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essential for safety, efficacy, correct labeling, and regulatory compliance. Over time, identification 
approaches have evolved from traditional culture-based and biochemical methods to advanced 
molecular and genomic techniques. Current methods include phenotypic and biochemical 
analyses, strain typing (PFGE, RAPD, MLST), mass-based fingerprinting (MALDI-TOF MS), 
targeted molecular assays (strain-specific PCR, qPCR, digital PCR), and high-resolution genomic 
tools such as 16S rRNA gene sequencing, whole-genome sequencing (WGS), and metagenomics. 
These techniques vary in resolution, turnaround time, cost, and suitability for clinical trials or 
industrial applications. Despite significant progress, challenges remain in distinguishing closely 
related strains, detecting low-abundance strains in complex samples, database standardization, 
nomenclature, and regulatory harmonization. Emerging approaches such as pangenome analysis, 
long-read sequencing, functional marker discovery, mobile genomic platforms, and AI-driven 
genomic analysis are expected to overcome current limitations and shape the future of  probiotic 
strain identification. This review mentions the kind of  extensive analysis of  the present and 
emerging techniques of  identifying the bacterial strain of  probiotics, along with the technological 
constraints and innovative developments in the coming years in the sector. 
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1. INTRODUCTION

Strain-specific identity is the basis for 
proving the safety, efficacy, and legality of probiotics. 
Modern probiotic products comprise strains with high 
similarities, which vary in their genetic and functional 
properties. Therefore, classic phenotyping is not an 
effective technique to ensure strain-specific identity 
and avoidance of incorrect labeling. In current 
probiotic science, the focus has moved from species-

specific functionality to the high-strain specificity of 
health properties. Even within the same species, 
Lactobacillus, Bifidobacterium, or Bacillus strains can 
exhibit distinctive genome-specific properties, 
metabolic functions, and biological activities (Binda et 
al., 2020; Liu et al., 2024). Misidentification is still an 
internationally observed problem, with variations 
between labeled and real strain composition of 
commercial products (Liu et al., 2022; Sarita et al., 
2025). It might lead to lower therapeutic advantages, 
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loss of consumer confidence, and possibly pose risks 
to public health in terms of virulence and antimicrobial 
resistance genes in unknown strains. Thus, strain-level 
authentication has been an operational imperative in 
markets supervised by regulatory agencies such as the 
FDA, EFSA, and ISO. Probiotics have gained 
acceptance in terms of forms of dose regimens. One 
basic concept in probiotics is that health advantages 
remain specific on a strain-by-strain basis. Beneficial 
effects demonstrated by a specific strain cannot be 
extrapolated to other strains belonging to the same 
genus or species (Sanders et al., 2018; Hill et al., 2014). 
Thus, precise identification is essential in establishing 
efficiency, safety, and successful replication in test 
results. Along the same line, any form of mislabeling 
has been rigorously reported in commercial probiotics. 
There is an evident imperative in terms of serious 
identification strategies (Morovic et al., 2016; Patro et 
al., 2016). 

Traditionally, the identification of probiotics 
relied on classical morphological and biochemical tests, 
such as fermentation patterns of carbohydrates and 
API-based phenotypic variability. Although these 
techniques are useful for preliminary differentiation, 
they lacked sufficient discriminative power to 
distinguish closely related strains, besides variability 
due to growth conditions and phenotypic plasticity 
also being an issue (Salvetti et al., 2012). Molecular 
tools, in turn, such as 16S rRNA gene sequencing, 
came to improve species-level resolution but still could 
not be applied for distinguishing strains because of a 
very high degree of sequence conservation among 
many probiotic taxa, such as Lactobacillus and 
Bifidobacterium species (Felis & Dellaglio, 2007). 
Genomic and proteomic technologies have become 
crucial to the rapid development of molecular 
microbiology, ushering in a new era for probiotic 
taxonomy and enabling more detailed characterization, 
as discussed in the review by Salvetti and O'Toole 
(2017). The concentration of efforts in polyphasic 
approaches for identification has combined genotypic, 
phenotypic, and functional characterizations that 
ensure reproducibility, authenticity, and translatable 
results. The discipline has thus been revolutionized by 
the developments in the fields of genomics, 
proteomics, and high-resolution molecular typing. 
Contemporary approaches based on whole-genome 
sequencing (WGS), strain-specific PCR, multi-locus 
sequence typing (MLST), and MALDI-TOF mass 
spectrometry have been found to provide greater 
accuracy, rapidity, and reproducibility (Majhenič et al., 
2017). Among these new approaches, WGS has been 
recognized as the reference technique of choice to 

achieve definitive strain identification. It provides 
high-resolution access to core and accessory genomes, 
genomic mobile elements, and putative virulence 
factors or antimicrobial resistance genes (Liu et al., 
2025). On the other hand, metagenomics and meta-
transcriptomics have been opening new avenues to 
quantify probiotic strains within mixed cultures of 
microbes found in food and human gut microbiota 
without requiring previous culture isolation (Almeida 
et al., 2019; Quince et al., 2017). However, some 
challenges remain, and these involve incomplete 
reference databases, the issue of consistency 
concerning nomenclature, as well as the need to have a 
standardized workflow for the regular quality control 
analysis and reporting. There seems to be a huge 
potential for improvement of identification and 
functionality knowledge by joining approaches of long-
read sequencing, AI-based bioinformatics analysis, and 
the development of molecular markers defined by the 
concept of the pangenome. This review aims to bring 
together existing approaches, shortfalls, and new 
technologies and provide a glimpse of the future with 
respect to developing harmonized standards for 
identifications of probiotics. 

2. METHODOLOGY
This research study was carried out in the form 

of a systematic and extensive literature review. 
Scientific literature articles, reviews, and publications 
relevant to the research subject were searched on 
various e-databases like Google Scholar, PubMed 
Central, Scopus, Web of Science, and AI-assisted 
literature platforms. Searches were performed using 
combinations of keywords related to probiotics, 
historical evolution of probiotics, strain identification, 
molecular techniques, whole-genome sequencing, and 
strain-specific functionality. Following the initial 
search, article titles and abstracts were screened to 
assess relevance. Subsequently, full-text articles were 
evaluated in detail to determine their suitability for 
inclusion, and manual screening of reference lists from 
relevant and highly cited publications was performed 
to identify additional seminal studies. 

3. HISTORICAL EVOLUTION OF 
PROBIOTIC STRAIN IDENTIFICATION

3.1. Early Phenotypic Taxonomy 
Figure 1 shows the chronological progression 

in the identification of probiotic strains. Until 
molecular approaches were widely developed, 
microbial taxonomy, including the classification of 
probiotics, was largely based on phenotypic properties.  
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Figure 1: Historical Evolution of Probiotic Strain Identification 

It was morphological in nature, combined with 
other cultural characteristics such as staining property, 
growth patterns, and biochemical reactions (Vos & 
Didelot, 2009). The early taxonomists used simple 
morphological characteristics such as cell shape (rod 
cells/coccus cells), cell arrangement (chain formation, 
clusters), Gram reaction, presence of spores, and 
motility patterns (Mattarelli et al., 2012). These 
characteristics helped in the initial discrimination of 
lactic acid bacteria (LAB) and Bifidobacterium species 
from other genera found in the human intestine. Even 
these characteristics lacked discriminatory power to 
distinguish between species and strains (Kandler & 
Weiss, 1986). Physicochemical characteristics like 
temperature range, resistance to oxygen, pH range, and 
tolerance to salts proved to be vital initial markers. 
LAB bacteria, for instance, could be differentiated 
based on their resistance to acetic acid and their 
fermentative growth under anaerobic conditions 
(Hammes & Vogel, 1995). Biochemical tests, on the 
other hand, proved to be cornerstones of phenotypic 
characterization. Tests included carbohydrate 
fermentation, enzymatic activity (catalase, protease, 
and lipase tests), gas production from glucose, and 
production of optically active lactic acid. These tests 
proved particularly useful for distinguishing the 
Lactobacillus, Streptococcus, and Bifidobacterium spp. 
(Scardovi, 1986; Carr et al., 2002). These characteristics 
remained significantly affected by culture medium, test 
conditions, and flexibility exhibited in catabolic 
pathways and these tests proved less reproducible in 
different laboratories and remained less ideal for 
strain-level characterization (Felis & Dellaglio, 2007). 

Around the middle of the last century, techniques 
involving serotyping, peptidoglycans present within 
cell walls, analysis of methyl ester of fatty acids 
(FAME), and menaquinones gained importance. These 
chemotaxonomic approaches further improved species 
differentiation but were less sensitive than molecular 
techniques (Vandamme et al., 1996). 

