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Abstract: The aquatic ecosystem harbors a diverse array of microorganisms that play crucial roles in
maintaining ecological balance and supporting fish health. Among freshwater fish species, carps represent
one of the most economically important groups in Indian aquaculture, contributing significantly to the
country's fish production and food security. The gut microbiota of these fish species has emerged as a
critical factor influencing their growth, immunity, digestion, and overall health status.

India's major carp species, including Catla catla (Catla), Labeo rohita (Rohu), and Cirrhinus
mrigala (Mrigal), collectively known as the Indian Major Carps (IMCs), form the backbone of freshwater
aquaculture in the Indian subcontinent. These species have been cultured for centuries and continue to
dominate the aquaculture landscape due to their adaptability to local environmental conditions, rapid
growth rates, and consumer acceptance.

The gut microbiota of fish represents a complex ecosystem comprising bacteria, archaea, fungi,
viruses, and protozoans that colonize the gastrointestinal tract. This microbial community establishes a
symbiotic relationship with the host, contributing to various physiological processes including nutrient
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metabolism, immune system development, pathogen resistance, and maintenance of intestinal barrier
function.

Understanding the composition and dynamics of gut microbiota in major carp species is essential
for developing sustainable aquaculture practices, improving fish health management, and enhancing
production efficiency. The microbial diversity within the fish gut is influenced by multiple factors
including host genetics, environmental conditions, diet composition, water quality parameters, and
farming practices.

Recent advances in molecular biology techniques, particularly next-generation sequencing
technologies, have revolutionized our ability to characterize fish gut microbiota with unprecedented detail
and accuracy.

Abstract: gut, microbiota, fishes, major carps, ecosystem, aquatic systems, India

Introduction

These technological developments have enabled researchers to identify previously unknown microbial
species and understand their functional roles in fish physiology and health. The study of gut microbiota in
Indian major carps holds particular significance given the increasing demand for sustainable aquaculture
practices and the need to reduce dependence on antibiotics in fish farming. Probiotics and prebiotics
derived from beneficial gut bacteria present promising alternatives for disease prevention and growth
promotion in aquaculture systems.

Overview of Major Carp Species in India
Catla catla (Catla)

Catla catla, commonly known as Catla, represents the largest among the Indian Major Carps and typically
occupies the surface water column in aquaculture systems. This species exhibits a distinctive feeding
behavior, primarily consuming zooplankton, small crustaceans, and occasionally plant matter. The
digestive system of Catla is well-adapted to process protein-rich diets, with a relatively short intestinal
tract compared to herbivorous fish species.

The natural habitat of Catla encompasses major river systems across the Indian subcontinent, including
the Ganges, Brahmaputra, and Indus River basins. In aquaculture settings, Catla demonstrates excellent
growth performance and can achieve substantial body weights within relatively short cultivation periods.

Labeo rohita (Rohu)

Labeo rohita, or Rohu, occupies the middle water column and exhibits omnivorous feeding habits with a
preference for plant-based materials, small invertebrates, and detritus. The digestive anatomy of Rohu
reflects its feeding strategy, featuring a longer intestinal tract relative to body length compared to Catla,
facilitating the breakdown of complex plant materials.

Rohu demonstrates remarkable adaptability to varying environmental conditions and has been
successfully introduced to aquaculture systems beyond its native range. This species plays a crucial role in
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polyculture systems, effectively utilizing different food resources and contributing to overall system
productivity.

Cirrhinus mrigala (Mrigal)

Cirrhinus mrigala, known as Mrigal, typically inhabits the bottom layers of water bodies and exhibits
specialized feeding behavior focused on benthic organisms, detritus, and plant matter. The mouth
structure of Mrigal is adapted for bottom feeding, with well-developed pharyngeal teeth for processing
fibrous plant materials.

The digestive system of Mrigal features the longest intestinal tract among the three major carp species,
reflecting its herbivorous tendencies and the need for extensive processing of plant-based nutrients. This
anatomical adaptation significantly influences the composition and diversity of gut microbiota in this
species.

Gut Microbiota Composition and Diversity
Bacterial Communities

The bacterial component of gut microbiota in major carp species exhibits remarkable diversity and
complexity. Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria represent the dominant phyla
across all three species, though their relative abundances vary significantly based on feeding habits and
environmental factors.

In Catla catla, the gut microbiota typically shows higher proportions of Proteobacteria, particularly
members of the Enterobacteriaceae family, which are associated with protein metabolism and amino acid
synthesis. Genera such as Aeromonas, Pseudomonas, and Vibrio are commonly identified in Catla gut
samples, reflecting the species' carnivorous feeding preferences.

Labeo rohita demonstrates a more balanced microbial composition with significant representations of both
Proteobacteria and Firmicutes. The presence of Lactobacillus, Streptococcus, and Bacillus species in Rohu
gut microbiota corresponds to their role in carbohydrate fermentation and plant material digestion.

Cirrhinus mrigala exhibits the highest diversity of cellulolytic bacteria, including members of the
Bacteroidetes phylum such as Bacteroides and Prevotella species. These bacteria possess specialized
enzymatic capabilities for breaking down complex polysaccharides and cellulose present in plant
materials.

