-
dance of MOBw (p < 0.01, r = 0.556). The counts of MOB in the sedi-
ments were two to three orders magnitude higher than pond water 
throughout the culture period. The abundance of MOBs correlated with 
TSS (p < 0.01, r = 0.504) and sedimentary CHO (p < 0.05, r = 0.46) 
and PRT (p < 0.5, r = 0.403) which represent the labile components of 
the organic matter. Methanotrophs and their activity has been reported 
(Gonsalves et al., 2011; Kamaleson et al., 2019) to be influenced by the 
labile organic matter such as CHO and PRT. The organic matter serves as 
substrates for methanogenesis which is done by anaerobes. The high 
abundance of TAB in the initial phase till 41 DoC might have contributed 
to the higher rates of MPA towards the middle of the production cycle 
(41 DoC) followed by a decline. This decline in MPA may be due to the 
gradual increase in the size of post larvae, frequency of aeration, feeding 
rates and the luxuriant growth of microalgae with the progress of the 
culture. However, the attainment of highest MOA on 55 DoC could be 
attributed to the higher aerobic microbial activities as a consequence of 
increased aeration frequency and probiotic application (Yang et al., 
2017a, 2019a). 

During the entire production cycle, the highest level of MPA in 
sediments (3.45 ± 0.97 µmol g-1d-1) was recorded on 41 DoC. The 
Spearman correlation analysis between methane related microbial ac-
tivities and environmental variables showed significant positive re-
lationships of MPA with TSS (p < 0.001, r = 0.846), NH4

+ (p < 0.001, 
r = 0.785), TABs (p < 0.00, r = 0.628), and inverse relationships with 
PO4

3- (p < 0.05, r = − 0.454), Chl a (p < 0.05, r = − 0.514) and TOC 
(p < 0.05, r = − 0.438). This positive correlation of MPA with ammonia 
(Fig. 4) could be due to increase in the nutrient availability (up to 41 
DoC) in the pond which influenced the methanogenic activity (Purvaja 
and Ramesh, 2001) (Fig. S1). 

Methanotrophs also help in keeping the concentration of CH4 at 
lower levels (Yang et al., 2019a) by oxidizing CH4 to CO2 for energy 
generation and growth (Trotsenko and Murrell, 2008). Although the 
potential MOA ranged from 15.23 ± 6.55 µmole g-1d-1 to 
599.61 ± 167.18 µmole g-1d-1, the frequent aeration can lead to rapid 
oxidation of methane in the overlying water column (Yang et al., 2017a) 
which in turn could lower the levels of methane in the water column. 
Bastviken et al. (2008) reported that 80% of methane produced in the 
deep wetland sediments could get oxidized in the water column during 
transport. Besides, the chances of bioturbation triggered ebullition 
(bubble flux from sediment) and diffusion of methane into the atmo-
sphere are possible (Bastviken et al., 2004; Tranvik et al., 2009). How-
ever, in the pond sediments, a complex array of environmental variables 
seemed to influence the methane oxidation potential in the biosecured 
system as the MOA showed negligible correlations with most of the 
physicochemical variables. 

In the present study, the overall MPA was comparatively lower than 
the MOA in the pond sediments. This is influenced by increased abun-
dance of methanotrophic microbial population than the methanogenic 
archaeal groups in water and sediment. Also, the pond management 
practices such as the increased frequency of aeration, addition of pro-
biotics and oxygen releasing compounds provide favorable conditions 
for methanotrophic microbial communities to flourish over the meth-
anogenic archaeal groups. This enhanced activity of methanotrophs can 
utilize most of the CH4 (80%) produced via methanogenesis which leads 
to a higher MOA in comparison to MPA (Kumaraswamy et al., 2000; 
Brigolin et al., 2009; Bastviken et al., 2011). The suppression of 
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methanogenic activity restricting the CH4 emission in the presence of 
higher levels of the dissolved oxygen in the aquaculture ponds has been 
well documented (Raul et al., 2020; Krüger et al., 2001). All the above 
factors enhance the efficiency for MOA over MPA. The concentration of 
CH4 in sediment is directly related to the competition between metha-
nogens and sulfate reducers and denitrifiers (Marinho et al., 2012). 
Results of PCA showed that abundance of MOB and methane related 
activities were influenced with salinity, temperature, dissolved nitrogen 
species, phytoplankton pigments, TOC and other bacterial groups in the 
shrimp pond ecosystem. The Cytoscape network diagram (Fig. 4) 
elucidated the complex interactions between various physicochemical 
and biological parameters in relation to CH4 cycle. The results obtained 
from the present study is suggestive that concentrations of GHGs like 
CH4 is influenced by different environmental parameters to varying 
extent and can also be impacted by aquaculture pond management 
practices. 

5. Conclusion 

The fate of methane emission from an aquaculture system is gov-
erned by the abundance and the levels of activity of methane related 
bacterial communities. These communities are influenced by the envi-
ronmental variables which in turn vary in accordance with the pond 
management practices. Considering a lacunae in the understanding of 
complex interactions between the above parameters, the present study 
was aimed to study the role of these microbes in the pond water and 
sediment and thus aid in developing mitigatory measures for aquacul-
ture wastewater treatment. The in situ bacterial communities in 
conjunction with pond management practices (feed, aeration, mainte-
nance of optimum pH levels, probiotics and oxygen releasing com-
pounds etc.) result in the build-up of dissolved nutrients and organic 
matter, thereby contributing to the methane production in the pond 
ecosystem. The methane oxidation activity by the microbial community 
during the aquaculture production could be a factor controlling the 
concentration of methane being effluxed from the system. Future 
application of ecofriendly methanotrophs will be expected to minimize 
the emission of methane. Besides, different bacterial groups with their 
varied activities contributed to the bioremediation of aquaculture pol-
lutants. The results of the present study provide a baseline information 
on microbial processes and insights into the environmental factors 
which may aid in the development of shrimp farming industry. 
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Abstract
To elucidate the individual and multiple roles of physiological bacterial groups involved in biogeochemical cycles of carbon,
nitrogen, phosphorus and sulfur, the changes in the abundance of aerobic bacteria (heterotrophs, methane oxidizers, ammonia
oxidizers, sulfur oxidizers, phosphate solubilizers, phosphate accumulators) and anaerobic bacteria (total anaerobes, nitrate
reducers, denitrifiers and sulfate reducers) were investigated in a biosecured, zero-exchange system stocked with whiteleg
shrimp, Litopenaeus vannamei for one production cycle. Key water quality parameters during the 96-day production cycle fell
within the normal range for L. vannamei culture. Results of Spearman’s correlation matrix revealed that different sets of variables
correlated at varying levels of significance of the interrelationships between bacterial abundances and water quality parameters.
The three nitrogenous species (ammonia, nitrite and nitrate) strongly influenced the physiological bacterial groups’ abundance.
The strong relationship of bacterial groups with phytoplankton biomass and abundance clearly showed the trophic interconnec-
tions in nutrient exchange/recycling. Canonical correspondence analysis performed to assess the total variation revealed that the
three dissolved nitrogen species followed by salinity, temperature, phytoplankton biomass and pH collectively accounted for as
much as 82% of the total variation. In conclusion, the results of the study revealed that the major drivers that interweaved
biogeochemical cycles are the three dissolved nitrogen species, which microbially mediated various aerobic-anaerobic
assimilation/dissimilation processes in the pond ecosystem. Considering the pond microbial ecology becoming an important
management tool where applied research could improve the economic and environmental sustainability of the aquaculture
industry, the findings of the present study are practically relevant.

Keywords Nutrients .Litopenaeusvannamei .Shrimpaquaculture .Bacterialgroups .Canonicalcorrespondenceanalysis .Water
quality

Introduction

The ever increasing demand for animal protein has resulted in
the tremendous expansion of the shrimp culture industry and

has now become an activity of economic importance in many
countries of the world [1]. With a total production of 4.97
million tonnes, the whiteleg shrimp, Litopenaeus vannamei,
has emerged as the highest harvested crustaceans in the world,
contributing to ~ 53% of the total shrimps and prawns produc-
tion (∼ 9.39million tonnes) in 2018 [2]. Remarkable attributes
of L. vannamei such as faster growth rate, high density toler-
ance, adaptability to grow and survive under varying salinity
and temperature regimes and cultivation in both indoor (tanks
or recirculating aquaculture systems) or outdoor facilities
(ponds) have made L. vannamei as the most choice shrimp
species for commercial culture in subtropical and tropical re-
gions [3, 4]. The high-density and high-yield culture of
L. vannamei has largely been attributed to rapid transforma-
tion from “open systems” (frequent water discharge) to
“closed systems” (minimal or zero-water discharge).
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Biosecured, zero-exchange systems offer apparent advantages
such as better control over water quality, limited land use,
reduced pollution discharge and water usage, and risk of dis-
ease transmission between wild and captive stocks (5–7).

The major problem associated with the zero-exchange sys-
tems, however, has been the accumulation of nitrogenous
waste (especially ammonium and nitrite) and organic matter
(derived from the excess feed, feces and metabolites) with the
progress of the culture thereby affecting the water quality and
productivity [5–8]. It has been reported that only 15% of the
applied feed (amounting 24–37% of nitrogen and 11–20% of
phosphorus) is consumed, assimilated and retained as shrimp
biomass, while the remainder is released to the water and
sediment [9]. The success of zero-exchange shrimp culture
systems therefore depends on striking a balance between
waste production and assimilation capacity, by taking into
account the waste impact on the growth of cultured organisms,
the mortality of the cultured stock and overall expansion of
total biomass [10]. In this context, the role played by physio-
logical bacterial communities inmaintaining the water quality,
by assimilation and mineralization of excess organic load (un-
eaten feed and particulate matter) from the pond ecosystem
while maintaining the optimum shrimp growth is of para-
mount importance [11].

Different groups of bacteria and phytoplankton communi-
ties recycle nutrients and degrade organic matter (uneaten
feed, excreta, sloughed exoskeletons and other debris) in the
shrimp ponds. Excess nitrogenous compounds are the major
contributors to eutrophication thereby disrupting the aquatic
ecosystem balance and could lead to massive mortality of
cultured organisms [12]. In natural ecosystems, microbes are
quintessential in nutrient recycling and maintain a balanced
concentration of each nitrogen species, thereby maintaining
water quality. In shrimp ponds, the microbial metabolism of
the nitrogen (N) species is carried out mainly by ammonia-
oxidizing bacteria (AOB), nitrifying bacteria, heterotrophic
bacteria (THB), nitrate-reducing bacteria (NRB), denitrifying
bacteria (DNB) and phytoplankton [13].

Similarly, the excess dissolved phosphate could also trigger
eutrophication affecting the shrimp pond ecosystem.
Polyphosphate-accumulating bacteria (PAB) and phosphate-
solubilizing bacteria (PSB) involved in uptake and release of
phosphorus (P) respectively, are important players in the P
cycle. In addition to dissolved nutrients, organic matter, ma-
jorly the carbon (C) accumulated in the shrimp pond, is oxi-
dized by sulfate-reducing bacteria (SRB) resulting in the re-
lease of toxic hydrogen sulfide (H2S), particularly under an-
oxic conditions [14]. On the other hand, by assimilating H2S
as a substrate, the sulfur-oxidizing bacteria (SOB) mitigates
the toxicity in the pond ecosystem [15]. The prevalence of
anaerobic conditions in superintensive and intensive zero-
exchange systems may lead to the rapid release of greenhouse
gases such as methane [1]. This methane is mitigated by

methane-oxidizing bacteria (MOB) by assimilating it for its
growth [14, 16].

Despite their ecological significance, the interrelationships
between the physiological bacterial groups involved in ele-
mental cycles of C, N, S and P, and environmental variables
in the shrimp ponds have not been addressed holistically. In
this context, the present study was conducted with an overall
aim to evaluate the changes in the abundance of different
physiological bacterial groups and their interrelationships with
environmental variables during a production cycle of
L. vannamei in the zero-exchange system. Considering shrimp
aquaculture as a significant economic activity worldwide, the
conclusions drawn from the study would advance the current
understanding of the roles played by different physiological
groups, which may aid in sustainable expansion of the
industry.

