


Review Article
Microbial Diversity and Identification Approaches in Traditional Fermented Kanji: A Comprehensive Review

ABSTRACT
Kanji is a traditional fermented beverage widely consumed in northern India, especially in Punjab, Haryana, and Rajasthan. Prepared from black carrot, beetroot, mustard seeds, and spices, it is characterized by spontaneous lactic acid fermentation driven by indigenous microbiota. This review provides a comprehensive analysis of Kanji fermentation, focusing on its microbial ecology, conventional and molecular identification techniques, probiotic potential, and safety aspects. The microbial community of Kanji is dominated by lactic acid bacteria (LAB), supported by yeasts and other associated microbes, which contribute to acidification, flavor development, and functional metabolites. Conventional microbiological methods such as standard plate count, isolation, and biochemical tests are essential for monitoring fermentation and characterizing viable microorganisms. Molecular approaches including 16S rRNA sequencing and phylogenetic analysis offer higher accuracy and deeper insights into microbial diversity and evolutionary relationships. Kanji exhibits promising functional attributes due to its LAB content, antioxidant compounds, and fermentation-derived metabolites, which may support gut health, immunity, and oxidative stress reduction. However, lack of standardization, limited molecular research, and inadequate omics-based studies are major challenges that restrict the scientific validation and commercialization of Kanji. Future research integrating standardized fermentation protocols, advanced molecular techniques, and omics approaches is necessary to unlock the full probiotic and functional potential of Kanji, thereby promoting its development as a safe, consistent, and commercially viable functional beverage.
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1) INTRODUCTION
Fermented foods represent an integral component of traditional diets worldwide and are among the earliest examples of applied microbial biotechnology. The fermentation process, mediated by diverse microorganisms, enhances food preservation, safety, sensory quality, and nutritional value through the production of organic acids, enzymes, vitamins, and bioactive metabolites. In recent decades, scientific evidence has increasingly emphasized the functional role of fermented foods in human health, including modulation of gut microbiota, improvement of digestive efficiency, enhancement of antioxidant capacity, and strengthening of immune responses. Consequently, traditional fermented foods are now being re-evaluated not merely as cultural artifacts but as functional foods with significant nutraceutical potential (Marco et al., 2017; Tamang et al., 2016).
India possesses a rich heritage of fermented foods and beverages, shaped by regional biodiversity, climatic conditions, and indigenous knowledge systems. Among these, Kanji is a traditional fermented vegetable-based beverage predominantly consumed in northern India, particularly in Punjab, Haryana, Rajasthan, and adjoining regions. Kanji is traditionally prepared by fermenting black carrots (Daucus carota), beetroot, mustard seeds (Brassica juncea), and spices in water under ambient conditions for several days (Adejobi, T. H. et. al. 2024). The process relies on spontaneous fermentation, wherein naturally occurring microorganisms associated with raw materials and the surrounding environment drive biochemical transformations, resulting in a tangy, acidic beverage with distinct sensory attributes (Panghal et al., 2018; Satish et al., 2019).
Culturally, Kanji holds seasonal and social significance and is commonly consumed during festive periods such as Holi. Beyond its cultural importance, Kanji is valued for its perceived health benefits, including digestive stimulation, detoxification, and enhancement of antioxidant status. Scientific investigations have demonstrated that fermentation significantly increases the bioavailability of phenolic compounds, organic acids, and vitamins, thereby improving the functional quality of the beverage (Singh et al., 2018). These attributes are largely attributed to the metabolic activities of lactic acid bacteria (LAB), which dominate the fermentation ecosystem and contribute to acidification, microbial stability, and probiotic potential.
Despite its widespread consumption and long-standing traditional use, Kanji remains inadequately characterized from a microbiological perspective. Most traditional preparations are household-based and lack standardization, resulting in variability in microbial composition, fermentation dynamics, and product quality. Previous studies have reported the presence of LAB such as Lactiplantibacillus plantarum, Pediococcus spp., and Leuconostoc spp. in Kanji fermentation, with viable counts typically assessed using standard plate count (SPC) methods. While SPC provides quantitative insights into microbial load, it does not adequately reflect microbial diversity or functional potential, particularly of viable but non-culturable organisms (Singh, A., & Kumar, S. (2025).
