FEMS Microbes, 2026, 7, xtag032
https://doi.org/10.1093/femsmc/xtag032
Published: 10 June 2026

Research article - Microbes and Society

'F'EMS OXFORD

Microbial community structure, functional potential,
probiotic sighatures, and MAG reconstruction of
fermented bamboo shoots from Northeast India

Rohit Das !, Rakshak Kumar “2, Buddhiman Tamang = -*

!Department of Microbiology, Sikkim University, 6th Mile, Samdur, Tadong, Gangtok, Sikkim 737102, India

2Department of Molecular Biology & Bioinformatics, Tripura University, Suryamaninagar, Tripura 799022, India

*Corresponding author. Department of Microbiology, School of Life Sciences, Sikkim University, 6th Mile, Samdur, Tadong, Gangtok, Sikkim 799022, India.
E-mail: bmtamang3@gmail.com

Editor: Marciane Magnani

Abstract

Fermented bamboo shoot (FBS) products are widely consumed traditional foods across the Northeast region (NER) of India, yet
their microbiome structure, functional capacity, biosynthetic potential, and safety attributes remain insufficiently explored.
Here, comparative shotgun metagenomics of ten traditional FBS products from six NER states was used to address these gaps
integrating previously generated metagenomic data from Tripura with newly generated datasets from Manipur, Meghalaya,
Arunachal Pradesh, Nagaland, and Sikkim thereby bringing the total number of samples to 24. Taxonomic profiling revealed
a predominance of lactic acid bacteria, primarily members of Lactiplantibacillus, Levilactobacillus, Lactobacillus, Lactococ-
cus, and Pediococcus, with pronounced product- and region-specific community signatures. Functional annotation demon-
strated predominance of genes involved in carbohydrate metabolism, stress response, quorum sensing, ABC transporters,
vitamin biosynthesis, and energy metabolism, supporting strong probiotic-associated functional potential across FBS types.
AntiSMASH analysis enabled the identification of diverse biosynthetic gene clusters (BGCs) responsible for the production
of various secondary metabolites, including bacteriocins, non-ribosomal peptides, terpenes, and siderophores, with higher
biosynthetic diversity observed in Mesu (Sikkim), Tuaithar (Manipur), Lung-Seij (Meghalaya), and Bastenga (Nagaland). An-
timicrobial resistance (AMR) profiling revealed a generally low resistome burden, dominated by intrinsic resistance determi-
nants, with FBS Sikkim and Tripura exhibiting the lowest AMR prevalence among all products. High-quality metagenome-
assembled genomes affiliated with Lactiplantibacillus plantarum, Lactobacillus acetotolerans, and Pediococcus pentosaceus
exhibited conserved probiotic traits, carbohydrate-active enzymes, biosynthetic pathways, and a limited presence of mobile
genetic elements. Overall, the microbiome-based comparative analysis provides a framework for understanding the microbial
community structure and functional potential across the NER, demonstrating broad probiotic potential and biosynthetic rich-
ness, with mesu samples from Sikkim showed a comparatively consistent distribution of functional pathways, biosynthetic
gene clusters, and AMR-related features relative to the other FBS samples analysed.
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Introduction

Northeast India comprises eight states; Assam, Manipur, Megha-
laya, Mizoram, Nagaland, Sikkim, Arunachal Pradesh, and Tripura,
which are rich in cultural, linguistic, and ethnic diversity. There
are about 200 ethnic communities in the region with vibrant
cultural and traditional practices (https://indianculture.gov.in/
Northeastarchive/history-northeast). The region spreads over al-
most 18.4 million hectares and is a biodiversity hub of bam-
boo, contributing more than 66% of India’s species of bamboo
(Sundriyal et al. 2002), which provides a strong foundation for
the development of traditional practices of fermenting bamboo
shoot. The traditional knowledge of bamboo shoot fermentation
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typical to each community in the region, is passed to daugh-
ters from mother or grandmother (Das et al. 2023). This non-
industrialized knowledge not only transforms the available sub-
strates for later consumption but also transforms them into nu-
tritious and flavoursome product besides detoxifying the anti-
nutritional components in the bamboo shoots (Tamang et al.
2009).

Bamboo shoot undergoes spontaneous natural fermentation
by the lactic acid bacteria (LAB) when kept in a closed con-
tainer producing sour product (Tamang et al. 2008, Tamang et al.
2009, Das et al. 2023). However, each of the fermented bamboo
shoot (FBS) producing community employs distinct implements,
methodology, and duration of fermentation (2 days-1 year) that
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determine the unique organoleptic quality (Tamang et al. 2009,
Kikon 2021). The biochemical composition of bamboo shoots used
in traditional fermented bamboo foods varies among species,
particularly in lignocellulosic components (cellulose ~35%-46%,
hemicellulose ~21%-30%, and lignin ~18%-26%), soluble extrac-
tives (~5%-12%), and ash (~1%-3%), which influence substrate
degradability and nutrient availability during fermentation. Phe-
nolic compounds, typically ranging from ~40 to 125 mg GAE/100
g fresh weight, further contribute to antimicrobial activity and mi-
crobial selection during spontaneous fermentation (Satya et al.
2010, Nirmala et al. 2014, Naik et al. 2021, Das et al. 2023, Goyal et
al. 2024). Such compositional variability among bamboo species
utilized in different regions of Northeast India likely drives differ-
ences in fermentation kinetics, metabolite formation, and micro-
bial succession. Therefore, a comparative summary of fermented
bamboo shoot varieties, associated bamboo species, dominant
LAB, and their structural and biochemical composition relevant to
fermentation ecology is provided in Supplementary File 1: ST1.

The major LABs documented from FBS of NER are summa-
rized in Supplementary File 1: ST 1, compiling evidence from pre-
vious culture-dependent studies and highlighting the dominant
taxa reported from each product. While culture-based analyses
have identified several LABs as dominant fermenters contributing
to flavour, taste, and preservation, they offer only a partial view
of the community and cannot capture the broader spectrum of
probiotic attributes that explore the health-promoting potential
of these foods (Latif et al. 2023). Traits such as stress tolerance,
carbohydrate-active enzyme profiles, antimicrobial compound
biosynthesis, and vitamin-forming pathways remain largely in-
accessible through culture-dependent approaches. Fermentation
of bamboo shoots is a spontaneous fermentation driven by in-
digenous microbiota and proceeds through sequential microbial
stages that transform lignocellulosic substrates into characteris-
tic metabolites. Initial fermentation (0-7 days) is dominated by
heterofermentative LAB such as Leuconostoc and Weissella, along
with members of Enterobacteriaceae, producing lactic and acetic
acids that rapidly reduce the pH from an initial value of ~6.1-7.0
to around 4.0-4.5 (Badwaik et al. 2014, Chi et al. 2020). Similar
observations of acidic conditions (pH 4.84 £ 0.22) during early
fermentation stages were also reported by (Singhal et al. 2021).
Such acidification creates favorable conditions for LAB succession
and stabilization of fermented bamboo shoot microbiota (Li P et
al. 2025). Mid-stage fermentation (7-20 days) involves Lactiplan-
tibacillus, Limosilactobacillus, and Enterococcus, which degrade
complex polysaccharides to generate mannitol, amino acids, and
volatile compounds (Guo et al. 2023). Late-stage fermentation (20-
30+ days) is characterized by acid-tolerant LAB such as Pediococ-
cus, enhancing amino acid metabolism and phenolic transforma-
tions that yield ester-based flavour compounds (Morais et al. 2025)
(Supplementary File 1: ST1). Compared with other spontaneous
vegetable fermentations such as kimchi and sauerkraut, FBS con-
tains higher lignocellulosic biomass and cyanogenic glycosides re-
quiring specialized detoxification, resulting in a distinctive crisp-
fibrous texture, earthy volatiles, minimal effervescence, and high
antioxidant and probiotic potential (Hu et al. 2021a, Wu JW et al.
2025, Oh et al. 2026).

Advances in high-throughput metagenomics now allow deeper
exploration of traditional fermentations by providing genome-
level insights into microbial functions, stress adaptation, and
secondary metabolite production. However, the use of next-
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generation sequencing for FBS from the NER has been sparse,
leaving significant gaps in understanding the microbial blueprint.
Only a few studies have applied molecular tools to these fermen-
tations, including amplicon metagenomic analysis of tuaithar (Das
and Deka 2012) and soidon (Romi et al. 2015), along with earlier
shotgun-based work on fermented bamboo shoots from the re-
gion (Tamang et al. 2009). Our group has also contributed through
fungal amplicon sequencing of hirring and ekung (Das et al. 2024)
and shotgun-based investigation of FBS from Tripura (Das et al.
2023). While these studies provide valuable initial insights, they
primarily focus on individual fermented bamboo shoot products
and do not provide a comparative view of microbial communities
across different bamboo substrates or their association with pro-
biotic characteristics.