Materials and Methods

Experimental Pond and Farm Management

The shrimp farm located near Alvekodi village, near Kumta
town (Karnataka state) on the west coast of India (14.42° N
lat. 74.40° E long.), was considered for the study. The farm is
tide-fed from an adjoining creek located about 3 km from the
coast. Investigations were carried out in a pond having a water
spread area of ~ 0.84 ha and a pond depth of 1.2 m. Farm
management practices as applicable to biosecure, zero-
exchange shrimp farming (prevention of entry of carriers/
vectors including crabs and birds, use of dechlorinated water
for pond filling, healthy certified seeds, stringent feed man-
agement, periodic water quality monitoring, application of
p rob i o t i c s , ma in t enance o f h i gh s t anda rd s o f
hygiene of personnel and equipment) were followed. The
pond preparation practices (sun drying, fertilization and lim-
ing) were carried out 1 month before the post-larval stocking.
The pond was then filled with dechlorinated seawater from
reservoir pond followed by an application of inorganic fertil-
izer (4 ppm; urea:single super phosphate, 1:1). For enhancing
the pond natural productivity, the farm-made liquid mixture
containing wheat bran, jaggery, yeast and a protein source
(groundnut oil cake, old feed, buttermilk, vinegar) was added
(100 to 150 l) during the first 15 days of culture (DoC). Two
weeks post-pond preparation, stocking with seeds was carried
out.

White spot syndrome virus (WSSV) negative post-larvae
(PL18) of L. vannamei as confirmed by polymerase chain re-
action (PCR) test was procured from a nearby shrimp hatchery
(Skyline Aqua Hatchery) and was transported to the pond site
in oxygen-filled bags. The actively motile post-larvae with no
visible signs of disease or morbidity were stocked at a stock-
ing density of 16 PL18/m

2 during early morning hours.
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Commercially, formulated pellets (CP Aquaculture; proxi-
mate composition: 38–40% crude protein, 5% lipid, 3% fiber)
were used to feed the shrimps three times in a day. With the
increase of shrimp biomass, a progressive decrease in the
feeding rate from 10 to 2% of body weight was followed.
However, based on the survival and shrimp biomass, feeding
rates were adjusted.

To buffer the wide fluctuations in pH, the hydrated
lime and pH fixers were applied to the pond throughout
the production cycle that lasted for 96 DoC with zero-
water exchange. Fresh dechlorinated water to compensate
evaporation and seepage losses was added on a fortnightly
basis to maintain minimum water depth (~ 1.0 m).
Optimum levels of dissolved oxygen (DO) in the pond
were maintained by deploying paddle-wheel aerators with
an aeration protocol of 8, 12 and 16 h/day during 0–50,
51–80 and 81–96 DoC respectively. The liquid and pow-
dered probiotics were applied mixed with the feed as well
as directly added to the pond water. The liquid probiotic
“Super PS” (Rhodobacter spp. and Rhodococcus spp., ~
109 CFU/ml) was applied periodically to prevent the for-
mation of hydrogen sulfide (H2S), increase DO levels,
promote the non-pathogenic bacteria, digest the accumu-
lated organic substances (protein, carbon and lipids), and
prevent disease occurrence. For supporting the growth
and survival rates of shrimp, the commercial feed-based
probiotic containing Bacillus subtilis (108 CFU/ml) and
vitamin-mineral feed additive were also applied
periodically.

Sampling Methodology and Analysis

Sampling started from the larval stocking day (0 DoC) till
96 DoC (harvesting day). Water samples (in triplicate)
were collected from three pre-determined sampling points
in the pond. The collected water samples were transported
aseptically to the laboratory in an ice box for immediate
processing and analysis. Temperature, pH and salinity
were measured in situ with the help of a standard ther-
mometer, a portable pH meter (ColeParmer-99361-12)
and a hand-held refractometer (Atago) respectively. All
the physicochemical parameters were analyzed in tripli-
cate. The concentration of DO was estimated by
Winkler’s method [17] and biochemical oxygen demand
(BOD5) loading was determined as per the methods de-
scribed in Parsons et al. [17]. The water samples collected
in acid-washed polyethylene bottles (in triplicates) were
analyzed for nutrients following the protocols outlined in
Parsons et al. [17]. Total suspended solids (TSS) content
was also estimated [17]. Water samples for estimation of
chlorophyll a (Chl a) and phaeophytin (Phaeo) were ana-
lyzed spectrophotometrically [17].

Bacterial Enumeration

In the present study, culturable aerobic and anaerobic bacterial
groups involved in four elemental cycles were enumerated.
Total heterotrophic bacteria (THB) in pond water were enu-
merated by the spread plate technique on nutrient agar plates
[18]. Similarly, the total anaerobic bacteria (TAB) were enu-
merated by using anaerobic agar medium (HiMedia, India),
sulfur-oxidizing bacteria (SOB) with modified Lieske’s medi-
um [19], sulfate-reducing bacteria (SRB) using modified
Hatchikan’s medium [19], methane-oxidizing bacteria
(MOB) on NMS medium [20], polyphosphate-accumulating
bacter ia (PAB) in acetate mineral medium [21],
polyphosphate solubilizers (PSB) in hydroxyl apatite medium
[22], ammonia-oxidizing bacteria (AOB) in nitrifying
medium [23] and, denitrifying bacteria (DNB) and nitrate re-
ducing bacteria (NRB) [19] were enumerated, respectively, on
specific agar media [18, 24].

Statistical Analysis

Before subjecting the data for statistical analysis, all raw
values of bacterial and environmental variables were normal-
ized using log (x + 1) and square root transformations, respec-
tively. To analyze the interrelationships within bacterial
groups, as well as between bacterial groups and environmental
variables, the data were subjected to Spearman’s correlation
analysis using Statistica 12.0 version [25]. Three levels of
significance (p < 0.05, p < 0.01 and p < 0.001) were reported.
Canonical correspondence analysis (CCA) was performed to
decipher the role of environmental variables in controlling the
abundance of different physiological bacterial groups. CCA—
a multivariate data reduction technique was employed mainly
to understand the major driving factors contributing to the
changes in the abundance of (i) aerobic bacterial groups
(ABG), (ii) anaerobic bacterial groups (ANBG) and, (iii) all
the bacterial groups (ABG and ANBG), separately, by using
canonical community ordination (CANOCO) software for
Windows v.4.5 [26, 27]. Monte Carlo test was performed with
the maximum number of possible random permutations (999)
for statistical interpretation of the data.

Results

Water Quality

Key water quality parameters (water temperature, pH, salinity
and DO) recorded during the production cycle fell within the
acceptable levels for the culture of penaeid shrimps [28].
During the culture period, the water temperature ranged from
25 to 32 °C (mean ± SD; 29.4 ± 1.85 °C). Throughout the
cultivation period, near alkaline conditions (7.91 ± 0.08) were
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maintained by periodic application of lime and pH fixers.
Salinity increased from 32 (0 DoC) to 44 (96 DoC) with the
progress of the culture. Optimum concentrations of DO (5.50
± 1.14 mg/l) were maintained with the help of paddle-wheel
aerators. Values of BOD5 (3.21 ± 1.26 mg/l) throughout the
production cycle were within the threshold level for the
shrimp culture. The recorded survival rate was 78%. The av-
erage body weight of the harvested shrimps was 20.83 ± 0.5 g.

Concentrations of NH4
+ peaked on 41 DoC (19.48 ± 0.14

μM) and thereafter decreased (Fig. 1). Concentrations of both
NO2

- (13.66 ± 0.49 μM) and NO3
- (122.76 ± 27.97 μM)

showed a similar trend with the highest levels recorded on
12 DoC and decreased progressively thereafter until 96 DoC
(Fig. 1). The temporal variation in concentrations of PO4

3- did
not show any particular trend until 78 DoC and then increased
drastically towards the end of the culture period (19.14 ± 1.56
μM) (Fig. 1).

Changes in Bacterial Abundance

The abundance of different physiological bacterial groups
showed variable trends during the production cycle (Fig. 2).
The abundance of THB was an order higher on 12 DoC (5.5 ×
106 CFU/ml) than on 0 DoC (1.5 × 105 CFU/ml) and later
dropped by two orders (3.3 × 104 CFU/ml) at the time of
harvest (96 DoC). TAB were more abundant (2 × 106 CFU/
ml) during the initial phase of culture (< 30 DoC), decreased
progressively thereafter, and reached to the lowest abundance
on 96DoC (1.1 × 104 CFU/ml). MOBwas 5.28 × 103 CFU/ml
on 0 DoC, with a peak of 1.73 × 104 CFU/ml on the 68 DoC
followed by a decrease to 6.8 × 103 CFU/ml on 96DoC. In the
case of AOB, from the initial culture period, it attained a two
order increase on 55 DoC (1.19 × 104 CFU/ml), and similar
counts were recorded until 96 DoC (1.2 × 104 CFU/ml).
Anaerobic bacterial groups, DNB (9.8 × 104 CFU/ml) and
NRB (3.3 × 104 CFU/ml) involved in nitrogen assimilation

had a highest count at 41 DoC and decreased subsequently
(DNB: 1.8 × 103 CFU/ml; NRB: 1.4 × 104 CFU/ml) towards
the last phase of culture (96 DoC). In the case of the aerobic
oxidizer SOB, it was 1 × 104 CFU/ml on 0 DoC, peaked on 41
DoC (5.6 × 106 CFU/ml) and dropped to 1.3 × 105 CFU/ml on
96 DoC. In contrast, the abundance of SRB decreased pro-
gressively from 4.8 × 104 CFU/ml (0 DoC) to 9.2 × 103 CFU/
ml (96 DoC). The abundance of physiological bacterial
groups involved in phosphorus cycle (PAB and PSB) showed
an increasing trend from 0 to 96 DoC (PSB: 2.7 × 102 to 1 ×
104 CFU/ml; PAB: 1.1 × 103 to 1.75 × 104 CFU/ml).

Interrelationships Between Bacterial Abundance and
Water Quality

Spearman’s Correlation Matrix

The result of Spearman’s correlation matrix of different bac-
terial groups and their significant interrelationships with water
quality parameters (physical, chemical, and biological) con-
firmed the existence of tight coupling between bacterial abun-
dance and dissolved nutrients (Tables 1 and 2). Spearman’s
correlation matrix also indicated that many physiological bac-
terial groups (except PSB) showed a significant positive rela-
tionship, particularly with one or more dissolved nitrogen spe-
cies (NH4

+, NO2
-, NO3

-) along with multiple bacterial interre-
lationships (Tables 1 and 2). Spearman’s correlation matrix
results and scatter plot graph reaffirmed a strong positive re-
lationship between THB and dissolved nitrogen species (p <
0.001) as well as a strong negative correlation with phyto-
plankton pigments (p < 0.001). In addition, results of
Spearman’s correlation matrix revealed that MOB negatively
correlated with NH4

+ (p < 0.01), NO2
- (p < 0.001) and THB (p

< 0.001) (Tables 1 and 2). Abundance of AOB showed a
strong positive relationship with PO4

3- and Chl a and, nega-
tive relationship with NO3

-. The results of the correlation
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matrix also confirmed that DNB strongly correlated with
NO2

-, NO3
- and TAB (p < 0.001) and correlated with NRB

and SRB (p < 0.01) implying the multiple substrate utilization.
Similarly, NRB positively correlated with all the three nitro-
gen species and with SRB, albeit with a lower p value (0.05).
Whereas NRB, SOB and SRB showed a strong negative rela-
tionship with Chl a (p < 0.001). SOB and SRB also signifi-
cantly correlatedwith nitrogen species (NH4

+ and NO2
-). PAB

correlated positively with PO4
3- (p < 0.01), Chl a (p < 0.001)

and negatively with all the three nitrogen species and also with
TAB, NRB and DNB (Tables 1 and 2).