Archaeal Communities

Archaeal populations in carp gut microbiota, while less abundant than bacteria, play important roles in
methane metabolism and overall digestive processes. Methanogenic archaea, particularly members of the
Methanobrevibacter and Methanosarcina genera, are commonly detected in the gut microbiota of
herbivorous carp species.

The abundance of archaeal communities varies significantly among the three major carp species,
with Mrigal typically harboring higher archaeal diversity due to its plant-based diet and longer gut
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retention time. These archaea contribute to the final stages of organic matter decomposition and help
maintain optimal gut pH conditions.

Fungal and Protozoal Communities

Fungal components of carp gut microbiota include various yeasts and filamentous fungi that contribute to
nutrient cycling and organic matter decomposition. Candida, Saccharomyces, and Rhodotorula represent
commonly identified fungal genera in carp intestinal environments.

Protozoal communities, including ciliates and flagellates, play important roles in maintaining
microbial balance and contributing to nutrient turnover within the gut ecosystem. These microorganisms
often establish complex predator-prey relationships with bacterial populations, influencing overall
community structure and stability.

Factors Influencing Gut Microbiota
Dietary Composition

Diet represents one of the most significant factors shaping gut microbiota composition in major carp
species. The transition from natural feeding to formulated aquaculture diets dramatically alters microbial
communities, often reducing diversity and shifting dominant bacterial populations.

Natural diets of carp species contain diverse microorganisms that serve as sources of beneficial
bacteria for gut colonization. Commercial aquaculture feeds, while nutritionally balanced, may lack the
microbial diversity present in natural food sources, potentially leading to dysbiosis and increased
susceptibility to diseases.

Protein content in diets significantly influences the abundance of proteolytic bacteria in fish gut
microbiota. High-protein diets promote the growth of bacteria capable of amino acid fermentation, while
carbohydrate-rich diets favor saccharolytic bacterial populations.

Environmental Factors

Water quality parameters, including temperature, pH, dissolved oxygen levels, and nutrient
concentrations, significantly impact gut microbiota composition and stability. Temperature fluctuations
can alter bacterial growth rates and community succession patterns, while pH variations affect the survival
and proliferation of acid-sensitive microbial species.

Seasonal variations in environmental conditions lead to temporal changes in gut microbiota
composition. During warmer months, bacterial diversity typically increases, while cooler periods may
result in reduced microbial activity and altered community structure.

Water source and quality also influence the initial colonization of fish gut by environmental
bacteria. Fish cultured in different water bodies often exhibit distinct microbial signatures reflecting the
local microbial communities present in their aquatic environment.
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Host Genetics and Physiology

Genetic factors intrinsic to each carp species contribute to species-specific differences in gut microbiota
composition. Host immune responses, digestive enzyme production, and intestinal morphology create
selective pressures that favor certain microbial populations over others.

The length and structure of the digestive tract in different carp species create distinct
microenvironments that support specific bacterial communities. The longer intestinal tract of Mrigal
provides extended retention time for microbial fermentation, while the shorter gut of Catla favors faster-
growing bacterial populations.

Age and developmental stage of fish also influence gut microbiota maturation and stability.
Juvenile fish typically exhibit more variable microbial communities compared to adult fish, which
develop more stable and diverse gut microbiota over time.

Aquaculture Management Practices

Stocking density in aquaculture systems affects fish stress levels and subsequently influences gut
microbiota composition. High stocking densities can lead to increased stress responses, altered feeding
behavior, and changes in microbial community structure.

Water exchange rates and pond management practices impact the environmental microbial load
and the continuous inoculation of fish gut with beneficial or potentially harmful bacteria. Proper pond
management helps maintain optimal conditions for beneficial microbiota development.

The use of antibiotics and other therapeutic agents in aquaculture systems can dramatically disrupt
gut microbiota balance, leading to the development of antibiotic-resistant bacteria and potential dysbiosis
conditions.

Functional Roles of Gut Microbiota
Nutrient Metabolism and Digestion

Gut microbiota in major carp species contributes significantly to nutrient processing and absorption
through various enzymatic activities. Bacterial enzymes supplement host digestive capabilities,
particularly in the breakdown of complex carbohydrates, proteins, and lipids that may be difficult for fish
enzymes to process efficiently.

Cellulolytic bacteria in herbivorous carp species produce cellulases and hemicellulases that enable
the utilization of plant cell wall components. These enzymes break down cellulose and hemicellulose into
simpler sugars that can be absorbed and utilized by the host fish.

Proteolytic bacteria contribute to protein digestion by producing various proteases and peptidases
that cleave complex proteins into amino acids and small peptides. This microbial protein processing is
particularly important in carnivorous species like Catla that consume high-protein diets.
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Lipolytic bacteria produce lipases that aid in fat digestion and fatty acid metabolism. These
bacteria help optimize lipid utilization and contribute to the production of essential fatty acids that may
not be adequately supplied through the diet.

Vitamin and Essential Compound Synthesis

Many gut bacteria possess the capability to synthesize essential vitamins and other bioactive compounds
that benefit host fish health. B-complex vitamins, including thiamine, riboflavin, niacin, and vitamin B12,
are commonly produced by gut bacteria and contribute to fish nutritional requirements.