The current literature on FBS lacks comprehensive metage-
nomic characterization across different types, particularly re-
garding carbohydrate-active enzymes, metagenome-assembled
genomes (MAGs), and antimicrobial resistance genes. We hypoth-
esize that spontaneous fermentation in Northeast India harbours
a metabolically active microbiome enriched with probiotic LAB,
possessing genes linked to stress tolerance, antimicrobial activity,
and essential metabolite biosynthesis. Shotgun metagenomics,
coupled with MAG reconstruction, enables comprehensive tax-
onomic and functional profiling, providing genome-resolved in-
sights into key microbial taxa and their metabolic adaptations.

To comprehensively characterize the taxonomic and functional
landscape of FBS across Northeast India, the present study was
designed with the following objectives; (i) to predict and anno-
tate functional genes through KEGG pathway and CAZyme anal-
yses for a comparative understanding of metabolic potential
across all FBS types; (ii) to reconstruct high-quality MAGs of dom-
inant taxa from these combined datasets to uncover probiotic
and metabolic attributes, and (iii) to identify genes and biosyn-
thetic pathways associated with probiotic functionality, bioac-
tive metabolite synthesis, and safety-related traits across the re-
gional FBS microbiome. To achieve these objectives, 24 fermented
bamboo shoot samples representing 10 traditional products bas-
tenga, ekung, hirring, lung-siej, mesu, mileye amileye, midukeye,
moiya koshak, moiya pansung, and tuaithar were analysed us-
ing shotgun metagenomics to elucidate their microbial composi-
tion and functional potential. Taxonomic profiles were integrated
with metabolic pathways, probiotic-associated genes, and bioac-
tive biosynthetic clusters to understand their roles in fermentation
and nutritional enhancement. Genome-resolved analysis enabled
the recovery of dominant LAB and evaluation of their metabolic
and probiotic traits. Collectively, this comparative approach re-
veals how different bamboo substrates shape fermentation mi-
crobiomes and identifies functionally enriched, probiotic-rich FBS
types, providing a foundation for future targeted isolation and
functional validation of key microbial taxa.

Methodology

Sample collection

A total of 24 fermented bamboo shoot samples were analysed
in this study, including 18 newly collected samples and 6 previ-
ously published samples from Tripura (BioProject: PRINA912902)
(Das et al. 2023) from six states of Northeast India: Nagaland,
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Meghalaya, Sikkim, Arunachal Pradesh, Manipur, and Tripura. All
samples were obtained at a comparable fermentation stage (~1
week) to ensure consistency. Households were selected based on
prior knowledge of traditional fermenters within the region, us-
ing a purposive sampling approach. Local informants and elders
from the community assisted in identifying households with a
longstanding tradition of preparing FBS. Marketplaces were cho-
sen based on their prominence and accessibility within each re-
gion, ensuring they served as major hubs for the local sale of fer-
mented foods. Preference was given to markets known for sell-
ing indigenous and homemade fermented products. All samples
were collected in pre-sterilized containers and transported to the
laboratory in an icebox at 4°C for analysis. The GPS coordinates
were recorded using eTrex® 10 (Garmin, USA), mapping was car-
ried out using QGIS 3.34 LTR. Detailed coordinates of sample col-
lection and pictorial representation of sampling location, product
types, and the applied methodology are provided in Fig. 1 and
Supplementary File 1: ST2.

Metagenomic DNA extraction and library
preparation

Ten grams of each sample were homogenized with 90 ml of ster-
ile 0.1 M phosphate buffer saline, pH 6.4, in a stomacher (400 Cir-
culator, Seward, UK). The homogenized mixture was filtered and
the filtrate used to extract genomic DNA by use of the XpressDNA
Plant Kit (MagGenome, cat no.: MG20PIL-250) following the manu-
facturer’s protocol. DNA samples were analysed for quality and po-
tential degradation on a 0.8% agarose gel at 100 V for 40 min, with
concentration verified via Nanodrop to assess suitability for library
preparation. According to the manufacturer’s instructions, total
DNA was subsequently used for DNA library construction and am-
plification with the TruSeqTM DNA Sample Prep Kit (lllumina, USA)
and the cBOT TruSeq PE Cluster Kit v3 (Illumina, USA) reagents. Af-
ter that, the DNA libraries were sequenced on the TruSeq SBS Kit
v3-HS (Illumina, USA) and the Illumina Novaseq 6000 technology
following the standard Illumina methods. The DNA libraries with
inserted fragments were then paired end sequenced (2 x 150 bp)
(Das et al. 2023).

Bioinformatic analysis

Microbial profiling

Raw Illumina NovaSeq sequence data were first checked for qual-
ity with the FastQC software (Liu et al. 2021). Then, assemblies
were done using MEGAHIT v1.0 (Li et al. 2015), and taxonomic
classification of each contig was performed via the Kaiju v1.9.0
pipeline against the database derived from GenBank, using nr
+ euk to allow for a full match in classification (Menzel et al.
2016). Taxonomic profiling of microbiome community was carried
out using MetaPhlAn (v4), which relies on unique clade-specific
marker genes for accurate microbial identification. Sequence
reads were aligned to the MetaPhlAn marker gene database using
Bowtie2 with default settings, and taxonomic assignments were
filtered based on high-confidence marker matches to exclude low-
complexity regions, chimeric reads, and erroneous alignments
(Menzel et al. 2016). For the analysis of amino acid substitution,
amino acid sequences were obtained by translating ORFs into
amino acid sequence using the BLOcks SUbstitution Matrix (BLO-

SUMG62). The reverse search is then performed by running the algo-
rithm of BWT to facilitate database mapping to identify taxonomic
classifications and generate detailed output (Pokrzywa and Polan-
ski 2010).

Predictive functionality and probiotic gene annotation

Protein-coding genes (ORFs) were predicted using Prodigal v2.6.3
(Hyatt et al. 2010), with ORFs shorter than 180 nucleotides ex-
cluded from further analysis by default. tRNA genes were identi-
fied using the ARAGORN v 1.2.38 program (Laslett and Canback
2004), while ribosomal RNA genes (5S, 5.8S, 16S, 18S, 23S, 28S)
were detected and classified using rRNAFinder (Dong and Strous
2019). All ORFs were then searched against the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) database (Kanehisa and
Goto 2000) for KEGG ID annotation. Functional attributes were
obtained at three levels: Level 1, Level 2, and Level 3, corre-
sponding to the category, super pathway, and pathways, respec-
tively (Das and Tamang 2021). Probiotic gene annotation was done
using Prokka (Seemann 2014). To improve biological relevance
and avoid overinterpretation, KEGG pathways associated with
human diseases (e.g. cancer-related pathways) were interpreted
cautiously. Pathway assignments were not considered indicative
of functional activity unless supported by multiple constituent
genes. Pathways represented by only a small fraction of their
total gene components were considered incomplete and were
not emphasized in downstream interpretation. Where appropri-
ate, pathway completeness and gene representation were consid-
ered to avoid false-positive functional inference from sparse gene
matches.

Secondary metabolite analysis

Secondary metabolite biosynthetic potential was assessed us-
ing antiSMASH v8.0 on assembled metagenomic contigs. High-
quality contigs (>1 kb) were analysed with default parame-
ters to identify and annotate biosynthetic gene clusters (BGCs)
based on conserved domain architecture, gene synteny, and ho-
mology to known clusters. Predicted BGCs were classified into
major metabolite classes, including non-ribosomal peptide syn-
thetase (NRPS), polyketide synthase (PKS), and ribosomally syn-
thesized and post-translationally modified peptides (RiPPs), ter-
penes, siderophores, and betalactones, and further compared
against the MIBiG database to infer putative metabolite functions.
The abundance and distribution of BGC types across samples
were summarized to evaluate secondary metabolite diversity and
biosynthetic potential (Blin et al. 2025).