 3.2. Emergence of Molecular Microbiology 
A major turning point in the characterization 

of probiotic microorganisms shifted from the classical 
phenotypic method of taxonomy to the application of 
molecular microbiology. As of the late 20th century, the 
use of phenotypic characteristics had become 
increasingly seen as inadequate for the differentiation 
of closely related bacteria, particularly in the case of 
lactic acid bacteria. This is owing to the instability of 
these characteristics and sensitivity to the environment 
(Stackebrandt and Goebel, 1994; Vandamme et al., 
1996). The discovery and application of the 16S rRNA 
gene sequencing revolutionized the analysis of bacteria. 
This method offers the advantage of a universal and 
phylogenetic characterization of the data (Janda and 
Abbott, 2007). Conserved areas permitted broad 
primers, and the highly variable domains permitted the 
differentiation even at the species level (Woese, 1987). 
This method established the identification of the 
genera Lactobacillus, Bifidobacterium, Bacillus, and 
Streptococcus, which formed the molecular framework 
for the early taxonomy of probiotics (Salvetti et al., 
2012; Zheng et al., 2020). However, the 16S rRNA 
gene sequencing remained inadequate for the 
differentiation of strains and closely related species,  
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Figure 2: Modern Probiotic Strain Analysis Techniques 

 
and thus, there was a need for an alternative method of 
molecular analysis. For decades, the DNA-DNA 
hybridization (DDH) remained the gold standard of 
the degree of species characterization, and thus, the 
≥70% of similarity represented the borderline of the 
species (Wayne et al., 1987). DDH resolved the 
taxonomy of several genera, including the Lactobacillus 
casei group and several Bifidobacterium spp. Thus, 
facilitating the integration of the genomic and 
phenotypic data helps to unify phenotypic and 
genomic classifications (Felis and Dellaglio, 2007). 
However, the DDH remained technically complex and 
not easy to reproduce. The discovery of PCR 
technology paved the way for the detection of 
probiotics at the species and strain level. RFLP, 
ARDRA, and Ribotyping were the earliest genotypic 
fingerprinting (Giraffa et al., 2000). Random amplified 
polymorphic DNA (RAPD), rep-PCR, and ERIC-PCR 
produced strain-level information and were useful in 
the analysis of the production of probiotics (Gevers et 
al., 2005). Such early molecular technologies had laid 
the necessary foundation for later advances with 
multilocus sequence typing (MLST), digital DDH, 
average nucleotide identity (ANI), and eventually 
whole-genome sequencing (WGS) technologies. 
Phenotype into genotype could now be considered a 
trend that still applies in the current revision in the 21st 
century of various probiotic species. Indeed, more 
than 250 species have been identified in the genus 
Lactobacillus over the past decades. However, in 
current revisions led by 15 scientists around the world, 
the genus Lactobacillus was reorganized into 25 
genera, including 23 newly proposed genera, according 

to Zheng et al. (2020). 
 

3.3. Advancements in Technology for Probiotic 
Validation 
The last two decades have witnessed a tremendous 
transformation of the probiotic authentication toolset, 
caused by technological innovations, shifting from a 
phenotype-description approach towards a high-
resolution, genomic-driven toolset. Variations and 
advances, such as molecular microbiology, specifically 
PCR, DNA sequencing, and molecular fingerprinting, 
brought about the first paradigm shift towards feasible 
probiotic authentication. However, with the advent of 
species-specific PCR, ARDRA, RFLP, and rep-PCR, 
there was a tremendous increase in enhanced detection 
with reduced time, compared to conventional 
methods, and also accurately discriminated between 
probiotic and closely related taxa (Giraffa et al., 2000; 
Gevers et al., 2005). However, with advancements and 
breakthroughs with Sanger sequencing and later 16S 
rRNA phylogenetics, there was a radical 
transformation towards a reproducible probiotic 
taxonomy (Janda & Abbott, 2007; Salvetti et al., 2012). 
Later, next-generation sequencing technology, such as 
WGS, brought about a tremendous change, which is a 
precise identification of a strain through parameters of 
average nucleotide identity, digital DDH, and 
phylogenomics of the core-genome and pan-genome 
(Chun et al., 2018; Richter & Rosselló-Móra, 2009). 
Whole genomic sequencing is now accepted and 
authenticated as a gold standard technique and 
technology, as it reads the entire DNA sequence of a 
strain, which can unambiguously distinguish even 
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extremely closely related strains. For this reason, it is 
applicable and useful for confirming commercial 
probiotics, measuring consistency among different 
batches, and also emphasizing detectable antibiotic-
resistant genes (Lugli et al., 2023; Zheng et al., 2020). 
However, WGS technology brought about a radical 
change, and a determinant move towards revised 
taxonomy among the Lactobacillus genus, where there is 
a rewritten position towards 25 genera, and that also 
till 2020 (Zheng et al., 2020). The advent of shotgun 
metagenomics and amplicon-based microbiome 
analysis has made it possible to perform probiotic 
authentication in even intricate sample matrices like 
fermented foods, nutritional supplements, and the 
human gut. This is even more helpful in big strain 
complexes and non-culturable and slow-growing 
microbes. Fourth-generation shotgun metagenomics 
allows strain-level discrimination with lower 
abundance identification, making possible post-
marketing authentication and confirmation in 
commercial probiotic preparation (Fujimoto et al. 
2020; Tonkin-Hill et al. 2022). Another benefit is 
reduced dependence on appropriate culture-based 
probiotic identification methods, as they inaccurately 
determine viable but non-culturable (VBNC) probiotic 
microbes. Advanced genomic analysis software like 
KBase, Prokka, GTDB-Tk, CheckM, Roary, and 
Anvi’o facilitates automated and generic genomic 
annotation and strain-level comparisons and analysis. 
Online tools such as dDDH (GGDC) or ANI fast 
calculation software enable accurate demarcation at or 
below the species level (Jain et al. 2018; Meier-
Kolthoff et al. 2013). The technological advancements 
have directly influenced the probiotic regulatory and 
quality assurance framework across the globe.  

 
4. CONTEMPORARY APPROACHES 
TOWARD IDENTIFICATION OF PROBIOTIC  

The concept of bacterial strain definition has 
undergone a paradigm shift with the advent of new 
molecular technologies that have the ability to provide 
detailed and discriminative information regarding the 
genomic identification of bacteria. The definition of a 
strain is even suggested by Gevers et al. (2001) and 
Van Rossum et al. (2020) to have no, or at best a poor, 
biological basis. This has sparked discussions about the 
ecological validity and functional meaningfulness of 
strains as hitherto defined, along with possible gaps 
when attempting to scale from the laboratory-derived 
observations into more complex natural ecosystems 
(Achtman & Wagner, 2008; Amann et al., 1995; 
Prosser et al., 2007).   There is a general consensus that 
all probiotic effects depend on specific strains and that 

it is not appropriate to attribute the properties or 
health effects of one particular strain to other strains 
within the same species or to the strains of other 
species (Lee et al., 2013). A systematic review and 
meta-analyses published in 2018 further emphasize 
that probiotic efficacy will be highly dependent upon 
both the specific strain and the health condition in 
question (McFarland et al., 2018). Again, this 
emphasizes the need for identification and 
quantification techniques that have the ability to 
identify the exact probiotic strain, especially in research 
and manufacturing settings where product efficacy 
should be well warranted. There are many traditional 
culture-based plate count techniques and CFU 
measurements have remained the gold standard for 
quantifying viable probiotic bacteria. However, they 
lack the resolution to measure individual strains in 
multi-strain formulations. Therefore, manufacturers 
often use a combination of methods, employing 
culture-dependent counts for overall viability and 
genomic tools for confirming identity, often only to 
the species level (Jackson et al., 2019). 

 Current methodologies for identification and 
characterization of probiotic strains are summarized in 
table1. The use of phenotypic identification methods, 
such as carbohydrate fermentation patterns, enzymes, 
and cell shape, only provides a preliminary 
identification but fails to do so on a strain level 
(Hutkins et al., 2016). However, the use of molecular 
biology or genotypic methods has dominated and 16s 
rRNA gene sequencing identifies the species, but 
whole genome sequencing or Average Nucleotide 
Identity offers identification on the strain level (Salvetti 
& O’Toole, 2017). Polymerase chain reaction-based 
methods, multiplex PCR, and strain-specific primers 
are commonly required in quality control checks today 
(Fukao et al., 2019). MALDI-TOF MS offers rapid 
protein profiling identification on the species, but can 
rather require the updating of species data to offer 
identification on the strain level (Dumolin et al., 2019). 
Today, the applications within metagenomics and 
comparative genomics are becoming evident in the 
role played in the identification, prediction, and search 
for contaminants (Schlaberg et al., 2017). A flow 
graphical image of current methods for the 
identification of a probiotic strain is shown in Figure 2. 