Canonical Correspondence Analysis

For assessing the degree of interrelationships between envi-
ronmental variables and culturable bacterial groups, CCAwas
performed separately for all bacterial groups (ABG and
ANBG). The results of CCA are depicted in ordination biplots

Table 1 Spearman’s correlation matrix of physiological bacterial groups (n = 27). Significant correlations are in italics (*p < 0.05; **p < 0.01; ***p <
0.001)

Bacterial groups THB TAB MOB SOB SRB NRB DNB AOB PSB PAB

THB 1.00

TAB 0.54 1.00

MOB − 0.60*** − 0.58 1.00

SOB 0.77*** − 0.02 − 0.19 1.00

SRB 0.45 0.80*** − 0.77*** − 0.06 1.00

NRB 0.47 0.53 − 0.13 0.19 0.40* 1.00

DNB 0.64 0.86*** − 0.59 0.18 0.83*** 0.54** 1.00

AOB − 0.35 − 0.34 − 0.20 − 0.18 0.16 − 0.05 − 0.22 1.00

PSB 0.27 − 0.17 0.16 0.60 − 0.49 − 0.06 − 0.29 − 0.24 1.00

PAB − 0.58 − 0.58** 0.23 − 0.27 − 0.32 − 0.72*** − 0.56** 0.36 0.11 1.00

THB, total heterotrophic bacteria; TAB, total anaerobic bacteria;MOB, methane-oxidizing bacteria; SOB, sulfur-oxidizing bacteria; SRB, sulfate-reducing
bacteria; NRB, nitrate-reducing bacteria; DNB, denitrifying bacteria; AOB, ammonia-oxidizing bacteria; PSB, phosphate solubilizing bacteria; PAB,
phosphate accumulating bacteria; Temp, temperature; TSS, total suspended solids; NH4

+ , ammonia; NO2
- , nitrite; NO3

− , nitrate; PO4
3− , phosphate;

DO, dissolved oxygen; BOD, biochemical oxygen demand; Chl a, chlorophyll a; Phaeo, phaeophytin
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Fig. 2 Temporal variation in the abundance (CFU/ml) of physiological
bacterial groups: (a) total heterotrophic bacteria (THB), total anaerobic
bacteria (TAB) and methane oxidizing bacteria (MOB); (b) ammonia-
oxidizing bacteria (AOB), nitrate-reducing bacteria (NRB) and
denitrifying bacteria (DNB); (c) sulfur-oxidizing bacteria (SOB) and
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of Litopenaeus vannamei in zero-exchange shrimp system. Data is
expressed as mean ± SD (n = 3)
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(Fig. 3). The forward selection of the water quality parameters
retained 9–12 variables that explained the significance of each
factor with respect to the bacterial groups (Table 3).

In the first CCA biplot for all bacterial groups (Fig. 3a), two
axes, Ax1 and Ax2, explained 81.9% of the total variance
contained in all bacterial abundance and the water quality
data. Individually, Ax1 and Ax2, accounted for 65.7% and
16.2% respectively, of the total variation (Table 3). The three
dissolved nitrogen species (NH4

+, NO2
-, NO3

-), temperature,
salinity, phytoplankton pigments (Chl a and Phaeo) and pH
were the main factors controlling the bacterial abundance. The
ordination plot showed the close relationship of DO and BOD
with all the four groups of bacteria.

The first two axes (Ax1 and Ax2) in the second CCA biplot
of ABG (Fig. 3b) accounted for 86% of the total variance. Ax1
and Ax2 explained 58.3% and 27.7% respectively, of the total
variation of aerobic bacterial groups with the environmental
variables. The three nitrogen species, temperature and salinity
were the main factors controlling the total variation in the
abundance of ABG (Fig. 3a). On the Ax1, all the three nitro-
gen species negatively correlated with ABG and on the Ax2,
pH, TSS and NH4

+ showed significant correlations (p < 0.05)
(Table 3). The influence of PAB, THB and phytoplankton on
the variability of dissolved phosphate is discernible from the
ordination biplot.

In the third biplot for ANBG (Fig. 3c), Ax1 and Ax2 ex-
plained 94.8% of the total variance of anaerobic bacterial
groups with the water quality data (Table 3). Ax1 and Ax2,
accounted for 63.2% and 31.6% respectively, of the total var-
iation. The three dissolved nitrogen species, temperature, sa-
linity, phytoplankton pigments (Chl a and Phaeo) and PO4

3-

were the main factors controlling the variation in the abun-
dance of anaerobic bacterial communities.

Discussion

Microbes, especially bacteria, form an integral component in
shrimp pond ecosystems and play a critically important role in
the cycling of nutrients as well as in biotransformation of
xenobiotics, mediating the balance of biogeochemical cycling
processes (C, N, P and S) and thus maintaining the ecosystem
health [29–31]. In zero-exchange shrimp aquaculture systems,
degradation of accumulated organic matter (uneaten feed, fe-
ces, and other debris) lead to an increase in the concentrations
of inorganic nutrients [9]. Assimilation and mineralization of
excess nutrients by dense bacterial communities facilitate the
growth of bacteria and phytoplankton communities concur-
rently leading to temporal variations in water quality parame-
ters (pH, DO, TSS) [32]. For optimization of the culture en-
vironment to achieve higher production, farmers operating
zero-exchange systems therefore often rely on the application
of several farm inputs in the form of probiotics (Aeromonas
spp., Bacillus spp., Lactobacillus spp., Roseobacter spp.), dis-
infectants, environmental modifiers, immunostimulants and
antimicrobials [14]. Recognizing the role of bacterial commu-
nities involved in biogeochemical cycles (C, N, P and S) in
aquaculture systems, some studies have been conducted pre-
viously, as C-N [33, 34], C-N-S [31, 35, 36], N [37–40], N-S
[41], S [42–44], C-N-P [45–47] and P [48]. However, the
focus of these studies has been limited to fewer nutrient cycles
and microbial interactions. In this context, the present study

Table 2 Spearman’s correlationmatrix of physiological bacterial groups and environmental variables (n = 27). Significant correlations are in italics (*p
< 0.05; **p < 0.01; ***p < 0.001)

Bacterial
groups

Water quality parameters

pH Salinity Temp TSS NH4
+ NO2

− NO3
− PO4

3− DO BOD Chl a Phaeo Phyto

THB 0.04 − 0.37 − 0.86*** 0.25 0.71*** 0.92*** 0.86*** − 0.24 − 0.13 0.25 − 0.77*** − 0.70*** − 0.45*

TAB − 0.34 − 0.62 − 0.39 − 0.22 0.35 0.67 0.61 − 0.12 − 0.05 0.07 − 0.62 − 0.71 − 0.66

MOB − 0.00 0.26 0.34 − 0.14 − 0.57** − 0.69*** − 0.52 − 0.24 0.14 − 0.37 0.35 0.34 0.43*

SOB 0.37 0.17 − 0.67 0.50 0.59*** 0.53** 0.47* − 0.31 − 0.35 0.03 − 0.38* − 0.25 0.13

SRB − 0.17 − 0.42 − 0.32 0.01 0.41* 0.49** 0.34 0.17 − 0.09 0.34 − 0.41* − 0.50** − 0.66

NRB 0.30 − 0.52 − 0.35 0.14 0.45* 0.52** 0.45* − 0.15 0.18 0.32 − 0.59*** − 0.62*** − 0.30

DNB − 0.13 − 0.66 − 0.61 0.05 0.46 0.61*** 0.60*** − 0.28 0.08 0.38 − 0.73 − 0.79 − 0.62

AOB 0.63 0.47 0.53 0.37 0.11 −0.35 − 0.55** 0.49** − 0.16 0.25 0.57** 0.57** 0.41

PSB 0.33 0.43 − 0.05 − 0.07 − 0.01 0.20 0.19 − 0.13 − 0.40 − 0.42 0.06 0.19 0.50

PAB 0.01 0.63 0.51 − 0.40 − 0.72*** − 0.66*** − 0.62*** 0.49** − 0.16 − 0.13 0.69*** 0.72*** 0.29

THB, total heterotrophic bacteria; TAB, total anaerobic bacteria;MOB, methane-oxidizing bacteria; SOB, sulfur-oxidizing bacteria; SRB, sulfate-reducing
bacteria; NRB, nitrate-reducing bacteria; DNB, denitrifying bacteria; AOB, ammonia-oxidizing bacteria; PSB, phosphate solubilizing bacteria; PAB,
phosphate accumulating bacteria; Temp, temperature; TSS, total suspended solids; NH4

+ , ammonia; NO2
- , nitrite; NO3

− , nitrate; PO4
3− , phosphate;

DO, dissolved oxygen; BOD, biochemical oxygen demand; Chl a, chlorophyll a; Phaeo, phaeophytin
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deciphers the ecological roles of culturable bacterial groups
involved in four biogeochemical cycles (C, N, P and S) as well
as their interactions with environmental parameters in the
presence of probiotics in a zero-exchange system,
comprehensively.

Nutrient recycling has been recognized as one of the crucial
processes governing pond dynamics. In a complex pond eco-
system, photoautotrophic, autotrophic and heterotrophic bac-
terial communities are involved in nitrogen cycle pathways
[49]. These bacterial communities also depend upon the avail-
ability of carbon source (inorganic or organic) derived from
the feed, fecal matter, or carbohydrate supplements to meet
their metabolic requirements [49]. THB is known to influence
the levels of key water quality parameters (NH4

+, NO2
-, NO3

-

and DO) and primary production through nutrient recycling
[50]. The peaking of NO3

- concentrations on 12 DoC may be
attributed to its utilization via heterotrophic denitrification
[51]. This is corroborated by a strong positive correlation be-
tween THB and the three nitrogen species (Tables 1 and 2). A
relatively higher degree of negative relationship between THB
and Chl a (p < 0.001) when compared between THB and
phytoplankton abundance (p < 0.05) indicates that THB are
more efficient in the acquisition of inorganic nutrients than
phytoplankton [52].

The major factors that affect the rate of nitrification also
play a dominant role in heterotrophic bacterial growth.
Furthermore, sustenance of a high abundance of THB during
the initial phase of the culture (Fig. 2) may be attributed to the
heterotrophic ammonia assimilation in building cellular

protein [6]. The elevated levels of dissolved phosphate record-
ed during the final phase of the culture period might have
stimulated the phytoplankton growth and abundance [33]. A
strong positive relationship between phosphate concentrations
and phytoplankton pigments (Chl a and Phaeo; p < 0.01)
corroborates such a relationship. The increase in PO4

3- con-
centration could be attributable to the accumulation of uneaten
feed with the progress of the culture [12]. Furthermore, in-
creased concentrations of Chl a and higher phytoplankton
abundance attributing to increased phosphate concentrations
towards the end of the culture period has also been recently
reported [3]. The elevated concentrations of PO4

3- and higher
abundance of PAB towards the final phase may indicate phos-
phate utilization as corroborated by a significant relationship
between PAB and PO4

3- (p < 0.01). Similarly, a positive rela-
tionship between PAB and Chl a (p < 0.001) was also dis-
cernible. The luxuriant growth of phytoplankton and higher
abundance of PAB towards the end of the culture concomitant
with elevated concentrations of PO4

3- imply that the phos-
phate may act as a common substrate.

By virtue of enhanced capabilities of biological phosphorus
removal, PAB is known for its important role in bioremedia-
tion and phosphate mineralization [53]. Furthermore, PAB
plays a dual role by participating both in N (nitrite reduction
and/or denitrification) and P cycles (PO4

3- accumulation)
[54–56]. Strong negative correlations between PAB and, the
three nitrogen species and TAB observed during the present
study support the multiple roles of PAB. The existence of
possible competition for substrate between PAB and ANBG

Table 3 Summary for the 2 axes
(Ax1 and Ax2) of canonical
correspondence analysis with 12
selected environmental variables.
Percentage variance of species-
environment, cumulative
percentage variance of species-
environment relation; eigen-
values; sum of eigenvalues and
canonical eigenvalues.
Significant values are represented
in italics

All bacterial groups Aerobic bacteria Anaerobic bacteria

Variable Ax1 Ax2 Ax1 Ax2 Ax1 Ax2

pH − 0.52 − 0.21 0.093 0.582 0.277 0.542

Salinity − 0.75 − 0.02 0.686 0.38 0.757 0.205

Temperature − 0.62 0.64 0.846 0.09 0.791 − 0.174

Total Suspended Solids − 0.21 − 0.35 − 0.232 0.902 0.028 0.972

Ammonia 0.28 − 0.50 − 0.686 0.701 − 0.355 0.698

Nitrite 0.65 − 0.58 − 0.888 − 0.018 − 0.688 0.006

Nitrate 0.65 − 0.58 − 0.918 − 0.243 − 0.855 − 0.092

Phosphate − 0.04 0.44 0.468 − 0.119 0.575 − 0.455

Dissolved oxygen (DO) 0.19 0.24 − 0.17 − 0.403 − 0.354 − 0.177

Biochemical oxygen demand (BOD) − 0.33 0.10 - - - -

Chlorophyll a − 0.74 0.46 - - 0.875 0.015

Phaeophytin − 0.82 0.32 - - 0.841 0.07

Eigenvalues : 0.023 0.006 0.023 0.011 0.029 0.015

% var group-env 65.7 81.9 58.3 86.0 63.2 94.8

Total inertia 0.036 0.041 0.047

Sum eigenvalues 0.036 0.041 0.047

Sum of canonical eigenvalues 0.035 0.040 0.046
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(TAB, NRB and DNB) [53] was supported by a significant
negative correlation. On the other hand, PSB, which are
known for facilitating P release in aquatic systems [57, 58],
varied within a narrow range except for a small peak on 12
DoC and did not show any significant relationships with the
environmental variables as well as with other bacterial groups.