Culture-dependent approaches, including isolation, morphological observation, and biochemical characterization of microbial isolates, remain fundamental for understanding physiological traits, metabolic activities, and probiotic properties of fermentative microorganisms. However, these methods alone are insufficient to capture the full microbial complexity of spontaneously fermented foods(Chudasama, M. et. al. 2024). Advances in molecular biology have enabled precise identification and taxonomic resolution of microorganisms through techniques such as 16S rRNA gene sequencing, which has become a cornerstone for microbial identification in fermented food research. Molecular characterization not only validates phenotypic identification but also allows comparative analysis of microbial diversity across fermentation stages and geographical regions (Kingston et al., 2010; Varzakas, 2023).
Integrating culture-dependent methods (SPC, isolation, biochemical tests) with molecular approaches such as 16S rRNA sequencing provides a comprehensive framework for studying microbial diversity in traditional fermented beverages like Kanji. Such integrated analyses are essential for identifying dominant and functional microbial populations, understanding fermentation ecology, ensuring product safety, and exploring the probiotic and functional potential of indigenous strains. Furthermore, microbial characterization lays the foundation for developing standardized fermentation protocols and potential starter cultures while preserving the traditional identity of Kanji (Hutkins, R. 2018).
Therefore, this review aims to comprehensively synthesize existing knowledge on the microbial diversity of traditional fermented Kanji, with particular emphasis on microbial identification approaches ranging from conventional microbiological techniques to advanced molecular methods. By bridging traditional fermentation practices with modern microbial science, this review seeks to highlight research gaps, promote scientific validation of Kanji, and support its sustainable utilization as a culturally significant and functionally valuable fermented beverage (Thomas, S. S. 2023).
2) RAW MATERIALS USED IN KANJI FERMENTATION
The spontaneous fermentation of Kanji is fundamentally influenced by the biochemical composition and native microbiota of the raw materials employed. Beetroot, black carrot, and mustard seeds act not only as substrates providing fermentable nutrients but also as sources of indigenous microorganisms and selective agents that regulate microbial succession. These raw materials collectively determine microbial load, species dominance, and functional diversity, which are quantitatively and qualitatively assessed using standard plate count (SPC), culture-based isolation, biochemical characterization, and molecular identification through 16S rRNA gene sequencing(Kandiraju, S. R. et. al. 2025).
2.1. BEETROOT (BETA VULGARIS L.)
Beetroot serves as a primary fermentable substrate in Kanji fermentation due to its high concentration of soluble carbohydrates, including sucrose, glucose, and fructose. These sugars support rapid microbial proliferation during the initial stages of fermentation, which is reflected in elevated SPC values observed within the first 48–72 hours. The availability of simple sugars promotes the growth of lactic acid bacteria (LAB), leading to early acidification and suppression of undesirable microorganisms.
In addition to carbohydrates, beetroot contains betalain pigments and phenolic compounds that undergo microbial biotransformation during fermentation. Enzymatic activities of LAB enhance the release of bound phenolics, contributing to increased antioxidant capacity. Beetroot also provides essential minerals such as potassium and iron that facilitate microbial metabolism. The epiphytic microbiota present on beetroot surfaces acts as a natural inoculum, contributing to microbial diversity recovered during isolation and subsequent biochemical profiling. LAB isolated from beetroot-based Kanji are frequently confirmed by 16S rRNA sequencing as Lactiplantibacillus plantarum and related species(Sha, S. P. (2025).
2.2. BLACK CARROT (DAUCUS CAROTA SUBSP. SATIVUS)
Black carrot is a defining ingredient in traditional Kanji and plays a central role in shaping microbial diversity and functional attributes. It is rich in anthocyanins, complex carbohydrates, and dietary fiber, which influence both microbial succession and metabolite production. While simple sugars support early microbial growth, dietary fibers act as prebiotic substrates that selectively enhance LAB persistence during later fermentation stages.
The acidic conditions generated by LAB stabilize anthocyanin pigments, resulting in enhanced color retention and antioxidant activity. Black carrot surfaces harbor diverse indigenous microbiota, which increases microbial heterogeneity observed during culture-dependent isolation. SPC analysis often indicates sustained LAB dominance throughout fermentation, while biochemical characterization and 16S rRNA gene sequencing consistently identify LAB species such as Lactiplantibacillus plantarum, Pediococcus spp., and Leuconostoc spp. Thus, black carrot significantly contributes to both microbial load and taxonomic diversity in Kanji (Ray, R. C et. al. 2024).
