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A B S T R A C T

Fermented foods (FFs) represent complex living ecosystems that deliver viable microbes and bioactive metab
olites linked to human health benefits. However, many probiotic strains isolated from FFs fail to reproduce these 
effects in vivo, likely due to the disruption of their natural ecological synergy during isolation. Here, we employed 
a systematic, ecology-aware culturomics framework to transform the Kimchi microbiome into genome-vetted, 
multi-species probiotic candidates while preserving ecological fidelity. Specifically, 56 distinct enrichment cul
ture conditions were established using six liquid media (In-situ, MRS, NB, TSB, BHI, BB) across varied redox 
states (aerobic, anaerobic, microaerophilic), incubation periods (12 h, 66 h), and selective suppressants (CHIR- 
090, nalidixic acid). Results indicated that In-situ and MRS media under microaerophilic conditions effectively 
preserved the lactobacilli core, whereas generalist media and aeration expanded taxonomic breadth to include 
rare taxa. Furthermore, extended incubation (66h) successfully unlocked 107 unique taxa compared to the 
limited diversity of short incubation (12h). Shotgun metagenomic mining further revealed promising functional 
properties, including acid tolerance, adhesion modules, and diverse bacteriocin-skewed biosynthetic gene clus
ters. Crucially, the collection exhibited a strong safety profile: only 1 % of identified risk factors were antibiotic 
resistance genes (ARGs) on mobile genetic elements (MGEs), and only 4 % represented colocalized ARGs, 
virulence factors, and MGEs. Systematic-culturomic isolation later yielded over 90 strains, including Weissella, 
Bacillus, and Lactococcus, significantly expanding beyond standard lactobacilli-centric portfolios. Overall, this 
study confirms that ecology-aware culturomics captures the functional diversity of the Kimchi microbiome, 
providing a scalable model for realizing the full therapeutic potential of FFs.

1. Introduction

Fermented foods (FFs) are among the earliest biotechnological ap
plications by mankind and, still today, one of the most promising 
“whole-food” microbiome interventions (Ecklu-Mensah et al., 2024). 
Beyond viable microbial taxa of FFs, a matrix of bioactive metabolites 
also contributes to modulating host physiology (Diez-Ozaeta and 
Astiazaran, 2022; Tamang et al., 2025). Contemporary reviews and 
clinical work increasingly position FFs as diet-based levers for gut 
health. For example, a recent randomized dietary study showed that FFs 
rich diet increases gut microbial diversity and reduces multiple in
flammatory biomarkers in adults (Wastyk et al., 2021). Comparative 
genomics further reveals that lactic acid bacteria (LAB) and related taxa 

in FFs share close strain-level relationships with human-associated mi
crobes, placing FFs as potential repositories of gut microbiome strains 
(Pasolli et al., 2020). However, based on the ISAPP consensus definition, 
FFs are classified in a different category from probiotics or postbiotics, 
emphasizing the necessity of in-depth characterization of their microbial 
isolates (Marco et al., 2021). Nevertheless, the current targeted isolation 
practice from this source has been limited to some LAB and selected 
yeast species, thereby limiting the true health-promoting potential of 
FFs bioagents (Fentie et al., 2025; Rodzi and Lee, 2021).

High-throughput sequencing has demonstrated the remarkable 
taxonomic and functional depth of the microbiome of FFs, but 
sequencing alone does not yield deployable strains (Fentie et al., 2022; 
Valentino et al., 2024). Although targeted isolation from diverse FFs 
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produced probiotic strains long ago, these strains often failed to colonize 
the human gut and perform well in vivo despite excellent in vitro results, 
falling short of the benefits seen with the original FFs. One plausible 
explanation for this discrepancy could be the inherent microbial strains' 
harmony of action with their natural ecology. Thus, maintaining this 
environmental and ecological stability might improve the likelihood of 
success in vivo. A promising way to achieve this stability is through the 
application culturomics technique to FF samples (Fentie et al., 2025).

Culturomics integrates systematic, high-throughput, and condition- 
diverse culturing with rapid identification and genome mining, 
providing a powerful bridge between microbial ecology and practical 
applications. By converting metagenomic signals into isolate libraries 
and annotated genomes, it gives the possibility to detect and charac
terize organisms with specific functional potential (Y. Huang et al., 
2023). To maximize the outcomes of food culturomics, it is essential to 
ground experimental design in an understanding of microbial commu
nity assembly in fermented foods (FFs), a process strongly shaped by 
environmental filtering and niche differentiation (Louw et al., 2023). 
Within this ecological framework, microbial succession in FFs emerges 
from the interplay between the physicochemical properties of the food 
matrix, changing redox conditions, time-dependent transformations, 
and inter-microbial interactions. The composition of the raw substrate 
acts as an initial selective landscape by supplying specific nutrients that 
preferentially support metabolically adapted, often recurring, core taxa 
(Caffrey et al., 2024). As fermentation progresses, metabolic activity 
rapidly alters oxygen availability, transitioning the system from an 
initially aerobic state toward microaerophilic and, in some cases, 
anaerobic conditions within the fermenting mass (Heo et al., 2024). 
These shifts unfold over time, during which early colonizers reshape the 
environment through substrate depletion and metabolite production, 
thereby enabling or constraining the establishment of subsequent mi
crobial populations. Concurrently, the accumulation of organic acids 
and antimicrobial compounds such as bacteriocins imposes additional 
selective pressure, particularly against acid-sensitive Gram-negative 
bacteria, further refining community structure (Fentie et al., 2025).

Although culturomics technique has been well-documented in 
human gut microbiome research (H. Park et al., 2024), only a limited 
number of studies have been applied to recover microbial diversity from 
FFs samples. To our knowledge, only two published reports have used 
this technique to isolate microbial strains. Xu et al. (2020) employed 27 
culture conditions, including multiple growth media, supply of oxygen 
gas, and additions of either modifier or suppressing agents to isolate 
diverse microbial strains from a traditional Chinese distilled spirit 
product (PM Baijiu). Similarly, Li et al. (2024) used two incubation 
temperatures, four microbial growth media, and prolonged enrichment 
times in their culturomics techniques to isolate diverse microbes from 
naturally fermented milk.

The dearth of available literature and the current routine reliance on 
LAB-selective media for probiotic strain isolation, coupled with the 
underuse of deliberate enrichment media that give a better resolution to 
rare and condition-dependent taxa, constrains discovery by favoring a 
narrow subset at the expense of microbial ecological fidelity and taxo
nomic breadth. Strain-level genomic diversity also remains underap
preciated, even though strain-resolved analyses reveal functionally 
meaningful differences, particularly in relation to their efficacy in the 
host environment (Armetta et al., 2025). Furthermore, the genomic 
safety characterization even for isolates obtained through classical 
isolation techniques often stops at simple ARG/VF mere abundance by 
overlooking horizontal gene transfer risks. Thus, this study aims to: (1) 
identify the most significant culture condition that shapes community 
structure and isolation outcomes from Kimchi, our model FF sample; (2) 
assemble and annotate MAGs to profile probiotic mechanisms and 
safety, with specific attention to ARG/VF localization within mobile 
genetic elements (MGEs); (3) build a diverse culture collection and 
isolate LAB and co-occurring non-LAB microorganisms. In doing so, this 
study links ecology-aware enrichment to deployable, genome-vetted 

strain portfolios, advancing FFs from descriptive omics to trans
lational, multi-species, multi-strain probiotic consortia.