  
5. CURRENT ISSUES IN IDENTIFYING 
PROBIOTIC STRAINS 

The correct classification of probiotic bacteria 
still represents a basic demand for authenticity, safety 
evaluation, compliance with regulations, and the 
possibility of repeatability in clinical trials. But, certain 
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Table 1: Current Methodology for Strain-Level Characterization of Probiotics 
Methods Techniques Proficiency Constraints References 

Phenotype-
based methods 

Biochemical tests, 
metabolomics, 

MALDI-TOF MS 

Rapid, cost-
effective, 

functional insights 

Low resolution; 
environment-

dependent 

Djukovic et al., 2022  
 

Genotypic 
methods 

MLST, PFGE, 
RAPD, CRISPR 

typing 

Discriminatory for 
many bacterial 

species 

Labor-intensive; 
limited genomic 

coverage 

Maiden et al., 2013; 
Shariat & Dudley, 

2014 

Whole-genome 
sequencing 

(WGS) 

Hybrid assemblies 
(Illumina + 

Nanopore/PacBio) 

Highest 
resolution, enables 
gene-level analysis 

Data processing 
demand; cost 

Quainoo et al., 2017  
 

Comparative 
genomics 

ANI, SNP profiling, 
core genome analysis 

Accurate strain 
differentiation, 
evolutionary 

insights 

Standards vary 
between databases 

Jain et al., 2018; Parks 
et al., 2020 

Metagenomic 
strain tracking 

StrainPhlAn, in Strain, 
DESMAN 

Captures 
uncultivable 

strains in complex 
microbiomes 

Computationally 
intensive, depth-

dependent 

Albanese & Donati, 
2017; Olm et al., 2021 

Single-cell 
sequencing 

Microfluidics, Hi-C, 
long-read cell-omics 

Captures 
heterogeneity and 

rare strains 

High cost, requires 
advanced 
platforms 

Tian et al., 2020); 
Jovic et al., 2022 

 
biological, technical, and methodological difficulties 
persist to make classification even more complex, even 
with the latest advancements in the field of molecular 
microbiology. Most probiotic species, especially 
Lactobacillus, Bifidobacterium, and Bacillus, harbor 
extremely similar average nucleotide identity values 
with percentages of more than 99%, which hampers 
the classification of each strain with accurate 
techniques of phenotyping or the use of lower 
resolution molecular methods. The 16S rRNA gene 
similarities range from more than 99.5% in the 
comparative study of the strains, making it impossible 
to classify the genetic diversities of distinct categories 
at the strain level, even with the use of whole genome 
sequencing due to the possibility of differences in the 
size of the relatively small mobile genetic constituents, 
such as plasmids or phage genomes of the bacteria 
only (Pasolli et al., 2020). Other methods of 
phenotyping include carbohydrate fermentation 
patterns, cell morphology, and enzymatic assays, with 
variables of lower reproducibility and extremely high 
intraspecific divergences between species. Such 
methods are considered to be highly susceptible to 
physiological and stressed states in culturing conditions 
due to physical, chemical, and environmental impacts 

(Salvetti et al., 2012). As the technique works under the 
principle of possibly mismatched genotype and 
phenotype properties, the accuracy of tests performed 
by this technique cannot be considered reliable to 
strictly classify the strains to be used in probiotic 
preparations recommended to consumers by the 
probiotic industry. The technique of using the 16S-
rRNA, groEL, recA, and hsp60 genes separately 
involves a path of lower sensitivity to genetic 
diversities with extremely low percentages of the 
intraspecific genetic divergences of the bacteria. 

Probiotic bacteria frequently gain or lose 
genetic material by the process of Horizontal Gene 
Transfer, resulting in genetic diversity within the same 
phylolineage. Mobile genomic elements, plasmids, 
integrins, and phages can impact characteristics like 
carbohydrate metabolism, adhesion, antimicrobial 
resistance, and stress response (Sun et al., 2023; Ye et 
al., 2023). Metagenomics enables the characterization 
of strains in complex samples like fermented food and 
feces, but it has limitations because it utilizes short-
read sequencing that fails to distinguish certain 
repetitive regions within genomes to distinguish 
strains. However, this has better resolution with long-
read metagenomics but is still expensive and 
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computationally demanding. Lack of universal 
standards for naming, annotating, and submitting 
strains leads to incongruous taxonomies, particularly 
due to changes in Lactobacillaceae (Choi et al., 2023; 
Zheng et al., 2020). There has been empirical evidence 
suggesting common misidentification, strain swapping, 
and contamination of some probiotics available in 
markets due to inadequate validation during both 
production and post-market evaluation (Das et al., 
2025). Disparity between different regulatory 
requirements (EU demands WGS but often not in the 
USA) poses problems for the validation of probiotics' 
authenticity. This constitutes a problem in comparing 
studies targeted at validating probiotics across different 
disciplines because of the disparity between different 
standards of validation. There are many validation 
problems associated with probiotics, including high 
levels of similarity in genomic structures, high levels of 
flexibility within their genomic structures, and 
inadequacies in the tools available to execute 
validation. Advanced tools like hybrid long-read 
whole-genome sequencing, pan genomics, classifiers 
based on machine learning, and new frameworks to act 
as universal references make big steps toward 
validating authenticity within probiotics, but they have 
to be harmonized on a universal platform to improve 
their success rate. 

 
6.  CONSTRAINTS OF EXISTING PROBIOTIC 
IDENTIFICATION METHODS 

Identification and enumeration of probiotic 
microorganisms with accuracy have constituted the 
core difficulties within the context of quality and 
regulatory controls as well as those related to research 
mechanisms. Although many analytical methods have 
been developed from the classical approach in the field 
of microbiology to the current genomic and cytometric 
analytical methods, limitations within the methodology 
have existed. Culture-based approaches, especially 
colony-forming unit (CFU) counts using selective agar, 
also persist owing to official acceptability and long 
tradition. Nonetheless, CFU counts tend to be lower 
than the number of living cells because VBNC bacteria 
cannot be enumerated when such bacteria may be 
metabolically competent and functionally important 
even if unable to develop colonies under standard lab 
conditions. Selective agar also continues to be a major 
drawback; no medium would be ideal for all 
probiotics, while the impact of the medium 
components and the intrinsically complex bacterial 
physiology could lower the number of culturable 
bacteria even further, artificially underestimating the 
number of microbial entities present (Vinderola et al., 

2019; Zawistowska-Rojek et al., 2022). Additionally, 
these methods are time-consuming, operator-specific, 
and prone to complications from the natural 
background microbiota when more than one strain or 
fermented products of probiotics are used (Boyte et 
al., 2023; Zawistowska-Rojek et al., 2022). 

Molecular analyses, including 16S rRNA gene 
sequencing, species- or strain-specific PCR, and qPCR, 
are more sensitive and discriminative, but are 
necessarily blind to the distinction between DNA from 
viable and dead bacteria (Boyte et al., 2023). This 
blindness to viability limits their use in regulatory 
enumeration, where viable cell number is considered 
the gold standard. Other challenges relate to the degree 
of constant variability in the copy number of the 16S 
gene in different species, making abundance estimates 
more prone to bias, the difficulty to differentiate 
between closely related species or strains when 
analyzing the 16S gene; and the susceptibility to bias 
due to the differential extraction efficiency and primers 
used in PCR amplification (Dabban et al., 2024). 
Shotgun metagenomics enables greater discrimination 
but comes with a high-cost tag and the need for 
comprehensive genome resources that do not 
necessarily include all commercial probiotic bacteria. 
Viability-correcting molecular methods, specifically 
those involving propidium monoazide (PMA) or 
ethidium monoazide (EMA) with qPCR, seek to 
address vitality restraints by differentiating viable from 
nonviable organisms by exclusion of dyes from cells 
with impaired cellular envelopes. Nonetheless, there 
could be discrepancies in cell permeability for dyes 
depending on cell walls, phase cultures, and product 
formulation, thereby partly undermining the efficacy of 
differentiating viable from nonviable cells, specifically 
for multiple-strain products. Alternatively, RT-qPCR 
reactions involving RNA targets would offer enhanced 
specificity toward viable organisms, but RNA 
degradation and loss could stand as other challenges 
(Marole et al., 2024). 