Antimicrobial resistance analysis

Antimicrobial resistance (AMR) genes were identified using ABRi-
cate v1.2.0 on assembled metagenomic contigs. High-quality
contigs (>1 kb) were screened against curated resistance gene
databases (including CARD/ResFinder) using default thresholds
for sequence identity and coverage. Detected AMR genes were an-
notated based on homology to known resistance determinants
and classified according to antibiotic classes and resistance mech-
anisms. The prevalence and diversity of AMR genes across sam-
ples were quantified to assess the resistome composition and
potential dissemination of antimicrobial resistance (Seemann
2016).
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Metagenomic-assembled genomes

Taxonomy and predictive functionality of MAG

Single-assembly genomes were constructed using MaxBin v2.0
(Wu et al. 2016). To assess the quality of the MAGs, we employed
CheckM v1.0.12 to determine their completeness and contami-
nation levels (Parks et al. a). Bins meeting > 90% completeness
and <10% contamination were considered for further analysis.
The average nucleotide identity (ANI) for all high-quality MAGs
were calculated using FastANI (Jain C et al. 2018). Identification
of MAGs were performed using the Genome Taxonomy Database-
toolkit, GTDB-Tk v2.1.0 (Chaumeil et al. 2022) accessed in 2025
with release 10 (R10-RS226), which spans 715230 bacterial
genome. Secondary metabolites were screened using anti-
SMASH  (https://antismash.secondarymetabolites.org/#!/start)
(Blin et al. 2023) accessed in 2025. CAZymes were annotated
using dbCAN3 server (https://bcb.unl.edu/dbCAN2/index.php)
(zheng Jinfang et al. 2023) accessed in 2025. and the result-
ing outputs were then mapped to CAZy database through the
webserver (http://www.cazy.org/) (Drula et al. 2022). Gene
prediction for the MAGs was done using Prodigal v2.6.1 (Hy-
att et al. 2010), and the amino acid sequences from the genes
were used for functional prediction with GhostKOALA (Kane-
hisa et al. 2016) and eggNOG-mapper v2 (Cantalapiedra et al.
2021). Functional attributes of genes were then mapped to
the database of KEGG (Kanehisa and Goto 2000) and eggNOG
v5.0.2 (Huerta-Cepas et al. 2019). Proksee was used to visu-
alize a circular genome (Grant et al. 2023). For each genome,
we conducted predictions and annotations of carbohydrate-

active enzymes (CAZymes) by utilizing Carbohydrate-
Active Enzymes Database version 3 (dbCAN3) (Zhang
etal.2018).

In silico-Safety assessment of high-quality MAGs

MAGs were analysed to characterize antimicrobial resistance, de-
fense systems, mobile genetic elements, and viral associations
using an integrated bioinformatic framework. Predicted open
reading frames from MAGs were screened against the CARD (Al-
cock et al. 2020) to identify antimicrobial resistance genes.
CRISPR-Cas systems were detected and classified using dedi-
cated CRISPRCas Finder (Couvin et al. 2018) annotation tools
to infer adaptive immune potential. Horizontally acquired ge-
nomic regions were identified using AlienHunter (Vernikos and
Parkhill 2006), enabling the detection of atypical sequence com-
position indicative of foreign DNA. Mobile genetic elements were
characterized using MobileOG-db (Brown et al. 2022), while
prophage regions were predicted using PHASTEST (Wishart et
al. 2023) and Phigaro (Starikova et al. 2020), providing comple-
mentary prophage identification and boundary resolution. Ad-
ditionally, viral contigs and virus-associated regions were de-
tected using VirSorter (Roux et al. 2015), allowing classifica-
tion of bacteriophages and putative viral elements. Presence
of plasmid was assessed using PlasmidFinder v2.1.6 (Carat-
toli et al. 2014). Antiviral defense systems encoded within the
MAGs were identified using DefenseFinder, which systematically
scans genomic contigs for known bacterial and archaeal de-
fense modules based on curated Hidden Markov Model (HMM)
profiles and reference defense system architectures (Tesson
etal. 2024).

Pangenome analysis of MAGs

Coding sequence (CDS) prediction and gene annotation were per-
formed using Prokka (Grant et al. 2023). The pan-genome of Lac-
tobacillus acetotolerans (DSJ, KB, LM, LT, NH, and WB), Lactiplan-
tibacillus plantarum (DB, GEK, GM, LSJ, SSJ, and TT) and Pediococ-
cus pentosaceus (BH and GH) was analysed using Roary v3.13.0
(Page et al. 2015), in comparison with other Lactobacillus ace-
totolerans, Lactiplantibacillus plantarum, and Pediococcus pen-
tosaceus RefSeq strains, The 16S rRNA gene sequences within
the MAGs were evaluated using ContEst16S (Lee et al. 2017)
to assess genome completeness, potential contamination, and
preliminary taxonomic affiliation. The recovered 16S rRNA se-
quences were compared against the curated database of EzBio-
Cloud (Chalita et al. 2024) to identify the closest phylogenetic rel-
atives. Based on the highest sequence similarity, representative
strains corresponding to the identified taxa were selected. The
whole genome sequences of these strains were subsequently re-
trieved from the EzBioCloud Whole Genome Public DB (Yoon et al.
2017). These reference genomes were used along with the MAGs
for downstream comparative and pangenome analyses. Ortholo-
gous genes across the strains were identified using OrthoFinder
v2.5.4 (Emms and Kelly 2019). Additionally, genome quality as-
sessments for all strains were conducted using CheckM (Gurevich
et al. 2013, Parks et al. ). The phylogenetic tree analysis was done
using FastTree 2.1 (Price et al. 2009) with bootstrap value of 500
repetitions and was edited using iTOL (Letunic and Bork 2021).

Results and discussion

Taxonomic profiling and diversity indices

A total of 879 403 750 reads (R1 and R2) were obtained from eigh-
teen samples (bastenga, ekung, hirring, mesu, lung-seij, and tu-
aithar,) with an average of 48 855 763 reads per sample, the low-
est read pairs 213774 (DT) and the highest read pairs 18 945377
(DBMP). The total assembly length recovered from the samples
ranged from 0.2 to 31.19 Mbp (Supplementary File 1: ST2). Shot-
gun metagenomic sequencing of all fermented bamboo shoot
(FBS) samples revealed the presence of four major domains, bac-
teria, archaea, and eukaryota. Relative abundance analysis across
all samples showed that bacteria were overwhelmingly domi-
nant (99.83% of total community abundance), followed by Eukary-
ota (0.0057%) and Archaea (0.057%) (Fig. 2a). Overall, 7 phyla,
26 families, 112 genera, and 567 species were detected. Across
all samples, the abundance of phylum Bacillota (78.3% of to-
tal bacterial relative abundance, here and below) was observed
(Fig. 2b). At the family level, Lactobacillaceae was the most abun-
dant in all samples (55.5% of total bacterial abundance) (Fig. 2c).
At the genus level, notable variations in genus dominance were
observed among individual fermented bamboo shoot products.
In Arunachal Pradesh, ekung and hirring were predominantly en-
riched with Lactococcus and Pediococcus, exhibiting average rel-
ative abundances of 30.07% and 42.3% (of total bacterial abun-
dance), respectively. In Tripura, mileye amileye, moiya pangsung,
moiya koshak, and midukeye showed differing patterns, with Lac-
tiplantibacillus dominating mileye amileye (21%), moiya pang-
sung (36.9%), moiya koshak (28.6%), while midukeye was enriched
with Lactococcus (33.43%). In Meghalaya, lung-seij was dominated
by Lactiplantibacillus (22.49%), whereas in Nagaland, bastenga
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Figure 2 Relative abundance of microbial taxa from domain to genus level in fermented bamboo shoot samples (a) Domain-level taxonomic
composition of the fermented bamboo shoot samples showing relative abundances of Bacteria, Eukaryota, and Archaea, based on shotgun
metagenomic profiling. (b) Phylum-level distribution of microbial communities across samples, highlighting the dominance and variation of major
bacterial phyla, including Bacillota, Proteobacteria, Actinobacteriota, Bacteroidota, Spirochaetota, Tenericutes, and Euryarchaeota. (c) Family-level
taxonomic composition illustrating the relative abundance of predominant bacterial families, with notable representation of Lactobacillaceae,
Streptococcaceae, Enterobacteriaceae, Leuconostocaceae, and other minor families across different products. (d) Genus-level microbial profiles of the
fermented bamboo shoot samples showing sample-specific dominance and diversity of key LAB and associated genera, including Lactiplantibacillus,
Lactococcus, Levilactobacillus, Pediococcus, Weissella, Leuconostoc, and other low-abundance taxa. (e) Species-level distribution of members belonging
to the Lactobacillaceae family, highlighting the relative abundance of LAB across the samples. Only taxa within the Lactobacillaceae family are shown in
this panel to emphasize the diversity and distribution of LAB species during fermentation. Colour-coded sample labels represent fermented bamboo

shoot samples collected from different states.

exhibited predominance of Lactiplantibacillus (37.6%). In Sikkim,
mesu was primarily enriched with Limosilactobacillus (31.8%), and
in Manipur, tuaithar showed a high abundance of Lactobacillus
(41.15%). These findings highlight product and region-specific
variations in microbial composition at the genus level among fer-
mented bamboo shoot products. Such differences may reflect
variations in local fermentation practices; however, they could
also be influenced by other factors, including differences in the
chemical composition of raw bamboo shoots, environmental con-
ditions, and variations in the fermentation stage at which samples
were collected (Fig. 2d). The species-level analysis of the Lacto-
bacillaceae family revealed a heterogeneous distribution of LAB
across the samples. Lactobacillus reuteri, Lactiplantibacillus plan-
tarum, and Levilactobacillus brevis were among the most domi-
nant species in several fermentation samples, while other species
such as Lactobacillus acetotolerans and Lactobacillus paralimen-
tarius showed variable but notable presence. This pattern high-
lights the dynamic composition of LAB communities during fer-
mentation (Fig. 2e). Fungal taxa constituted <1% of the total mi-
crobial community across all samples, indicating their minimal
contribution to the fermentation ecosystem. Therefore, fungal di-
versity was not emphasized in subsequent analyses, as fermented
bamboo shoot is predominantly a bacteria-driven fermentation
system dominated by LAB that play the principal role in sub-
strate acidification, preservation, and development of character-
istic sensory attributes (Supplementary File 1: ST3).