2. Materials and methods

2.1. Sample collection

Samples, and respective raw materials of cabbage kimchi were 
collected from the four different locations in Daegu, South Korea. The 
samples were then transported to the point of analysis through an ice 
box and inoculated into the enrichment media, and isolation of genomic 
DNA was commenced immediately. The remaining samples were 
immediately frozen using liquid nitrogen with 20 % glycerol and stored 
at − 20 ◦C for a period not exceeding two weeks for the isolation of 
microbial strains.

2.2. Enrichment growth media preparation and inoculation

To enrich the microbial community from kimchi samples, 56 distinct 
culture conditions were employed (Table 1). Liquid media included 
nutrient broth (NB), blood broth (BB), MRS, tryptic soy (TSB), 
brain–heart infusion (BHI), and In-situ broth was prepared by homog
enizing fresh kimchi ingredients comprising 70 g napa cabbage, 10 g 
radish, 5 g green onion, 5 g garlic, 2 g ginger, 3 g red pepper powder, 3 g 
salt, and 2 g fish sauce per 100 g of total vegetable mass (g per 100 g 
basis). This vegetable mixture was homogenized with an equal mass of 
sterile distilled water (1:1 w/w vegetable:water) (Patra et al., 2016). The 
resulting slurry was filtered through sterile cheesecloth to remove solids, 
supplemented with sucrose at 2 g per 100 mL of broth (2 % w/v), and the 
pH was adjusted to 6.5 prior to sterilization at 121 ◦C for 15 m. Cultures 
were incubated under anaerobic, microaerophilic, or aerobic conditions. 
For anaerobiosis, media containing 0.05 % cysteine or sodium sulfide, 
were nitrogen gas (N2) sparged (SFig. 1), sealed, sterilized (121 ◦C, 
15 min), and cooled before inoculation (Wagner et al., 2019). Micro
aerophilic cultures were left to passively deplete oxygen, whereas aer
obic cultures were maintained under ambient air. To suppress fast 
growers, CHIR-090 or nalidixic acid was included as needed. The con
centration of nalidixic acid (25 μg/mL) and CHIR-090 (0.1 μM) were 
selected based on prior reports showing selective inhibition of 
fast-growing Gram-negative bacteria at these concentrations without 
broadly suppressing Gram-positive bacteria in complex communities 
(Claverías et al., 2015; Tejeda-Garibay et al., 2024; Zhao et al., 2023). 
Temporal effects were assessed by sampling at 12 h and 66 h. All en
richments were inoculated with serially diluted samples prepared in 
sterile saline.

2.3. DNA extraction and amplicon sequencing

Genomic DNA was extracted from kimchi samples and their respec
tive enrichment media using the DNeasy Fecal® Pro Kit (Qiagen, Hilden, 
Germany) and quantified using Qubit™ 2.0. For amplicon library 
preparation, the V4 region of the 16S rRNA gene was amplified from the 
extracted DNA using the primer pair of 515F/806R. Amplicons were 
cleaned, indexed, and assessed for size and quality (Agilent 2100 Bio
analyzer). The final amplicon libraries were pooled in equimolar con
centrations and re-quantified using the Qubit™ 2.0. Finally, sequencing 
was conducted on the Illumina MiSeq platform (Illumina Inc., San 
Diego, CA, USA) with the MiSeq Reagent Kit v3 configured for 300 bp 
single-end reads at the Next Generation Sequencing (NGS) Core Facility, 
Kyungpook National University (KNU), Daegu, South Korea.

2.4. Amplicon sequencing bioinformatics analysis

Raw single-end reads were processed using Quantitative Insights into 
Microbial Ecology 2 (QIIME2, v2024.11) (Bolyen et al., 2019) with the 
DADA2 plugin (Callahan et al., 2016). Reads were truncated at 280 bp to 
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remove low-quality trailing bases while maintaining full coverage of the 
V4 amplicon (~253 bp). To normalize sampling effort, the resulting 
high-resolution amplicon sequence variants (ASVs) were rarefied to a 
depth of 1031 reads per sample. This threshold was validated by rare
faction curves (SFig. 2), which indicated that ASV richness reached a 
plateau at this depth for the majority of samples. The raw sequencing 
depth per sample ranged from 1008 to 6682 reads (median: 3211 reads), 
and rarefaction resulted in the exclusion of one sample falling below the 
cutoff. Chloroplast, mitochondrial, and unassigned ASVs were removed 
prior to taxonomic classification. Finally, taxonomic assignments were 
performed using the classify-sklearn classifier trained on the SILVA 

138-99-NB diverse-weighted reference database at 99 % sequence sim
ilarity, and phylogenetic trees were constructed using the SEPP 
(SATé-enabled phylogenetic placement) algorithm.

2.5. Shotgun metagenomics sequencing

The quality and concentration of the DNA were assessed by Nano
Drop and Qubit 3.0 (dsDNA HS). Libraries were prepared using the 
DNBSEQ-G400RS high-throughput sequencing kit (MGI Tech, China). 
Approximately 100 ng DNA was enzymatically fragmented to 
~300–500 bp (MGIEasy FS), size-selected with beads, end-repaired, 

Table 1 
Diverse culture conditions of liquid enriched growth media.