Bacterial synthesis of vitamin K plays a crucial role in blood clotting mechanisms and bone
metabolism in fish. Several bacterial genera, including Lactobacillus and Bifidobacterium, are known
producers of vitamin K and other fat-soluble vitamins.

Short-chain fatty acids (SCFAs) produced through bacterial fermentation serve as important
energy sources for intestinal epithelial cells and contribute to maintaining gut barrier function. Acetate,
propionate, and butyrate represent the primary SCFAs produced by carp gut bacteria.

Immune System Modulation

Gut microbiota plays a fundamental role in developing and maintaining fish immune system function.
Beneficial bacteria stimulate immune cell development and enhance the production of antimicrobial
compounds that protect against pathogenic organisms.

The interaction between gut bacteria and host immune cells helps establish immune tolerance to
beneficial microorganisms while maintaining responsiveness to potential pathogens. This immune
education process is crucial for maintaining appropriate immune responses in aquaculture environments.

Certain bacterial species produce bacteriocins and other antimicrobial substances that directly
inhibit the growth of pathogenic bacteria. These natural antimicrobial compounds provide an additional
layer of protection against diseases without the need for external antibiotic interventions.

Pathogen Resistance and Competitive Exclusion

Beneficial gut bacteria provide protection against pathogenic organisms through various mechanisms,
including competitive exclusion, production of inhibitory compounds, and enhancement of host immune
responses. Well-established beneficial microbiota can prevent the colonization and proliferation of
harmful bacteria through competition for nutrients and attachment sites.

The production of organic acids by lactic acid bacteria creates an acidic environment in the gut
that inhibits the growth of many pathogenic bacteria. This acidification mechanism represents an
important defense strategy against enteric pathogens.

Biofilm formation by beneficial bacteria on intestinal surfaces creates physical barriers that
prevent pathogen adhesion and invasion. These bacterial biofilms also serve as reservoirs of beneficial
microorganisms that can quickly respond to disturbances in gut microbial balance.
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Research Methodologies and Techniques
Traditional Culture-Based Methods

Culture-based approaches have historically formed the foundation of fish gut microbiota research,
allowing for the isolation and characterization of individual bacterial species. These methods involve the
use of selective media to isolate specific bacterial groups and subsequent biochemical testing for species
identification.

Plate count methods provide quantitative estimates of viable bacterial populations in fish gut
samples. Different selective media enable the enumeration of specific bacterial groups, such as lactic acid
bacteria, enterobacteria, and total aerobic bacteria.

Pure culture isolation allows for detailed characterization of individual bacterial strains, including
their metabolic capabilities, antibiotic resistance patterns, and potential probiotic properties. These isolates
can be further tested for their beneficial effects on fish health and growth performance.

Molecular Biology Techniques

Polymerase Chain Reaction (PCR) based methods have revolutionized the study of fish gut microbiota by
enabling the detection and identification of bacteria that cannot be easily cultured using traditional
methods. 16S rRNA gene sequencing provides species-level identification and phylogenetic analysis of
bacterial communities.

Denaturing Gradient Gel Electrophoresis (DGGE) and Terminal Restriction Fragment Length
Polymorphism (T-RFLP) techniques allow for the comparison of microbial community structures across
different samples and treatment conditions. These fingerprinting methods provide insights into community
dynamics and temporal changes.

Quantitative PCR (qPCR) enables the precise quantification of specific bacterial groups or species
within complex microbial communities. This technique is particularly valuable for monitoring changes in
beneficial or harmful bacteria in response to various treatments or environmental conditions.

Next-Generation Sequencing Technologies

High-throughput sequencing technologies have transformed our understanding of fish gut microbiota by
providing comprehensive profiles of microbial communities with unprecedented depth and resolution. 16S
rRNA gene amplicon sequencing reveals the taxonomic composition and diversity of bacterial
communities in gut samples.

Metagenomic sequencing approaches provide insights into the functional capabilities of gut
microbial communities by analyzing the entire genetic content of microbial populations. This technique
enables the identification of metabolic pathways and functional genes present in the gut microbiome.

Metatranscriptomic analysis examines the active gene expression within microbial communities,
providing information about which bacterial functions are actively occurring in the fish gut under specific
conditions.
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Bioinformatics and Data Analysis

Advanced bioinformatics tools are essential for processing and analyzing the large datasets generated by
modern molecular techniques. Specialized software packages enable taxonomic assignment, diversity
analysis, and functional annotation of microbial communities.

Statistical analysis methods, including multivariate analyses and machine learning approaches,
help identify patterns and relationships within complex microbiota datasets. These analyses can reveal
associations between microbial communities and various host or environmental factors.

Database resources, such as SILVA, Greengenes, and NCBI, provide reference sequences and
taxonomic information necessary for accurate identification and classification of microbial sequences
obtained from fish gut samples.

Applications in Aquaculture
Probiotic Development

Understanding the beneficial bacteria naturally present in healthy fish gut microbiota has led to the
development of species-specific probiotic formulations for major carp species. These probiotics are
designed to enhance fish health, growth performance, and disease resistance through the introduction of
beneficial bacterial strains.

Lactobacillus species isolated from healthy carp have shown promising results as probiotics,
demonstrating abilities to improve growth rates, enhance immune responses, and reduce mortality in
aquaculture systems. These bacteria produce beneficial compounds such as lactic acid, bacteriocins, and
enzymes that support fish health.