Analytical approaches based on proteomics 
and phenomics, MALDI-TOF mass spectrometry, 
have been able to provide fast and highly 
discriminative species identification. However, they 
have been associated with important limitations. These 
have been highly dependent on the thoroughness of 
reference spectral libraries, which are also curbed by 
the absence of reference to probiotics for industry. 
Strain discriminatory capacities have been largely 
impaired. Moreover, MALDI-TOF identification 
requires well-characterized or pure high-biomass 
cultures of the unknown; more complex or low-
biomass cultures may be poorly detected or result in a 
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low specificity spectrum (Han et al., 2021). On the 
other hand, flow cytometry (FC) analysis has been 
found to be a useful methodology for fast viability 
detection. It has also been able to differentiate between 
viable, damaged, and nonviable fractions of cultures by 
means of fluorescent dyes. Finally, strains 
characterized by membrane integrity or esterase 
activity have been found to be inconsistent in 
predicting the functional activity of probiotics. 
However, the effects of matrix interactions, the 
difficulties of preparing the samples, and the high costs 
of the equipment and the required personnel training 
have always been seen as important hindrances to its 
more extensive use for the analysis of the industrial 
laboratory. However, a common problem with these 
methods is the lack of standardized analytical 
procedures. There has been evidence based on several 
surveys that significant discrepancies exist between 
product packaging claims of probiotics and their actual 
viable counts or identity, largely influenced by the 
employed analytical methods or the absence of strict 
regulatory control (Ghelardi et al., 2023). Collectively, 
the shortcomings outlined above indicate that no 
single analytical technique is adequate for strain-level 
probiotic authentication and viability analysis. Culture-
based CFU enumeration coupled with cytometric, 
proteomic, or alternative molecular technologies is 
increasing in popularity with regard to providing a 
well-rounded analytical strategy. Future applications in 
the enhancement of known databases and technologies 
centered upon viability will be integral in improving 
the current state of probiotic authentication.  

 
7. PROBIOTIC IDENTIFICATION FOR 
RESEARCH AND INDUSTRY 

Probiotics identification is the vital key or 
prerequisite for academic and industrial applications in 
ensuring the legitimacy, safety, and identity of 
functional probiotics. The standardization for the 
strain identification profiling is shown in Table 2. 
While in academic applications, strain-level 
identification helps perform replicate experiments, 
draw legitimate clinical results, and clarify biological 
meaning in terms of relationships between the host 
and microbes. Presently, high resolution in genomic 
analysis with high-quality tools such as whole genome 
sequencing (WGS), core genome MLST, or 
pangenomics has empowered scientists with solid 
platforms capable of making valid distinctions within 
very similar strains, as well as pinpointing meaningful 
functional genes involved in legitimate probiotic 
functions (Brito et al., 2018). On the other hand, while 
in probiotic industries, legitimate identification has 

served as an essential prerequisite in terms of 
adherence to regulations. Presently, concerns in 
regulatory authorities are increasingly emphasizing 
genome-based authentic identification in order to 
avoid instances of misassignment and contamination 
commonly exhibited in commercial probiotics (Das et 
al. 2025). More sophisticated tools in genomic analysis, 
such as digital PCR, long-read sequencing, or specific 
species identification assays, are currently being 
incorporated in production lines. 

 
8. FUTURE ASPECT OF PROBIOTIC 
IDENTIFICATION 

Precise probiotic strain identification and 
classification remain critical for evaluating the 
authenticity and safety of probiotics. Though the 
conventional methods based on phenotypic analysis 
and single gene identification have been causative for 
the early definition of probiotics, their sensitivity and 
discriminatory power do not support the classification 
of genetically related strains. Recent developments in 
whole-genome sequencing, related to metagenomics 
and hybrid-genome approaches, have literally 
revolutionized the identification and verification 
process for probiotics to accurately classify and 
differentiate strains (Wick et al., 2023). Resolution has 
further been improved by the addition of pangenomics 
analysis to reveal the core and accessory gene 
pangenomes to determine the related genetic patterns 
and deduce the strain-specific functions (Brito et al., 
2018). Simultaneously emerging developments 
regarding machine learning and artificial intelligence 
approaches have presented novel prospects for 
enhanced genomic identification and classification for 
predicting specific biomarkers with improved 
sensitivity and precision (Libbrecht & Noble, 2015). 
Currently, enhancements related to metagenomics and 
multi-omics approaches have been projected to 
provide direct identification for the related strains at 
the microenvironment of the human gut microbiome 
by translating genetic patterns to specific functions 
(Sabih Ur Rehman et al., 2025). 

Further advancements and improvements in 
the genome of this organism, there is a need for 
harmonization of standards on a global scale, the 
genomic databases, and fast molecular-based 
techniques for the authentication of strains directly 
during production and usage. Technology that will 
boost efficacy and authenticity includes barcoding 
techniques that make use of CRISPR/Cas Systems and 
Digital Fingerprinting Strategies (Gomaa, 2020). The 
advanced techniques and their applications and  
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Table 2: Standardization for Probiotic Strain Identification Profiling 
 

Standardization area Specifications  References 

Average nucleotide identity (ANI ≥ 
95%) 

Species-level inclusion threshold in genomic 
taxonomy 

Richter & Rosselló-
Móra, 2009 

Genome quality metrics >90% completeness & <5% contamination 
benchmarks 

Bowers et al., 2017 

Fair data principles Ensure strain genomic data are findable, 
accessible, interoperable, reusable 

Wilkinson et al., 
2016 

Minimum information about a 
genome sequence (MIGS) 

Required metadata for genome submission Field et al., 2008 
 

 
 
 
 
 
 
 

Table 3: Emerging Approaches and Strategic Directions of Probiotic Strain Identification 
 

Advanced 
Techniques 

Applications Significances References 

Pan genomic 
analytics 

Captures the full gene pool of the 
species, including strain-specific genes 

Enables precision functional 
prediction 

Tettelin & Medini, 
2020 

AI-driven 
strain 

prediction 

Identifying strain behavior from 
sequence signatures 

Improves probiotic safety 
and efficacy forecasting 

DeMaere & Darling, 
2019 

Real-time 
sequencing in 

vivo 

Portable sequencing for clinical 
microbiology 

Rapid infection control 
decisions 

Quick et al., 2016 

Multi-omics 
integration 

Genomics, transcriptomics and 
metabolomics 

Functional validation of 
strain traits 

Hasin et al., 2017 

CRISPR-based 
strain 

barcoding 

Live tracking of engineered or 
therapeutic strains 

Enables precision 
microbiome interventions 

Rubin et al., 2022 

 
 

significances are summarized in Table 3. On the 
whole, the future of probiotic strain identification is 
increasingly becoming a genome-centric approach 
utilizing AI to ensure a standardized process, which 

will greatly improve accuracy and confidence in 
probiotic research and products. A pictorial 
representation of the potential approaches for 
probiotic identification is given in Figure 3.  
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Figure 3: Future Direction of Probiotic Strain 

Identification 
 
 
9.   CONCLUSION 
Probiotic strain identification has also 

undergone a radical transformation from conventional 
phenotypic tests towards the use of cutting-edge 
genomic and bioinformatics approaches. Strain-level 
verification is crucial for ensuring the efficacy, safety, 
and reproducibility of probiotics and their regulatory 
approval. Although conventional phenotypic and 
genotypic tests are helpful tools for initial strain 
identification, these tests are inadequate and unspecific 
for distinguishing between strains that are closely 
related and mixed strain formulations. Whole-genome 
sequencing now stands as the most reliable technique 
and approach with properties and utilities associated 
with precise strain-level resolution, functional gene and 
strain annotation, and strain-level strain safety and risk 
evaluation. Metagenomics, a culture-independent 
approach, also increases the ability and capacity of 
whole-genome sequencing and associated analytic 
tools and approaches towards the detection and 
quantification of strains within complex biological 
samples. Application of polyphasic strain identification 
approaches and strategies, incorporating integration of 
phenotypic, genotypic, genomic, and metagenomic 
data, will make up for the shortcomings of these 
methods and approaches and help provide effective 
and efficient strain-level verification with 
reproducibility and compliance with regulatory 
requirements. However, there have been limitations 
and challenges, including incompleteness of databases, 
the requirement of expert technical talent and qualified 
manpower, and cost and regulatory issues. However, 
there are promising innovations, including the use of 
pan-genomics and AI-assisted strain identification as 
tools and approaches that are poised to have a 

revolutionary effect and make radical transformations 
within the context of strain identification within 
probiotics and associated biotechnology. 