Sample-Id Culture_condition Media Treatment Time

InSiAN12 microaerophilic insitu_media none 12hr
BHAN12 anaerobic brain_heart_infusion_broth sodium_sulfide 12hr
MRAN12 anaerobic mrs_media sodium_sulfide 12hr
TSAN12 anaerobic tryptic_soy_broth sodium_sulfide 12hr
NA6 aerobic nutrient_broth none 12hr
TS6 aerobic tryptic_soy_broth none 12hr
BH6 aerobic brain_heart_infusion_broth none 12hr
BA6 aerobic blood_broth none 12hr
NA6C aerobic nutrient_broth CHIR-090 12hr
TS6C aerobic tryptic_soy_broth CHIR-090 12hr
BH6C aerobic brain_heart_infusion_broth CHIR-090 12hr
BA6C aerobic blood_broth CHIR-090 12hr
NA36 aerobic nutrient_broth none 12hr
TS36 aerobic tryptic_soy_broth none 66hr
BH36 aerobic brain_heart_infusion_broth none 66hr
BA36 aerobic blood_broth none 66hr
NA42C aerobic nutrient_broth CHIR-090 66hr
TS42C aerobic tryptic_soy_broth CHIR-090 66hr
BH42C aerobic brain_heart_infusion_broth CHIR-090 66hr
BA42C aerobic blood_broth CHIR-090 66hr
KimA control control control control
KimB control control control control
KimC control control control control
olKim control control control control
NAM36 microaerophilic nutrient_broth cystein 66hr
TSM66 microaerophilic tryptic_soy_broth cystein 66hr
BHM36 microaerophilic brain_heart_infusion_broth cystein 66hr
BAM36 microaerophilic blood_broth cystein 66hr
MRM36 microaerophilic mrs_media cystein 66hr
NAAN36 anaerobic nutrient_broth cystein 66hr
TSAN36 anaerobic tryptic_soy_broth cystein 66hr
BHAN36 anaerobic brain_heart_infusion_broth cystein 66hr
BAAN36 anaerobic blood_broth cystein 66hr
MRAN36 anaerobic mrs_media cystein 66hr
BA30N aerobic blood_broth nalidixic_acid 66hr
NA30N aerobic nutrient_broth nalidixic_acid 66hr
BH30N aerobic brain_heart_infusion_broth nalidixic_acid 66hr
NA42N aerobic nutrient_broth nalidixic_acid 66hr
BA42N aerobic blood_broth nalidixic_acid 66hr
TS36N aerobic tryptic_soy_broth nalidixic_acid 66hr
BH36N aerobic brain_heart_infusion_broth nalidixic_acid 66hr
MR36C aerobic mrs_media CHIR-090 66hr
MR30N aerobic mrs_media nalidixic_acid 66hr
MR36 aerobic mrs_media none 66hr
InS12 aerobic insitu_media none 12hr
InS12N aerobic insitu_media nalidixic_acid 12hr
InS12C aerobic insitu_media CHIR-090 12hr
MR12 aerobic mrs_media none 12hr
MR12C aerobic mrs_media CHIR-090 12hr
MR12N aerobic mrs_media nalidixic_acid 12hr
TS12N aerobic tryptic_soy_broth nalidixic_acid 12hr
NAAN66 anaerobic nutrient_broth sodium_sulfide 66hr
BAAN66 anaerobic blood_broth sodium_sulfide 66hr
Insitu66C aerobic insitu_media CHIR-090 66hr
Insitu66 aerobic insitu_media none 66hr
Insitu66N aerobic insitu_media nalidixic_acid 66hr
InsitumAA microaerophilic insitu_media none 66hr
BHAN66 anaerobic brain_heart_infusion_broth sodium_sulfide 66hr
MRAN66 anaerobic mrs_media sodium_sulfide 66hr
TSAN66 anaerobic tryptic_soy_broth sodium_sulfide 66hr
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adapter-ligated, PCR-amplified, and purified. The amplified products 
were then subjected to single-stranded circularization and digestion to 
generate DNA nanoballs (DNBs). Sequencing libraries were then quan
tified and quality-checked using the Qubit dsDNA HS Assay Kit and 
Agilent 2100 Bioanalyzer. Paired-end (PE150) sequencing was per
formed on the DNBSEQ-G400RS platform (MGI, Shenzhen, China) at 
KNU, NGS Core Facility (Daegu, Korea).

2.6. Shotgun data bioinformatics analysis

Raw reads were first quality filtered and adapter-trimmed using 
Trimmomatic v0.39 with a sliding window approach (Bolger et al., 
2014). High-quality reads were assembled de novo using MEGAHIT v1.2 
(D. Li et al., 2015). Reads were mapped back to assemblies with Bowtie2 
to calculate contig coverage. Genome binning was conducted with 
MetaBAT2, VAMB, and MaxBin2.0, and bins were refined using Meta
WRAP. The completeness and contamination of metagenome-assembled 
genomes (MAGs) were assessed with CheckM. MAGs with ≥90 % 
completeness and <5 % contamination were retained as high-quality 
MAGs. Taxonomic assignment was then performed using GTDB-Tk 
(v2.1). MAGs obtained from GTDB-Tk were then used to construct a 
phylogenetic tree by utilizing iTOL platform. Gene prediction was con
ducted with Prodigal, and redundant proteins were clustered at 95 % 
identity using CD-HIT. Probiotic property functional annotation of 
predicted proteins was then performed using eggNOG-mapper, and 
dbCAN for CAZyme identification. Moreover, secondary metabolite 
biosynthetic gene clusters were predicted using antiSMASH (v6.1). 
Safety-related genomic features were predicted by aligning predicted 
protein sequences against the CARD (Alcock et al., 2019) and VFDB (Liu 
et al., 2022) databases to identify ARGs and VFs, respectively. To assess 
the potential for horizontal gene transfer, MGEs were identified by 
aligning sequences against the MobileOG (Brown et al., 2022) database. 
This MGE alignment was performed using DIAMOND blastp with a 
maximum e-value of 1e− 5. To ensure robust identification, raw hits were 
rigorously filtered to retain only alignments exhibiting a minimum 
amino acid identity of 40 % and a query coverage of at least 70 %.

2.7. Isolation of strains and respective genomic identification

Freeze-stored samples were thawed, serially diluted (10− 6) in sterile 
saline, and 100 μL of each dilution was spread on solid media and 
incubated at diverse culture conditions to isolate the strains. Then, about 
15–20 colonies with distinct morphology were selected and purified 
multiple times till a single isolate was obtained by utilizing the same 
media. The isolates were then stored in multiple 25 % glycerol stock 
solutions. The genomic DNA of the isolated strains was then extracted 
and submitted to Macrogen (Seoul, Korea) for Sanger–based sequencing. 
Nearly full-length 16S rRNA gene was amplified using universal primers 
(27F/1492R), followed by bidirectional internal sequencing with 
primers (785F/907R) on an ABI 3730xl platform, generating a contig
uous consensus sequence of ≥1350 bp that was finally blasted to the 
NCBI database for identification.

2.8. Statistical analysis and visualization

All statistical analyses and visualization of metagenomics data were 
conducted in R software (v4.4.0) using the packages phyloseq (McMurdie 
and Holmes, 2013) and microeco (Liu et al., 2021). Alpha diversity was 
assessed based on species richness (Chao1 index) and diversity (Shannon 
index). To ensure statistical robustness, group comparisons were per
formed using the Kruskal–Wallis rank-sum test, followed by Dunn's 
post-hoc test with Benjamini-Hochberg (FDR) correction to control the 
false discovery rate. Beta diversity was evaluated through principal 
coordinates analysis (PCoA) based on the Bray–Curtis dissimilarity 
index to visualize microbial community composition. The statistical 
significance of between-group differences in community structure was 

assessed using Permutational Multivariate Analysis of Variance (PER
MANOVA) with 999 permutations. Redundancy analysis (RDA) was 
further applied to explore the relationships between enrichment culture 
conditions and microbial community structure. However, it should be 
noted that due to the exploratory nature of the enrichment design, sta
tistical comparisons were performed on aggregated groups rather than 
between individual unique conditions. Therefore, reported P-values 
should be interpreted as indicative of broad ecological patterns guiding 
isolation strategies, rather than confirmatory variance analysis.