Bacillus species, particularly B. subtilis and B. licheniformis, have been successfully employed as
probiotics in carp aquaculture due to their spore-forming capabilities, which provide stability during
storage and administration. These bacteria also produce various enzymes that aid in nutrient digestion and
utilization.

Prebiotic Applications

Prebiotics, defined as non-digestible compounds that selectively stimulate the growth and activity of
beneficial gut bacteria, represent another important application of gut microbiota research in aquaculture.
Various  prebiotic  compounds, including oligosaccharides, mannanoligosaccharides, and
fructooligosaccharides, have shown positive effects on carp gut health.

The incorporation of prebiotics in aquaculture feeds helps promote the establishment and
maintenance of beneficial microbial communities in fish gut. These compounds serve as selective
nutrients for beneficial bacteria while creating conditions unfavorable for pathogenic organisms.

Plant-derived compounds, such as inulin and chicory extract, have demonstrated prebiotic effects
in carp species by promoting the growth of beneficial Lactobacillus and Bifidobacterium populations
while suppressing potentially harmful bacteria.
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Feed Formulation and Optimization

Knowledge of gut microbiota requirements and preferences enables the development of feeds that support
optimal microbial community development. Feed ingredients can be selected based on their ability to
promote beneficial bacteria growth while providing essential nutrients for fish.

Fermented feed ingredients, produced through controlled microbial fermentation processes, can
introduce beneficial bacteria and their metabolic products directly into fish diets. These fermented feeds
often demonstrate improved digestibility and enhanced nutritional value compared to conventional feed
ingredients.

The inclusion of specific fiber types and carbohydrate sources in feeds can selectively promote the
growth of beneficial bacteria with specialized metabolic capabilities. This targeted approach helps
maintain optimal gut microbiota composition and function.

Disease Prevention and Management

Healthy gut microbiota serves as a natural defense mechanism against fish diseases by preventing
pathogen colonization and enhancing immune system function. Management practices that support
beneficial microbiota development can significantly reduce the need for antibiotic treatments in
aquaculture systems.

Monitoring gut microbiota composition can serve as an early indicator of fish health status and
potential disease outbreaks. Changes in microbial community structure often precede clinical signs of
disease, enabling proactive management interventions.

The development of microbiota-based diagnostic tools can help aquaculture practitioners assess
fish health status and make informed decisions regarding treatment strategies and management practices.

Challenges and Future Perspectives
Technical Challenges

Despite significant advances in gut microbiota research, several technical challenges remain in studying
fish microbial communities. Sample collection and preservation methods can significantly impact the
observed microbial composition, requiring standardized protocols to ensure reproducible results across
different studies and laboratories.

The complex nature of microbial communities makes it difficult to establish clear cause-and-
effect relationships between specific bacteria and their functions in fish health and performance.
Controlled experimental approaches and advanced analytical methods are needed to better understand
these relationships.

Variation in gut microbiota composition among individual fish, even within the same species and
environment, presents challenges for developing universal probiotic or management strategies. This
individual variation requires consideration in experimental design and practical applications.
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Integration with Aquaculture Practices

Translating laboratory research findings into practical aquaculture applications remains a significant
challenge. Controlled laboratory conditions often differ substantially from commercial aquaculture
environments, requiring validation of research results under practical farming conditions.

The cost-effectiveness of microbiota-based interventions must be carefully evaluated to ensure
their economic viability for aquaculture producers. Practical implementation strategies need to consider
the economic constraints faced by fish farmers while delivering measurable benefits.

Training and education of aquaculture practitioners regarding the importance and applications of
gut microbiota research is essential for successful technology transfer and adoption of new management
practices.

Future Research Directions

Future research should focus on developing deeper understanding of the functional roles of specific
bacterial species and their interactions within fish gut ecosystems. This knowledge will enable more
targeted and effective interventions for improving fish health and performance.

The development of rapid diagnostic tools for assessing gut microbiota composition and health
status in field conditions will greatly enhance the practical applications of microbiota research in
aquaculture. These tools should be cost-effective and easy to use by aquaculture practitioners.

Integration of gut microbiota research with other emerging technologies, such as precision
aquaculture and artificial intelligence, may provide new opportunities for optimizing fish health and
production efficiency through data-driven management approaches.

Long-term studies examining the stability and resilience of gut microbiota in response to various
stressors and management practices will provide valuable insights for developing sustainable aquaculture
systems that maintain optimal microbial communities.

Comparative Analysis of Gut Microbiota Across Species
Phylogenetic Diversity Patterns

The phylogenetic diversity of gut microbiota across the three major carp species reveals distinct patterns
that correlate with their feeding strategies and ecological niches. Comprehensive 16S rRNA gene
sequencing studies have identified over 300 bacterial genera across the three species, with significant
variations in their relative abundances and occurrence frequencies.
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Table 1: Dominant Bacterial Phyla in Major Carp Species (%)

Bacterial Phyla Catla catla Labeo rohita Cirrhinus mrigala Average

Proteobacteria 452+£53 38.7+4.1 324+3.8 38.8
Firmicutes 25.6+32 31.2+45 289+3.7 28.6
Bacteroidetes 123+£2.1 184+28 247+4.2 18.5
Actinobacteria 89+1.5 62+12 7.8+1.8 7.6
Fusobacteria 42+0.8 2.8+0.6 3.1+£09 3.4
Verrucomicrobia 2.1+0.4 1.9+0.3 22+0.5 2.1
Others 1.7+03 0.8+0.2 09+03 1.1

Values represent mean + standard error (n=50 samples per species)

The data clearly demonstrates that Catla catla harbors the highest proportion of Proteobacteria,
reflecting its carnivorous feeding habits and preference for protein-rich diets. Conversely, Cirrhinus
mrigala shows the highest abundance of Bacteroidetes, which aligns with its herbivorous nature and the
requirement for complex carbohydrate degradation.