Across the fermented bamboo shoot products, LAB genera con-
sistently dominated over non-LAB counterparts, though with clear
product-specific patterns. Mesu showed the strongest LAB pre-

dominance, driven by Limosilactobacillus (35.7%), with minimal
non-LAB presence (Alcaligenes, 3.64%). hirring and tuaithar were
characterized by high Pediococcus abundance (53.2% and 23.10%,
respectively), while ekung, midukeye, and Moiya Pansung were
dominated by Lactococcus (49.1%). Lactiplantibacillus prevailed
in lung-seij, mileye amileye, and moiya koshak (21.00%-28.58%).
In contrast, non-LAB genera such as Enterobacter, Raoultella, Co-
mamonas, Alcaligenes, Aeromonas, and Acinetobacter occurred at
lower to moderate levels, with relatively higher representation in
midukeye and mileye amileye (Supplementary File 1: SF1).

No archaea or eukaryotes were found at species level. When
the fresh bamboo shoots (Dendrocalamus latiflorus Munro) were
picked from Dehong (Yunnan, China), it was found that Firmi-
cutes and Proteobacteria were the dominant phyla, while Lac-
tococcus and Lactobacillus were the dominant genera in sour
bamboo shoots (Chen et al. 2022). Metagenomic analysis of tu-
aithar a fermented bamboo shoot of Mizoram revealed Lacto-
bacillus as the abundant genus (Deka et al. 2021). Based on
the culture-dependent approach, Lactiplantibacillus plantarum
was predominant in Soijin, Soidon, Soibum, and Gajtenga. Soidon
uniquely harbored Brevibacillus agri, while Gajtenga showed
the presence of Lactobacillus paraplantarum (Yang et al. 2017).
Melye-amiley, a distinct fermented bamboo shoot variety associ-
ated with the Mog and Chakma tribes of Tripura, exhibited pre-
dominance of Levilactobacillus brevis, Lactococcus lactis, and L.
plantarum (Barge et al. 2024). Few LAB species such as Lacto-
bacillus paralimentarius, Lactobacillus zymae, Lactobacillus amy-
lolyticus, Lactobacillus spicheri, Lactobacillus gallinarum, Lacto-
bacillus pentosus, Lactobacillus rossiae, Lactobacillus farciminis,


https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtag032#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtag032#supplementary-data

FEMS Microbes, 2026, Volume 7

Lactobacillus panis, Lactobacillus secaliphilus, Paucilactobacillus
vaccinostercus, Lactococcus garvieae, and Weissella paramesen-
teroides were also found in all FBS of Northeast India that were
not reported in culture- dependent method in earlier studies
(Das et al. 2025). Interestingly, while certain opportunistic bacte-
ria such as Stenotrophomonas maltophilia (0.23%), Comamonas
testosteroni (0.67%), Ochrobactrum anthropi (0.75%), Acinetobac-
ter sp., Aeromonas veronii (0.43%), Serratia marcescens (0.51%),
and Staphylococcus sp. were detected at >1% relative abundance
in some samples. Quality of the water used during the process-
ing of raw bamboo shoot and the hygienic condition may be the
reason for the presence of these microorganisms in some of the
samples (Denton and Kerr 1998, Tiwari and Nanda 2019, Anjana
et al. 2023). Additionally, some of these genera have previously
been reported as a common reagent or laboratory contaminants
in microbiome sequencing studies and may originate from DNA
extraction kits, polymerase chain reaction (PCR) reagents, or lab-
oratory environments, particularly when analyzing low-biomass
samples. Previous studies have identified genera such as Acineto-
bacter, Bacillus, Bradyrhizobium, Burkholderia, Corynebacterium,
Microbacterium, Propionibacterium, Pseudomonas, Ralstonia, and
Sphingomonas as frequent contaminants detected in negative
controls and reagent kits. These contaminant taxa can increase
substantially in relative abundance and may even dominate se-
quencing profiles in low-biomass samples. Therefore, these taxa
were interpreted cautiously in the present study in accordance
with previously reported contaminant lists and recommendations
for microbiome analyses (Salter et al. 2014).

Alpha diversity analysis revealed notable variations in microbial
diversity among the fermented bamboo shoot samples. Among
all samples, Lung-seij exhibited the highest diversity, as indicated
by the greatest Simpson’s diversity index (0.873) and Shannon
index (2.333), along with the highest species richness estimated
by Chao-1 (14.67). In contrast, Hirring showed the lowest diver-
sity, with the minimum Simpson’s index (0.722), Shannon index
(1.619), and Chao-1value (7.67), indicating comparatively reduced
microbial richness. Evenness values ranged from 0.585 to 0.803,
with Mesu demonstrating the highest evenness (0.803), suggesting
a more uniform distribution of microbial taxa within that sample.
Overall, the results indicate that traditional fermented bamboo
shoot products harbor variable microbial diversity and richness,
reflecting differences in fermentation practices, raw materials, and
environmental conditions across preparation methods. Detailed
values of Simpson’s index, Shannon index, evenness, and Chao-
1 richness for all samples are provided in (Supplementary File 1:
ST4). Higher diversity may result from longer or less controlled
fermentations that allow multiple microbes to coexist, whereas
lower diversity likely reflects strong selective pressure favouring
a few well-adapted fermentative bacteria (Paganin et al. 2021). In
a study by Deka et al. (2021), elevated Chaol and Shannon indices
indicate greater species richness and overall community complex-
ity in bamboo shoots (Tuaithar) compared with other substrates
(Bekang and Sa-um).

Bray-Curtis beta diversity analysis using PCoA revealed dis-
tinct clustering patterns among the fermented bamboo shoot
products, indicating differences in microbial community compo-
sition. Lung-seij, tuaithar, bastenga, and hirring grouped closely,
suggesting relatively similar microbial profiles. Midukeye, mileye
amileye, and moiya koshak formed another cluster, represent-
ing a distinct microbial assemblage. Ekung and moiya pansung

appeared separated from the other groups, indicating greater
compositional divergence. Notably, mesu formed an independent
clade, suggesting a unique microbial community structure com-
pared with the other fermented products (Fig. 3a). Jaccard diver-
sity indices showed distinct clustering. Moiya pangsung and Moiya
koshak grouped together along the negative axis of PCoA, form-
ing a well-defined cluster indicative of similar taxonomic com-
position. Midukeye and mileye amileye formed the same cluster,
suggesting shared species presence distinct from the other prod-
ucts. On the positive side of PCoA, bastenga, ekung, tuaithar,
and lung-seij clustered closely, reflecting considerable overlap in
community membership. Mesu and hirring grouped together but
remained clearly separated from the bastenga-ekung-lung-seij-
tuaithar cluster, highlighting a distinct set of shared taxa (Fig. 3b).
Beta diversity analysis showed clear grouping of fermented bam-
boo shoot products based on their microbial composition. Some
products clustered closely, indicating similar microbial commu-
nities, while others formed separate clusters, suggesting distinct
microbiome structures. In a study by Wang et al. (2025) the beta-
diversity of sour bamboo samples from China indicated signifi-
cant differences in microbial community composition among re-
gions. In a study by Wu et al. (2025) from Guangxi, China uncon-
strained PCoA analysis of Bray-Curtis distances revealed that fer-
mentation technique was a major driver of microbial community
variation in sour bamboo shoots, as modern and traditional meth-
ods generally formed distinct clusters. Samples BEK, NEK, GEK,
MBMP, DBMP, and TT clustered closely together, indicating a high
degree of similarity in their microbial community composition. A
second distinct cluster comprising PBMD, PBMA, DBMD, and DBMK
also exhibited stronginternal similarity. In contrast, BH, NH, DT, LT,
DB, KB, DSJ, and SSJ formed a separate cluster, reflecting consid-
erable variation from the other groups. Additionally, RM, GM, GH,
LM, WB, and LSJ grouped into another distinct cluster, suggesting
aunique community structure within these samples (Fig. 3c) using
Bray-Curtis algorithm. PCoA by use of Jaccard showed the pres-
ence of four clear clusters suggesting their presence-absence pat-
terns of the microbial communities across the samples. The sam-
ples of PBMD, PBMA, DBMP, DBMK, and BH were clustered and in-
dicated that this group has a common composition of taxa. An-
other group of MBMP, LM, DBMD, and RM was highly divergent im-
plying a special group of taxa. Additionally, another cluster com-
prised BEK, GEK, NEK, LSJ, and GM, whereas TT, GH, NH, LT, DT, KB,
SSJ, DB, DSJ, and WB significantly differed, which is characteristic
of community affiliation (Fig. 3d).

