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Abstract

Bombiscardovia sp. JNUCC 75 (=CH12) was isolated from the flowers of Prunus yedoen-
sis on Jeju Island, representing one of the few known flower-associated members of the
Bombiscardovia asteroides group. Whole-genome sequencing revealed a compact 2.28 Mb
genome and a functional gene profile enriched in translation, amino-acid metabolism,
and DNA repair. Although the strain contains a pseudogene content comparable to other
B. asteroides-group members, the overall genomic architecture—together with the presence
of stress-response and polyprenyl/terpenoid biosynthetic pathways—suggests adaptation
to oxygen-variable, phenolic-rich, and UV-exposed floral environments. Comparative ge-
nomic analyses (OrthoANIu 97.16%; dDDH 72.7%) demonstrated that JNUCC 75 is closely
related to B. polysaccharolytica yet forms a genetically distinct lineage within the group.
Genome mining uncovered two previously unreported terpenoid /polyprenyl biosynthetic
gene clusters, indicating a novel isoprenoid-derived metabolic repertoire with potential
roles in membrane stabilization and oxidative-stress defense. These genomic features
collectively position JNUCC 75 as a bridge between gut-associated and environmental
bifidobacteria and highlight its potential as a promising microbial resource for postbiotic,
antioxidant, and skin-barrier-enhancing applications. This study expands the ecological
range of bifidobacteria and provides a genomic framework for evaluating flower-derived
Bombiscardovia strains in cosmeceutical and functional food innovation.

Keywords: Bombiscardovia sp. INUCC 75; genome sequencing; comparative genomics; ANI;
dDDH; biosynthetic gene clusters; cosmeceutical application

1. Introduction

The genus Bombiscardovia comprises Gram-positive, non-spore-forming bacteria with
high GC content belonging to the phylum Actinobacteria. It represents a lineage within the
family Bifidobacteriaceae that has been delineated through recent genome-based taxonomic
reclassification. Members of this group were historically studied under the genus Bifidobac-
terium, and bacteria belonging to this lineage are well recognized as key constituents of
the mammalian gut microbiota. They have been reported to play important roles in host
health through modulation of immune responses, maintenance of the intestinal epithelial
barrier, and production of short-chain fatty acids (SCFAs) and vitamins. Owing to their
long history of safe use in fermented foods and functional dietary products, these bacteria
have been widely utilized as probiotics and functional food ingredients [1-4].

Microbiol. Res. 2026,17, 37

https:/ /doi.org/10.3390 /microbiolres17020037


https://crossmark.crossref.org/dialog?doi=10.3390/microbiolres17020037&domain=pdf&date_stamp=2026-02-10
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/microbiolres
https://www.mdpi.com
https://orcid.org/0000-0002-3000-7989
https://doi.org/10.3390/microbiolres17020037

Microbiol. Res. 2026, 17, 37

2 of 15

Beyond the gut environment, members of the family Bifidobacteriaceae are increas-
ingly being reported from diverse ecological niches such as honey, pollen, and plant-
associated habitats, suggesting that certain lineages possess notable ecological adaptability
and metabolic plasticity. Recent genome-based taxonomic frameworks, including the
Genome Taxonomy Database (GTDB), have redefined the phylogenetic structure of this
group, leading to the reclassification of several species previously assigned to Bifidobac-
terium into independent genera such as Bombiscardovia.

These non-gut-associated lineages may have acquired specialized biosynthetic path-
ways and stress-response systems to survive in nutritionally fluctuating environments
such as floral surfaces and nectar. Investigating environmentally derived Bombiscardovia
lineages thus contributes to a broader understanding of this group as metabolically versatile
microorganisms capable of producing diverse secondary metabolites, rather than being
viewed solely as host-dependent symbionts [5-8].