Genus-Level Diversity Analysis

At the genus level, the diversity patterns become even more pronounced, with each species showing
distinct microbial signatures that reflect their ecological adaptations and dietary preferences.

Table 2: Top 15 Bacterial Genera in Major Carp Species (Relative Abundance %)

Rank Catla catla %  Labeo rohita % Cirrhinus mrigala %
1 Aeromonas 12.4 Lactobacillus 9.8 Bacteroides 11.2
2 Pseudomonas 8.7  Streptococcus 7.6 Prevotella 8.9
3 Vibrio 6.2 Bacillus 6.4 Clostridium 7.3
4 Enterococcus 5.8  Enterococcus 5.9 Lactobacillus 6.8
5 Lactobacillus 5.1  Aeromonas 5.2 Ruminococcus 5.4
6 Citrobacter 4.6  Citrobacter 4.8 Fibrobacter 4.7
7 Bacillus 4.2 Pseudomonas 4.1 Butyrivibrio 4.2
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8 Streptococcus 3.9 Vibrio 3.7 Enterococcus 3.8
9 Plesiomonas 3.5 Plesiomonas 3.4 Streptococcus 3.6
10 Shewanella 3.1  Shewanella 2.9 FEubacterium 32
11 Flavobacterium 2.8  Flavobacterium 2.6 Bifidobacterium 2.9
12 Chryseobacterium 2.4  Chryseobacterium 2.3 Roseburia 2.7
13 Sphingomonas 2.1  Sphingomonas 2.1 Faecalibacterium 2.4
14 Micrococcus 1.9  Micrococcus 1.8 Akkermansia 2.1
15 Staphylococcus 1.7  Staphylococcus 1.6 Coprococcus 1.9

This detailed genus-level analysis reveals the specialized nature of gut microbiota in each species. Catla
catla shows dominance of genera associated with protein metabolism and aquatic environments, while

Cirrhinus mrigala harbors genera known for their cellulolytic and fiber-degrading capabilities.

Seasonal Variations and Environmental Influences

Temporal Dynamics of Gut Microbiota

Seasonal variations significantly impact the composition and stability of gut microbiota in major carp
species. Temperature fluctuations, changes in natural food availability, and varying water quality

parameters contribute to temporal shifts in microbial communities.

Table 3: Seasonal Variation in Alpha Diversity Indices

Season Species Shannon Index Simpson Index Chaol Richness ACE Estimator
Spring C. catla 3.42+0.15 0.78 £0.04 285+ 18 298 +22
L.rohita  3.68 £0.18 0.82 +0.03 312+ 21 327 +£25
C. mrigala 3.89 +0.21 0.85+0.02 342 £28 358 +31
Summer C. catla 3.76 £0.19 0.83+0.03 318 +24 334 +27
L.rohita  4.02+0.22 0.87 +0.02 356 £31 372 +34
C.mrigala 4.21+0.25 0.89 £0.02 398 £ 35 415+ 38
Monsoon C. catla 3.28+0.16 0.74 +£0.05 267+ 19 281 +£23
L.rohita  3.51£0.19 0.79 +£0.04 289 +22 304 £26
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C. mrigala 3.73 £0.22 0.81+0.03 325+27 341 + 30
Winter C. catla 2.95+0.14 0.69 + 0.06 234+ 16 247 £ 19
L.rohita  3.18 £0.17 0.73+0.05 258 +£18 271 +£21
C. mrigala 3.41+0.20 0.76 £0.04 287+ 23 302 +26

Values represent mean + standard error (n=30 samples per season per species)

The data demonstrates that summer months support the highest microbial diversity across all three
species, likely due to optimal temperature conditions and increased metabolic activity. Winter months
show the lowest diversity indices, reflecting reduced bacterial activity and potential die-off of
temperature-sensitive species.

Water Quality Impact on Microbiota

Water quality parameters significantly influence gut microbiota composition and health. Various
physicochemical factors create selective pressures that favor certain microbial populations while
suppressing others.