3. Results and discussion

3.1. Effect of enrichment growth media and suppressant

To capture a comprehensive picture of microbial diversity, including 
rare taxa, multiple liquid growth media were used for enrichment prior 
to the isolation of individual strains on solid media from kimchi samples. 
MRS, NB, TSB, BB, BHI, and an In–situ matrix were the enrichment 
media utilized to achieve this objective. The term “control” was applied 
to the four kimchi samples as they don't pass through any isolation or 
enrichment step. In the context of growing the kimchi's core micro
biome, mostly lactobacilli, with substantial Leuconostoc and Weissella, 
the In–situ medium largely mimics the control sample, according to 
amplicon sequencing data (Fig. 1A and B, SFig. 3). This may be attrib
uted to the dominant microbes being well adapted to the food matrix 
and its associated metabolites, enabling them to grow more rapidly in 
this culture medium than in synthetic media (Torres et al., 2020). MRS 
medium also promoted the growth of dominating bacteria, with the 
community composition somewhat different from the control (Fig. 1A 
and B). Given its innate selectivity of MRS for LAB, and LAB's natural 
dominance in kimchi samples, this outcome was predictable. However, 
while these two media effectively represented the dominating taxa, they 
had limits in portraying the less abundant taxa found in the control 
sample (Fig. 1B). Generalist enrichment media like the above two also 
favored the growth of LAB but these media exceptionally provided 
greater resolution of low-abundance taxa not captured in metagenomic 
profiles. For example, BHI increased Lactococcus and Enterococcus, BB 
expanded non-LAB fractions including Enterococcus and Bacillus, while 
TSB and NB enriched Gammaproteobacteria such as Acinetobacter and 
Hafnia–Obesumbacterium, which are opportunistic pathogens (Fig. 1A 
and B, SFig. 3).

The flower venn diagram showed a core of 14 taxa (52.2 %) shared 
across all enrichment media, reflecting a robust kimchi core micro
biome. Each medium also contributed unique taxa, most notably BB 
(36), NB (16), TSB (13), BHI (12), Insitu (11), and MRS (10), while 
control samples contained 27 exclusive taxa absent from culture-based 
methods (Fig. 1C). This suggests generalist media can unlock sup
pressed taxa compared to selective media. Beta diversity (PCoA, 45.1 % 
variance) showed distinct clustering by medium (Fig. 1D–STable 2), 
which showed In–situ samples overlapped with controls, indicating 
microbial ecological fidelity; NB and BB diverged from the lactobacilli- 
centric cluster; and TSB lay between LAB- and Proteobacteria-rich re
gions. In contrast, alpha diversity (Chao1 and Shannon) displayed 
comparable levels across media (Fig. 1E and D), a pattern potentially 
reflecting core microbiome dominance, selective enrichment effects, or 
distinct medium-dependent conditions (Armetta et al., 2025; Kers and 
Saccenti, 2022).

In addition to employing different enrichment growth media, selec
tive agents, both suppressants and growth promoters, were introduced 
to enhance the enrichment potential of the culture conditions. Specif
ically, we applied CHIR-090 and nalidixic acid to suppress fast-growing 
Gram-negative bacteria, thereby facilitating the recovery of more rare 
fastidious taxa. These agents had little visible effect on MRS and In–situ 
media, since both of which were dominated by LAB, but they clearly 
reduced Gram-negative proliferation in generalist media, particularly 
with nalidixic acid (Fig. 1A–Table 1). The observed restriction of Gram- 
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negative bacteria can be attributed to the distinct modes of action of the 
inhibitors: nalidixic acid interferes with DNA gyrase and topoisomerase 
IV, whereas CHIR-090 inhibits LpxC, a key enzyme in lipid A biosyn
thesis. Together, these mechanisms are known to preferentially 
constrain the proliferation of rapidly growing Gram-negative bacteria 
(Barb et al., 2007; Spencer and Panda, 2023). However, within the 
limitations of the present dataset and in the absence of detailed 
time-series measurements, only CHIR-090 exhibited a clear initial sup
pressive effect on Gram-negative growth in the generalist medium, and 
this inhibitory effect diminished with prolonged incubation.

Overall, the media selection is the most important factor influencing 
the recovery of microbial strains from fermented food samples. In–situ 
media offer the most ecological authenticity, followed by MRS, which 
best retains the kimchi LAB core. In–situ media, in particular, may be 
capable of reproducing kimchi microbial consortia that preserve intra- 
and inter-microbial diversity. BHI and BB promote greater Firmicute 
diversity beyond lactobacilli, whereas TSB and NB create habitats for 
aerobic and facultative Proteobacteria. In practice, a combinatorial 

plating method that combines In–situ/MRS for microbial ecological fi
delity and BHI/BB/TSB for larger taxonomic coverage provides the 
greatest isolation frontier. These enrichment media, especially when 
coupled with selecting agents, may be a useful technique for cultivating 
functionally relevant microbial communities while maintaining species- 
and strain-level diversity, without the urgent need for single-strain 
isolation.

3.2. Effect of oxygen supply and scavenging agents

The level of oxygen availability is not only critical for the growth of 
microbial strains but also influences their potential applications. It is 
especially important to confirm the capacity of probiotic strains to 
function in the very hypoxic conditions of the human gastrointestinal 
tract (Khan et al., 2023). To assess the impact of oxygen content on our 
enrichment growth media, three conditions were established: aerobic, 
anaerobic, and microaerophilic. Across these settings, the core LAB 
species remained significant, although their relative abundance varied 

Fig. 1. Effects of enrichment culture media on the microbial community structure. (A) Relative abundance of taxa at the genus level, (B) Mean genus-level relative 
abundance by growth medium with hierarchical clustering, (C) Venn diagram showing shared and unique genera across media, (D) Principal coordinates analysis 
(PCoA, Bray–Curtis) illustrating beta diversity patterns, (E–F) Alpha diversity indices (Chao1 and Shannon) across media. Media abbreviations: BB, blood broth; BHI, 
brain heart infusion; In–situ, kimchi-derived medium; MRS, de Man–Rogosa–Sharpe; NB, nutrient broth; TSB, tryptic soy broth.
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according to oxygen availability (Fig. 2A). Notably, the microaerophilic 
state was most similar to the LAB-dominant community, indicating that 
lowered redox conditions are better for preserving the original kimchi 
microbiome. Lactococcus and Bacillus were among the low-abundance 
species recovered under these conditions. Anaerobic conditions main
tained LAB dominance but had lower evenness and fewer contributions 
from other Firmicutes. In contrast, aerobic conditions resulted in a sig
nificant non-LAB abundance, predominantly Enterococcus and Acine
tobacter. This reflects the tendency of Gram-negative, fast-growing, 
opportunistic organisms present in low abundance in the food matrix to 
flourish when oxygen is accessible (Birmeta et al., 2019).