Jeju Island, located at the southernmost part of the Korean Peninsula, is a volcanic
ecosystem characterized by endemic plant species and diverse microhabitats shaped by
marine and climatic influences. The flowers of Prunus yedoensis (King cherry blossom)
represent a transient seasonal habitat that hosts specialized microbial communities capable
of withstanding oxidative stress, osmotic fluctuations, and ultraviolet exposure. Studying
Bombiscardovia strains isolated from such environments provides a unique opportunity to
explore their genomic adaptation strategies and potential functional applications [9-11].

Recently, increasing attention has been directed toward postbiotics—bioactive com-
ponents and metabolites derived from probiotic microorganisms—rather than the use
of live probiotics themselves. Postbiotic preparations, including secreted peptides, cell
surface proteins, and metabolic by-products such as SCFAs, have been reported to exhibit
various physiological activities, including anti-inflammatory effects, moisturization, and
enhancement of skin barrier function. These properties highlight their potential as safe and
effective functional ingredients for cosmetic and food applications [12,13]. Furthermore,
recent studies on signaling molecules derived from Bifidobacteriaceae suggest that certain
bacterial proteins can interact molecularly with host receptors and modulate immune
responses and epithelial homeostasis even in the absence of viable cells [14,15].

Therefore, elucidating the genomic and metabolic characteristics of flower-derived
Bombiscardovia lineages not only enhances our understanding of their ecological adaptation
mechanisms but also holds significant potential for the discovery of biotechnologically
valuable secondary metabolites, organic acids, and host-interaction proteins. Such inte-
grative research provides a scientific foundation for the development of next-generation
probiotic and postbiotic materials and broadens their applicability in the cosmetic and
food industries.

2. Materials and Methods
2.1. Isolation and Cultivation

Flower samples of P. yedoensis were collected on 2 February 2024 from Cheomdan-ro,
Jeju Island, Republic of Korea (33.448244° N, 126.568931° E). Fresh, fully opened blos-
soms were transferred into sterile 50 mL Falcon tubes and vortexed vigorously in sterile
physiological saline to detach floral-associated microorganisms. The resulting suspension
was serially diluted and spread onto De Man, Rogosa and Sharpe (MRS, BD Difco™,
Sparks, MD, USA) agar plates without additional cysteine supplementation, and incubated
anaerobically at 30 °C for 48 h. Colonies were selected and purified based on colony appear-
ance, and the isolate was designated as strain JNUCC 75 (=CH12) prior to genome-based
taxonomic identification.
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2.2. Genome Sequencing, Assembly, and Annotation

Genomic DNA of Bombiscardovia sp. INUCC 75 was extracted from freshly cultured
cells using the Qiagen Genomic-tip 100/G kit (Qiagen, Hilden, Germany) following the
manufacturer’s instructions for high-molecular-weight DNA isolation. DNA quantity and
quality were assessed using a Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA, USA), and
contamination was screened via 16S rRNA gene sequencing prior to library construction.

For short-read sequencing, genomic DNA was fragmented to approximately 550 bp
using a Covaris M220 focused ultrasonicator (Covaris, Woburn, MA, USA). Libraries were
prepared using the NEBNext® Ultra™ II FS DNA Library Prep Kit (New England Biolabs,
Ipswich, MA, USA) and sequenced on the Illumina NovaSeq platform with 2 x 150 bp
paired-end reads (NovaSeq 6000 S2 Reagent Kit v1.5 XP).

For long-read sequencing, high-molecular-weight DNA (3 pg) was sheared using
g-tubes and purified using AMPure PB beads. SMRTbell libraries were constructed using
the SMRTbell Prep Kit 3.0 (Pacific Biosciences, Menlo Park, CA, USA). Sequencing was
performed on the PacBio Revio platform using Revio SMRT Cells, with 24 h movie collection
per SMRT Cell.

Genome assembly was conducted using a hybrid long-read—first assembly strategy
to enable resolution of complete circular bacterial replicons. PacBio long reads were
assembled using the SMRT Link Microbial Assembly pipeline (v25.2) to generate primary
contigs. Illumina short reads were quality-filtered using Trimmomatic v0.36, and PhiX
contamination was removed using BBMap v38.32. The assembly was polished using short
reads with unicycler_polish v0.4.9 to improve base-level accuracy. Circularization of contigs
was validated, and sequences were rotated to start at the dnaA or repA gene, or at predicted
replication origins, using Circlator v1.4.0.