 
List of Abbreviations 
 
AI – Artificial Intelligence 
ANI – Average Nucleotide Identity 
API – Analytical Profile Index 
ARDRA – Amplified Ribosomal DNA Restriction 
Analysis 
CFU – Colony-Forming Unit 
DDH – DNA–DNA Hybridization 
EFSA – European Food Safety Authority 
ERIC-PCR – Enterobacterial Repetitive Intergenic 
Consensus Polymerase Chain Reaction 
FAO – Food and Agriculture Organization 
FDA – Food and Drug Administration 
HGT – Horizontal Gene Transfer 
ISO – International Organization for Standardization 
LAB – Lactic Acid Bacteria 
MALDI-TOF MS – Matrix-Assisted Laser 
Desorption/Ionization Time-of-Flight Mass 
Spectrometry 
MLST – Multilocus Sequence Typing 
PCR – Polymerase Chain Reaction 
PFGE – Pulsed-Field Gel Electrophoresis 
qPCR – Quantitative Polymerase Chain Reaction 
RAPD – Random Amplified Polymorphic DNA 
Rep-PCR – Repetitive Element-Based Polymerase 
Chain Reaction 
RFLP – Restriction Fragment Length Polymorphism 
RT-qPCR – Reverse Transcription Quantitative 
Polymerase Chain Reaction 
USP – United States Pharmacopeia 
VBNC – Viable But Non-Culturable 
WGS – Whole Genome Sequencing 
WHO – World Health Organization 
 

 
Acknowledgment  

The authors would like to thank the institution 
for its support for this study. 

 
Funding 
This study did not receive any specific grant from 
funding agencies in the public, commercial, or not-for-
profit sectors. 
 
Conflict of interest 
The authors declare that there is no conflict of interest 
regarding the publication of this manuscript. 
 

3230



 
 Begum et al.: Probiotic Strain Identification Approaches 

REFERENCES 
 
Achtman, M., & Wagner, M. (2008). Microbial diversity and the 

genetic nature of  microbial species. Nature Reviews 
Microbiology, 6(6), 431-440. 
https://doi.org/10.1038/nrmicro1872 

Albanese, D., & Donati, C. (2017). Strain profiling and 
epidemiology of  bacterial species from metagenomic 
sequencing. Nature Communications, 8(1), 2260. 
https://doi.org/10.1038/s41467-017-02209-5 

Almeida, A., Mitchell, A. L., Boland, M., Forster, S. C., Gloor, 
G. B., Tarkowska, A., Lawley, T. D., & Finn, R. D. (2019). 
A new genomic blueprint of  the human gut microbiota. 
Nature, 568(7753), 499-504. 
https://doi.org/10.1038/s41586-019-0965-1 

Amann, R. I., Ludwig, W., & Schleifer, K. H. (1995). 
Phylogenetic identification and in situ detection of  
individual microbial cells without cultivation. 
Microbiological Reviews, 59(1), 143-169. 

Binda, S., Hill, C., Johansen, E., Obis, D., Pot, B., Sanders, M. 
E., Tremblay, A., & Ouwehand, A. C. (2020). Criteria to 
Qualify Microorganisms as “Probiotic” in Foods and 
Dietary Supplements. Frontiers in Microbiology, Volume 11-
2020. https://doi.org/10.3389/fmicb.2020.01662 

Bowers, R. M., Kyrpides, N. C., Stepanauskas, R., Harmon-
Smith, M., Doud, D., Reddy, T. B. K., Schulz, F., Jarett, J., 
Rivers, A. R., Eloe-Fadrosh, E. A., Tringe, S. G., Ivanova, 
N. N., Copeland, A., Clum, A., Becraft, E. D., 
Malmstrom, R. R., Birren, B., Podar, M., Bork, P., … The 
Genome Standards Consortium. (2017). Minimum 
information about a single amplified genome (MISAG) 
and a metagenome-assembled genome (MIMAG) of  
bacteria and archaea. Nature Biotechnology, 35(8), 725-731. 
https://doi.org/10.1038/nbt.3893 

Boyte, M. E., Benkowski, A., Pane, M., & Shehata, H. R. (2023). 
Probiotic and postbiotic analytical methods: A 
perspective of  available enumeration techniques. Frontiers 
in Microbiology, Volume 14-2023. 
https://doi.org/10.3389/fmicb.2023.1304621 

Brito, P. H., Chevreux, B., Serra, C. R., Schyns, G., Henriques, 
A. O., & Pereira-Leal, J. B. (2018). Genetic competence 
drives genome diversity in Bacillus subtilis. Genome biology 
and evolution, 10(1), 108-124. 
https://doi.org/10.1093/gbe/evx270 

Carr, F. J., Chill, D., & Maida, N. (2002). The Lactic Acid 
Bacteria: A Literature Survey. Critical Reviews in 
Microbiology, 28(4), 281–370. 
https://doi.org/10.1080/1040-840291046759 

Choi, U., Park, S. H., Lee, H. B., Son, J. E., & Lee, C. R. (2023). 
Coordinated and Distinct Roles of  Peptidoglycan 
Carboxypeptidases DacC and DacA in Cell Growth and 
Shape Maintenance under Stress Conditions. Microbiology 
Spectrum, 11(3), e00014-23. 
https://doi.org/10.1128/spectrum.00014-23 

Chun, J., Oren, A., Ventosa, A., Christensen, H., Arahal, D. R., 
Da Costa, M. S., Rooney, A. P., Yi, H., Xu, X.-W., De 
Meyer, S., & Trujillo, M. E. (2018). Proposed minimal 
standards for the use of  genome data for the taxonomy 
of  prokaryotes. International Journal of  Systematic and 
Evolutionary Microbiology, 68(1), 461-466. 
https://doi.org/10.1099/ijsem.0.002516 

Dabban, I. A., Ahmad, M., Enejiyon, S. O., Hauwau, A. N., 
Gani, M., Oyewole, O. A., & Adetunji, C. O. (2024). 

Isolation techniques used for molecular characterization 
of  beneficial microorganisms: Cultural, biochemical and 
molecular characterization. Hand book of  Agricultural 
Biotechnology, 491-545. 

Das, U., Mehra, R. K., Mandal, S., Ashique, S., Kumar, S., Farid, 
A., ... & Taghizadeh-Hesary, F. (2025). Toxicology of  
probiotics: Challenges and future prospects (pp. 379-
428). The role of  probiotics in cancer management (1st Ed). 

DeMaere, M. Z., & Darling, A. E. (2019). bin3C: exploiting Hi-
C sequencing data to accurately resolve metagenome-
assembled genomes. Genome Biology, 20(1), 46. 
https://doi.org/10.1186/s13059-019-1643-1 

Djukovic, A., Garzón, M. J., Canlet, C., Cabral, V., Lalaoui, R., 
García-Garcerá, M., Rechenberger, J., Tremblay-Franco, 
M., Peñaranda, I., Puchades-Carrasco, L., Pineda-Lucena, 
A., González-Barberá, E. M., Salavert, M., López-
Hontangas, J. L., Sanz, M. Á., Sanz, J., Kuster, B., Rolain, 
J.-M., Debrauwer, L., … Ubeda, C. (2022). Lactobacillus 
supports Clostridiales to restrict gut colonization by 
multidrug-resistant Enterobacteriaceae. Nature 
Communications, 13(1), 5617. 
https://doi.org/10.1038/s41467-022-33313-w 

Dumolin, C., Aerts, M., Verheyde, B., Schellaert, S., Vandamme, 
T., Van der Jeugt, F., ... & Carlier, A. (2019). Introducing 
SPeDE: High-throughput dereplication and accurate 
determination of  microbial diversity from matrix-
assisted laser desorption–ionization time of  flight mass 
spectrometry data. Msystems, 4(5), 10-1128. 
https://doi.org/10.1128/msystems.00437-19 

Felis, G. E., & Dellaglio, F. (2007). Taxonomy of  Lactobacilli 
and Bifidobacteria. Current Issues in Intestinal Microbiology, 
8(2), 44-61. 