A core of around 20 taxa (57.6 %) was found in all four oxygen- 
manipulated growth conditions, confirming the presence of oxygen- 
insensitive members of the kimchi microbiome. This is to be expected 
given that LAB dominate the core community, with the majority of them 
being facultative anaerobes capable of growing in both the presence and 
absence of oxygen (Heo et al., 2024). Each oxygen state also produced 
distinct lineages, with aerobic conditions contributing the most (82 taxa; 
12 %), followed by anaerobic (21 taxa; 1.2 %), and microaerophilic (10 

taxa; 0.7 %) (Fig. 2B). Although aerobic settings increased total di
versity, microaerophilic and anaerobic environments were more effec
tive at capturing core taxa as well as the most technologically relevant 
strains. This was verified by alpha diversity analysis, where aerobic 
cultures had higher richness but produced uneven communities domi
nated by rapidly growing microbes (Fig. 2C and D). Conversely, strin
gent anaerobiosis coincided with lower richness and evenness, 
potentially reflecting a selection for facultative anaerobes. The micro
aerophilic condition, on the other hand, appeared to maintain an 
ecological balance, displaying diversity and richness levels comparable 
to the control samples. Beta diversity analysis visualized these distinct 
compositional trends: microaerophilic samples were positioned near the 
controls, aerobic samples exhibited divergence, and anaerobic samples 
formed a distinct, tightly grouped cluster (Fig. 2E). Similarly, the RDA 
plot highlighted a tendency for aerobic conditions to co-occur with 
Acinetobacter and Lactococcus, whereas lactobacilli appeared to align 
more strongly with microaerophilic and anaerobic conditions (Fig. 2F).

In addition to reducing oxygen supply, two well-known oxygen 
scavengers, cysteine and sodium sulfide, were used to improve 

Fig. 2. Influence of oxygen supply on enrichment microbial community composition. (A) Mean genus-level profiles to show microbial composition, (B) Venn di
agram to demonstrate shared and unique genera, (C–D) Alpha diversity indices (Chao1 and Shannon) to show inter sample differences, (E) Principal coordinates 
analysis (PCoA, Bray–Curtis) illustrating beta diversity, (F) Constrained ordination bi–plot (RDA) to show taxon–oxygen supply associations. Media abbreviations: 
BB, blood broth; BHI, brain heart infusion; In–situ, kimchi-derived medium; MRS, de Man–Rogosa–Sharpe; NB, nutrient broth; TSB, tryptic soy broth.
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anaerobic conditions. In these tests, it was determined that the additives' 
impact went beyond simply causing anaerobiosis; they also influenced 
the microbial community structure of the enrichment media (Fig. 1A). 
Notably, sodium sulfide effectively inhibited Gram-negative bacteria 
while retaining anaerobic taxa. This action is most likely due to the 
generation of hydrogen sulfide, which inhibits cytochromes and other 
metal-based enzymes that are especially sensitive in many Gram- 
negative bacteria (Korshunov et al., 2016). Thus, sodium sulfide's se
lective influence stems from both its ability to produce anaerobic con
ditions and its direct inhibitory activity on Gram-negative bacteria. 
Overall, oxygen availability determines both which microorganisms 
grow and how evenly they are distributed. To capture the whole range of 
bacteria from fermented functional foods, a balanced mixed-oxygen 
method is proposed to produce representative probiotic and post–
biotic candidates. For instance, the best culture conditions for Kimchi 
samples depend on the desired outcome: microaerophilic settings 
maintain microbial ecological fidelity, aerobic conditions extend taxo
nomic coverage, and anaerobic conditions enrich for LAB. Similarly, 
oxygen scavenging agents shape microbial structure under strict 

anaerobiosis: cysteine gently lowers redox potential, supporting a 
diverse lactobacilli-centered community, whereas sodium sulfide im
poses a stronger reduction, suppressing aerobic Gram-negatives and 
concentrating LAB, resulting in the most distinct anaerobic signature in 
both composition and diversity.

3.3. Effect of inoculation time

The microbial community composition was also affected by the 
enrichment time. After 12 h of incubation time, the microbial profiles 
remain lactobacilli-centric and closely resemble the control sample 
(Fig. 3A). However, after 66h of incubation period, the composition 
shifted from lactobacilli-centric to an inclusion of more non-LAB species, 
most notably Acinetobacter, Bacillus, and Lactococcus. This strong time- 
based skewness was also observed in the showing about 107 unique 
taxa, which contribute about 18.9 % the total taxa composition 
(Fig. 3B). This is mainly due to the prolonged incubation period, which 
promotes late-appearing spore forms, and facultative non-LAB that are 
rare or suppressed at the early stage of the incubation period. The 

Fig. 3. The impact of the incubation time (12 h and 66h) on the recoverable diversity. (A) Mean genus microbial profiles across incubation time, (B) Venn diagram 
showing unique and shared taxa, (C–D) Alpha diversity (Chao1, Shannon) inter-sample microbial diversity, (E) Principal coordinates analysis (PCoA, Bray–Curtis) 
showing beta diversity, (F) Ordination bi–plot (RDA) showing the association between incubation time and microbial taxa.
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underlying mechanism of the outcome would be the “competitive 
release” notion, which deals with the gradual elimination of inhibition 
and resource re-partitioning (Lund et al., 2020). Moreover, an observed 
trend of higher richness and evenness was noted at the extended incu
bation time (Fig. 3C and D). Consistent with this, samples from the 66 h 
incubation period exhibited distinct separation from the control and 
12 h samples in the beta diversity analysis (Fig. 3E–STable1). This shift 
appeared to coincide with the relative enrichment of Acinetobacter, Ba
cillus, and Lactococcus communities (Fig. 3F).

Generally, incubation time affects both which microbes grow and 
how evenly they coexist. Short incubations maintain the kimchi LAB 

signature, but if the objective is to get a better resolution, extended in
cubations diverge compositionally yet unlock a substantially broader 
culturable repertoire. Nevertheless, it is also important to acknowledge 
that while extended incubation (66 h) unlocks microbial diversity, it 
also enriches opportunistic pathogens such as Acinetobacter. Conse
quently, if the major objective is to isolate classical probiotics from FFs, 
avoiding excessively long incubation times may be advisable to mitigate 
these safety risks and maintain a lactobacilli-dominant core. However, 
in the context of culturomic discovery, avoiding these conditions would 
inadvertently exclude rare but potentially beneficial taxa (e.g., Bacillus 
and Lactococcus). Furthermore, microbial growth and its associated 

Fig. 4. Ecological drivers and strain resolved high quality metagenome assembled genome (HQ-MAGs). (A) Random-forest markers distinguishing the growth media 
together with corresponding relative abundance distributions, (B) Heat map showing a considered factor importance (p-values) on core–LAB genera, (C) Phyloge
nomic tree of representative HQ-MAGs with per-genome metrics of genome size, completeness, contamination, and gene counts. Bootstrap support is indicated by 
node symbols. Media abbreviations: BB, blood broth; BHI, brain heart infusion; In–situ, kimchi-derived medium; MRS, de Man–Rogosa–Sharpe; NB, nutrient broth; 
TSB, tryptic soy broth.
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metabolic product dynamics in enrichments were not monitored in this 
study due to the high-throughput scale of the enrichment matrix. Future 
work combining time-resolved metabolite measurements with meta
genomics will be essential to mechanistically connect the ecological 
transitions observed here to underlying fermentation chemistry.