This hybrid strategy resulted in a complete genome assembly consisting of two circular
replicons: a 2,272,963 bp chromosome and a 9820 bp plasmid, with a total genome size
of 2,282,783 bp. The overall sequencing depth of coverage was approximately 1180,
supporting high assembly confidence. The assembly statistics (number of contigs = 2,
N50 = 2,272,963 bp) further confirm the complete and closed nature of the genome.

Genome completeness was assessed using BUSCO v5.1.3 with the bacteria_odb10
dataset [16]. Gene prediction and functional annotation were primarily based on the NCBI
Prokaryotic Genome Annotation Pipeline (PGAP), ensuring consistency with the public
GenBank/RefSeq record. For reference, coding sequence prediction in PGAP incorporates
ab initio gene models such as Prodigal [17] within its annotation framework. Genome
quality was further evaluated using the EzBioCloud genome QC pipeline, which indicated
100% coverage of bacterial core genes and no detectable contamination based on ContEst16S
analysis. Taxonomic affiliation and genome comparison were additionally verified using
the EzBioCloud database (https:/ /www.ezbiocloud.net/, accessed on 12 October 2024).

2.3. Phylogenetic and Comparative Genomic Analyses

The 165 rRNA gene sequence of Bombiscardovia sp. JINUCC 75 was extracted from
the assembled genome sequence and aligned with reference Bombiscardovia type strain
sequences retrieved from the EzBioCloud database. Whole-genome-based phylogenomic
trees were constructed using the Type Strain Genome Server (TYGS) with the Genome
BLAST Distance Phylogeny (GBDP) method [18,19].

Digital DNA-DNA hybridization (ADDH) values were calculated using the Genome-
to-Genome Distance Calculator (GGDC 3.0). Average Nucleotide Identity (ANI) values
were obtained based on the GTDB framework to assess genomic relatedness among closely
related taxa [19,20].
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2.4. Secondary-Metabolite Gene Cluster Analysis

Biosynthetic gene clusters (BGCs) were predicted using antiSMASH v8.0 with default
parameters. Cluster boundaries, core biosynthetic domains, and predicted metabolite types
were compared against known reference BGCs in the MIBiG 3.0 database to infer potential
secondary-metabolite pathways [21].

2.5. Functional Annotation

Functional gene categories were classified according to the Clusters of Orthologous
Groups (COG) using EggNOG-mapper. The distribution of COG categories was visualized
to highlight major metabolic functions related to translation, amino acid metabolism,
replication, and stress response [17,22].

2.6. Statistical Analysis

This study is based on whole-genome sequencing and bioinformatics analysis; there-
fore, no experimental replicates or hypothesis-driven statistical tests were applicable. Statis-
tical outputs were derived from computational algorithms within the tools used: genome
completeness (BUSCO), ANI calculations (OrthoANIu), dDDH estimates with confidence
intervals (GGDC 3.0), and phylogenomic distance measures (GBDP via TYGS). These
algorithms incorporate built-in statistical models optimized for genomic comparison.

3. Results and Discussion
3.1. Genomic Features

The complete genome of Bombiscardovia sp. JNUCC 75, isolated from the flowers of
P. yedoensis collected on Jeju Island, Republic of Korea, was assembled into two contigs
totaling 2,282,783 bp with an N50 of 2,272,963 bp and an average G + C content of 59.66%
(Table 1). The genome comprised 1903 predicted coding sequences (CDSs), 44 tRNA genes,
and 6 rRNA genes (55, 16S, and 23S), together with 560 pseudogenes. The genome size and
base composition are comparable to those of Bombiscardovia polysaccharolytica W8117T and
other members of the former B. asteroides group, indicating a compact and metabolically
specialized genome characteristic of non-gut, nutrient-variable habitats.