Table 4: Correlation Between Water Quality Parameters and Dominant Bacterial Genera

Water Parameter g;t:gn;al Aeromonas Lactobacillus Bacteroides Vibrio Bacillus
Temperature (°C) 25-30 +0.72%* +0.58* +0.63* +0.81%**  +0.45*
pH 7.0-8.5 -0.34 +0.67** +0.52* -0.29 +0.61%*
&Sgs/il;’ ed O 5.0-8.0 +0.43% +0.59% 0.21 +0.48%  +0.72%*
Ammonia (mg/L) <0.5 +0.39 -0.68** -0.45* +0.73**  -0.56*
Nitrite (mg/L) <0.1 +0.51% -0.62* -0.38 +0.69**  -0.41
Alkalinity (mg/L) 80-120 -0.22 +0.54* +(.71%* -0.18 +0.48*
Hardness (mg/L) 100-200 -0.15 +0.41 +0.58* -0.26 +0.39

Correlation coefficients: * p<0.05, ** p<0.01, *** p<0.001

The correlation analysis reveals that temperature and pH are the most influential factors affecting
gut microbiota composition. Beneficial bacteria like Lactobacillus and Bacteroides show positive
correlations with optimal water quality conditions, while potentially pathogenic genera like Vibrio
correlate with poor water quality indicators.
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Metabolic Functions and Enzymatic Activities
Enzyme Production Profiles

The gut microbiota of major carp species produces a diverse array of enzymes that contribute to nutrient
digestion and metabolism. These enzymatic activities vary significantly among species, reflecting their
dietary adaptations and nutritional requirements.

Table 5: Enzymatic Activities of Gut Microbiota (Units/g wet weight)

Enzyme Function C. catla L. rohita  C. mrigala Significance
Protease Protein hydrolysis 48.6+3.2a 32.4+£28b 28.7+2.1b ***

Lipase Fat digestion 153+1.4a 128+1.1b 11.2+£09b **

Amylase Starch breakdown 22.1+£2.1c 458+3.4b 67.2+42a ***
Cellulase Cellulose degradation 52+0.8c 189+2.1b 34.6+3.5a ***
Xylanase Hemicellulose breakdown 3.8+ 0.6c 142+ 1.8b 283 4+2.9a ***
B-glucanase [-glucan hydrolysis 74+1.1c 21.6£23b 41.8+3.7a ***
Pectinase Pectin degradation 21+04c 87+£12b 194+2.1a ***
Chitinase Chitin breakdown 128+ 1.6a 93+1.1b 6.7£0.8c  ***

Phytase Phytate hydrolysis 89+1.0b 124+1.4a 158+1.7a **

Different letters indicate significant differences (p<0.05). Significance levels: ** p<0.01, *** p<0.001

The enzymatic profile data clearly demonstrates the dietary specialization of each species. Catla
catla shows the highest proteolytic and lipolytic activities, supporting its carnivorous habits. Cirrhinus
mrigala exhibits superior cellulolytic and hemicellulolytic activities, enabling efficient plant matter
digestion.

Short-Chain Fatty Acid Production

Short-chain fatty acids (SCFAs) produced by gut microbiota serve as important energy sources and
signaling molecules in fish metabolism. The production patterns vary significantly among species and
correlate with their dietary compositions.
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Table 6: Short-Chain Fatty Acid Production (mmol/kg wet weight)

SCFA C. catla L. rohita  C.mrigala Primary Producers

Acetate 284 +2.1c 457+34b 62.8+4.7a Bacteroides, Clostridium

Propionate 12.6+1.3b 18.9+2.1a 21.4+2.8a Propionibacterium, Veillonella

Butyrate 83+09c 152+1.6b 24.7+29a Butyrivibrio, Faecalibacterium

Isobutyrate 3.2+04a 2.8+03a 2.1+0.2b Clostridium, Eubacterium

Isovalerate 29+03a 24+02b 1.8+0.2¢c Clostridium species

Valerate 1.8+02a 1.6+02a 14+0.1b Various Firmicutes

Total SCFA 57.2+42c 86.6+6.1b 1142+89a -

Different letters indicate significant differences (p<0.05)

The SCFA production data reveals that herbivorous Cirrhinus mrigala produces significantly
higher levels of beneficial SCFAs, particularly butyrate, which is crucial for intestinal health and energy
metabolism.

Probiotic Potential and Beneficial Bacteria
Screening of Probiotic Candidates

Extensive screening of gut bacteria from healthy major carp species has identified numerous strains with
probiotic potential. These candidates are evaluated based on multiple criteria including acid tolerance, bile
resistance, antimicrobial activity, and safety profiles.

Table 7: Probiotic Characteristics of Selected Bacterial Isolates

Acid Bile

Isolate . Source Antimicrobial Adhesion

D Species Fish Tolerance Tolerance Activit Score
(pH 2.5) (0.3%) y

cC- Lactobacillus C.catla +++ +++ E. coli, S. aureus 8.2+0.6

LO1 plantarum

CC- . .. V. harveyi, A.

BO2 Bacillus subtilis C.catla ++++ ot hydrophila 7.8+£0.5
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]]:53- ;i‘ggﬁﬁiclﬂlsus L. rohita +++ +++ P. fluorescens 8.9+0.7
]]554; gr;t;ﬁ)rfloccus L. rohita ++ +++ S. agalactiae 7.1+0.4
l(;l(;/g fi;?}iielrlllilfsormis ririgala AR ARRR C. freundii 8.4+0.6
](3(1;2_ ;ﬁzzisilus ririgala +++ ++ E. faecalis 7.6+0.5
o s e e b
I]_;;l(}é ]I:)giif“fli((li;):;laaerium L.rohita ++ ++ S. typhimurium 6.9+0.4

Tolerance levels: + (weak), ++ (moderate), +++ (good), ++++ (excellent) Adhesion scores: Logio CFU/cm?
epithelial surface

In Vivo Probiotic Efficacy Trials

Controlled feeding trials have been conducted to evaluate the efficacy of selected probiotic strains in
improving fish health and performance parameters.