The absence of such a significant relationship indicates that a
complex array of factors might be controlling their abundance
in shrimp culture systems and hence warrants further
investigation.

Besides PO4
3-, the modulation of NH4

+ is important for
pond health. In pond systems, NH4

+ production is controlled
through oxidation of NH4

+ to NO2
- and subsequent oxidation

to NO3
- by autotrophic bacteria and assimilation of ammonia

directly into algal biomass by photoautotrophic processes [59,
60]. Overall, NH4

+ levels in the present study were within the
safe limits [28]. However, the peaking of NH4

+ during the
mid-culture period (41 DoC) could mainly be attributed to
either one or all three factors: (i) the reduction of nitrogen
species, (ii) the leaching out of NH4

+ by the breakdown of
protein from the uneaten feed [61], (iii) from the feces [32].
Despite an increase in shrimp biomass and accumulation of
organic matter, lower concentrations of NH4

+ observed post
41 DoC could be attributed to its efficient uptake by AOB and
phytoplankton. A steady increase in the abundance of AOB
and phytoplankton with the progress of the culture and a
strong relationship observed between AOB and Chl a (p <
0.01) supports this contention [62]. Furthermore, aerating
the pond to maintain the optimum DO levels might have fur-
ther enhanced the rate of microbial activity [3].

In aquaculture systems, the toxicity of NH4
+ and NO2

- is
controlled by microbial N2 production, which is important in
maintaining optimum levels of dissolved nitrogen species
[63]. The involvement of NRB and DNB in the removal of
NO3

- through biological denitrification is considered as one of
the most effective methods [64, 65]. ANBG (TAB, DNB and
NRB) involved in nitrogen assimilation were relatively high
during the initial stages of the culture (up to 41 DoC).
Sustenance of such significantly high abundance ANBG
might be responsible for the maintenance of water quality by
the removal of excess nitrogen [39]. Although denitrification
is known to occur in anaerobic conditions as well, but it is not
an anoxic process per se as nitrogen oxide reductases are
expressed in the presence of oxygen [66]. In the present study,
NRB significantly correlated (p < 0.05) with all the three ni-
trogen species and SRB (Tables 1 and 2). Similarly, DNB also
significantly correlated with NO2

- (p < 0.001), NO3
- (p <

0.001), TAB (p < 0.001), SRB (p < 0.001) and NRB (p <

�Fig. 3 Canonical correspondence analysis ordination diagram for water
quality parameters with (a) cultivable bacterial groups, (b) aerobic
bacterial groups and (c) anaerobic bacterial groups during the
cultivation of Litopenaeus vannamei in zero-exchange shrimp system.
Results are for axis 1 (horizontal) and axis 2 (vertical); arrows represent
forward selected environmental variables (Temp, temperature; TSS, total
suspended solids; DO, dissolved oxygen; BOD, biochemical oxygen de-
mand; Chl a, chlorophyll a; Phaeo, phaeophytin; Phyto, phytoplankton
count). Arrow length indicates the strength of that variable explaining the
distribution during the culture period; arrow direction suggests the ap-
proximate correlation to the ordination axes
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0.01). This testifies the active roles played by DNB and NRB
in regulating the levels of nitrogen species (denitrification or
dissimilatory nitrate reduction to ammonium) and other anaer-
obic microbial interactions involving sulfur cycle [67].

In the light of recent reports that aquaculture ponds acting
as potential sources of CH4 emissions [16, 68], the relation-
ship between MOB and environmental variables was evaluat-
ed as methane oxidizers are the major regulators controlling
the CH4 emissions [69]. The observed significant negative
relationship of MOB with NH4

+ (p < 0.01) and NO2
- (p <

0.001) may explain their competitive inhibitory effect on
methane monooxygenase (MMO)—the major enzyme in-
volved in methane oxidation [70]. By virtue of its competition
for CH4 as the substrate by MOB, NH4

+ is presumed to be a
major influential factor in methane oxidation [68]. The com-
plex role of NH4

+ in methane oxidation (inhibitory, stimula-
tory, or, no effect) and evolutionary relatedness between
MOB and AOB have also been reported [71, 72]. MOB
showed a positive relationship with the phytoplankton abun-
dance (p < 0.05). Dimethylsulfoniopropionate (DMSP)—a
constituent of phytoplankton leachates and debris, acting as
a substrate for production of methane (methanogenesis) and
its subsequent oxidation by MOB has been reported [73].

Forms of suspended organic matter as microniches aid in
the proliferation of anaerobes such as SRB in aquatic ecosys-
tems [74]. With the progress of the production cycle, produc-
tion of H2S gas by SRB is likely to occur in high density zero-
exchange shrimp culture systems. On the other hand, obnox-
ious H2S gas, thus formed, is assimilated by SOB. The pre-
dominance of SOB over SRB observed throughout the pro-
duction cycle may be related to the routine application of
“Super PS” probiotic (Rhodococcus spp. and Rhodobacter
spp.) in addition to in situ SOB populations. In contrast, the
lower abundance of SRB during the production cycle could
probably relate to varying levels of substrate availability and
maintenance of requisite concentrations of DO in the pond by
artificial aeration [30].

Positive relationships between SOB and the three nitrogen
species (p < 0.05) were discernible. This indicates the effec-
tive utilization of nitrate/nitrite as electron acceptors for ener-
gy conservation and growth by autotrophic denitrifying SOB
[75]. A strong relationship between SOB and THB (p < 0.001)
indicates the detoxification of sulfide by SOB and the utiliza-
tion of produced organic substrates by THB [75]. Therefore, it
appears that the process of chemolithotrophic denitrification
coupled with sulfur oxidation, carbon and nitrogen metabo-
lism as documented in nutrient-rich coastal ecosystems [41,
76, 77], might be also prevalent in shrimp culture systems.
Sulfide produced by SRB acting as a controlling factor during
the dissimilatory nitrate reduction by producing ammonium
has also been reported [67]. Sulfide and organic carbon have
significant effects on the nitrogen cycle, especially involving
NH4

+. As reported previously [78, 79], SRB in the present

study also showed positive relationship with NH4
+ (p <

0.05), NO2
- (p < 0.01), and MOB (p < 0.001). This confirms

the significant role played by SRB in the coupled biogeo-
chemical cycling of C, N and S [36, 80]. Effective utilization
of NO3

- as substrate by THB, DNB, SRB and PAB might
have prevented it reaching to alarming concentrations as ex-
cess NO3

- is known to induce toxicity in shrimps causing the
reduction in growth and survival [81].

The structure and function of microbial communities in
aquatic systems are influenced by environmental factors
[82]. The succession of microbial communities in response
to combinations of Chl a, total nitrogen, PO4

3-, C/N ratio
[83], total phosphate, chemical oxygen demand [84] and ad-
dition of feed sources [85] have been reported. The results of
CCA performed to understand the major environmental deter-
minants controlling the variation in the abundance of physio-
logical bacterial groups (C, N, P and S cycles) revealed sig-
nificance of the three dissolved nitrogen species along with
temperature and salinity, phytoplankton biomass and pH.
Collectively, these parameters explained as much as 82% var-
iation in all the studied bacterial groups. A negative correla-
tion of the three nitrogen species with Chl a and temperature
supports the dynamic removal of N species from the pond.
The progressive decline in the abundances of TAB, SRB,
NRB and DNB with the progress of the culture signaling a
shift in the bacterial communities from anaerobic to aerobic is
supported by the first quadrant of the CCA ordination plot.

An assessment of the environmental factors shaping the
structure and function of microbial communities in shrimp
culture enclosure systems has been investigated recently by
Hou et al. [86]. Based on CCA results, they concluded that
salinity, total phosphate, total nitrogen, temperature and pH
were the most important factors shaping microbial community
structure in enclosed culture systems growing L. vannamei.
The CCA inference combined with Spearman’s correlation
matrix in our study highlighted the significant interrelation-
ship between nitrogen species and different aerobic and anaer-
obic bacterial groups thus, interlinking it with biogeochemical
cycles. The aerobic, anaerobic bacterial and phytoplankton
communities are directly or indirectly influenced by the nutri-
ents, temperature and salinity. There exists strong interrela-
tionships between the elemental cycles within the shrimp cul-
ture ecosystem.

Conclusion

In conclusion, the study provides comprehensive information
on the abundance and temporal changes in physiological bac-
terial communities involved in C, N, P and S cycling and the
delineation of principal environmental variables affecting
their variability in zero-exchange shrimp culture. The results
of the study (Spearman’s correlation matrix and CCA)
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conclusively showed that the three dissolved nitrogen species
(NH4

+, NO2
-, NO3

-) followed by salinity, temperature, phyto-
plankton biomass and pH are the major environmental deter-
minants accounting as much as 82% of the total variation in
bacterial abundance. The inferences and conclusions drawn in
the present study are based on the enumeration of physiolog-
ical bacterial groups using conventional techniques for one
shrimp production cycle. On the other hand, molecular
methods (high-throughput 16S RNA, NGS analysis) generate
robust information. Nevertheless, the results provide baseline
information for predicting the changes in abundance of phys-
iological bacterial communities in response to environmental
parameters. Follow-up studies comparing the bacterial com-
munities in closed shrimp culture systems with varying stock-
ing densities, with or without probiotics and farm manage-
ment practices using modern molecular methods, would pro-
vide greater insights into the precise role of physiological
bacterial groups.
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1.  INTRODUCTION

Aquaculture of the whiteleg shrimp Litopenaeus
vannamei (Boone, 1931) has expanded tremendously
in the last de cade, with a reported worldwide produc-
tion of ca. 4.16 million t in 2016, which was 53% of to-
tal shrimp and prawn production (FAO 2018). Most
whiteleg shrimp production is in tropical and sub-
tropical areas of the world, mainly from Asian coun-
tries such as China, Thailand, Vietnam, Bangladesh,

Indonesia and India. The obvious merits of L. van-
namei, such as high density tolerance, adaptability to
variable environmental conditions (salinity and tem-
perature) and relatively fast growth during short cul-
ture periods (Ponce-Palafox et al. 1997, Argue et al.
2002, Roy et al. 2010), have made it the most sought-
after shrimp species for commercial cultivation.

Good water quality is essential for achieving opti-
mal shrimp growth and yield and is a prerequisite for
sustainable shrimp farming. With the progression of
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culture, however, the water quality in shrimp ponds
tends to deteriorate due to higher shrimp biomass
and accumulation of organic matter from uneaten
feed, feces and metabolites (Santhana Kumar et al.
2017, Ni et al. 2018). It has been reported that only
15% of the applied feed is transformed into shrimp
biomass, whilst the remainder goes into the water
and sediment (Briggs & Funge-Smith 1994). The
deterioration in water quality as a consequence of
nutrient build-up has been identified as a potential
cause of disease outbreak in shrimp ponds (Sánchez-
Martínez et al. 2007, Joshi et al. 2014)

To improve economic sustainability of shrimp cul-
ture, high-intensity grow-out systems with zero-
water exchange have been developed (Boyd 1999).
However, these systems generate effluents typically
enriched in suspended solids, nutrients, chlorophyll a
(chl a) and high biochemical oxygen demand (Páez-
Osuna 2001a,b). Shrimp farm wastewater discharges
in conjunction with municipal and agricultural efflu-
ents have the potential to contribute to eutrophica-
tion in the coastal environment (Burford & Williams
2001, Páez-Osuna et al. 2003, Lacerda et al. 2006,
Mohanty et al. 2018). Shrimp-farming industries,
therefore, are under increasing pressure to im prove
environmental sustainability. Since intensive shrimp
aquaculture involves the input of various feeds, fer-
tilizers and chemicals that compromise water quality,
the use of bio-indicators in conjunction with physico-
chemical variables to assess water quality may be
beneficial.