2.3. MUSTARD SEEDS (BRASSICA JUNCEA)
Mustard seeds function as natural fermentation regulators in Kanji preparation. They contain glucosinolates that are enzymatically hydrolyzed to isothiocyanates, compounds known for selective antimicrobial activity. These metabolites inhibit the growth of spoilage and pathogenic microorganisms while allowing acid-tolerant LAB to dominate, thereby influencing microbial succession patterns observed during SPC and isolation studies.
In addition to antimicrobial action, mustard seeds supply trace nutrients, enzymes, and lipid components that support LAB metabolism. Their inclusion contributes to controlled acidification, improved microbial stability, and consistent LAB recovery during biochemical and molecular identification. Mustard seeds therefore play a critical role in maintaining fermentation safety and reproducibility without compromising traditional processing methods (Tiwari, S. et. al.2023).
2.4. INTEGRATED EXPERIMENTAL RELEVANCE OF RAW MATERIALS
The combined use of beetroot, black carrot, and mustard seeds establishes a nutrient-rich and selectively favorable environment for spontaneous LAB-driven fermentation. These substrates collectively influence microbial population density, species dominance, and metabolic activity, which are systematically evaluated through SPC, isolation of dominant colonies, biochemical characterization, and confirmation via 16S rRNA gene sequencing. Understanding the role of individual raw materials is essential for interpreting microbial diversity patterns, standardizing Kanji fermentation, and identifying functionally significant strains with probiotic and technological potential(Desai, S. V. et. al. 2025).
3. MICROBIAL ECOLOGY OF KANJI
The spontaneous fermentation of Kanji is governed by a complex and dynamic microbial ecosystem originating from the native microbiota of raw materials, water, utensils, and the surrounding environment. During fermentation, biochemical changes such as carbohydrate utilization, organic acid production, and pH reduction drive microbial succession, allowing beneficial microorganisms to dominate while suppressing undesirable flora (Tamang et al., 2016). Similar to other traditional fermented vegetable beverages, Kanji fermentation is primarily characterized by the dominance of lactic acid bacteria (LAB), followed by the presence of yeasts and a range of other associated microorganisms that collectively influence product stability, sensory quality, and functional attributes (Satish et al., 2019; Marco et al., 2017).
3.1 LACTIC ACID BACTERIA (LAB)
Lactic acid bacteria constitute the most dominant and functionally significant microbial group in Kanji fermentation. LAB metabolize fermentable sugars present in vegetables into lactic acid, resulting in rapid acidification of the medium, which enhances microbial safety and shelf stability by inhibiting spoilage and pathogenic microorganisms (Gänzle, 2015). These bacteria are typically represented by members of the order Lactobacillales, including genera such as Lactiplantibacillus, Leuconostoc, Weissella, and Pediococcus, which are widely reported in naturally fermented vegetable products (Tamang, J. P. 2020). 
Previous studies on Kanji and similar fermented beverages have reported Lactiplantibacillus plantarum and Leuconostocmesenteroides as dominant species, owing to their high acid tolerance and metabolic versatility (Singh et al., 2018). Culture-dependent enumeration methods frequently show a progressive increase in LAB population during early and mid-fermentation stages, correlating with declining pH values. Molecular identification approaches such as 16S rRNA gene sequencing further confirm LAB dominance and provide insights into strain-level diversity, which is critical for understanding probiotic potential and functional metabolite production (Thierry et al., 2023).
3.2 YEASTS
Yeasts represent an important secondary microbial group in Kanji fermentation, contributing significantly to the development of flavor, aroma, and overall sensory complexity. These unicellular fungi are capable of fermentative metabolism, producing ethanol, carbon dioxide, glycerol, and volatile compounds from simple sugars (De Guidi et al., 2023). Although yeasts generally occur at lower abundance than LAB in vegetable fermentations, genera such as Saccharomyces, Candida, and Pichia have been frequently detected in spontaneous fermentations of plant-based substrates (Zabat et al., 2018).