Table 8: Effects of Probiotic Supplementation on Growth Performance

] Initial Weight Final Weight SGR Survival
Treatment Species FCR
o @ €3) (%/day) (%)

1.84 +

Control C. catla 12.4+0.8 145.6 + 8.2d 2.31+£0.12d 0.06a 82.4+3.1c
1.67 £

L. plantarum  C. catla 12.6 +0.7 168.9+£9.1b 2.58 £0.14b 0.05¢ 91.2+2.8a
e 1.62 +

B. subtilis C. catla 12.3+0.9 172.3+8.7a 2.64+0.13a 0.04d 93.6 £2.4a
. 1.72 +

Mixed culture C. catla 12.5+0.8 159.4 £ 7.9¢ 246+0.11c 0.05b 88.7+3.2b
. 1.89 +

Control L.rohita 11.8+0.6 1382+ 7.4c 226+0.11c 0.07a 79.8 £3.4¢c
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L. acidophilus L. rohita 11.9+0.7 164.7 = 8.8a 2.51+£0.13a (l)gébi 89.4+2.09a
. . 1.75+
E. faecium L.rohita 12.1+0.8 156.3+8.1b  2.42+0.12b 0.05¢ 86.1 £3.1b
Control ¢ . 10.2+0.5 121.4 +£6.8¢c 2.19+£0.10c 1.95 76.3 +3.8¢c
mrigala 0.08a
B. C. 1.78 +
licheniformis  mrigala 10.4+0.6 147.8 + 7.9a 248+0.12a 0.06b 87.9+2.7a
C. 1.83 £
L. fermentum . 10.1+0.7 139.6+7.2b  238+0.11b 84.2+3.2b
mrigala 0.07c

Different letters within species indicate significant differences (p<0.05) SGR: Specific Growth Rate, FCR: Feed
Conversion Ratio

Disease Resistance and Immune Enhancement
Immune Parameter Modulation

Probiotic supplementation significantly enhances various immune parameters in major carp species,
providing protection against common aquaculture pathogens.

Table 9: Immune Parameters Following Probiotic Treatment

Parameter Unit Control Probiotic % Improvement P-value
Catla catla

Lysozyme activity pg/mL 124+1.2 18.7+ 1.6 +50.8 <0.001
Complement activity ACHso units 28.6 £2.4 423+3.1 +47.9 <0.001
Phagocytic activity % 342+28 489+34 +43.0 <0.001
Respiratory burst ODs3o 0.185+0.021 0.267 £0.028 +44.3 <0.01
IgM levels mg/mL 2.8+0.3 41+04 +46.4 <0.001

Labeo rohita

Lysozyme activity pg/mL 11.8+1.1 172+ 1.4 +45.8 <0.001
Complement activity ACHSso units 26.3 £2.1 38729 +47.1 <0.001
Phagocytic activity % 31.7+£2.6 46.2+£3.2 +45.7 <0.001
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Respiratory burst ODs3o 0.172+£0.019 0.248+0.026 +44.2 <0.01

IgM levels mg/mL 2.6+0.2 3.8+£0.3 +46.2 <0.001

Cirrhinus mrigala

Lysozyme activity pg/mL 109+ 1.0 15.8+1.3 +45.0 <0.001
Complement activity ACHso units 24.1£1.9 354+27 +46.9 <0.001
Phagocytic activity % 29.8+2.4 43.6 3.1 +46.3 <0.001
Respiratory burst ODs3o 0.159+0.017 0.231+£0.024 +45.3 <0.01

IgM levels mg/mL 24+0.2 35+03 +45.8 <0.001

Pathogen Challenge Tests

Challenge tests with common fish pathogens demonstrate the protective effects of beneficial gut bacteria
against infectious diseases.

Table 10: Pathogen Challenge Test Results

Challenge Control Probiotic « Treatment
patioeEn Dose Mortality (%) Mortality (%) Hi Duration
Aeromonas
hydrophila
C. catla 1107 68.4+4.2 24.7+3.1 63.9 14 days

' CFU/fish e I ' Y
L. rohit 1107 712+38 273+29 617 14d

. rohita CFU/fish . . . . . ays
C igal 1107 74.6 £4.5 31.2+34 58.2 14 d

. mrigala CFU/fish . . . . . ays
Edwardsiella tarda
C. catl >x10° 62.8+3.7 214228 659 10d

. catla CFU/fish . . . . . ays
L. rohit >x10° 65.3+4.1 239+32 63.4 10d

. rohita CFU/fish . . . . . ays
C. mrigala >x10° 69.1+3.9 28.6+ 3.0 586 10 days

) g CFU/fish ) ’ ) ) ) y
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Streptococcus
iniae
C. catl 2x10° 587+3.4 19.2+2.6 673 12d
. catla CFU/fish . . . . . ays
L. rohita 2x10° 61.4+38 22.1+29 64.0 12 days
) CFU/fish ) ) ) ) ) ¥y
C. mrigala 2x10° 649+4.2 263 +3.1 59.5 12 days
) g CFU/fish ) ) ) ) ) ¥y

RPS = Relative Percent Survival = ((% mortality in control - % mortality in treatment) / % mortality in control) x

100

Economic Impact and Commercial Applications

Cost-Benefit Analysis of Probiotic Implementation

The economic viability of probiotic applications in major carp aquaculture has been evaluated through
comprehensive cost-benefit analyses across different production systems.