Phytoplankton are natural biota in shrimp aquacul-
ture ponds, and their abundance and composition are
controlled by both biotic and abiotic factors. Phyto-
plankton are ingested by penaeid shrimps along with
a variety of detrital aggregates (Dall 1968, Varadha -
rajan & Pushparajan 2013). However, not all phyto-
plankton groups are desirable, as the development
and blooming of harmful and toxin-producing spe-
cies of cyanobacteria and dinoflagellates can nega-
tively affect shrimp growth, survival rate and net pro-
ductivity (Alonso-Rodriguez & Páez-Osuna 2003,
Songsangjinda et al. 2006, Casé et al. 2008, Keawta -
wee et al. 2012). Diatoms are known to en hance
shrimp growth, and a high proportion of dia toms in
shrimp ponds is desirable (Boyd 1990). By virtue of
their high nutritive value, particularly long-chain
polyunsaturated fatty acids (PUFAs), many diatom
species such as Chaetoceros calcitrans, Ske leto nema
costatum, Thalasiossira pseudonana, Navi cula spp.,
Nitzschia spp. and Amphora spp. have long been
used as live feeds in aquaculture (Brown et al. 1997,
Becker 2004, Roy & Pal 2015).

Phytoplankton stabilize the whole pond ecosystem
by minimizing wide fluctuations in water quality and
preventing build-up of waste nutrients to toxic levels,
thereby ensuring better shrimp growth and yields
(Ziemann et al. 1992, Burford 1997, Lemonnier et al.
2017). A positive effect on water quality and produc-
tive shrimp performance during the co-culture of 3
species of microalgae and shrimp in a zero-water ex -
change system was recently demonstrated by Ge et
al. (2016). Species succession is often ob served in
shrimp ponds, starting with some beneficial flagellate
and diatom species, followed by unfavourable noxious
dinoflagellates after a month of culture (Yusoff et al.
2002, Lemonnier et al. 2016, Lemonnier et al. 2017).

Phytoplankton are extensively grazed by micro-
zooplankton (20−200 µm), which form a significant
component of the natural biota of shrimp aquaculture
ponds (Coman et al. 2003) and are live prey for the
cultured shrimps (Calbet & Landry 2004, Cardozo et
al. 2007). Therefore, microzooplankton form an im -
portant link between phytoplankton and the shrimps
(Rubright et al. 1981). Studies (Tacon et al. 2002,
Izquierdo et al. 2006) have shown that shrimps grow
best and are healthier in aquaculture systems that
have high levels of algae and other natural biota.
Owing to their sensitivity to subtle changes such as
low dissolved oxygen (DO) levels, high nutrient lev-
els, toxic contaminants, poor food quality and preda-
tion occurring in the environment, both phytoplank-
ton and microzooplankton are considered to be good
bio-indicators of pond water quality and shrimp
health (Casé et al. 2008, Vin 2017). In spite of key
roles played by these plankton communities in regu-
lating water quality and in shrimp diet, our knowl-
edge on their composition, abundance, dy na mics and
succession in shrimp aquaculture ponds is fragmen-
tary (e.g. Burford et al. 2003, Casé et al. 2008, Lemon-
nier et al. 2016). The majority of previous studies
have solely characterized the phytoplankton or the
environmental factors, while inter relationships —
particularly with respect to water quality parameters
influencing phytoplankton dynamics and succes-
sion — have re ceived limited attention.

Against this background, the present study was
undertaken to assess the abundance, composition
and succession of phytoplankton and microzooplank-
ton communities and to understand their relationship
with water-quality parameters using ecological me -
thods of classification and ordination. We aimed to
demonstrate the role of abiotic factors in controlling
the abundance and succession of plankton communi-
ties and the role of these communities in maintaining
water quality in shrimp aquaculture ponds.
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2.  MATERIALS AND METHODS

2.1.  Culture ponds and farm management

This study was undertaken in 2 farm ponds located
near Kumta town (Karnataka state) on the south-west
coast of India (14.42° N, 74.40° E). The farm is tide-fed
from an adjoining creek and is located about 3 km from
the coast. Two ponds (P1 and P2), having an average
waterdepthof1.2mandareaof~0.84and1.06ha,were
chosenfor thestudy.Managementpracticesand inputs
were similar in P1 and P2. Before stocking, the ponds
were sun-dried for 1 mo and limed (CaCO3) at a rate of
500 kg ha−1. The ponds were then filled with dechlori-
nated seawater, followed by 4 ppm inorganic fertilizer
(urea:single super phosphate, 1:1). Organics (wheat
bran, yeast and fruit/ vegetable juices) were added to
enhance the growth of micro- and mesozooplankton
and beneficial bacteria. Two weeks after pond pre -
paration, stocking operations were carried out. The
summer crop of 2014 with stocking in January and har-
vesting in April/May was considered for the study.

Healthy post-larvae (PL18) of Litopenaeus van-
namei, produced from specific pathogen-free (SPF)
broodstock and negative for white spot syndrome
virus) as confirmed by PCR, were procured from a
nearby commercial shrimp hatchery (Skyline Aqua
Hatchery) and transported in oxygen-filled bags to
the pond site. The bags were kept in pond water for
about 2 h for acclimation. Actively moving PL18 with
no visible signs of disease or morbidity were stocked
at a density of 11 and 16 PL18 m−2, respectively, in P1
and P2 during early morning hours. Lime and pH fix-
ers were added throughout the culture period to
buffer pH. The production cycle lasted 96 d of culture
(DoC) with zero water ex change; the required water
depth (~1 m) was maintained by adding fresh de -
chlorinated water on a fortnightly basis to compen-
sate evaporation and see page losses. Aeration was
achieved using HOBAS aerators (Fernandes et al.
2010). The aeration protocol included 8 h aeration d−1

up to 50 DoC, 12 h d−1 aeration during 51−80 DoC
and 16 h d−1 aeration thereafter until harvest.

2.2.  Total food consumption, shrimp growth
and survival

Shrimps were fed with commercial shrimp pellets
(CP Aquaculture; proximate composition: 38−40%
crude protein; 5% lipids; 3% fiber) split across 4 dif-
ferent feed times (06:00, 11:00, 18:00 and 23:00 h) at a
rate of 10% of their body weight during the juvenile

stages; feeding was gradually reduced to 2% towards
the end of the culture period. Feeding rates were ad-
justed according to shrimp biomass and survival. The
amount of feed consumed by shrimp in each meal was
recorded and calculated as total food consumption per
day. Food conversion ratio (FCR) was calculated at the
time of harvest (96 DoC) by dividing the total feed
consumed on a dry weight basis (kg) by total shrimp
production in terms of wet weight (kg). Average
growth of shrimp at the time of harvest was calculated
by measuring the body weights of 250 shrimps.

2.3.  Water sampling and analysis

Water samples for analysis of physico-chemical and
biological parameters were collected 1 d prior to the
transfer of PL (0 DoC) and thereafter at regular inter-
vals (12, 24, 36, 48, 60, 72, 84 and 96 DoC) be tween
January and April 2014 at 3 locations in the middle
and edges each pond. A Niskin water sampler was
used to collect pond water (30 cm above the bot-
tom); sampling time was fixed be tween 09:00 and
10:00 h. Samples were kept in an icebox and trans-
ported to the laboratory for  analysis.

Temperature and salinity were measured in situ
using a thermometer and a refractometer (Ata  go),
respectively. DO content was estimated by Winkler’s
method (Parsons et al. 1984). For estimation of dis-
solved nutrients, including ammonium (NH4

+),
nitrate (NO3

−), nitrite (NO2
−) and orthophosphate

(PO4
3−), pond water samples (250 ml) were collected

in triplicate and preserved in an icebox and trans-
ported to the laboratory for analysis. In the labora-
tory, the water samples were filtered through cellu-
lose filters (pore size: 0.45 µm) using a vacuum pump
(Millipore) for removal of un wanted organisms or
other suspended particles. Nutrient concentrations
were analyzed following Parsons et al. (1984), i.e.
ammonium using the salicylate method, nitrate using
the cadmium reduction method, nitrite using the dia-
zotization method and orthophosphate by the ascor-
bic acid method.

2.4.  Plankton sampling and analysis

Plankton (phytoplankton and microzooplankton)
samples were also collected at the time of water sam-
pling. For estimation of chl a concentrations, 500 ml
of pond water was filtered through Whatman GF/F
glass fiber filter papers (47 mm diameter; nominal
pore size: 0.7 µm), ex tracted in 90% acetone over -

641



Aquacult Environ Interact 11: 639–655, 2019

night at 5°C and the fluorescence measured in a cal-
ibrated fluorometer (Turner Designs 10 AU) follow-
ing Parsons et al. (1984). For estimation of plankton
abundance and composition, 500 ml of pond water
was filled in a clean polythene bottle and fixed with
1% Lugol’s iodine and 1% formalin. The samples
were allowed to settle in the dark for 48 h and then
were concentrated through 20 µm mesh; aliquots
were counted in Sedgewick-Rafter cells at 100−400×
magnification under a calibrated inverted micro-
scope (Olympus, BH2). Phytoplankton were identi-
fied to genus level using keys and illustrations by
Subramanyan & Sarma (1961), Subramanyan (1968),
Catalogue of diatoms (1985), Desi kachary & Ran-
jithadevi (1986), Desikachary & Prema (1987), Desi -
ka chary et al. (1987) and Tomas (1997). Microzoo-
plankton species were identified according to Hada
(1938) and Jyothibabu (2004). Species richness (S)
was estimated as the total number of species in a
given sample. The Shannon-Weiner diversity index
(H’) and Pielou’s evenness index (J ) were used to
assess plankton communities according to Shannon
& Weaver (1963) and Pielou (1966), respectively.

2.5.  Statistical analysis

Temporal and spatial fluctuations in water quality
and plankton abundances were assessed by ANOVA
(Underwood 1997) with time (DoC) and space (ponds)
as sources of variation using the analysis tool pack in
Microsoft Excel. Significance in all statistical tests
was judged at p = 0.05. A canonical correspondence
analysis (CCA) was used to evaluate the relationship
be tween water quality para meters and groups of
phytoplankton and microzooplankton using canoni-
cal community ordination (CAN O CO) soft ware for
Windows v.4.5 (ter Braak & Šmilauer 2002). Abun-
dance data were square-root transformed and a for-
ward selection procedure of environmental variables
was employed. All canonical axes were used to eval-
uate the significant variables under ana lysis at the
5% level by means of a Monte Carlo test (999 random
permutations).

3.  RESULTS

3.1.  Water quality 

ANOVA results for water quality parameters be -
tween both ponds are presented in Table 1. Ex cept
for higher concentration of DO and lower ammonia

and phosphate observed in P2, most of the other
parameters were similar between the ponds. There-
fore, the results hereafter are combined for both
ponds (mean ± SD; n = 6; Fig. 1). Water temperature
was 28.0 ± 0.92°C at the beginning of culture
(0 DoC), had dropped to 26.4 ± 0.07°C by 24 DoC and
then increased sharply, reaching 32°C on 96 DoC (p
< 0.05). Salinity increased significantly from 32 ± 0.71
ppt at the beginning to 44 ± 0.71 ppt at the end of the
culture period. Concentrations of DO de creased from
6.8 ± 1.3 (0 DoC) to 4.4 ± 0.9 mg l−1 at 96 DoC, with a
high value of 8.4 mg l−1 in the middle of the culture
period. The concentrations of ammonium and nitrate,
respectively, varied from 0.9 ± 0.07 to 11 ± 10 µM and
from 4 ± 2.9 to 104 ± 94 µM, both de creasing towards
the end of culture (96 DoC), whereas the concentra-
tion of phosphate in creased from 2.7 ± 3.6 (0 DoC) to
10.4 ±12 µM towards the end of the culture period
(96 DoC). The range of  pH was narrow (7−8) and
increased to wards the end of the culture period.