Yeasts often exhibit synergistic interactions with LAB; for instance, yeast metabolism can release essential growth factors such as B-vitamins and amino acids that stimulate LAB growth, while LAB-produced organic acids help regulate yeast proliferation (Marco et al., 2017). In Kanji fermentation, yeasts are usually more prominent during the early stages and decline as acidity increases, reflecting their comparatively lower acid tolerance. Nevertheless, their contribution to volatile compound formation plays a crucial role in defining the characteristic organoleptic profile of the beverage (De Guidi et al., 2023).
3.3 OTHER ASSOCIATED MICROORGANISMS
In addition to LAB and yeasts, Kanji fermentation may involve other associated microorganisms, particularly during the initial stages when pH conditions are relatively permissive. These include aerobic mesophilic bacteria, halotolerant species, and occasionally acetic acid bacteria, which originate from raw materials and the surrounding environment (Tamang et al., 2016). Culture-dependent studies of traditional fermented vegetables have shown that such microorganisms are usually transient and decline rapidly as LAB-mediated acidification progresses (Di Cagno et al., 2013).
High-throughput sequencing analyses of fermented vegetable ecosystems consistently demonstrate that non-LAB bacteria constitute a minor fraction of the mature microbial community (Thierry et al., 2023). Their early metabolic activity may contribute to initial substrate breakdown or minor flavordevelopment; however, they do not persist in well-fermented products due to inhibitory conditions created by organic acids and low pH. This microbial shift underscores the ecological dominance of LAB and highlights the importance of spontaneous fermentation dynamics in ensuring the safety and functional quality of traditional beverages like Kanji (Satish et al., 2019).
4. CONVENTIONAL MICROBIOLOGICAL TECHNIQUES
Conventional microbiological techniques remain fundamental tools for studying the microbial ecology of traditional fermented foods such as Kanji. Despite recent advances in molecular and omics-based approaches, classical culture-dependent methods continue to be indispensable for microbial enumeration, isolation of viable strains, phenotypic characterization, and functional assessment. These techniques provide critical baseline data on microbial load, dominance patterns, and physiological traits of fermentative microorganisms, thereby complementing molecular identification methods (Tamang et al., 2016).
4.1 STANDARD PLATE COUNT (SPC)
The Standard Plate Count (SPC) method is widely employed to estimate the total viable microbial population present in fermented beverages like Kanji. This technique involves serial dilution of the fermented sample followed by plating on appropriate growth media and incubation under defined conditions to allow colony formation. SPC provides quantitative information on microbial dynamics during fermentation, reflecting changes in microbial load corresponding to substrate utilization and acidification (Gänzle, 2015).
In Kanji fermentation, SPC is commonly performed using non-selective media for total aerobic counts and selective media such as de Man, Rogosa and Sharpe (MRS) agar for lactic acid bacteria enumeration. Studies on traditional fermented vegetable beverages have demonstrated a progressive increase in LAB counts during early fermentation stages, followed by stabilization or slight decline in later stages due to nutrient depletion and low pH (Singh et al., 2018). Although SPC does not capture non-culturable microorganisms, it remains a reliable and reproducible method for monitoring fermentation progress and microbial dominance patterns (Marco et al., 2017).
4.2 ISOLATION METHODS
Isolation of microorganisms is a crucial step for obtaining pure cultures required for downstream characterization, functional studies, and preservation. In conventional microbiology, isolation is achieved through streaking or spread-plate techniques on selective and differential media, followed by repeated sub-culturing to ensure purity (Di Cagno et al., 2013). For Kanji, LAB are typically isolated using MRS agar under anaerobic or microaerophilic conditions, while yeasts may be isolated on yeast extract–peptone–dextrose (YPD) or potato dextrose agar (PDA) supplemented with antibiotics to suppress bacterial growth (De Guidi et al., 2023).
The isolation of viable strains enables phenotypic observation, including colony morphology, pigmentation, growth pattern, and acid production capability. Isolated strains from traditional fermented foods have been shown to exhibit strain-specific technological and probiotic properties, emphasizing the importance of culture-dependent isolation for functional validation (Zabat et al., 2018). In Kanji fermentation studies, isolated LAB strains are often further subjected to biochemical and molecular identification to confirm taxonomic affiliation (Thierry et al., 2023).