3.4. Functional properties of high–quality metagenomics assembled 
genome (MAG)

Differences among growth media were most strongly marked by 
species of Weissella and Leuconostoc, followed by lactobacilli (Fig. 4A). 
Practically, this means that the core microbiome can be captured in 
almost every enrichment media tested under this investigation. Impor
tantly, the type of medium proved to be the strongest determinant in 
cultivating these taxa, with aeration exerting a secondary while incu
bation time contributed only a minor additional effect (Fig. 4B). Uti
lizing this information, 32 culture conditions were selected for further 
shotgun metagenomics sequencing to enhance strain-level resolution 
and facilitate functional genome mining for the assessment of probiotic 

and safety attributes (STable 1). The MAG set was predominately 
composed of genera associated with Lactic Acid Bacteria (LAB), 
encompassing key functional groups identified in the enrichment sam
ples. Leuconostoc species, specifically Lc. citreum, Lc. kimchi, and a strain 
of Lc. mesenteroides, formed a cohesive clade supported by high boot
strap values (Fig. 4C). Similarly, members of the family Lactobacillaceae, 
represented here by Lactiplantibacillus plantarum (Lpb. plantarum), Lat
ilactobacillus sakei (Lat. sakei), and Levilactobacillus brevis (Lev. brevis), 
mirrored the core LAB diversity previously identified by amplicon 
sequencing. Distinct phylogenetic branches were also resolved for 
Weissella (W. koreensis, W. viridescens), Lactococcus (Lac. lactis, Lac. 
garvieae), and Enterococcus (E. faecalis, E. lactis), confirming the recovery 
of a broad range of lactic acid producers.

Most bins satisfied high-quality MAG requirements (>90 % 
completeness and <5 % contamination), though distinct variations in 
genomic architecture were observed (Fig. 4C). Unlike the relatively 
uniform genome sizes among the Weissella and Lactobacillaceae repre
sentatives, substantial genomic expansion was noted within the Leuco
nostoc clade. In particular, one Lc. mesenteroides MAG exhibited an 

Fig. 5. Functional potential of HQ-MAGs. (A) Heatmap of probiotic-related features per MAG, (B) Secondary-metabolite biosynthetic gene clusters (BGCs) per 
genome by class, (C) A bar chart representing CAZy class totals, (D) Heatmap depicting the CAZy family's diverse glycan-use repertoires.
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exceptionally large genome size and gene count compared to its coun
terparts. This genomic plasticity may indicate the acquisition of acces
sory genes facilitating metabolic adaptation or environmental flexibility 
within the fermentation matrix (Candeliere et al., 2024). Overall, the 
high resolution of the assembly combined with robust phylogenetic 
placement confirms that the recovered MAGs represent the ecologically 
dominant and biotechnologically significant fraction of the kimchi 
microbiome.

3.4.1. Probiotic properties of strains
Candidate probiotic strains are generally expected to exhibit func

tional properties such as adhesion capacity, pH tolerance, short-chain 
fatty acid (SCFA) production, exopolysaccharide (EPS) biosynthesis, 
bile salt hydrolysis (BSH), and metabolic versatility regarding carbo
hydrate sources (Fentie et al., 2024; Wang et al., 2024). While in vitro 
validation is essential, genome-wide functional profiling provides a 
robust framework for selecting putative probiotic strains (Castro-López 
et al., 2021). The probiotic potential of the high-quality MAGs 
(HQ-MAGs) was evaluated by mining functional genes against the 
EggNOG, antiSMASH, and dbCAN databases (Fig. 5). Consistent with 
their isolation from a fermented food environment, nearly all identified 
bins exhibited high genomic potential for low pH tolerance and carbo
hydrate utilization. This aligns with the selective pressures of the 
fermentation niche, where adaptation to acidic conditions and complex 
substrate metabolism is critical for survival. Enterococcus species 
(E. faecalis and E. lactis) and Leuconostoc species (Lc. mesenteroides and 
Lc. kimchi) displayed particularly strong scores for carbohydrate utili
zation and acid tolerance, reflecting their active metabolic roles in 
vegetable fermentation.

In contrast to the widespread resistance to acid stress, the capacity 
for bile salt hydrolysis (BSH) appeared limited across the dataset. With 
the exception of minor signals in Weissella spp., most bins displayed low 
functional completeness for BSH pathways (Fig. 5A). This suggests that 
while these strains are well-adapted to the fermentation environment, 
their ability to hydrolyze bile salts in the gastrointestinal tract may be 
strain-specific or less pronounced than their acid tolerance. Regarding 
colonization factors, distinct variation was observed among the lactic 
acid bacteria (LAB). Lpb. plantarum emerged as a standout candidate, 
exhibiting a unique combination of moderate-to-high scores for both 
adhesion capacity and EPS biosynthesis, alongside robust carbohydrate 
metabolism. This profile distinguishes Lpb. plantarum from other LAB in 
this cohort, such as Lat. sakei and Lev. brevis, which showed compara
tively lower genomic potential for adhesion and EPS production. The 
presence of these genes in Lpb. plantarum supports its potential to be 
considered as probiotic candidate capable of temporary gastrointestinal 
colonization and mucosal interaction (Goh, 2009; Senanayake et al., 
2025). While Enterococcus bins displayed robust metabolic toolkits and 
stress resistance, their application requires stringent safety assessments 
given the genus's association with opportunistic pathogenicity.