Table 1. General Genomic Features of Bombiscardovia sp. Strain JNUCC 75.

Bombiscardovia sp. Strain JNUCC 75

Genome size (bp) 2,282,783
Total number of contigs 2
Contigs N50 (bp) 2,272,963
G + C content (%) 59.66
Total number of predicted genes 1903
Total number of protein coding genes 1903
Total number of pseudogenes 560
Total number of tRNA-coding genes 44
Total number of rRNA-coding genes (55, 16S, 23S) 6

Summary of the genomic characteristics of Bombiscardovia sp. strain [INUCC 75, isolated from the flowers of
P. yedoensis in Jeju Island. The draft genome consists of 2.28 Mb across two contigs, with an N50 value of
2,272,963 bp and a G + C content of 59.66%. A total of 1903 coding sequences were predicted, including 44 tRNA
and six rRNA (5S, 16S, and 23S) genes. The genome exhibits a compact organization typical of the B. asteroides
group, reflecting metabolic specialization and ecological adaptation to a floral microhabitat.

Genome quality was evaluated using multiple complementary approaches. Genome
quality metrics obtained from the NCBI assembly quality assessment, which includes
CheckM-based evaluation of the assembled genome, indicated a genome completeness of
96.25% and a contamination level of 1.59%, suggesting a near-complete genome with low
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but detectable contamination. In addition, the EzBioCloud genome QC pipeline showed
full coverage of bacterial core genes, and contamination screening using the ContEst16S
tool detected no foreign 16S rRNA sequences. Together, these independent assessments
support the overall reliability of the assembled genome, while acknowledging the presence
of minor lineage-level contamination typical of high-quality draft bacterial genomes.

The circular genome map (Figure 1) displays a structurally balanced chromosome
with coding sequences evenly distributed across both DNA strands. The outer rings rep-
resent coding sequences (CDSs) categorized by COG functional classes, while the inner
rings indicate G + C content (green/red) and GC skew (purple/yellow) variations. The
alternating GC skew pattern and short intergenic regions are consistent with a streamlined
genome organization commonly observed in bacteria with efficient replication and tran-
scription dynamics. The genomic compactness, together with the high proportion of genes
associated with translation, amino acid metabolism, and coenzyme biosynthesis, may be
associated with adaptation to nutrient-variable and oxygen-fluctuating environments such
as floral surfaces. Notably, the G + C content (59.66%) and genome size (~2.28 Mb) are
within the range reported for other members of the former B. asteroides lineage (59.2—-60.1%;
2.1-2.4 Mb) [23,24].
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Figure 1. Circular genome map of Bombiscardovia sp. JINUCC 75. The complete circular chromosome
of Bombiscardovia sp. JNUCC 75, isolated from the flowers of P. yedoensis in Jeju Island, is shown.
From the outermost to the innermost rings: genome coordinates (Mb), coding sequences (CDSs)
on the forward and reverse strands colored by functional categories, predicted RNA genes, GC
content (green/red), and GC skew (purple/yellow). The genome exhibits a compact organization
with a pronounced GC composition bias, indicative of genomic adaptation to a flower-associated and
oxygen-variable ecological niche.

However, evidence of gene acquisition, loss, and decay has been reported in host-
associated actinobacterial lineages as part of their ecological specialization. Several studies
have suggested that elevated pseudogene content may reflect ongoing genome remodeling
rather than simple genome reduction [1]. The relatively high pseudogene proportion (~29%)
observed in strain JNUCC 75 may therefore represent functional turnover associated with
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ecological adaptation. Such patterns have been reported in bacteria occupying fluctuating or
transitional habitats, where selective retention of beneficial traits and decay of dispensable
functions occur over evolutionary time. The genome also displays a symmetrical GC
skew pattern and does not show large-scale structural rearrangements, suggesting overall
chromosomal integrity despite localized gene decay.