Field, D., Garrity, G., Gray, T., Morrison, N., Selengut, J., Sterk, 
P., Tatusova, T., Thomson, N., Allen, M. J., Angiuoli, S. 
V., Ashburner, M., Axelrod, N., Baldauf, S., Ballard, S., 
Boore, J., Cochrane, G., Cole, J., Dawyndt, P., De Vos, P., 
… Wipat, A. (2008). The minimum information about a 
genome sequence (MIGS) specification. Nature 
Biotechnology, 26(5), 541-547. 
https://doi.org/10.1038/nbt1360 

Fujimoto, K., Kimura, Y., Shimohigoshi, M., Satoh, T., Sato, S., 
Tremmel, G., Uematsu, M., Kawaguchi, Y., Usui, Y., 
Nakano, Y., Hayashi, T., Kashima, K., Yuki, Y., 
Yamaguchi, K., Furukawa, Y., Kakuta, M., Akiyama, Y., 
Yamaguchi, R., Crowe, S. E., … Uematsu, S. (2020). 
Metagenome Data on Intestinal Phage-Bacteria 
Associations Aids the Development of  Phage Therapy 
against Pathobionts. Cell Host & Microbe, 28(3), 380-
389.e9. https://doi.org/10.1016/j.chom.2020.06.005 

Fukao, M., Zendo, T., Inoue, T., Fuke, N., Moriuchi, T., 
Yamane, Y., Nakayama, J., Sonomoto, K., & Fukaya, T. 
(2019). Relation between cell‐bound exopolysaccharide 
production via plasmid‐encoded genes and rugose 
colony morphology in the probiotic Lactobacillus brevis 
KB290. Animal Science Journal, 90(12), 1575-1580. 
https://doi.org/10.1111/asj.13297 

Gevers, D., Cohan, F. M., Lawrence, J. G., Spratt, B. G., Coenye, 
T., Feil, E. J., Stackebrandt, E., De Peer, Y. V., 
Vandamme, P., Thompson, F. L., & Swings, J. (2005). Re-
evaluating prokaryotic species. Nature Reviews Microbiology, 
3(9), 733-739. https://doi.org/10.1038/nrmicro1236 

Gevers, D., Huys, G., & Swings, J. (2001). Applicability of  rep-
PCR fingerprinting for identification of  Lactobacillus 

3231

https://doi.org/10.1038/s41586-019-0965-1
https://doi.org/10.3389/fmicb.2023.1304621
https://doi.org/10.1099/ijsem.0.002516
https://doi.org/10.1128/msystems.00437-19


 Begum et al.: Probiotic Strain Identification Approaches 

species. FEMS Microbiology Letters, 205(1), 31-36. 
https://doi.org/10.1111/j.1574-6968.2001.tb10921.x 

Ghelardi, E., Mazzantini, D., Celandroni, F., Calvigioni, M., 
Panattoni, A., Lupetti, A., Bois De Fer, B., & Perez, M. 
(2023). Analysis of  the microbial content of  probiotic 
products commercialized worldwide and survivability in 
conditions mimicking the human gut environment. 
Frontiers in Microbiology, Volume 14-2023.
https://doi.org/10.3389/fmicb.2023.1127321 

Giraffa, G., Rossetti, L., & Neviani, E. (2000). An evaluation of  
chelex-based DNA purification protocols for the typing 
of  lactic acid bacteria. Journal of  Microbiological 
Methods, 42(2), 175-184. https://doi.org/10.1016/S0167-
7012(00)00172-X 

Gomaa, E. Z. (2020). Human gut microbiota/microbiome in 
health and diseases: A review. Antonie van Leeuwenhoek, 
113(12), 2019-2040. https://doi.org/10.1007/s10482-
020-01474-7

Hammes, W. P., & Vogel, R. F. (1995). The genus Lactobacillus. 
In B. J. B. Wood & W. H. Holzapfel (Eds.), The Genera of
Lactic Acid Bacteria (pp. 19-54). Springer US. 
https://doi.org/10.1007/978-1-4615-5817-0_3 

Han, S. S., Jeong, Y. S., & Choi, S. K. (2021). Current Scenario 
and Challenges in the Direct Identification of  
Microorganisms Using MALDI TOF MS. Microorganisms, 
9(9), 1917. 
https://doi.org/10.3390/microorganisms9091917 

Hasin, Y., Seldin, M., & Lusis, A. (2017). Multi-omics 
approaches to disease. Genome Biology, 18(1), 83. 
https://doi.org/10.1186/s13059-017-1215-1 

Hill, C., Guarner, F., Reid, G., Gibson, G. R., Merenstein, D. J., 
Pot, B., Morelli, L., Canani, R. B., Flint, H. J., Salminen, 
S., Calder, P. C., & Sanders, M. E. (2014). The 
International Scientific Association for Probiotics and 
Prebiotics consensus statement on the scope and 
appropriate use of  the term probiotic. Nature Reviews 
Gastroenterology & Hepatology, 11(8), 506-514. 
https://doi.org/10.1038/nrgastro.2014.66 

Hutkins, R. W., Krumbeck, J. A., Bindels, L. B., Cani, P. D., 
Fahey, G., Goh, Y. J., Hamaker, B., Martens, E. C., Mills, 
D. A., Rastal, R. A., Vaughan, E., & Sanders, M. E.
(2016). Prebiotics: Why definitions matter. Current
Opinion in Biotechnology, 37, 1-7.
https://doi.org/10.1016/j.copbio.2015.09.001

Jackson, S. A., Schoeni, J. L., Vegge, C., Pane, M., Stahl, B., 
Bradley, M., Goldman, V. S., Burguière, P., Atwater, J. B., 
& Sanders, M. E. (2019). Improving End-User Trust in 
the Quality of  Commercial Probiotic Products. Frontiers 
in Microbiology, 10, 739.
https://doi.org/10.3389/fmicb.2019.00739 

Jain, C., Rodriguez- R, L. M., Phillippy, A. M., Konstantinidis, 
K. T., & Aluru, S. (2018). High throughput ANI analysis
of  90K prokaryotic genomes reveals clear species
boundaries. Nature Communications, 9(1), 5114.
https://doi.org/10.1038/s41467-018-07641-9

Janda, J. M., & Abbott, S. L. (2007). 16S rRNA Gene 
Sequencing for Bacterial Identification in the Diagnostic 
Laboratory: Pluses, Perils, and Pitfalls. Journal of  Clinical 
Microbiology, 45(9), 2761-2764. 
https://doi.org/10.1128/JCM.01228-07 

Jovic, D., Liang, X., Zeng, H., Lin, L., Xu, F., & Luo, Y. (2022). 
Single‐cell RNA sequencing technologies and 

applications: A brief  overview. Clinical and translational 
medicine, 12(3), e694. https://doi.org/10.1002/ctm2.694 

Kandler, O and Weiss, N (1986). Genus Lactobacillus beijerinck 
1901, 212AL. In: Sneath, PHA; Mair, NS; Sharpe, ME 
and Holt, JG (Eds.), Bergey’s manual of  systematic bacteriology. 
Vol. 2, Baltimore: Williams and Wilkins. PP: 1209-1234. 

Lee, I. C., Tomita, S., Kleerebezem, M., & Bron, P. A. (2013). 
The quest for probiotic effector molecules-unraveling 
strain specificity at the molecular level. Pharmacological 
Research, 69(1), 61-74.
https://doi.org/10.1016/j.phrs.2012.09.010 

Libbrecht, M. W., & Noble, W. S. (2015). Machine learning 
applications in genetics and genomics. Nature Reviews 
Genetics, 16(6), 321-332.
https://doi.org/10.1038/nrg3920 

Liu, Y., Zheng, H., Wang, J., Xin, .J, Wu, R., Zhang, J., Zhong, 
Z., Liu, H., Huang, Y., Fu, H., Zhou, Z., Peng, G. (2025) 
Whole genome analysis and in vivo safety assessment of  
probiotic candidate Lactobacillus acidophilus L177. BMC 
Microbiol. 25(1), 398. doi: 10.1186/s12866-025-04099-w. 