The genomic potential for secondary metabolite production within 
the identified metagenome-assembled genomes (MAGs) was assessed 
using antiSMASH. The analysis predicted a diverse array of putative 
biosynthetic gene clusters (BGCs) across the recovered taxa. Based on 
the in silico annotations, the most BGC-rich genomes were assigned to Lc. 
mesenteroides, followed by Lat. sakei, Lac. garvieae, and Lev brevis. 
Additional clusters were identified in Lpb. plantarum, Lac. lactis, Lc. cit
reum, E. faecalis., Weissella spp., and C_J. sulfidigenes (Fig. 5B). The pre
dicted BGC composition appeared to be dominated by clusters 
associated with Type III polyketide synthases (T3PKS), RiPP-like 
(Ribosomally synthesized and Post-translationally modified Peptides), 
and cyclic-lactone-autoinducer classes. Notably, putative lanthipeptide 
(class I and IV) and other bacteriocin-associated clusters (e.g., LAP, 
thiopeptide) were also detected, particularly within the Lactobacillaceae 
and Leuconostocaceae families. If expressed, these gene clusters suggest a 
potential for bacteriocin synthesis, a trait frequently observed in LAB 
strains that contributes to antagonism against foodborne pathogens and 

colonization resistance (Zhang et al., 2023).
Furthermore, recurring fractions of clusters annotated as terpenes, 

betalactones, and (metallo)-siderophores were identified across the 
dataset (Fig. 5B). The presence of putative T3PKS and terpene elements 
is of particular interest, as these classes have been previously linked to 
the production of lipophilic metabolites that may support membrane 
integrity and stress responses (Shah et al., 2025); however, experimental 
validation is required to confirm these functions in the specific MAGs 
described here. Additionally, several genomes contained “cyclic-lactone 
autoinducer” predictions. These sequences may represent distant ho
mologs of quorum-sensing (QS) systems, potentially hinting at 
cell-to-cell communication capabilities within these Gram-positive 
backgrounds (Fig. 5B). Overall, the antiSMASH landscape suggests a 
functional potential in which LAB-dominated MAGs could contribute to 
a multi-layered antimicrobial metabolite network. This predicted 
genomic architecture provides a mechanistic hypothesis for the pro
biotic value of these strains, identifying high-priority targets for future 
isolation and phenotypic characterization.

The carbohydrate-active enzyme (CAZyme) profile of the identified 
HQ-MAGs was dominated by glycoside hydrolases (GH) and glycosyl
transferases (GT), followed by a substantial contribution from 
carbohydrate-binding modules (CBM) and carbohydrate esterases (CE) 
(Fig. 5C). Family-level resolution revealed that GT2 and GT4 were the 
most abundant glycosyltransferases across the majority of identified 
MAGs, with particularly high counts observed in Lpb. plantarum 
(Fig. 5D). These families support exopolysaccharide synthesis, a trait 
essential for stress tolerance, biofilm formation, and immune modula
tion within the gut environment (Z. Huang et al., 2021). Among the 
glycoside hydrolases, the GH1 family was ubiquitously enriched, 
particularly in Lpb. plantarum, E. lactis, and Lc. mesenteroides. Together 
with minor contributions from GH13 and GH3, this enzymatic repertoire 
enables the utilization of vegetable-derived oligo- and polysaccharides 
(such as β-glucosides), promoting colonization and potential 
cross-feeding activities (Møller et al., 2014). Furthermore, the heatmap 
highlights a distinct enrichment of peptidoglycan-associated families, 
specifically GH25, GH23, and CBM50 (LysM domains). The high abun
dance of GH25 and CBM50 implies active cell-wall turnover and 
autolysis capabilities; these processes release peptidoglycan and tei
choate fragments with documented immunomodulatory effects and may 
enhance co-aggregation with pathogens to promote competitive exclu
sion (Dik et al., 2017). Additionally, the presence of S-layer homology 
(SLH) domains in select strains (e.g., Lpb. plantarum) further supports 
surface adhesion potential. Mucin-targeting families (such as 
GH101/109) were notably absent from the dominant features, rein
forcing the safety profile regarding host mucus barrier integrity 
(Fig. 5D). Overall, the eggNOG, dbCAN, and antiSMASH profiles com
plement each other, indicating that the MAGs possess a robust probiotic 
signature well-suited for gut-ecosystem support.

3.4.2. Safety properties of probiotic strains
The mere existence of antibiotic resistance genes (ARGs) and viru

lence factors (VFs) in probiotic candidates is not inherently alarming, 
provided these elements are intrinsic to the chromosomal DNA and lack 
mobility (Xu et al., 2025). Significant safety concerns arise only when 
these determinants colocalize with mobile genetic elements (MGEs), 
thereby posing a risk of horizontal gene transfer (Merenstein et al., 
2023). In this study, the intersection of these genomic features revealed 
that the majority of identified elements were isolated MGEs (59 %) or 
VFs (20 %) unrelated to mobility mechanisms. Crucially, only 1 % of the 
total pool represented ARGs located on MGEs, while 4 % represented a 
colocalization of ARGs, VFs, and MGEs (Fig. 6A).

The phylogenetic distribution of these risks was highly taxon- 
specific. While Lat. sakei accounted for the highest volume of total 
identified elements (Fig. 6A), the specific association of risk factors with 
mobile elements was most pronounced in E. faecalis, C._J. sulfidigenes, 
and Lc. mesenteroides. These taxa exhibited the highest density of 
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Fig. 6. Safety landscape of HQ-MAGs (A) UpSet plot of intersections among antibiotic-resistance genes (ARG), virulence factors (VF), and mobile genetic elements 
(MGE) with group contributions, (B) Bubble chart partitioning ARG/VF counts by genomic context across taxa, (C) Heatmap showing the ARG mechanism of action, 
(D) Heatmap demonstrating the VF category.
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plasmid- and prophage-associated VFs and ARGs (Fig. 6B). In contrast, 
bins classified as Lev. brevis, Lpb. plantarum, and W. viridescens displayed 
a favorable safety profile, characterized by a distinct lack of plasmid- or 
prophage-borne resistance determinants.

To assess the functional risks associated with these mobile de
terminants, we performed a mechanism-level screening of the resistome 
(Fig. 6C). The analysis revealed a stark dichotomy between potential 
pathogens and food-associated LAB. E. faecalis and C._J. sulfidigenes 
exhibited high-intensity signals for high-risk mechanisms, including 
β-lactamases, vancomycin resistance clusters (van genlux), and diverse 
efflux pumps (Tet and QAC/biocide). Notably, Lc. mesenteroides also 
displayed a substantial burden of mobile resistance genes, specifically 
β-lactamases and ABC efflux systems, diverging from the typically low- 
risk profile associated with the genus. Conversely, the majority of other 
LAB MAGs (e.g., Lpb. plantarum, Lat. sakei) showed sparse, mechanism- 
limited profiles dominated by intrinsic features such as regulatory de
terminants and reduced permeability, consistent with housekeeping- 
level resistance rather than acquired transmissible traits (Forster et al., 
2022).

Finally, the virulence landscape was evaluated to distinguish be
tween pathogenic potential and commensal adaptation (Fig. 6D). While 
adhesion and colonization factors were ubiquitously detected across 
most bins, reflecting necessary traits for gut residence, the presence of 
aggressive virulence markers was rare. High-risk categories, such as 
toxins and specialized secretion systems, were conspicuously absent in 
Lpb. plantarum, Lat. sakei, and W. koreensis. However, Lc. mesenteroides 
and C._J. sulfidigenes were exceptions, showing elevated intensities for 
toxin production and secretion systems (Fig. 6D). Collectively, these 
results confirm that with the exception of specific Enterococcus, and 
Clostridium-related bins, the identified LAB candidates possess a 
genomic architecture consistent with safe, food-grade organisms, devoid 
of the mobile resistome and toxigenic potential that would preclude 
their use as probiotics.