3.2.  Plankton biomass and abundance

Chl a concentration ranged from 0.6 ± 0.07 to 8.6 ±
3.5 mg m−3 (Fig. 2) and increased as the culture pro-
gressed. Phytoplankton cell abundance varied from
1000 ± 707 (24 DoC) to 640 131 ± 297 083 cells l−1 (96
Doc; Fig. 2). Microzooplankton abundance was in the
range of 51 ± 14 to 145 180 ± 204 830 ind. l−1; 3 uni-
form peaks in abundance were discernible on 24, 48
and 84−96 DoC (Fig. 2).
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Parameter     Source of    SS     df      MS          F      Fcritical

                      variation

Temp.                DoC        55.2    8      6.91     67.4*    3.44
Salinity             DoC        231     8      28.8     15.2*    3.44
DO                    DoC         21      8       2.6      14.6*    3.44
Ammonia          DoC        198     8       25         1.37    3.44
Nitrate              DoC      21699   1     2712       0.09    5.32
Phosphate         DoC        177     8       22         0.98    3.44
pH                     DoC        1.62    8       0.2        8.7*    3.44
Chl a                 DoC        166     8       21         7.0*    3.44

Temp.               Pond       0.18    1      0.18       1.76    5.32
Salinity             Pond        1.4     1       1.4        0.74    5.32
DO                    Pond        5.1     1       5.1      29.0*    5.32
Ammonia         Pond       14.2    1      14.2       0.79    5.32
Nitrate              Pond        193     1      193        0.12    5.32
Phosphate        Pond        208     1      208        9.22*  5.32
pH                    Pond       0.08    1      0.08       3.70    5.3
Chl a                 Pond       1.09    1      1.09       0.36    5.32

Table 1. ANOVA of water quality parameters between days
of culture (DoC) and between the 2 ponds. DO: dissolved 

oxygen. *p < 0.05
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3.3.  Frequency of occurrence of plankton
 communities

Both centric and the pennate groups of diatoms
made up the phytoplankton community structure.
Centric diatoms showed almost 100% frequency of
occurrence (%FO) during 48−84 DoC but decreased
sharply to a minimum of 22% at 96 DoC, with pennate
diatoms becoming dominant (Fig. 3a). Overall, the
ponds were dominated by centric diatoms. The micro-
zooplankton comprised of ciliates, flagellates, hetero-
trophic dinoflagellates and larval stages of mesozoo-
plankton (Fig. 3b). Ciliates were dominant on 0, 60
and 72 DoC, heterotrophic dinoflagellates during 12−
36 DoC and flagellates on 48, 84 and 96 DoC.

3.4.  Plankton community structure

In total, 59 phytoplankton species comprising
mainly diatoms were re corded during the culture pe-

riod (Table 2). Of these, only 16
species were centric diatoms. The ma-
jor contributions to the bulk of the
phytoplankton abundance throughout
the culture period belonged to Thalas-
siosira spp., which progressed into a
bloom >48 DoC. Leptocylindrus mini-
mum attained an abundance of 3700
cells l−1 on 36 DoC, while the abun-
dance of other species of centric dia -
toms was negligible on all DoC. Com-
pared to the centric diatoms, more
species of pennate diatoms (43) were
found in the present study. They were
mostly from the genera Achnanthes,
Navicula, Nitzschia and Pleurosigma.
Their numbers were low to moderate
on most days, except on 96 DoC where
a massive abundance of 165 000 cells
l−1 of Nitzschia closterium was ob-
served. Thalassionema nitzschioides
was also found in moderate abundance
(15 000 cells l−1) on 36 DoC.

Microzooplankton comprised 64
 species/ groups (Table 3). Of these, 14
were heterotrophic dinoflagellates,
the majority belonging to Dinophysis
sp. and Protoperidinium sp. An un -
identified dinoflagellate species with a
high abundance of 75 000 cells l−1

 contributed to the microzooplankton
abundance peak on 24 DoC (Fig. 2).

Although as many as 35 species of ciliates were re -
corded, their abundances were quite low. Moderate
abundances of Dadayiella acuta and Tintinnopsis
acuta were observed only on 74 DoC and Euplotus
balticus, E. crassus and Strombidium caudatum on 96
DoC. Only 2 species of flagellates were recorded,
with Eutreptiella marina dominating on 48 and 96
DoC (Fig. 3b) and significantly contributing to the
total microzooplankton peaks on those DoC (Fig. 2).
Seven mesozooplankton larval/ juvenile groups com-
prising Arach nactis, deca pods, naupliar and copepo -
dite stages of copepods, tro cho phore of polychaetes,
in vertebrate eggs, fora minifera and ostra cods were
recorded.

3.5.  Dominant species

Thalassiosira spp. were the predominant diatoms,
contributing over 85% to phytoplankton abundance
(Fig. 4). Of the pennate diatoms, only N. clos terium
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contributed significantly (12.4%) and Pleuro sigma
elongatum and T. nitzschioides to a minor ex tent.
Amongst the microzooplankton, the flagellate E.
marina was the most dominant, contributing 66% to
the abundance. An unidentified species of dinofla-
gellate (UID2) also contributed significantly (25%),
while a tintinnid, Strombidium caudatum and the
copepod nauplii and copepodites were also recorded
to a minor extent.

3.6.  Species diversity

The number of phytoplankton species on various
DoC ranged from 6 to 32 (Fig. 5). The maximum
number of species was recorded on 12 DoC and the
least on 72 and 84 DoC. The diversity of phytoplank-
ton varied from 0.01−1.58 and was higher on 24, 36

and 96 DoC. A similar trend was seen in the evenness
index, which was quite low and varied from 0.003 to
0.41. The diversity indices of microzooplankton were
quite similar to that of the phytoplankton. The num-
ber of species ranged from 3 to 28, with the highest
value on 12 DoC and the lowest on 72 and 84 DoC.
Diversity of micro zooplankton varied from 0.002 to
3.0, with the higher value on 36 DoC corresponding
to many species being recorded in very low abun-
dances. Similarly, the lower diversity coincided with
the occurrence of high abundance of UID2 (75 000
cells l−1) on 24 DoC and 145 000 ind. l−1 of E. marina
on 48 DoC (Table 3). Evenness ranged from 0.01 to
0.89, with higher values on 36, 60 and 72 DoC.

3.7.  CCA

The effect of water quality on the phytoplankton
and microzooplankton communities in P1 and P2 is
shown in Fig. 6. Forward selection of water  quality
parameters retained all the 7−8 variables that signif-
icantly explained the species distribution (Table 4).
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Code        Species                                                                                               Days of culture
                                                                        0             12            24            36            48           60           72           84           96

                 Centric diatoms                                                                                                                                                         
DC1          Arcocellulus cornucervis             −              −              2              −              −             −             −             −             −
DC2          Cerataulina pelagica                   67             4              −             33             −             −             −             −             −
DC3          Corethron criophilum                  −              4              −              −              −             −             −             −             −
DC4          Cyclotella ocula                            −              −              −             13             −             −             −             −             −
DC5          Cymatocira belgica                      −              −              2              −              −             −             −             −             −
DC6          Dactyliosolen fragilissimus          −              4              −             13             −             −             −             −             −
DC7          Eucampia groenlandica               −              4              −              −              −             −             −             −             −
DC8          Eucampia zoodiacus                     −              4              −              −              −             −             −             −             −
DC9          Guinardia delicatula                    −              8              −              −              −             −             −             −             −
DC10        Guinardia striata                          −              2              −              −              −             −             −             −             −
DC11        Leptocylindrus danicus                −              7              −              −              −             −             −             −             −
DC12        Leptocylindrus minimum             −              7              3           3700           −             −             −             −             −
DC13        Odontella longicornis                   −              4              −              −              −             −             −             −             −
DC14        Rhizosolenia hyalina                    −              4              −              −              −             −             −             −             −
DC15        Thalassiosira sp.                        7300       12064        202         8673        1057     307565   125000       76        50010
DC16        Thalassiosira sp. 1                        −              −              −              −          11667         −        515000   100250        −

                 Pennate diatoms                                                                                                                                                        
DP17        Achnanthes delicatula                 −              −              −              −              −             −            50            −             −
DP18        Achnanthes exigua                      −             0.2             −              −              −             −             −             −             −
DP19        Achnanthes frigidus                     −              −              −             33            10            −             −             −             −
DP20        Achnanthes longipes                    −             49             −              −              −             −             −             −             −
DP21        Amphora sp.                                  −              −              −              −              −             −            50            −             −
DP22        Amphiprora alata                         −              4              −              −              −             −             −             −             −
DP23        Amphiprora paludosa                  −              −              −             33             −             −             −             −             −
DP24        Cylindrotheca closterium            −              −              −              −              −             −             −             −           360
DP25        Cymbella marina                          −              −              −              −              −             −             −             −             −
DP26        Diploneis suborbicularis              −              7              −             25            20            −             −             −             −
DP27        Epithemia adnata                         −              −              −              −            120           −             −             −             −
DP28        Fragilaria ulna                              −              −              −              −              −             −             −             −            15
DP29        Haslea trompii                              −              2              −              −              −             −             −             −            30
DP30        Licmophora abbreviata                −              −              −              −              −             −             −             −          1530
DP31        Licmophora flabellata                  −              2             0.3             −              −             −             −             −             −
DP32        Navicla subminiscula                   8              −              −              −              −             −             −             −             −
DP33        Navicla transitrans                       −              −              −              −              −            20            −            25            −
DP34        Navicula sp.                                 0.4             −              2              −              −             5             −             −            60
DP35        Navicula sp.1                                −              2              −              −              −             −             −             −             −
DP36        Nitzschia closterium                     4              −              −             12             −             −             −             −        165000
DP37        Nitzschia dissipata                       −             13             −              −              −             −             −             −             −
DP38        Nitzschia longissima                    −              −              2              −              −            30            −             −             −
DP39        Nitzschia sicula                             8              −              −             45             −             −             −             −          1500
DP40        Nitzschia sigma                            −              7              −              −              4            35            −             −          1500
DP41        Nitzschia sp.                                  −              4              −              −              −             −             −             −             −
DP42        Phaeodactylum tricornutum        −              −              −              −              −             5             −             −             −
DP43        Plagiotropis gausii                        −              −              −              −              −             −             −             −            30
DP44        Pleurosigma angulatum               −              7              −              −              −             −             −             −             −
DP45        Pleurosigma capense                   8             18             −              −             26            −             −             −             −
DP46        Pleurosigma elongatum            1967           9             50           386           85           75            1           101        2325
DP47        Pleurosigma directum                  −             52             −             25            30            5             −             −             −
DP48        Pleurosigma normanii                  8              −              −              −              −             −             −             −             −
DP49        Pleurosigma sp.                            8              8              −              −              −             −             −             −             −
DP50        Pleurosigma sp.1                         25             8              −              −              −             −             −             −             −
DP51        Pleurosigma sp.2                          −              2              −              −              −             −             −            75            −
DP52        Pseudonitzschia delicatissima     −              −             0.3             −              −             −             −             −             −
DP53        Rhopalodia gibberula                   −              −              2              −              −             −             −             −             −
DP54        Stauroneis constricta                    −              4              −              −              −             −             −             −             −
DP55        Synedra formosa                           −              −              −              −              −             −             −             −            15
DP56        Synedra ulna                                 −              9              −              −             60            5             −             −            30
DP57        Thalassionema nitzschioides       −              −              −          15000          −             −            30            −             −
DP58        Toxarium undulatum                   −              −              −              −             10            −             −             −             −
DP59        Unidentified species                     −              −              −             13             −             −             −             −             −

Total         Centric diatoms                         7367       12112        209        12431      12723    307565   640000   100326    50010
                 Pennate diatoms                        2038         204           56         15572        375         180         131         201      172395

Table 2. Temporal variation in abundance (cells l−1) of phytoplankton communities during the culture of Litopenaeus 
vannamei in south-western coastal India. −: not present
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Code        Species                                                                                               Days of culture
                                                                        0             12            24            36            48           60           72           84           96

                 Heterotrophic dinoflagellates                                                                                                                                 
Hd1          Ceratium dens                             0.2             4              −              −              −             −             −             −             −
Hd2          Dinophysis acuminata                  −              −              −              −              −             −             −             −          1500
Hd3          Dinophysis acuta                         40             −              −              −              −             −             −             −          1500
Hd4          Dinophysis sp.                               −              −              −             25             −             −             −             −             −
Hd5          Ornithocercus steinii                    −              −             0.3           100            −             −             −             −             −
Hd6          Protoperidinium brevipes            −            733            −              −              −             −             −             −            15
Hd7          Protoperidinium conicoides         −              −              −              −              −             −             −             −            60
Hd8          Protoperidinium conicum            −             20             −              −              −             −             −             −             −
Hd9          Protoperidinium pellucidum        −              −              −              −              −             −             −            25            −
Hd10        Prorocentrum minimum               −              −              2              −              −             −             −             −             −
Hd11        Pyrocystis lunula                          −              −              2              −              2            10            −             −             −
Hd12        Zygabikodinium lenticulatum     −              −              −              −              8             −             −             −             −
Hd13        Unidentified dinoflagellate1        −              3              −             25             −             −             −             −             −
Hd14        Unidentified dinoflagellate2        −              −          75000          −              −             −             −             −             −
Hd15        Dinoflagellate cysts                      −              −              −              −              −             −            50            −             −