Liu, Y., Wang, J., Zheng, H., Xin, J., Zhong, Z., Liu, H., Fu, H., 
Zhou, Z., Qiu, X., Peng, G. (2024). Multi-functional 
properties of  lactic acid bacteria strains derived from 
canine feces. Front Vet Sci, 11 (5), 1404580. doi: 
10.3389/fvets.2024.1404580 

Liu, Y., Wang, J., & Wu, C. (2022). Modulation of  Gut 
Microbiota and Immune System by Probiotics, Pre-
biotics, and Post-biotics. Frontiers in Nutrition, Volume 8-
2021. https://doi.org/10.3389/fnut.2021.634897 

Lugli, G. A., Mancabelli, L., Milani, C., Fontana, F., Tarracchini, 
C., Alessandri, G., Van Sinderen, D., Turroni, F., & 
Ventura, M. (2023). Comprehensive insights from 
composition to functional microbe-based biodiversity of  
the infant human gut microbiota. Npj Biofilms and 
Microbiomes, 9(1), 25. https://doi.org/10.1038/s41522-
023-00392-6

Maiden, M. C. J., Van Rensburg, M. J. J., Bray, J. E., Earle, S. G., 
Ford, S. A., Jolley, K. A., & McCarthy, N. D. (2013). 
MLST revisited: The gene-by-gene approach to bacterial 
genomics. Nature Reviews Microbiology, 11(10), 728-736. 
https://doi.org/10.1038/nrmicro3093 

Majhenič, A. Č., Lorbeg, P. M., & Treven, P. (2017). 
Enumeration and identification of  mixed probiotic and 
lactic acid bacteria starter cultures. Probiotic Dairy 
Products, 207-251.
https://doi.org/10.1002/9781119214137.ch6 

Marole, T. A., Sibanda, T., & Buys, E. M. (2024). Assessing 
probiotic viability in mixed species yogurt using a novel 
propidium monoazide (PMAxx)-quantitative PCR 
method. Frontiers in Microbiology, Volume 15-2024. 
https://doi.org/10.3389/fmicb.2024.1325268 

Mattarelli, P., Felis, G. E., Holzapfel, W. H., & Franz, C. M. P. 
(2019). International Committee on Systematics of  
Prokaryotes, Subcommittee on the taxonomy of  
Bifidobacterium, Lactobacillus and related organisms. 
Minutes of  open and closed meetings, 19 July 2016, 
Dublin, Ireland. International Journal of  Systematic and 
Evolutionary Microbiology, 69 (7), 2172-2173. 
https://doi.org/10.1099/ijsem.0.003351 

McFarland, L. V., Evans, C. T., & Goldstein, E. J. C. (2018). 
Strain-Specificity and Disease-Specificity of  Probiotic 
Efficacy: A Systematic Review and Meta-Analysis. 

3232

https://doi.org/10.3389/fmicb.2023.1127321
https://doi.org/10.1007/978-1-4615-5817-0_3
https://doi.org/10.1186/s13059-017-1215-1
https://doi.org/10.1128/JCM.01228-07
https://doi.org/10.1038/nrg3920
https://doi.org/10.1038/s41522-023-00392-6
https://doi.org/10.1038/s41522-023-00392-6
https://doi.org/10.1038/nrmicro3093
https://doi.org/10.3389/fmicb.2024.1325268


 
 Begum et al.: Probiotic Strain Identification Approaches 

Frontiers in Medicine, Volume 5. 
https://doi.org/10.3389/fmed.2018.00124 

Meier-Kolthoff, J. P., Auch, A. F., Klenk, H.-P., & Göker, M. 
(2013). Genome sequence-based species delimitation 
with confidence intervals and improved distance 
functions. BMC Bioinformatics, 14(1), 60. 
https://doi.org/10.1186/1471-2105-14-60 

Morovic, W., Hibberd, A. A., Zabel, B., Barrangou, R., & Stahl, 
B. (2016). Genotyping by PCR and high-throughput 
sequencing of  commercial probiotic products reveals 
composition biases. Frontiers in microbiology, 7, 1747. 
https://doi.org/10.3389/fmicb.2016.01747 

Olm, M. R., Crits-Christoph, A., Bouma-Gregson, K., Firek, B. 
A., Morowitz, M. J., & Banfield, J. F. (2021). inStrain 
profiles population microdiversity from metagenomic 
data and sensitively detects shared microbial strains. 
Nature Biotechnology, 39(6), 727-736. 
https://doi.org/10.1038/s41587-020-00797-0 

Parks, D. H., Chuvochina, M., Chaumeil, P.-A., Rinke, C., 
Mussig, A. J., & Hugenholtz, P. (2020). A complete 
domain-to-species taxonomy for Bacteria and Archaea. 
Nature Biotechnology, 38(9), 1079-1086. 
https://doi.org/10.1038/s41587-020-0501-8 

Pasolli, E., De Filippis, F., Mauriello, I. E., Cumbo, F., Walsh, A. 
M., Leech, J., Cotter, P. D., Segata, N., & Ercolini, D. 
(2020). Large-scale genome-wide analysis links lactic acid 
bacteria from food with the gut microbiome. Nature 
Communications, 11(1), 2610. 
https://doi.org/10.1038/s41467-020-16438-8 

Patro, J. N., Ramachandran, P., Barnaba, T., Mammel, M. K., 
Lewis, J. L., & Elkins, C. A. (2016). Culture-Independent 
Metagenomic Surveillance of  Commercially Available 
Probiotics with High-Throughput Next-Generation 
Sequencing. mSphere, 1(2), e00057-16. 
https://doi.org/10.1128/mSphere.00057-16 

Prosser, J. I., Bohannan, B. J. M., Curtis, T. P., Ellis, R. J., 
Firestone, M. K., Freckleton, R. P., … Young, J. P. W. 
(2007). The role of  ecological theory in microbial 
ecology. Nature Reviews Microbiology, 5(5), 384-392. 
https://doi.org/10.1038/nrmicro1643 

Quainoo, S., Coolen, J. P. M., Van Hijum, S. A. F. T., Huynen, 
M. A., Melchers, W. J. G., Van Schaik, W., & Wertheim, 
H. F. L. (2017). Whole-Genome Sequencing of  Bacterial 
Pathogens: The Future of  Nosocomial Outbreak 
Analysis. Clinical Microbiology Reviews, 30(4), 1015-1063. 
https://doi.org/10.1128/CMR.00016-17 

Quick, J., Loman, N. J., Duraffour, S., Simpson, J. T., Severi, E., 
Cowley, L., Bore, J. A., Koundouno, R., Dudas, G., 
Mikhail, A., Ouédraogo, N., Afrough, B., Bah, A., Baum, 
J. H. J., Becker-Ziaja, B., Boettcher, J. P., Cabeza-
Cabrerizo, M., Camino-Sánchez, Á., Carter, L. L., … 
Carroll, M. W. (2016). Real-time, portable genome 
sequencing for Ebola surveillance. Nature, 530(7589), 
228-232. https://doi.org/10.1038/nature16996 

Quince, C., Delmont, T. O., Raguideau, S., Alneberg, J., Darling, 
A. E., Collins, G., & Eren, A. M. (2017). DESMAN: A 
new tool for de novo extraction of  strains from 
metagenomes. Genome Biology, 18(1), 181. 
https://doi.org/10.1186/s13059-017-1309-9 

Richter, M., & Rosselló-Móra, R. (2009). Shifting the genomic 
gold standard for the prokaryotic species definition. 
Proceedings of  the National Academy of  Sciences, 106(45), 
19126-19131. https://doi.org/10.1073/pnas.0906412106 

Rubin, B. E., Diamond, S., Cress, B. F., Crits-Christoph, A., 
Lou, Y. C., Borges, A. L., Shivram, H., He, C., Xu, M., 
Zhou, Z., Smith, S. J., Rovinsky, R., Smock, D. C. J., 
Tang, K., Owens, T. K., Krishnappa, N., Sachdeva, R., 
Barrangou, R., Deutschbauer, A. M., … Doudna, J. A. 
(2022). Species- and site-specific genome editing in 
complex bacterial communities. Nature Microbiology, 7(1), 
34-47. https://doi.org/10.1038/s41564-021-01014-7 

Sabih Ur Rehman, S., Nasar, M. I., Mesquita, C. S., Al Khodor, 
S., Notebaart, R. A., Ott, S., ... & Alam, M. T. (2025). 
Integrative systems biology approaches for analyzing 
microbiome dysbiosis and species interactions. Briefings in 
Bioinformatics, 26(4), bbaf323. 
pphttps://doi.org/10.1093/bib/bbaf323  

Salvetti, E., & O’Toole, P. W. (2017). The genomic basis of  
lactobacilli as health-promoting organisms. Microbiology 
spectrum, 5(3), 10-1128. 
https://doi.org/10.1128/microbiolspec.bad-0011-2016 

Salvetti, E., Torriani, S., & Felis, G. E. (2012). The Genus 
Lactobacillus: A Taxonomic Update. Probiotics and 
Antimicrobial Proteins, 4(4), 217-226. 
https://doi.org/10.1007/s12602-012-9117-8 

Sanders, M. E., Benson, A., Lebeer, S., Merenstein, D. J., & 
Klaenhammer, T. R. (2018). Shared mechanisms among 
probiotic taxa: implications for general probiotic 
claims. Current opinion in biotechnology, 49, 207-216. 
https://doi.org/10.1016/j.copbio.2017.09.007 

Sarita, B., Samadhan, D., Hassan, M. Z., & Kovaleva, E. G. 
(2025). A comprehensive review of  probiotics and 
human health-current prospective and applications. 
Frontiers in Microbiology, Volume 15-2024. 
https://doi.org/10.3389/fmicb.2024.1487641 

Scardovi, V. (1986). Irregular non-sporulating gram positive 
rods. Genus Bifidobacterium Orla-Jensen 1924. Bergey's 
Manual of  Systematic Bacterioloy, 2, 1418-1434.  