4.3 BIOCHEMICAL TESTS
Biochemical characterization remains an essential component of conventional microbial identification, particularly for differentiating closely related bacterial taxa. These tests assess metabolic and enzymatic activities such as carbohydrate fermentation patterns, catalase activity, gas production from glucose, nitrate reduction, and tolerance to salt or acidic conditions (Gänzle, 2015). LAB isolated from Kanji are typically Gram-positive, catalase-negative, non-spore-forming rods or cocci, characteristics that are confirmed through standard biochemical assays (Di Cagno et al., 2013).
Carbohydrate fermentation profiles using sugars such as glucose, lactose, sucrose, and mannitol help distinguish homofermentative and heterofermentative LAB species. Such phenotypic differentiation provides valuable preliminary identification before molecular confirmation via 16S rRNA gene sequencing (Tamang et al., 2016). Although biochemical tests may lack the resolution of molecular tools, they remain cost-effective, accessible, and informative, particularly in laboratories with limited resources, and continue to play a significant role in traditional fermentation research (Marco et al., 2017).
5. MOLECULAR IDENTIFICATION APPROACHES
Molecular identification approaches have revolutionized the study of microbial diversity in traditional fermented foods such as Kanji by enabling accurate, rapid, and culture-independent characterization of microbial communities. While conventional microbiological techniques provide valuable information on viable and phenotypic traits, molecular tools offer higher taxonomic resolution and overcome limitations associated with phenotypic variability and non-culturable microorganisms. Among these, 16S rRNA gene sequencing has emerged as the most widely used method for bacterial identification and phylogenetic studies in fermented food ecosystems (Rezac et al.,2020).
5.1 16S rRNA GENE SEQUENCING
The 16S ribosomal RNA (rRNA) gene is highly conserved among prokaryotes, containing both conserved and hypervariable regions that allow differentiation at genus and, in many cases, species levels. This gene serves as a molecular fingerprint for bacterial identification and has been extensively applied to study lactic acid bacteria and other microbial groups involved in vegetable fermentations (Gänzle, 2015). In Kanji fermentation studies, genomic DNA is extracted from isolated bacterial cultures or directly from fermented samples, followed by PCR amplification of the 16S rRNA gene using universal primers, sequencing, and comparison with reference databases such as NCBI GenBank or SILVA (Thierry et al., 2023).
Several studies on traditional fermented vegetables have demonstrated that 16S rRNA sequencing consistently identifies dominant LAB species such as Lactiplantibacillus plantarum, Leuconostocmesenteroides, and Weissella spp., which may not always be reliably distinguished using biochemical tests alone. This approach provides robust taxonomic confirmation and enhances the understanding of microbial succession and dominance patterns during fermentation (Zabat et al., 2018).
5.2 ADVANTAGES OVER BIOCHEMICAL METHODS
Molecular identification methods offer several advantages over conventional biochemical approaches. Biochemical tests rely on phenotypic expression, which can be influenced by environmental conditions, growth medium, and physiological state of the microorganism, often leading to ambiguous or inconsistent identification (Gänzle, 2015). In contrast, 16S rRNA gene sequencing is based on genetic information, which remains relatively stable and provides higher specificity and reproducibility (Tamang et al., 2016).
Another significant advantage of molecular methods is their ability to detect slow-growing, stressed, or viable but non-culturable (VBNC) microorganisms that may be overlooked by culture-dependent techniques. High-throughput sequencing studies of fermented vegetables have revealed microbial taxa that were previously undetected using conventional methods, highlighting the broader microbial diversity present in spontaneous fermentations (Thierry et al., 2023). Consequently, molecular identification enhances accuracy, reduces misclassification, and strengthens the reliability of microbial diversity assessments in Kanji fermentation research (Marco et al., 2017).
5.3 PHYLOGENETIC ANALYSIS
Phylogenetic analysis is a critical component of molecular identification, providing insights into the evolutionary relationships among microbial isolates. Following 16S rRNA gene sequencing, sequences are aligned using bioinformatics tools such as ClustalW or MUSCLE, and phylogenetic trees are constructed using methods like Neighbor-Joining, Maximum Likelihood, or Bayesian inference (Zabat et al., 2018). These analyses allow researchers to determine genetic relatedness between isolated strains and reference sequences, thereby confirming taxonomic placement and evolutionary lineage.