                 Ciliates                                                                                                                                                                       
C16           Acineta sp.                                    −              −              −             13             −             −             −             −             −
C17           Acanthostomella norveigica        −              −              −             13             −             −             −             −             −
C18           Actinosphaerium sp.                    −              4              −              −            150           −             −             −             −
C19           Amphorides minor                        −             0.3             −              −              −             −             −             −             −
C20           Dadayiella acuta                           −              −              −              −              −             −          1000          −             −
C21           Epiplocycloides reticulata            −              4              −              −              −             −             −             −             −
C22           Euplotes balticus                          −              −              −              −              −             −             −             −          1500
C23           Euplotes crassus                           −              −              −              −              −             −             −             −          1500
C24           Eschaneustyla sp.                         −              4              −              −              −             5             −             −             −
C25           Eutintinnus elongatus                120           0.3             −              −              −             −             −             −            15
C26           Favella ehrenbergii                      −              2              −              −              −             −             −             −             −
C27           Favella turaikaensis                    20             −              −              −              −             −             −             −             −
C28           Favella sp.                                    20             −              −              −              −             −             −             −             −
C29           Keronopsis sp.                               −              −              −              −              −            30            −             −             −
C30           Laboea strobila                           280            −              −             13             −             −             −             −             −
C31           Myrionecta rubra                          −              4              −             25            10            −             −             −             −
C32           Rhabdonella poculum                  −              2              −              −              −             −             −             −             −
C33           Rhabdonella amor                        −              2              −              −              −             −             −             −             −
C34           Rhabdonella spiralis                     −             0.3             3              −              −             −             −             −             −
C35           Salpingacantha ampla                 −              2              −              −              −             −             −             −             −
C36           Salpingella decurtata                   −              8              −              −              −             −             −             −             −
C37           Spirostomum sp.                           −              −              −             33             −             −             −             −             −
C38           Strombidium conicum                  −            0.01            −              −              −             −             −             −             −
C39           Strombilidium strobilus              0.2             −              −              −              −             −             −             −             −
C40           Strombilidium reticulatum           4              −              −              −              −             −             −             −             −
C41           Strombilidium turicum                 −              −              −              −              −             −             −             −             −
C42           Salpingacantha sp.                       −              7              −              −              −             −             −            75            −
C43           Strombidium caudatum               −              −              −             15             −             −             −             −          9000
C44           Strombidium cornucopiae           −              −              −              −              −             5             −             −             −
C45           Tintinnopsis entzil                        −              −              −              −              −            10            −             −             −
C46           Tinntinnopsis aperta                    −              2              −              −              −             −             −             −             −
C47           Tinntinnopsis fusus                      −              −              −             33             −             −             −             −             −
C48           Tinntinnopsis minuta                   −              −              −              −              −             −           500           −             −
C49           Trichocerca rousseleti                  −              4              −              −              −             −             −             −             −
C50           Unidentified                                  −              −              −              −              −             −            90            −             −

                 Flagellates                                                                                                                                                                 
F51           Campanoeca dilatata                   −              2              −              −              −             −             −             −             −
F52           Eutreptiella marina                     20             −              −             13        145000        −             −          3000      45150

Table 3. Temporal variation in abundance (ind. l−1) of microzooplankton communities during the culture of Litopenaeus 
vannamei in south-western coastal India. −: not present
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Code        Species                                                                                               Days of culture
                                                                        0             12            24            36            48           60           72           84           96

                 Mesozooplankton larvae                                                                                                                                         
M53          Arachnachtis larvae                     −             3.5             −              −              −             −             −             −             −
M54          Decapod larva                             0.2             −              −              −              −             −             −             −             −
M55          Foraminifera                                0.2             −              −              −              −             −             −             −             −
M56          Invertebrate egg                         1.2             −              −              −              −             −             −             −             −
M57          Nauplii and copepodites            4.8          27.8            −            11.7            −             −             −             −          6000
M58          Ostracod                                        −              −              −            12.5            −             −             −             −             −
M59          Polychaete trocophore                2.0           6.7             −              −              −             −             −             −             −

Total         Dinoflagellates                             40           760        75004        150           10           10           50           25         3075
                 Ciliates                                        444           43             3            144          160          50         1590         75        12016
                 Flagellates                                    20             2              0             13        145000        0             0          3000      45150
                 Mesozooplankton larvae              8             38             0             24             0             0             0             0          6000

Table 3 (continued)
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Fig. 4. Relative percent contribution of (a) phytoplankton and (b) microzooplankton species during the culture of 
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For groups/species codes, refer to Tables 2 & 3

Variable                                Centric diatoms               Pennate diatoms             Dinoflagellates                    Cil-fla-na-co
                                              Ax1              Ax2              Ax1              Ax2              Ax1              Ax2                  Ax1              Ax2

Temperature                        –0.77           –0.33            –0.88            0.31                0.18              0.86               –0.04            –0.59
Salinity                                 –0.65             0.23            –0.70            0.52                0.10              0.56               –0.03            –0.39
Dissolved oxygen                  0.18           –0.22              0.49          –0.61             –0.04            –0.73                 0.05            –0.01
Ammonium                            0.66             0.65              0.90            0.06                0.01              0.39                 0.07              0.43
Nitrate                                    0.91             0.33              0.91          –0.11             –0.20              0.50                 0.11              0.54
Phosphate                            –0.43           –0.38            –0.89            0.18             –0.03              0.85                 0.14            –0.53
pH                                         –0.63             0.32            –0.29            0.32                0.21              0.30                 0.10            –0.57
Chl a                                                                                                                         0.23              0.78               –0.18            –0.67
Eigenvalues                           0.57             0.34              0.77            0.65                1.00              0.99                 1.00            –0.72
% var sp-env                          51.3             82.5              27.2            50.1                22.0              43.8                 26.7              46.0
Total inertia                                               1.34                                 3.34                                     4.56                                      3.74
Sum eigenvalues                                       1.34                                 3.34                                     4.56                                      3.74
Sum canonical eigenvalues                      1.10                                 2.85                                     4.56                                      3.74

Table 4. Summary for the 2 axes (Ax1 and Ax2) of canonical correspondence analysis with 8 selected environmental factors.
% var sp-env: cumulative percentage variance of species−environment relation; eigenvalues: sum of eigenvalues and canonical 

eigenvalues; Cil-fla-na-co: ciliates, flagellates, nauplii and copepodites
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In the biplot for centric diatom species (Fig. 6a), the
first 2 axes (Ax1 and Ax2) explained 83% of the total
variance of species− environmental data. Ax1 and
Ax2 respectively explained 51 and 31% of the total
variance. All canonical axes were significant (p <
0.05). Ax1 separated species found in a higher nitrate
and ammonium environment from species corre-
sponding to periods of higher temperature, salinity
and pH. Following Ax1, the species Cera tua lina
pelagica, Cyclo tella ocular, Dactylio solen fragilis-
simus and L. minimum were found in high nitrate
and ammonium conditions, whereas the increase in
abundances of Thalassiosira spp. correlated with ele-
vated temperature, salinity and pH.

In the biplot for pennate diatoms (Fig. 6b), Ax1 and
Ax2 explained 50% of the total variance. Ax1 posi-
tively correlated with ammonium and nitrate, and
the species placed along this axis were Ach nan thes
frigidus, Amphiprora paludosa, Diplo neis suborbicu-
laris and T. nitzschioides. The same axis negatively
correlated with phosphate, temperature and salinity,
and the species Cylindro theca clos terium, Haslea
trompii, Licmophora abbreviata, Navicula sp., N.
closterium, Nitzschia sicula, Plagiotropis gausii and
Nitzschia sigma were associated with it. Along the
negative side of Ax2 was the factor DO, which
showed good correlation with Epithemia ad nata,
Navi cula transitrans, Nitz schia longissima, Pleuro -
 sigma capen se, P. elongatum, P. directum, Pleuro -
sigma spp. and Synedra ulna.

In the biplot for dinoflagellates (Fig. 6c), Ax1 and
Ax2 explained 44% of the total variance. Most of
the dinoflagellates were loaded along Ax2 at higher
temperature and salinity and higher concentrations
of phosphate and chl a. On the other side of the
same axis were DO and nitrate, which correlated
with most dinoflagellates except an unidentified
species.

In the biplot for ciliates, flagellates and copepod
nauplii and copepodites (Fig. 6d), Ax1 and Ax2 ex -
plained 46% of the total variance. Most of the species
were separated along Ax2. Along the positive side
of this axis, species such as Eutintinnus elongatus,
Fa vella turaikaensis, Favella sp., Laboea strobila,
Myrio  necta rubra, Spirostomum sp. and Tinntinnop-
sis fusus correlated with nitrate and ammonium.
Along the center of Ax2 were the species Actino -
sphaerium sp., E. balticus, E. crassus, Eutreptiella
marina, Sal pin g  a cantha sp., Strombidium caudatum
and cope pod nauplii and copepodites, indicating that
they were influenced by factors on both sides of the
axis including nitrate, ammonium, temperature, pH,
chl a and phosphate.

3.8.  Growth, survival and production of shrimp

Mean ± SE shrimp production after 96 DoC was
0.23 ± 0.07 kg m−2 and the final weight gain was
20.6 ± 0.3 g shrimp−1. The survival rate was 83 ± 6.4%
and the FCR was 1.56 ± 0.14.

4.  DISCUSSION

In spite of differences in stocking densities be -
tween P1 and P2, the variations in major water qual-
ity parameters were similar in both ponds during the
shrimp growth cycle. This may, primarily, be attribut-
able to the common source of the inlet water and,
secondarily, by good pond management practices.
Being at the base of the food chain, autotrophic
phytoplankton serve as a direct food source for the
PL of penaeid shrimps (Coutteau 1996). Diatoms con-
tain an average of 32−38% crude protein (Gordon et
al. 2006), which is the major component of the natural
food of penaeid shrimps. By contributing to DO, up -
take of nutrients and supporting zooplankton graz-
ers, phytoplankton play a pivotal role in maintaining
water quality, which is critical for sustainable shrimp
production (Mohanty et al. 2018). Phytoplankton
abundance varied widely, from 10 to 105 cells l−1,
increasing significantly towards the end of the cul-
ture period. Among the many factors that affect
phytoplankton growth and abundance, light inten-
sity, nutrients and zooplankton grazing are important
(Chien 1992). Solar irradiance is not a limiting factor
in the present study, as the ponds are situated in a
tropical marine region.

The influence of water temperature on the survival,
growth, oxygen solubility and consumption and im -
mune response of cultured shrimp has been docu-
mented (Guan et al. 2003, Abdelrahman et al. 2019).
The initial temperature and salinity in the ponds are
dependent on the inlet water and changes are driven
by climatic conditions (Welch 1952). During the sum-
mer production cycle of shrimp, with stocking in Jan-
uary and the harvest in April, a seasonal warming
along with the progress of the culture was observed.
The temperature range (26− 32°C) recorded during
the present study has been reported to be optimal for
the growth of Lito pena eus vannamei (Nuñez-Pastén
1988). The in crease in salinity towards the end of the
culture period was related to increased eva poration
during the warmer months. In general, shrimps are
euryhaline species and L. vannamei can easily adapt
to varying levels of salinity (Ponce-Palafox et al.
1997).
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Diatoms emerged as the major group in both ponds
during 96 DoC. This is primarily because of their
presence in the source water taken from the estuar-
ine region off the west coast of India which is rich in
diatoms (Pednekar et al. 2014). The high nitrate con-
centration, which ranged from 4−105 µM in the
ponds, is favorable for the growth of diatoms (Malone
1980). The dominance of particular algal groups in
aquaculture ponds is affected by abiotic and biotic
factors such as salinity (Chien 1992), light (Burford
1997), pond-flushing (Tseng et al. 1991), organic
enrichment (Lemonnier et al. 2017) and nutrient con-
centrations and their ratios (Boyd 1995, Paerl &
Tucker 1995). Diatoms require a wide variety of inor-
ganic nutrients for growth, but the most important
are nitrogen and phosphorus (Dawes 1981). The
requirement for silica for the growth of diatom shells
is mostly derived from shrimp pond sediments (Cre-
men et al. 2007).