Overall, the taxonomic composition and diversity indices sug-
gest that FBS products from the NER harbour distinct, yet consis-
tently LAB-dominated microbiomes shaped by region-specific fer-
mentation practices. Among the products analysed, lung-seij from
Meghalaya showed the highest overall microbial as well as LAB di-
versity, as evident from higher Shannon, Simpson, and Chao 1 in-
dices, indicating a relatively even and complex lactic acid bacterial
community. In contrast, products such as mesu from Sikkim were
characterized by strong dominance of LAB, particularly Limosi-
lactobacillus, with comparatively lower richness but greater eco-
logical selection towards specialized fermentative taxa. In addi-
tion, FBS products from Tripura, Arunachal Pradesh, Nagaland,
and Manipur exhibited intermediate yet clearly product-specific
LAB community structures. Differences in LAB diversity and dom-
inance are likely to influence functional potential, metabolite
profiles, and probiotic attributes, providing an ecological con-
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Figure 3 Beta diversity analysis of fermented bamboo shoot microbiomes based on genus-level taxonomic profiles. (a) Principal coordinates analysis
(PCoA) based on Bray-Curtis dissimilarity showing differences in taxonomic composition among samples. (b) PCoA based on Jaccard distance showing
presence/absence-based taxonomic differences. (c) Bray-Curtis clustering showing grouping patterns among samples based on taxonomic abundance.
(d) Jaccard-based clustering illustrating qualitative differences in microbial community composition.

text for the functional patterns discussed in the subsequent
sections.

Functional profiling

Mapping of the metagenomic ORFs to the KEGG database re-
vealed diverse and significantly enriched functional pathways
across the fermented bamboo shoot samples. Overall, the number
of Prodigal-predicted ORFs varied widely among samples, rang-
ing from 13483 to 50 296 ORFs, reflecting substantial differences
in functional gene content across fermentation types and geo-
graphic origins (Supplementary File 1: ST5). About 69% of the to-
tal ORFs were mapped to KEGG functional pathways. These path-
ways were further classified into three major functional categories
based on KEGG hierarchy. In Level 1, metabolism (64.73%) was
found to be most abundant followed by environment informa-
tion processing (9.66%), genetic information processing (7.50%),
human disease (6.73%), cellular process (6.71%), and lastly or-
ganismal systems (4.62%) (Fig. 4a). At Level 2, 54 super-pathways
and Level 3, 219 sub-pathways from different categories were
identified. From Super-pathways, carbohydrate metabolism was
found to be the most abundant (15.49%) and in sub-pathways,
starch and sucrose metabolism was found to be most abun-
dant (5.49%). Human disease-associated KEGG pathways such as
Staphylococcus aureus infection and Central carbon metabolism
in cancer were retained only because multiple conserved orthol-
ogous genes representing substantial portions of these pathways

were detected in the metagenomic dataset, rather than isolated
single-gene hits. For example, the Staphylococcus aureus infection
pathway contained several adhesion, capsules, and virulence-
associated genes, including clfA, clfB, fnbA, fnbB, spa, hla, hib,
capA-capC, and agrA/agrC, indicating broad functional represen-
tation rather than sporadic annotation artifacts. Similarly, the
“Central carbon metabolism in cancer” pathway included a nearly
complete bacterial central carbon metabolism module compris-
ing glycolytic and TCA cycle genes such as pgi, pfkA, gapA, eno, pyk,
acek, acef, gltA, and icd (Supplementary File: ST6).

Correlation network analysis revealed selective and distinct as-
sociations between dominant probiotic bacteria and key KEGG
functional pathways related to metabolism, stress response, and
cellular processes. The refined network reduced edge density and
enabled clearer identification of taxa-specific functional contribu-
tions. Core taxa, including Lactiplantibacillus plantarum, Limosi-
lactobacillus fermentum, Lactococcus lactis, and Levilactobacillus
brevis, exhibited predominantly positive correlations with spe-
cific pathways related to carbohydrate utilization, amino acid
metabolism, oxidative phosphorylation, ABC transporters, quo-
rum sensing, and two-component systems. Notably, these as-
sociations were not uniformly distributed across all taxa but
were concentrated within key functional contributors, highlight-
ing their distinct metabolic roles. This pattern is biologically con-
sistent, as these LAB are metabolically specialized for efficient
carbohydrate fermentation and nutrient uptake, which are essen-
tial processes in fermented food ecosystems. The enrichment of


https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtag032#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtag032#supplementary-data

FEMS Microbes, 2026, Volume 7

100

evel
B B ny
50 ;
Human Discases
— Metabolism

(7] Organismal Systems

(
I
[
[
I

Relative Abundance (%)

™
LT

DT
WwB
KB
DB
BEK
GEK
NEK
NH
GH
BH
DSJ
s81
LSy
RM
GM
LM
MBMP
DBMP
PBMD
DBMD
PBMA
DBMK

Samples

............................

Correlation
Fos

=
ge8

Node degree

i1 OO0

[ LINN
gEERE

pe

MMMMMM

ooZ

(b)

Figure 4 Predictive Functionality of the traditional fermented bamboo shoot (a) Relative abundance of predicted functional categories annotated
against the KEGG database at Level 1, displaying the contribution of major categories such as Metabolism, Genetic Information Processing,
Environmental Information Processing, Cellular Processes, Human Diseases, and Organismal Systems across samples. (b) Microbe-pathway association
network illustrating correlations between dominant microbial taxa and predicted metabolic pathways. Green nodes represent microbial taxa, while
orange nodes indicate metabolic pathways. Node size is proportional to node degree, reflecting the number of associations. Edge colour denotes
correlation direction and strength, with red indicating positive correlations and blue/purple indicating negative correlations; colour intensity represents
correlation magnitude. Edge thickness corresponds to interaction strength. Highly connected hub nodes indicate taxa or pathways with central roles in
the network. The network highlights key functional relationships among LAB and pathways related to carbohydrate metabolism, transport systems,

biosynthesis, resistance mechanisms, and cellular processes. .

signaling pathways such as quorum sensing and two-component
systems further suggests their ability to adapt to dynamic envi-
ronmental conditions and coordinate community behavior. Ad-
ditionally, the positive association of major LAB species with fo-
late biosynthesis suggests a potential role in cofactor production
that supports microbial growth and metabolic activity . Correla-
tions with peptidoglycan biosynthesis reflect active cell wall for-
mation and turnover, which are essential for cell division and
structural stability in rapidly growing microbial populations (Ty-
pas et al. 2010). Furthermore, the linkage with biofilm-associated
pathways indicates the ability of these taxa to adhere to surfaces
and form structured communities, providing protection against
environmental stress and facilitating persistence (Shree et al.
2023). Together, these functional traits mechanistically explain
how these microbes maintain growth, structural integrity, and
long-term survival in fermented environments (Fig. 4b). Carbo-
hydrate metabolism emerged as a dominant functional category
across all FBS samples, consistent with previous observations
from Tripura-based fermented products (Das et al. 2023). This
pattern reflects the polysaccharide-rich composition of bamboo
shoots, which provide substrates such as cellulose, hemicellu-
lose, and soluble sugars that shape microbial functional poten-
tial (Li et al. 2022). Functional annotation further highlighted the
concurrent predominance of amino acid metabolism and energy
production pathways, indicating coordinated metabolic networks
underlying fermentation (Hu et al. 2021). Rather than merely re-
flecting substrate availability, the predominance of carbohydrate-
active pathways suggests selective adaptation of microbial com-
munities toward efficient carbon utilization and energy gen-
eration. These processes drive the production of fermentation
end-products, including organic acids and other metabolites,
which contribute to environmental acidification, microbial sta-

bility, and characteristic flavour development (Malekijahan et al.
2025).