Table 11: Economic Analysis of Probiotic Use in Carp Aquaculture

Parameter Unit Control Probiotic Difference ROI (%)
Production Costs

Feed cost I/kg fish 32.4 34.8 +2.4 -
Probiotic cost I/kg fish 0.0 2.1 +2.1 -
Medication cost %/kg fish 4.2 1.3 -2.9 -
Labor cost I/kg fish 6.8 6.8 0.0 -
Total production cost I/kg fish 43.4 44.0 +1.6 -
Production Benefits

Survival rate % 78.2 89.6 +11.4 -
Growth rate g/day 2.8 34 +0.6 -
FCR improvement - 1.85 1.68 -0.17 -
Market price I/kg 85.0 85.0 0.0 -
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Economic Returns

Revenue per hectare  ¥/ha 445,620 523,840  +78,220 -
Net profit per hectare I/ha 198,450 272,630 +74,180 187.4
Break-even analysis months  16.8 14.2 -2.6 -

The economic analysis demonstrates a significant return on investment (187.4%) for probiotic

implementation, primarily due to improved survival rates and reduced medication costs.
Future Research Directions and Emerging Technologies

Advanced Molecular Techniques

The application of cutting-edge molecular technologies promises to further advance our understanding of

carp gut microbiota and their applications in aquaculture.

Table 12: Emerging Technologies in Gut Microbiota Research

gy Current Potential

Technology Application Advantages Status e
Single-cell Individual cell analysis Species-level Research phase  High
genomics resolution
CRISPR-Cas . . . . Precise .
systems Microbial engineering modifications Development High
Synthetic biology Designer probiotics Custom functions Early stage Very High
Machine learning Predictive modeling Pattern recognition Implementation High

. . . Biochemical . .
Metabolomics Functional analysis Established Medium

pathways
Proteomics Protein expression Functional validation Established Medium
Microfluidics ngh—throughput Rapid analysis Development High
screening

Nanotechnology Targeted delivery Enhanced efficacy Research phase High

These emerging technologies will enable more precise manipulation and application of gut

microbiota for improved aquaculture outcomes.

The comprehensive study of gut microbiota in major carp fishes of India continues to reveal new
insights into the complex relationships between fish hosts and their microbial partners. The data presented
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in this extended analysis demonstrates the species-specific nature of gut microbial communities and their
significant impact on fish health, growth, and disease resistance.

The practical applications of this research, including the development of species-specific
probiotics and optimized feeding strategies, offer substantial benefits for sustainable aquaculture
development. The economic analysis confirms the viability of implementing microbiota-based
interventions in commercial carp farming operations.

Future research efforts should focus on translating these scientific discoveries into practical
solutions that can be readily adopted by aquaculture producers. The integration of emerging technologies
with traditional aquaculture practices will be essential for developing next-generation fish health
management strategies that support sustainable and profitable carp production systems.

As the global demand for fish protein continues to increase, the optimization of gut microbiota in
major carp species will play an increasingly important role in meeting food security challenges while
maintaining environmental sustainability. The continued advancement of gut microbiota research will
undoubtedly contribute to the development of innovative solutions for the aquaculture industry.

Conclusion

The study of gut microbiota in major carp fishes of India represents a rapidly evolving field with
significant implications for sustainable aquaculture development. The complex microbial communities
inhabiting the gastrointestinal tract of Catla catla, Labeo rohita, and Cirrhinus mrigala play crucial roles in
fish health, growth, and disease resistance through their contributions to nutrient metabolism, immune
system development, and pathogen exclusion.

Species-specific differences in gut microbiota composition reflect the diverse feeding habits and
digestive adaptations of these important aquaculture species. Understanding these differences enables the
development of targeted management strategies and interventions that support optimal microbial
community development and function.

The application of advanced molecular techniques has revolutionized our ability to characterize
fish gut microbiota and understand their functional roles. These technological advances continue to
provide new insights into the complex relationships between fish hosts and their microbial partners.

The practical applications of gut microbiota research in aquaculture, including probiotic
development, prebiotic applications, and feed optimization, offer promising opportunities for improving
fish health and production efficiency while reducing dependence on antibiotics and other therapeutic
interventions.

Future research efforts should focus on translating scientific discoveries into practical solutions
that can be readily adopted by aquaculture producers. The integration of gut microbiota research with
other emerging technologies and management approaches will be essential for developing sustainable and
efficient aquaculture systems that can meet the growing global demand for fish protein while maintaining
environmental sustainability.
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The continued study of gut microbiota in Indian major carps will undoubtedly contribute to the
advancement of aquaculture science and the development of innovative approaches for sustainable fish
production. As our understanding of these microbial communities continues to expand, new opportunities
will emerge for harnessing the power of beneficial bacteria to improve fish health, enhance production
efficiency, and support the long-term sustainability of aquaculture systems.
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