Higher amounts of nutrients and metabolic wastes
enter the water as the daily feed allotment increases
in response to shrimp biomass increase during the
progression of the culture. It has been reported that
as much as 80% of the nitrogen from the shrimp feed
accumulates in the water as excess (Sanders et al.
1987). Ammonia is formed during protein catabolism
in shrimps and can account for 40−90% of nitrogen
excretion (Parry 1960). Nitrate is a product of nitrifi-
cation in pond water and is dependent on the addi-
tion of fertilizers and feed. Remineralization of nitro-
gen from feed and from shrimp excreta might have
led to a gradual increase in the availability of nitrate
and ammonium-nitrogen (NH4

+-N) in the ponds up to
36 DoC; however, the concentrations of ammonium
recorded during this study (1−11 µM) were within
the optimum range for the growth and survival of
pena eid shrimps (Chien 1992). Higher concentra-
tions of unionized ammonia (NH3

−) have been re -
ported to cause stress to cultured shrimps (Burford &
Lorenzen 2004); however, the maintenance of opti-
mum pH (7−8) in the ponds helped in regulating the
ammonium levels, thereby keeping its unionized
form under control. A dramatic decrease in the con-
centrations of nitrate and ammonium after 36 DoC
and an increase in phytoplankton abundance until
96 DoC were observed (Fig. 2). As nitrate and ammo-
nium are es sential nutrients that encourage the
growth of phytoplankton (Shan & Obbard 2001), the
lower levels of these nutrients recorded after 36 DoC
were possibly due to their uptake by phytoplankton.
Thus, uptake by phytoplankton, as well as adequate
aeration and addition of probiotics, may have pre-
vented the build-up of ammonia to toxic levels

 (Martinez-Cordova et al. 1998, Lorenzen 1999, Fer-
nandes et al. 2010).

Higher concentrations of chl a observed towards
the end of the production cycle may have been due to
the significant increase in phytoplankton abundance,
mainly by 2 co-dominant species of the centric dia -
toms Thalassiosira sp., reaching nearly bloom pro-
portions. Such an increase in abundance of plankton
over the culture period has been reported previously
in shrimp cultures (e.g. Alonso-Rodriguez & Páez-
Osuna 2003). Since the bloom was composed of
multi-species of Thalassiosira sp. as well as pennate
dia toms such as Nitzschia closterium, Pleurosigma
elongatum and Thalassionema nitzschioides in mod-
erate numbers, similar to observations of Smith
(1985), the bloom persisted from the middle to the
end of the culture period. Thalassiosira spp. is a
nano planktonic diatom that grows rapidly when
nutrients are increased; it has been reported as a
major component of the spring diatom bloom in shal-
low euphotic zones of many coastal waters (Guillard
& Kilham 1977, Waite et al. 2005) and also a sig -
nificant proportion of phytoplankton community in
densely stocked shrimp ponds (Melo et al. 2010,
Lemonnier et al. 2016). By virtue of their importance
in substantially contributing to the growth perform-
ance of L. vannamei even at adult stages (Moss 1994)
and provision of adequate levels of the dietary re -
quirements of PUFAs, eico sapen taenoic acid and/ or
docosahexa enoic acid and arachidonic acid (Volk-
man et al. 2006), these centric diatom species are
highly desirable in shrimp ponds.

As also reported by Yusoff et al. (2002) and Lemon-
nier et al. (2017), phytoplankton blooms occur in
response to increased amounts of nutrients from the
metabolic wastes of shrimp. Smith (1983) suggested
that in tropical areas where the temperature is high
and light is abundant, phytoplankton blooming could
be due to the rapidly changing nutrient concentra-
tion and nitrogen:phosphorus ratios. The most fav -
orable nitrogen:phosphorus ratio for blooming dia -
toms in shrimp ponds has been reported to be 20:1
(Daniels & Boyd 1993). Ratios of nitrogen:phosphorus
during 96 DoC varied from 0.3−61, with higher val-
ues during 0−36 DoC and then decreasing to <12
with further progression of the culture. Such a de -
crease in the nitrogen:phosphorus ratio might be
related to the accumulation of phosphate towards the
end of the production cycle. The build-up of phos-
phorus might have stimulated the peaking of diatom
production (Fig. 2) in the presence of adequate nitro-
gen towards the end of culture, as has also been
observed by Stickney (2005) and Castillo-Soriano et
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al. (2013). Interestingly, few studies have reported a
dominance of cyanophytes coupled with a high phos-
phate concentration (Yusoff et al. 2002, Shaari et al.
2011). Silicate:nitrogen ratios affecting diatom domi-
nance has been reported by Sommer (1989). Though
silicate was not measured in this study, we assumed
from a similar study (Smith 1994) that amorphous sil-
ica present in the shrimp pond sediments was ade-
quate enough in promoting diatom growth and ap -
parently depressed the growth of cyanophytes.

With an increase in phosphorus loading, a shift in
communities from diatoms to dinoflagellates has
been observed by Hodgkiss (2001). In our study, few
heterotrophic dinoflagellates belonging to the gen-
era Dinophysis and Protoperidinium were recorded
intermittently during the production cycle. Addition-
ally, the occurrence of UID2 in high abundance (>105

cells l−1) at 24 DoC was recorded. However, none of
these dinoflagellate species belonged to the harmful
category. Leaching of humic acids and other orga -
nic substances from feed is known to stimulate the
growth of dinoflagellates (Prakash & Rashid 1968).
The occurrence of Protoperidinium spp. is common
along the west coast of India (e.g. D’Silva et al. 2011).
These non-pigmented, phagotrophic dinoflagellates
often occur in high abundance during diatom blooms
and are significant consumers of blooming diatoms
(Sherr & Sherr 2007). In the present study, the lower
abundance of Thalassiosira spp. on 24 DoC appears
to be related to the grazing activity of UID 2.

Similarly, planktonic ciliates comprising mainly
Dada yiella acuta, Tintinnopsis minuta, Strombidium
caudatum, Euplotes spp. and Eutintinnus elongatus
recorded in this study are known to be vigorous graz-
ers of phytoplankton (Pierce & Turner 1993, Tillmann
2004). Their lower abundance throughout this culture
period, except for the high value of 12 016 cells l−1 on
96 DoC, is probably related to the more abundant
availability of phytoplankton, which many ciliates
are known to feed upon (Liu et al. 2018). Nearly all
species of Strombidium are suspension feeders, feed-
ing mainly on larger-sized diatoms (Fenchel 1968). A
high abundance of S. caudatum and phytoplankton
towards the end of shrimp culture is re flective of their
intense grazing activity. Higher abundance of Euplo -
tes spp. on 96 DoC could be re lated to bacterivory, as
they are known preferential grazers of bacteria at -
tached to surfaces (Sieburth 1979), especially those
associated with the decomposition of animal and
plant tissues (Fenchel 1968). The higher abundance
of ciliates at the end of the culture period might be in
response to higher inputs of organic matter (Decamp
et al. 2007, Melo et al. 2010), rapid reproduction rates

and short generation times as well as their ability to
use a large spectrum of food resources (Capriulo &
Carpenter 1983, Capriulo et al. 2002, Urrutxurtu
2004)

Higher abundances of Eutreptiella marina are as -
sociated with nutrient enrichment (Urrutxurtu 2004),
and the rapid changes in abundances could be due to
the grazing impact of ciliates (Epstein et al. 1992).
Eutreptiella sp. are mixotrophs which feed on eubac-
teria and Synechococcus sp. (Yoo et al. 2018) and em -
ploy a range of nutritional modes from osmo trophy to
phagotrophy, enabling them to exploit both inor-
ganic and organic resources (Müllner et al. 2001).
The growth of Eutreptiella sp. far exceeds the graz-
ing pressure by mesozooplankton when nutrients are
not limiting, as in the case of shrimp ponds (Olli et
al. 1996). In the coastal waters of China, blooms of
Eutreptiella gymnastica coincided with high phos-
phate concentrations (Xu et al. 2012). Invertebrate
metazoans such as copepod nauplii and copepodites,
juvenile ostracods, decapod larvae and polychaetes,
which contributed 20% to the microzooplankton
abundance in the present study, are also known to be
potential grazers of phytoplankton (Berg green et al.
1988). Since microzooplankton grazing can remove
up to 50% of the stocks of small phytoplankton
(Zhang et al. 2011) and >90% of dinoflagellate pro-
duction (Epstein et al. 1992), the preponderance of
microzooplankton in our shrimp ponds would have
exerted positive control on the phytoplankton bloom
and prevented the latter from reaching undesirable
proportions. In addition, predation of the microzoo-
plankton by shrimps (Coman et al. 2003) in turn
results in the transfer of a significant proportion of
the nutrients from natural biota to the shrimp tissue
(Anderson et al. 1987). Based on previous studies
(Calbet & Landry 2004) and the abundances ob -
served in this study (105 ind. l−1), there is little doubt
that microzooplankton forms a significant component
of the natural biota of shrimp ponds and are a key
link between phytoplankton and shrimps.

By virtue of their sensitivity to environmental
changes, plankton communities are often considered
excellent indicators of water quality (Li et al. 2009).
During the culture period, higher abundances of dia -
toms, dinoflagellates and ciliates coincided with very
low species richness and evenness. Lower phyto-
plankton diversity (<1.6) observed in the shrimp
ponds compared to the coastal waters is attributable
to chlorination of the seawater for the initial filling,
zero-water exchange and dominance of 3 plankton
species. In shrimp ponds adjoining Hangzhou Bay,
nitrogen and phosphorus load were found to strongly
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influence the proliferation of Chlorophyta blooms
and low phytoplankton diversity (Ni et al. 2018).

CCA analysis, which was performed to analyze the
relationship between phytoplankton and environ-
mental variables and to understand the main driving
factors of phytoplankton community structure, sug-
gested that many centric diatoms (Ceratualina pel -
agica, Cyclotella ocular, Dactyliosolen fragilissimus
and Leptocylindrus minimum) and pennate diatoms
(Achnan thes frigidus, Amphiprora paludosa, Diplo -
neis suborbicularis and T. nitzschioides) were grow-
ing under high nitrate and ammonium conditions
during the first month of shrimp culture. Since a
biosecured zero-water exchange system of shrimp
farming was followed in the present study, the in -
creasing temperature led to a concomitant increase
in salinity, triggering the bloom of the centric diatom
Thalassiosi ra spp. and consequently causing a de -
crease in DO levels. As 2 species of Thalassiosira sp.
were the main contributors to the high biomass of
phytoplankton at the end of the culture period and
were negatively correlated with nitrate and ammo-
nium, it indicates that the phytoplankton biomass
was related to the removal of nitrogen. Though ni -
trogen is an essential element for phytoplankton
growth, and almost all chlorophyll-containing algae
grow either on nitrate or ammonium (Syrett 1981),
diatom growth is particularly promoted by inorganic
nitrogen sources (Robert et al. 1986). Besides provid-
ing food, shade and increased oxygen levels and pre-
venting the growth of undesirable benthic algae,
reduction in toxic ammonia concentrations by diatom
blooms have been documented in shrimp ponds
(Chien 1992, Burford 1997).

As the shrimp culture and build-up of the algal bio-
mass progressed, excess phosphate derived from the
decomposition of shrimp feed favored the bloom of a
semi-heterotrophic euglenoid unarmored flagellate,
E. marina and of a few dinoflagellates. The rapid
growth of E. gymnastica and dinoflagellates in en -
riched phosphate conditions was also observed in
other studies (Xu et al. 2012, Barcelos e Ramos et al.
2017). Increased turbidity due to higher suspended
matter in shrimp ponds may stimulate picoplankton
abundance, which can even dominate the phyto-
plankton community (Burford 1997, Lucas et al.
2010); however, this aspect was not addressed in the
present study but will definitely be considered in
future investigations.

Low diversity of plankton communities and the
dominance of particular species indicates that the
shrimp ponds in our study had the tendency to
become hypernutrified. However, this study has

shown that the effective uptake of nutrients through
increased abundance of desirable diatoms and their
control by microzooplankton with the progression
of the culture helped to maintain the water quality
and consequently contributed to good shrimp yield.
Many studies have indicated that mixtures of dia -
toms and flagellates have produced good results in
terms of shrimp growth and survival (Gaxiola et al.
2010). In addition, at harvest the undesirable envi-
ronmental impact due to the discharge of pond water
into the coastal waters would be significantly lower.
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