In studies of fermented food microbiota, phylogenetic analysis has been instrumental in differentiating closely related LAB species and identifying novel or strain-level variations with potential functional significance (Di Cagno et al., 2013). For Kanji fermentation, phylogenetic clustering of LAB isolates helps elucidate microbial succession patterns and adaptive traits associated with acid tolerance and substrate utilization. Such evolutionary insights are essential for selecting promising strains for probiotic development, starter culture formulation, and functional food applications (Marco et al., 2017; Tamang et al., 2016).
6. PROBIOTIC AND FUNCTIONAL POTENTIAL OF KANJI
Traditional fermented beverages such as Kanji are increasingly recognized as functional foods due to their rich microbial diversity, bioactive metabolites, and potential health-promoting properties. The spontaneous lactic acid fermentation of Kanji not only enhances its sensory attributes but also improves nutritional value, digestibility, and microbial safety. Owing to the presence of lactic acid bacteria (LAB), organic acids, antioxidants, and other bioactive compounds, Kanji is considered a promising non-dairy probiotic beverage, particularly relevant for lactose-intolerant and vegan populations (Marco et al., 2017; Panghal et al., 2018).
6.1 HEALTH BENEFITS
The health benefits associated with Kanji consumption are primarily attributed to its LAB population and fermentation-derived metabolites. LAB such as Lactiplantibacillus plantarum, Leuconostocmesenteroides, and Weissella spp., commonly reported in fermented vegetable products, are known for their probiotic potential, including modulation of gut microbiota, enhancement of intestinal barrier function, and inhibition of pathogenic microorganisms (Tamang et al., 2016; Di Cagno et al., 2013). Regular intake of LAB-rich fermented foods has been linked to improved digestive health, reduced gastrointestinal disorders, and enhanced immune response (Marco et al., 2017).
Kanji is also a rich source of antioxidants, largely derived from black carrots and beetroot, which are high in anthocyanins, betalains, and phenolic compounds. Fermentation has been shown to increase the bioavailability of these antioxidants by breaking down complex plant matrices and releasing bound phenolics (Singh et al., 2018). These bioactive compounds play a crucial role in scavenging free radicals, thereby reducing oxidative stress and lowering the risk of chronic diseases such as cardiovascular disorders and inflammation-related conditions (Gänzle, 2015).
Furthermore, LAB-mediated fermentation leads to the synthesis of short-chain organic acids, bacteriocins, and enzymes that improve nutrient absorption and suppress enteric pathogens. Non-dairy fermented beverages like Kanji have been highlighted as functional alternatives capable of delivering probiotic benefits without the allergenic or cholesterol-related concerns associated with dairy-based products (Panghal et al., 2018). Collectively, these attributes position Kanji as a culturally significant functional beverage with substantial health-promoting potential.
6.2 SAFETY ASPECTS
Safety is a critical consideration in spontaneously fermented foods, particularly those produced under household or artisanal conditions. In Kanji fermentation, microbial safety is largely ensured through LAB-driven acidification, which rapidly reduces pH to levels inhibitory for spoilage and pathogenic microorganisms such as Escherichia coli, Salmonella, and Staphylococcus aureus (Tamang et al., 2016). The production of organic acids, hydrogen peroxide, and bacteriocins by LAB further enhances microbial stability and product safety (Gänzle, 2015).
Several studies on traditional fermented vegetables have demonstrated that as fermentation progresses, potentially harmful microorganisms present during early stages are outcompeted and eliminated by dominant LAB populations (Di Cagno et al., 2013; Thierry et al., 2023). This natural microbial succession underscores the importance of proper fermentation duration, hygienic raw materials, and controlled environmental conditions to ensure safety and consistency.
From a probiotic perspective, safety assessment of LAB strains isolated from Kanji is essential before their application in functional foods. Such assessments typically include evaluation of antibiotic susceptibility, absence of virulence factors, hemolytic activity, and biogenic amine production (Marco et al., 2017). LAB associated with traditional vegetable fermentations are generally regarded as safe (GRAS) or have Qualified Presumption of Safety (QPS) status, further supporting the safe consumption of fermented beverages like Kanji (Tamang et al., 2016).