Schlaberg, R., Chiu, C. Y., Miller, S., Procop, G. W., Weinstock, 
G., Professional Practice Committee and Committee on 
Laboratory Practices of  the American Society for 
Microbiology, & Microbiology Resource Committee of  
the College of  American Pathologists. (2017). Validation 
of  metagenomic next-generation sequencing tests for 
universal pathogen detection. Archives of  Pathology and 
Laboratory Medicine, 141(6), 776-786. 

Shariat, N., & Dudley, E. G. (2014). CRISPRs: Molecular 
Signatures Used for Pathogen Subtyping. Applied and 
Environmental Microbiology, 80(2), 430-439. 
https://doi.org/10.1128/AEM.02790-13 

Stackebrandt, E., & Goebel, B. M. (1994). Taxonomic note: a 
place for DNA-DNA reassociation and 16S rRNA 
sequence analysis in the present species definition in 
bacteriology. International journal of  systematic and 
evolutionary microbiology, 44(4), 846-849. 
https://doi.org/10.1099/00207713-44-4-846 

Sun, B. B., Chiou, J., Traylor, M., Benner, C., Hsu, Y.-H., 
Richardson, T. G., Surendran, P., Mahajan, A., Robins, 
C., Vasquez-Grinnell, S. G., Hou, L., Kvikstad, E. M., 
Burren, O. S., Davitte, J., Ferber, K. L., Gillies, C. E., 
Hedman, Å. K., Hu, S., Lin, T., … Regeneron Genetics 
Center. (2023). Plasma proteomic associations with 
genetics and health in the UK Biobank. Nature, 
622(7982), 329-338. https://doi.org/10.1038/s41586-
023-06592-6 

3233

https://doi.org/10.1186/1471-2105-14-60
https://doi.org/10.1038/s41564-021-01014-7
https://doi.org/10.1093/bib/bbaf323
https://doi.org/10.1007/s12602-012-9117-8
https://doi.org/10.3389/fmicb.2024.1487641
https://doi.org/10.1128/AEM.02790-13


 Begum et al.: Probiotic Strain Identification Approaches 

Tettelin, H., & Medini, D. (Eds.). (2020). The Pangenome: Diversity, 
Dynamics and Evolution of  Genomes. Springer International 
Publishing. https://doi.org/10.1007/978-3-030-38281-0 

Tian, Z., Zhuang, X., Luo, M., Yin, W., & Xiong, L. (2020). The 
propionic acid and butyric acid in serum but not in feces 
are increased in patients with diarrhea-predominant 
irritable bowel syndrome. BMC Gastroenterology, 20(1), 73. 
https://doi.org/10.1186/s12876-020-01212-3 

Tonkin-Hill, G., Ling, C., Chaguza, C., Salter, S. J., Hinfonthong, 
P., Nikolaou, E., Tate, N., Pastusiak, A., Turner, C., 
Chewapreecha, C., Frost, S. D. W., Corander, J., 
Croucher, N. J., Turner, P., & Bentley, S. D. (2022). 
Pneumococcal within-host diversity during colonization, 
transmission and treatment. Nature Microbiology, 7(11), 
1791-1804. https://doi.org/10.1038/s41564-022-01238-
1 

Van Rossum, T., Ferretti, P., Maistrenko, O. M., & Bork, P. 
(2020). Diversity within species: Interpreting strains in 
microbiomes. Nature Reviews Microbiology, 18(9), 491-506. 
https://doi.org/10.1038/s41579-020-0368-1 

Vandamme, P., Pot, B., Gillis, M., De Vos, P., Kersters, K., & 
Swings, J. (1996). Polyphasic taxonomy, a consensus 
approach to bacterial systematics. Microbiological Reviews, 
60(2), 407-438. https://doi.org/10.1128/mr.60.2.407-
438.1996 

Vinderola, G., Reinheimer, J., & Salminen, S. (2019). The 
enumeration of  probiotic issues: From unavailable 
standardised culture media to a recommended 
procedure? International Dairy Journal, 96, 58–65. 
https://doi.org/10.1016/j.idairyj.2019.04.010 

Vos, M., & Didelot, X. (2009). A comparison of  homologous 
recombination rates in bacteria and archaea. The ISME 
Journal, 3(2), 199-208.
https://doi.org/10.1038/ismej.2008.93 

Wayne, L. G., Brenner, D. J., Colwell, R. R., Grimont, P. A. D., 
Kandler, O., Krichevsky, M. I., ... & Truper, H. G. 
(1987). Report of  the ad hoc committee on 
reconciliation of  approaches to bacterial 
systematics. International journal of  systematic and evolutionary 

microbiology, 37(4), 463-464.
https://doi.org/10.1099/00207713-37-4-463 

Wick, R. R., Judd, L. M., & Holt, K. E. (2023). Assembling the 
perfect bacterial genome using Oxford Nanopore and 
Illumina sequencing. PLOS Computational Biology, 19(3), 
e1010905. 
https://doi.org/10.1371/journal.pcbi.1010905 

Wilkinson, M. G. (2018). Flow cytometry as a potential method 
of  measuring bacterial viability in probiotic products: A 
review. Trends in Food Science & Technology, 78, 1-10. 
https://doi.org/10.1016/j.tifs.2018.05.006 

Wilkinson, M. D., Dumontier, M., Aalbersberg, I. J., Appleton, 
G., Axton, M., Baak, A., ... & Mons, B. (2016). The FAIR 
Guiding Principles for scientific data management and 
stewardship. Scientific Data, 3(1), 1-9.
doi:10.1038/sdata.2016.18 

Woese, C. R. (1987). Bacterial evolution. Microbiological Reviews, 
51(2), 221-271. https://doi.org/10.1128/mr.51.2.221-
271.1987 

Ye, Q., Sun, S., Deng, J., Chen, X., Zhang, J., Lin, S., Du, H., 
Gao, J., Zou, X., Lin, X., Cai, Y., & Lu, Z. (2023). Using 
16S rDNA and metagenomic sequencing technology to 
analyze the fecal microbiome of  children with 
avoidant/restrictive food intake disorder. Scientific Reports, 
13(1), 20253. https://doi.org/10.1038/s41598-023-
47760-y 

Zawistowska-Rojek, A., Zaręba, T., & Tyski, S. (2022). 
Microbiological Testing of  Probiotic Preparations. 
International Journal of  Environmental Research and Public 
Health, 19(9), 5701.
https://doi.org/10.3390/ijerph19095701 

Zheng J, Wittouck S, Salvetti E, et al. (2020). A taxonomic note 
on the genus Lactobacillus: Description of  23 novel 
genera, emended description of  the 
genus Lactobacillus Beijerinck 1901, and union 
of  Lactobacillaceae and Leuconostocaceae. International Journal 
of  Systematic and Evolutionary Microbiology,70(4), 2782-2858. 
DOI: 10.1099/ijsem.0.004107 

Cite this article: Kohinur Begum, Md Shajidur Rahman, Nushrat Jahan Ema. Probiotic Strain Identification: Current 
and Future Approaches. Asian J. Pharm. Health. Sci. 2026; 16(1):3221-3234. DOI:10.5530/ajphs.2026.16.88 

3234

https://doi.org/10.1038/s41564-022-01238-1
https://doi.org/10.1038/s41564-022-01238-1
https://doi.org/10.1038/ismej.2008.93
https://doi.org/10.1371/journal.pcbi.1010905
https://doi.org/10.1016/j.tifs.2018.05.006
https://doi.org/10.3390/ijerph19095701
https://www.microbiologyresearch.org/content/journal/ijsem/10.1099/ijsem.0.004107
https://www.microbiologyresearch.org/content/journal/ijsem/10.1099/ijsem.0.004107
https://www.microbiologyresearch.org/content/journal/ijsem/10.1099/ijsem.0.004107
https://www.microbiologyresearch.org/content/journal/ijsem/10.1099/ijsem.0.004107
https://www.microbiologyresearch.org/content/journal/ijsem/10.1099/ijsem.0.004107
https://doi.org/10.1099/ijsem.0.004107