Probiotic gene annotation in FBS of NER

Distinct variation in the distribution of probiotic-associated genes
was observed across samples. Core functional genes, including
ATP synthase subunits (atpA, atpB, atpC, atpD, atpE, atpF, atpG,
atpH) and NADH dehydrogenase (ndh), adhesion-related factors
(efaA), and bile salt hydrolase (bsh), were consistently present
across most samples, indicating conserved functional potential.
In contrast, genes associated with stress response (groEL, phoR,
phoP, lia$, liaR, bceS, bceR, walK, walR), acid tolerance (gad), and
antimicrobial activity (bacA) exhibited sample-specific variability.
Additionally, predominance of quorum-sensing genes (luxS, agrA,
agrC), peptide transport systems (oppA, oppB, oppC, oppD, oppF;
dppA-dppF), and multidrug/bile resistance modules (bceA, bceB)
along with bacteriocin exporters (lanT, nisT) suggests enhanced
adaptive, competitive, and antimicrobial capabilities. Functional
genes involved in folate biosynthesis (folA-folE), sulfur amino acid
metabolism (cysE, cysK, metE, metH), and carbohydrate utiliza-
tion (amyA, malE, malE, malG, malK, glgP) further highlight the
metabolic versatility of the microbial community (Fig. 5a). Such
stress-response (phoR/phoP, liaS/liaR) and quorum-sensing (luxS)
genes have been widely reported in LAB from fermented foods
such as pearl millet slurry and plant-based fermentations, where
they support environmental adaptation, biofilm formation, and
microbial interactions (Turpin et al. 2011, Almeida et al. 2021).
Similarly, transport and metabolic genes (opp, bce, fol, cys, atp,
ndh) are commonly identified in LAB from fermented products like
kinema, dahi, and kefir, reflecting their roles in nutrient utilization,
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Figure 5 Probiotic traits, secondary metabolite potential, and antimicrobial resistance profiles of fermented bamboo shoot (a) Presence-absence
heatmap of predicted probiotic and stress-resistance genes across all strains, showing clustering of genes related to Z-ring formation, ATP synthase,
amino acid and folate biosynthesis, antimicrobial peptide sensing, cell envelope stress response, division and autolysin regulation, chromosome
partitioning, phosphate and acid-stress response, and oligopeptide/peptide transport systems. (b) Heatmap of biosynthetic gene clusters predicted by
antiSMASH, depicting distribution and relative abundance of secondary metabolite classes (e.g. butyrolactone, cyclic-lactone autoinducer, ectoine,
NRPS, RiPP-like, terpenes, and thioamides) across representative genomes. (c) AMR gene heatmap showing the occurrence of individual ARGs (e.g. van,
tet, erm, bla, aac/aph genes) in each sample, highlighting low but heterogeneous AMR gene loads in the probiotic candidates.

antimicrobial activity, and survival under acidic and gastrointesti-
nal conditions (Clemens et al. 2018, Talib et al. 2019, Tamang et al.
2024).

Secondary metabolite and AMR gene
analysis

Comparative analysis of secondary metabolite biosynthetic gene
clusters (BGCs) revealed product-specific variation among the ten
fermented bamboo shoot products. Mesu, tuaithar, lung-seij, bas-
tenga, hirring, and ekung contained a broader diversity of BGC
profiles, whereas midukeye, moiya koshak, mileye amileye, and
moiya pansung showed limited representation. RiPP-related clus-
ters were most abundant in lung-seij (29), followed by tuaithar
and ekung (19 each), mesu (12), and hirring (10). Thioamitide clus-
ters were observed in tuaithar (31), bastenga (25), hirring (22),
lung-seij (21), and ekung (18), with lower counts in the remaining
products (2-11). NRPS clusters were present in mesu (17), hirring
(14), bastenga (13), and lung-seij (12), while midukeye, moiya
koshak, mileye amileye, and moiya pansung showed minimal pres-
ence (0-2). Siderophore-associated clusters (NI-siderophores and
NRP-metallophores) were detected in the first six products (NI-
siderophores: 5-7; NRP-metallophores: 4-7) and were absent in
the remaining four. Terpene clusters were distributed across prod-
ucts, with counts in lung-seij (11), bastenga (9), and ekung (7).
Polyketide synthase clusters showed variable distribution, includ-
ing T3PKS in hirring (12) and bastenga (7). Quorum-sensing and
other specialized clusters were infrequent and product-specific
(Fig. 5b and Supplementary File 1: ST7). Comparative analy-
sis of secondary metabolite biosynthetic gene clusters (BGCs)
revealed product-specific variation among fermented bamboo
shoot samples. Mesu, tuaithar, lung-seij, bastenga, hirring, and
ekung showed greater diversity, whereas midukeye, moiya koshak,
mileye amileye, and moiya pansung exhibited limited representa-
tion. Similar trends have been reported in other fermented foods,

where vegetable-based fermentations such as kimchi, sauerkraut
and gundruk exhibit higher RiPP and NRPS diversity, while dairy
and cereal fermentations show different BGC distributions (Jung
etal. 2011, Gautam and Sharma 2015, Ismail et al. 2018, Veeranan
Arun Giridhari et al. 2025).

Diverse AMR genes were detected across different FBS prod-
ucts of Northeast India. Genes conferring resistance to aminogly-
cosides, B-lactams, macrolides, tetracyclines, sulfonamides, and
fluoroquinolones were identified, with marked variation among
samples. Lung-seij, tuaithar, and bastenga, showed comparatively
higher AMR gene abundance, whereas moiya-pansung, miduk-
eye, mileye-amileye, and moiya-koshak exhibited minimal or no
detectable AMR genes. S-lactam resistance genes, particularly
blaOXAvariants, blaTEM-1, blaL1/L2, and blaNDM-5, were predom-
inantly observed in ekung, bastenga, lung-seij, and mesu. Amino-
glycoside resistance genes such as aac, aad, and aph families
were frequently detected, with aph (3') and aph (6) variants show-
ing higher occurrence in lung-seij and tuaithar. Macrolide resis-
tance genes, including mph(E), msr(E), and erm genes, were widely
distributed, with the highest counts observed in Lung-seijj. Tetra-
cycline resistance genes tet(41), tet(A), tet(B), and tet(K) were
mainly confined to ekung, bastenga, and hirring. Sulfonamide re-
sistance genes sull and sul4 were sporadically detected, while flu-
oroquinolone resistance gene gnr VC1 occurred at low frequency
(Fig. 5¢c and Supplementary File 1: ST8). Comparative analysis
of AMR gene profiles revealed product-specific variation among
fermented bamboo shoot samples. Lung-seij, tuaithar, bastenga,
ekung, and mesu exhibited relatively higher AMR gene diver-
sity and abundance, whereas midukeye, moiya-pansung, mileye-
amileye, and moiya-koshak showed limited or negligible repre-
sentation. Similar patterns have been documented in other fer-
mented foods, where dairy fermentations such as cheese and yo-
gurt are frequently enriched in multidrug and g-lactam resistance
genes, while brine-fermented vegetables including kimchi, pickled
vegetables, and fermented bamboo shoots predominantly har-
bor tetracycline-associated resistance determinants; in contrast,
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Figure 6 Genome architecture and functional potential of dominant probiotic MAGs from fermented bamboo shoots (a) Circular genome map of
Lactobacillus acetotolerans DS3 showing GC content, GC skew, coding sequences on forward and reverse strands, and functional annotation blocks
grouped into probiotic properties, short-chain fatty acid production, immunomodulation, anti-tumor traits, stress tolerance, essential amino acid and
vitamin biosynthesis, and biosynthetic peptides. (b) Circular genome map of Pediococcus pentosaceus GH highlighting GC features, coding sequence
distribution, and gene clusters associated with probiotic properties, short-chain fatty acids, immunomodulatory functions, anti-tumor potential, stress
tolerance, essential amino acid and vitamin biosynthesis, and biosynthetic peptide production. (c) Circular genome map of Lactiplantibacillus plantarum
GM depicting GC content, GC skew, coding sequences, and annotated loci linked to probiotic traits, short-chain fatty acid pathways, immunomodulation,
anti-tumor mechanisms, stress tolerance, essential amino acid and vitamin biosynthesis, and biosynthetic peptides.

sugar-based fermentations such as kombucha and water kefir of-
ten display minimal or undetectable AMR gene prevalence (Leech
et al. 2020). Overall, the AMR profiling indicates that while certain
fermented bamboo shoot products, such as Lung Sej from Megha-
laya, Tuaithar from Manipur, and Bastenga from Nagaland, har-
bour comparatively higher AMR gene abundance, products from
Sikkim and Tripura exhibit the lowest AMR prevalence, suggesting
relatively safer resistome profiles among these fermentations.