However, variability in household fermentation practices may influence microbial quality, highlighting the need for standardized preparation protocols and microbial monitoring. Integration of conventional microbiological techniques with molecular identification approaches can help ensure product safety, strain authenticity, and functional reliability, thereby facilitating the potential commercialization of Kanji as a functional probiotic beverage (Thierry et al., 2023).
7. CHALLENGES, GAPS, AND FUTURE PROSPECTS
Although Kanji is a culturally significant and nutritionally rich fermented beverage, scientific exploration of its microbiology and functional potential is still limited compared to many other traditional fermented foods. One of the major challenges is the lack of standardization in production practices. Kanji is typically prepared in households or small-scale settings using variable raw material quality, fermentation time, temperature, and hygiene conditions. These inconsistencies result in fluctuations in microbial composition, sensory attributes, and safety levels, making it difficult to establish a standardized product profile. The absence of defined starter cultures or controlled fermentation parameters also limits its commercialization potential and reproducibility, which are essential for ensuring consistent probiotic and functional properties.
Another significant gap is the limited molecular studies specifically focused on Kanji. While some research has explored the microbiota of fermented vegetables and beverages broadly, targeted molecular studies on Kanji’s microbial ecology remain scarce. Conventional culture-dependent methods are useful for isolating and characterizing viable microbes, but they cannot detect non-culturable microorganisms or fully capture community dynamics during fermentation. As a result, the current understanding of Kanji’s microbial diversity, strain-level characterization, and functional potential is incomplete, hindering the identification of key probiotic strains and bioactive metabolites.
To address these limitations, there is a strong need to adopt omics approaches such as metagenomics, metatranscriptomics, proteomics, and metabolomics. These techniques can provide comprehensive insights into microbial diversity, functional genes, metabolic pathways, and interactions among microbes during fermentation. Metagenomic sequencing can reveal the complete microbial community structure, including unculturable taxa, while metabolomics can identify bioactive compounds responsible for antioxidant, antimicrobial, and health-promoting properties. Integrating omics data with traditional microbiology can facilitate the development of standardized starter cultures, improve safety and quality, and enable the commercialization of Kanji as a scientifically validated functional beverage.
Future research should focus on systematic characterization of Kanji fermentation across different regions, raw materials, and fermentation conditions to build a comprehensive database of microbial diversity and functional traits. Studies should also evaluate the probiotic efficacy of isolated strains through in vitro and in vivo assays, including gastrointestinal survival, adhesion to intestinal cells, antimicrobial activity, and immunomodulatory effects. Additionally, the development of controlled fermentation models and pilot-scale production can help translate traditional knowledge into scalable technology while preserving the unique sensory identity of Kanji. Overall, bridging these gaps will contribute to the scientific validation and global recognition of Kanji as a functional fermented beverage with significant health benefits.
8) CONCLUSION
Kanji, a traditional fermented beverage widely consumed in northern India, represents an important cultural and nutritional asset with promising functional and probiotic potential. Its spontaneous fermentation is primarily driven by lactic acid bacteria, supported by yeasts and other associated microorganisms, which together contribute to the unique sensory profile, enhanced nutritional value, and microbial safety of the product. Conventional microbiological techniques such as SPC, isolation methods, and biochemical tests provide foundational understanding of microbial load and phenotypic characteristics, while molecular identification approaches like 16S rRNA sequencing and phylogenetic analysis offer higher accuracy and deeper insights into microbial diversity and evolutionary relationships.
[bookmark: _GoBack]The probiotic and functional potential of Kanji is largely attributed to its LAB population, fermentation-derived organic acids, and antioxidant compounds derived from raw materials like black carrot and beetroot. These attributes suggest potential health benefits such as improved gut health, enhanced immunity, and reduced oxidative stress. However, challenges such as lack of standardization, limited molecular studies, and absence of omics-based research hinder the full scientific validation and commercialization of Kanji.
Future research focusing on standardized fermentation protocols, comprehensive molecular characterization, and advanced omics approaches will be essential to unlock the full potential of Kanji. By integrating traditional knowledge with modern scientific tools, Kanji can be developed as a safe, consistent, and commercially viable functional beverage, thereby preserving cultural heritage while contributing to public health and food innovation.
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