3.5. Systematic culturomics based strain isolation

The allocation of plates and culture conditions was deliberately 
designed based on microbiome and functional analysis results of the 
enriched samples to optimize the recovery of expected taxa. Neverthe
less, due to the known limitation of metagenomics in detecting the “rare 
biosphere”, it was also critical to preserve flexibility in isolating unex
pected taxa that may develop under unconventional or optimum settings 

(Lagier et al., 2018). This work ultimately recovered more than 90 
bacterial isolates representing six major clades, ranging from core lactic 
acid bacteria (LAB) to diverse non-LAB lineages characteristic of kimchi 
fermentation (Fig. 7A), consistent with the findings of metagenomic 
analysis (Figs. 1–4). Among all examined media, the strains of Lat. sakei 
(n = 20) and Lc. mesenteroides (n = 12) were predominant in the 
collection (Fig. 7B). This prevalence, regardless of cultured media and 
conditions, originates from the dominance in the original samples, as 
previously indicated in classical kimchi succession models and targeted 
isolation experiments (Lee et al., 2020; J. Park et al., 2024). However, 
other than the above two strains, the majority of lactobacilli and Leu
conostoc strains were isolated in the In–situ and/or MRS growth media 
(Fig. 7B). More specifically, strains of Lc. carnosum, Lc. curvatus, Lev. 
brevis, Lpb. plantarum, and Lc. gelidum were isolated from the 
above-mentioned growth media most of the time in microaerophilic 
environment. However, a strain of Lc. lactis was surprisingly isolated 
from a non-selective BA growth medium by overcoming the struggle 
with the other rapidly growing microorganisms. Overall, the dominance 
of LAB isolates in the majority of the growth media and culture condi
tions is expected from the FF sample, including alcoholic beverages 
(Fentie et al., 2022).

A strain of W. virdescens, W. confusa, W. kandleri were also domi
nantly isolated in the In–situ and/or MRS growth media in micro
aerophilic culture conditions. Enterococcus lactis, on the other hand, was 
peculiarly isolated from In–situ growth media. Comparative genomic 
study indicates that numerous strains of this species have demonstrated 
safety record, warranting their consideration as next-generation pro
biotics (Lu et al., 2023; Tadesse et al., 2024). Moreover, strains of Ba
cillus species, particularly those that might have health-promoting 
properties, such as B. subtilis, B. cereus, and B. amyloliquefaciens, as well 
as opportunistic pathogens such as B. velezensis, B. halotolerans, 
B. pumilus, and B. safensis, were isolated mainly from BA and TSA growth 
media, mainly at aerobic culture conditions (Fig. 7A). These strains are 
one of the showcases of the extended isolated microbial taxa outside LAB 
recoveries, showing ecological niches that are commonly neglected 
when depending exclusively on selective LAB media and focusing on the 
dominating taxonomic (Fig. 7A–STable 3).

Among the isolated strains Lc. gelidum, Lev. brevis, W. kandleri, 
E. lactics, and some Bacillus species were the isolates recovered from 
kimchi samples that had not been previously documented. Additionally, 
the majority of the strains had microgenomic (sub-strain) diversity, 
highlighting sub-strain level differences that may contribute to 

Fig. 7. Solid media isolation outcomes. (A) Phylogeny of cultured isolates colored by genus, (B) Heat map showing the isolation and respective growth media matrix.
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significant functional properties. By contrast, taxa reported in other 
kimchi studies, mainly Pediococcus, were not recovered here (Ko et al., 
2023; Mun et al., 2024). The most plausible explanations might be: (i) 
limitations in experimental design, particularly the lack of deliberate 
temperature modulation as a culture-condition variable, and/or (ii) true 
absence of Pediococcus in the original sample. Meanwhile, a few path
ogenic bacteria, including strains of Pseudomonas, were also co-isolated 
alongside presumed functional strains (Fig. 7A). Taken together with 
functional and safety profiles, most, though not all, isolates of 
W. Lactococcus, Enterococcus, Leuconostoc, and Bacillus show potential as 
putative next-generation probiotics, pending deeper downstream char
acterization. Furthermore, in-situ media prepared from raw food in
gredients with an appropriate energy source closely replicated the 
original community, making them particularly useful for isolating 
dominant taxa from other fermented-food samples as well.

Collectively, although there is a high taxonomic similarity between 
the isolated strains and the high-quality MAGs, the robust probiotic and 
safety profiles observed in the MAGs, characterized by low and primarily 
non-mobile ARG/VF burdens, do not automatically extend to the iso
lated strains, despite their shared species identity. We acknowledge the 
inherent limitations of functional and safety characterizations derived 
from MAGs, as these represent consensus genomic reconstructions of the 
microbial community. Given the prevalence of strain-level micro
diversity, these consensus genomes may not fully capture the specific 
gene content of every individual isolate recovered. To definitively 
bridge this gap, future work will prioritize Whole Genome Sequencing 
(WGS) of the isolated strains, allowing for direct verification of the in 
silico predictions against the actual genomic architecture of the isolates. 
Furthermore, recognizing that genomic potential does not guarantee 
phenotypic expression, this collection will serve as a foundational li
brary for comprehensive in vitro validation, including assays for adhe
sion, acid tolerance, bile salt hydrolysis, and antimicrobial activity, 
followed by in vivo efficacy trials. In this context, the MAG atlas gener
ated here serves as a high-resolution ecological and genomic scaffold, 
guiding the targeted selection of isolates for rigorous downstream 
validation.

4. Conclusions

This study employed a comprehensive systematic culturomics pipe
line, from liquid-enriched growth media to ecological-aware solid media 
isolation to unlock the true health-promoting potential of FFs, using 
cabbage kimchi as a model. Among all variables tested, growth media 
selection was the most critical factor for enriching and isolating mi
crobial strains, outweighing oxygen supply, incubation time, and addi
tion of promoter or suppressant agents. In–situ and MRS media preserve 
the lactobacilli-core, while generalist media expand diversity to Firmi
cute non-LAB and selected Proteobacteria. Particularly, In–situ media 
yielded microbial profiles most closely resembling the control sample 
microbial community, underscoring their potential to develop a multi- 
species, multi-strain native consortia from FFs. Shotgun metagenome 
genome mining further showed that the majority of identified MAGs 
carry the most desirable probiotic and bacteriocin-producing features, 
and low or largely non-mobile ARG/VF burdens. Using this 
metagenome-informed strategy, more than 90 functional strains 
composed of six genera were isolated on solid growth media. Overall, 
this study underscores that maintaining the microbial ecological fidelity 
of functional strains within FFs is crucial for harnessing their potential as 
next-generation probiotics and achieving the genuine health-promoting 
effects of these foods.
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