High-quality MAGs

As part of a comprehensive metagenomic study of FBS prod-
ucts from NER, MAG analysis was performed to obtain strain-level
insights into the dominant LAB and to evaluate their potential suit-
ability for probiotic applications through genome-based assess-
ment of functional and safety-related traits. A total of 16 high qual-
ity MAGs were extracted from 6 different samples of fermented
bamboo shoots. Tuaithar, bastenga, ekhung, hirring, mesu, and
lung-siej were able to produce MAGs. Out of 16 MAGs extracted, 7
belonged to Lactiplantibacillus plantarum, 7 belonged from Lacto-
bacillus acetotolerans, and 2 MAGs belonged to Pediococcus pen-
tosaceus, their completeness and contamination are represented
in Supplementary File 1: ST9. MAG of Lactiplantibacillus plantarum
strain GM, Lactobacillus acetotolerans strain DSJ, and Pediococcus
pentosaceus strain GH had the highest number of genes and are
illustrated in Fig. 6 a-c. Other MAGs have been illustrated in
Supplementary File 1: SF2-13. The functional potential of
MAGs was annotated using KEGG, and gene counts were
classified into three hierarchical levels (Level 1-3) based
on pathway assignment. In level 1, metabolism was found
to be most abundant followed by genetic information pro-
cessing, environmental information processing, cellular pro-
cess, organismal systems, and human disease. At Level 2, 37
super-pathways and at Level 3, 102 different sub-pathways
from different category were identified (Supplementary
File 1: ST10a, b and c). Similar LAB MAGs prevail in other fer-
mented foods L. plantarum and P. pentosaceus in jiang-sun a
fermented bamboo shoots from Taiwan (Chen et al. 2010), nor mai

som a FBS from Thailand (Botthoulath et al. 2024), sauerkraut,
kimchi, gundruk, suancai, and hamei (fermented fish) (Swain et al.
2014, Pasolli et al. 2020, Jain and Rajagopal 2024), often linked to
acid tolerance, bacteriocin production, and fermentation stability.

Probiotic attributes of MAGs

Genome-resolved metagenomic analysis of MAGs revealed a
functionally conserved yet quantitatively variable repertoire of
probiotic-associated genes across samples and product types.
Core probiotic traits including acid tolerance (atp operon, clp
genes), bile resistance (bsh), adhesion (eno, gtfA), and stress adap-
tation (dnaK, groEL, hrcA) were consistently detected across all
samples, indicating a stable functional backbone of LAB com-
munities. However, relative gene abundance and pathway com-
pleteness varied across samples (e.g. GEK, NEK, BH), suggesting
product-specific functional predominance. For instance, samples
such as GEK and NEK exhibited higher representation of stress-
response and adhesion-related genes, while BH showed compara-
tively enriched metabolic pathways linked to amino acid and vita-
min biosynthesis. This indicates functional differentiation driven
by fermentation conditions and substrate composition, as previ-
ously reported in traditional fermented foods (Zheng et al. 2020)
Members of Lactiplantibacillus plantarum and Pediococcus pen-
tosaceus MAGs displayed greater predominance of adhesion (eno,
scpA/B) and bile resistance (bsh) genes, whereas Lactobacillus
acetotolerans showed relatively lower representation of these
traits but retained genes linked to carbohydrate metabolism (bg!
genes) and flavour formation (mmuM). Such functional partition-
ing within LAB taxa aligns with previous comparative genomic
studies of LAB, where strain-level variation strongly influences
probiotic potential (Tenea et al. 2025). Key metabolic functions,
including short-chain fatty acid production (pta, ldh), exopolysac-
charide biosynthesis (epsH), and antioxidant systems (trxA, nrd
genes), were widely conserved, supporting their essential role in
host interaction and gut persistence. Notably, complete biosyn-
thetic pathways for essential amino acids (e.g. arginine, methio-
nine, tryptophan) and vitamins (folate, riboflavin, thiamine) were
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identified in several MAGs, with higher pathway completeness
observed in dominant Lactobacillaceae members, suggesting
their contribution to nutritional enhancement. In comparison
with previously characterized LAB genomes, such as Lactiplan-
tibacillus plantarum WCFS1 and Lacticaseibacillus rhamnosus GG,
the detected gene repertoire shows high concordance in probi-
otic determinants, including bsh-mediated bile resistance, eps-
driven immunomodulation, and stress-response systems (clp,
groEL) (Onning et al. 2022). However, the present dataset demon-
strates greater diversity in secondary metabolic and peptide-
processing genes (pep family, htpX), likely reflecting adaptation to
complex plant-based fermentation substrates. Among CAZymes,
glycoside hydrolases (300) and glycosyltransferases (251) predom-
inated across all MAGs, with additional auxiliary activity enzymes,
carbohydrate esterases, and carbohydrate-binding modules also
detected (Supplementary File 1: SF14).

In silico-Safety assessment of MAGs

In total, eight types of cas genes were identified, CasI-Typel, cas2-
Typel, cas3-Typel, cas5-Typel, cas6-Typel, cas7-Typel, cas9-Typell,
and casI-Typell. Genes for antibiotic resistance were also detected
in 13 MAGs out of 16 belonging to the family of vancomycin re-
sistance (vanT, vanY, and vanH). Lactiplantibacillus plantarum GM,
Lactobacillus acetotolerans DSJ, and Pediococcus pentosaceus GH
didn’t consist of any antibiotic resistance gene. No mobile ge-
netic elements, phage sequence and virulence genes were de-
tected in any 16 MAGs. While van family genes (vancomycin resis-
tance) were detected in 13 MAGs, this is likely an intrinsic, non-
transmissible trait common in Lactobacillaceae due to D-Ala-D-
Lac peptidoglycan precursors (Kruse et al. 2014). Crucially, the ab-
sence of mobile genetic elements (MGEs) and virulence factors,
coupled with the identification of CRISPR-Cas systems (Types | and
1), suggests high genomic stability (Pinilla-Redondo et al. 2022).
The presence of diverse cas genes indicates an active adaptive im-
mune system that protects the integrity of the bacterial genome
against bacteriophage-mediated lysis, which is a frequent cause
of fermentation failure. The total absence of AR genes in L. plan-
tarum GM, L. acetotolerans DSJ, and P. pentosaceus GH marks
these specific strains as superior candidates for development
as safe starter cultures. Plasmid replicon analysis of the recon-
structed MAGs revealed the presence of five plasmid-associated
replicons belonging to the Rep3 and RepA_N families across lactic
acid bacterial species. The Rep3 family was the most abundant,
with four replicons detected. A rep31 replicon was identified in
the MAG LPGEK (Lactiplantibacillus plantarum) showing 97.84%
identity over 1155 bp, corresponding to plasmid LCKp400005
(pLCK4) located on contig-100_314. Another rep31 replicon was
detected in PPGH (Pediococcus pentosaceus) with 98.01% identity
across 1158 bp on NODE_82_length_75956_cov_60.65. Similarly,
Lactobacillus acetotolerans (LAKB) also harbored a rep31 repli-
con showing 96.98% identity over 1158 bp. In addition, a rep28
replicon belonging to the Rep3 family was identified in LADSJ
(Lactobacillus acetotolerans) with 99.68% identity across 930 bp,
corresponding to repA (pCIS4). Furthermore, a RepA_N family
replicon (rep38) was detected in LAKB (Lactobacillus acetotoler-
ans) with 98.46% identity over 1104 bp, associated with plasmid
pLBUCO3.

Plasmid-associated replicons were detected in 5 out of 14
reconstructed MAGs (~35.7%), indicating a notable prevalence
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of putative plasmid elements among the lactic acid bacterial
genomes analysed. In total, five replicons were identified, pre-
dominantly belonging to the Rep3 family (n = 4), with a single
replicon assigned to the RepA_N family. These replicons were dis-
tributed across Lactiplantibacillus plantarum, Pediococcus pen-
tosaceus, and Lactobacillus acetotolerans, suggesting a con-
served presence of plasmid-associated elements within these taxa
(Supplementary File 1: ST11).

Genome-resolved analysis revealed a diverse repertoire of an-
tiviral defense systems across the reconstructed MAGs. Multi-
ple defense modules, including restriction-modification (RM) sys-
tems, CRISPR—Cas, Gabija, CBASS, BREX, Thoeris, Abi systems,
PD-T4-9, DdmDE, DS-6, ShosTA, and Gao—Her were detected, in-
dicating that the microbial populations possess multiple layers
of protection against bacteriophage infection. Among the anal-
ysed MAGs, PPGH encoded the highest diversity of antiviral de-
fense systems, with several modules detected across multiple
contigs. These included RM Type | and Type Il systems, Gabija,
AbiD, AbiAlpha, and the DdmDE defense system, suggesting the
presence of a complex and redundant antiviral defense network.
Such diversity of defense modules within a single genome is of-
ten associated with strong phage predation pressure, enabling
microbes to deploy multiple strategies to inhibit viral replica-
tion. The coexistence of abortive infection systems (Abi) and
restriction-modification systems indicates both intracellular viral
detection and direct degradation of invading phage DNA (Antine
et al. 2024). Similarly, the PPBH MAG harbored multiple de-
fense mechanisms, including Thoeris type |, CRISPR—Cas Class
| subtype I-E, and the Gao—Her defense system, represent-
ing both adaptive and innate immune strategies. The pres-
ence of CRISPR-Cas systems indicates that these microorgan-
isms retain genetic memory of prior phage infections, allow-
ing sequence-specific targeting of invading viral genomes. The
Thoeris system, which is known to function through cyclic nu-
cleotide signaling, further strengthens antiviral defense by trig-
gering cellular responses upon phage detection (Ibrahim and
Aranjani 2026).

In contrast, several MAGs including LPGM, LPGEK, LPDB, and
LPTT were primarily characterized by restriction-modification
systems, particularly RM Types | and IV. RM systems are among the
most widespread bacterial defense mechanisms and function by
recognizing and cleaving foreign DNA lacking host-specific methy-
lation patterns (Birkholz et al. 2022). The LPGEK MAG additionally
encoded a BREX type | system, which provides phage resistance
through epigenetic modification of host DNA and inhibition of
phage replication. Other innate defense systems were distributed
across multiple genomes (Xu and Gu 2024). Gabija and PD-T4-
9 systems were identified in MAGs such as LAKB, LANH, LADSJ,
LALM, and PPGH, indicating their widespread occurrence within
the microbial community. The CBASS type | system detected in
the LAKB MAG represents a cyclic oligonucleotide-based signal-
ing pathway that activates antiviral responses following phage in-
fection. Furthermore, abortive infection systems such as AbiD and
AbiAlpha were detected in several MAGs including LAWB, LAKB,
LALM, LADSJ, and PPGH, suggesting that infected cells may sac-
rifice themselves to prevent phage propagation within the popu-
lation (Egido et al. 2022). Adaptive immunity was represented by
CRISPR-Cas systems in LANH, LPLSJ, and PPBH, including Class
Il subtype II-A and Class | subtype I-E systems. These systems
provide sequence-specific immunity and are often associated
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Figure 7 Pangenome analysis of selected LAB. (a-c) Phylogenetic trees and gene presence-absence heatmaps of Lactiplantibacillus plantarum,
Lactobacillus acetotolerans, and Pediococcus pentosaceus. In the trees, strain names highlighted in red represent MAGs obtained in this study, while
black labels indicate reference genomes. The heatmaps show gene distribution across strains. (d-f) Pangenome composition of the respective species,
showing the distribution of core, shell, and cloud genes. Core genes are shared by most strains, shell genes are present in multiple but not all strains, and
cloud genes represent strain-specific genes identified during pangenome analysis (i.e. genes present in only one genome). Cloud genes do not represent
genes absent from all genomes; rather, they correspond to singleton gene clusters derived during pangenome construction.

with microbial populations experiencing frequent viral exposure
(Supplementary File 1:ST11) (Joseph et al. 2025).

Pangenome analysis of high-quality MAGs

Pangenome analysis of the highlighted strains revealed distinct
genomic features among the dominant LAB. The red-highlighted
Lactiplantibacillus plantarum isolates strains GM TT LSJ, SSJ DB
clustered closely with reference genomes, sharing a large, con-
served core genome while displaying moderate accessory gene
variability, indicating strain-level adaptation within the species.
The blue-highlighted Lactobacillus acetotolerans strains DSJ, KB,
WB, LM, LT, NH formed a tight phylogenetic cluster with mini-
mal accessory genome divergence, reflecting high genomic con-
servation and specialization for acidic fermentation environ-
ments. In contrast, the pink-highlighted Pediococcus pentosaceus
strains BH and GH exhibited greater variability in the accessory
genome, with distinct gene blocks unique to individual strains,
suggesting enhanced genomic flexibility and functional diver-
sification. These patterns underscore species-specific strategies
of genomic conservation and adaptation among the highlighted
fermentation-associated bacteria (Fig. 7 a-c). The selection of
reference genomes for phylogenetic reconstruction reflects the
broad ecological versatility of LAB, spanning both host-associated
and food-associated environments. For instance, Lactiplantibacil-
lus plantarum DSM 20174, originally isolated from human saliva,
represents the capacity of this species to colonize mucosal niches,

whereas strains such as SRCM100442 and UNQLp11, derived from
plant-based and dairy fermentations, respectively, highlight its
well-established role in diverse food systems. This dual ecolog-
ical distribution is consistent with previous studies demonstrat-
ing the remarkable genomic plasticity and niche adaptability of
L. plantarum, enabling survival across gastrointestinal and fer-
mentation environments (Kleerebezem et al. 2003, Zheng Jin-
shui et al. 2020). Lactobacillus acetotolerans strains (e.g. CN247,
LA749, LJ749, NBRC 13120) are predominantly associated with
acidic, carbohydrate-rich fermented foods, reflecting a more spe-
cialized ecological adaptation. Their frequent occurrence in plant-
and cereal-based fermentations suggests a functional role in acid
tolerance, carbohydrate metabolism, and fermentation stability,
which has been widely reported in traditional fermented food mi-
crobiomes (Park and Mannaa 2025). Pediococcus pentosaceus ref-
erence strains (ATCC 25745, 7761, LA0061) are consistently linked
to plant-derived fermentation systems, particularly vegetables
and cereals. This ecological association supports their established
contribution to lactic acid production, food preservation, and
flavour development, as well as their probiotic potential in plant-
based fermented foods (Qi et al. 2021). The pangenome of Lacti-
plantibacillus plantarum was composed of 1316 core genes shared
across nearly all strains, along with a substantial shell genome
(2149 genes) and a large cloud genome (1827 genes), indicat-
ing high genomic diversity and an open pangenome structure. In
contrast, Lactobacillus acetotolerans exhibited a more conserved
pangenome, with 3554 core genes and 1832 shell genes, reflect-
ing strong genomic stability and limited strain-specific variation.
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Pediococcus pentosaceus displayed a pangenome dominated by
shell genes (3970 genes) and a smaller core genome (1050 genes),
suggesting pronounced genomic plasticity and strain-level func-
tional diversification (Fig. 7 d-f). Pangenome analysis revealed
divergent evolutionary trajectories. The open pangenome of L.
plantarum confirms its status as a genomic generalist, capable of
niche-filling through the acquisition of accessory genes (Martino
et al. 2016). In contrast, the highly conserved pangenome of L.
acetotolerans suggests a specialist strategy, optimized specifically
for the high-acid environment. We hypothesize that the genomic
flexibility of P. pentosaceus (high shell gene count) allows it to act
as a metabolic bridge, adapting its functional output to the spe-
cific phytochemical variations of different bamboo species. These
species-specific strategies conservation in specialists versus diver-
sification in generalists ensure the ecological stability of the fer-
mented bamboo shoot ecosystem.

Conclusion

This study provides a comprehensive comparative metagenomic
overview of traditionally FBS products consumed across North-
east India, elucidating their microbial diversity, functional po-
tential, biosynthetic capacity, probiotic attributes, and AMR pro-
files. The analysis revealed distinct product- and region-specific
microbiome signatures, while Lactiplantibacillus, Levilactobacil-
lus, Lactobacillus, Lactococcus, and Pediococcus formed the core
microbiome in these FBS products. Several products, notably
mesu (Sikkim), tuaithar (Manipur), lung-seij (Meghalaya), and bas-
tenga (Nagaland), exhibited enriched probiotic-associated genes,
diverse secondary metabolite biosynthetic gene clusters, and
higher functional versatility compared to other products. Func-
tional annotations highlighted the central role of carbohydrate
metabolism, stress-response systems, energy metabolism, and
antimicrobial peptide biosynthesis in shaping fermentation dy-
namics, microbial resilience, and probiotic potential. The pres-
ence of diverse biosynthetic gene clusters, including bacteri-
ocins, non-ribosomal peptides, terpenes, and siderophores, un-
derscores the capacity of FBS microbiomes to contribute to food
safety, microbial competitiveness, and potential health benefits.
AMR profiling revealed a generally low resistome burden domi-
nated by intrinsic resistance determinants, with limited evidence
of mobile genetic elements, suggesting ecological adaptation
rather than strong anthropogenic antibiotic pressure. Among all
products, mesu from Sikkim demonstrated the most balanced
functional, biosynthetic, and AMR-related profile. Nevertheless,
the study is limited by its reliance on metagenomic predictions,
which do not confirm gene expression or metabolite produc-
tion, and by the absence of longitudinal sampling and culture-
based validation. Future work integrating metatranscriptomics,
metabolomics, targeted culturomics, and controlled fermentation
studies will be crucial to link genetic potential with functional ac-
tivity and to evaluate safety. Overall, this work establishes a foun-
dational framework for understanding FBS microbiomes and sup-
ports their potential exploitation in functional food development
and sustainable biotechnological applications.
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