Overall, these features characterize Bombiscardovia sp. JNUCC 75 as a genomically
compact, metabolically efficient, and ecologically specialized lineage within the former
B. asteroides cluster. Its genome characteristics are consistent with an environmentally
associated lineage and may reflect ecological association with aerated, sugar-rich, and
phenolic-rich floral habitats rather than exclusive adaptation to the mammalian gastroin-
testinal tract.

3.2. Plasmid Replicon Structure and Genetic Features

Complete genome assembly of strain JNUCC 75 revealed two circular replicons.
One corresponds to a chromosome of 2,272,963 bp, while the other is a small extra-
chromosomal replicon of 9820 bp (GenBank accession: JBSKGK010000002.1; RefSeq:
NZ_JBSKGK010000002.1). This smaller replicon is explicitly annotated in the NCBI assem-
bly record as plasmid “unnamed1,” confirming that it represents a plasmid rather than
a chromosomal fragment. The GC content of this plasmid is 54.5%, which is lower than
that of the chromosome (59.5%), a difference commonly observed in accessory replicons
acquired through horizontal gene transfer.

Genomic analysis of the 9.8 kb plasmid identified several hallmark genes associated
with plasmid maintenance. A ParA family ATPase is present, representing a key compo-
nent of plasmid partitioning systems that ensure stable inheritance during bacterial cell
division [25,26]. In addjition, the plasmid encodes a recombinase family protein, suggest-
ing potential roles in site-specific recombination, structural rearrangement, or plasmid
multimer resolution, functions commonly linked to plasmid-associated recombination
systems [25,26]. These genes are often found in low-copy-number plasmids that require
active segregation and structural maintenance mechanisms [25,26].

The overall gene composition further supports its plasmid identity. The replicon
lacks essential chromosomal housekeeping genes, including ribosomal proteins, core DNA
replication machinery, and central metabolic enzymes. Instead, it is enriched in hypo-
thetical proteins and small open reading frames, a pattern typical of compact accessory
plasmids [27]. Several predicted membrane-associated proteins are also present, which may
be related to niche adaptation or host interaction. Plasmids have been implicated in enhanc-
ing ecological adaptability and facilitating gene flow across microbial communities [27,28].
These features may contribute to persistence in the flower-associated environment from
which the strain was isolated.

Taken together, the complete circular assembly, database annotation as a plasmid,
distinct GC content, and presence of plasmid maintenance genes such as ParA and recombi-
nase clearly demonstrate that [NUCC 75 harbors a small extrachromosomal plasmid. This
plasmid likely functions as an accessory genetic element associated with environmental
adaptation rather than core cellular metabolism. Furthermore, the characteristics of a
small autonomously replicating plasmid suggest potential for future development as a
gene delivery vector and as a foundational genetic platform for host-specific metabolic
engineering applications [27,28].

3.3. Phylogenetic Relationships

The 16S rRNA gene sequence analysis (Figure 2) showed that strain JNUCC 75
clustered within the Bombiscardovia lineage and exhibited highest sequence similarity
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to B. polysaccharolytica W8117" (99.4%). In the 16S rRNA gene phylogenetic tree, INUCC
75 grouped with members of the former B. asteroides lineage, including B. asteroides DSM
20089 and related taxa, indicating close phylogenetic affinity at the ribosomal gene level.

Bombiscardovia mellis Bin7INT
4' 0.001
0.002 Bombiscardovia choladohabitans B14384H11T

0.003

_|_— Bombiscardovia mizhiensis 5053-2
0.001
0.003 0.002

Bombiscardovia apis F753-1

0003 Bombiscardovia asteroides DSM 200897
0.002 T Bombiscardovia polysaccharolytica W81177
—— Bombiscardovia sp. JINUCC 75
— 0.002 0.002

_E— Bombiscardovia apicola F806-1
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_{ Bombiscardovia indicum LMG 115877
Bombiscardovia indicum DSM 202147

Bombiscardoma coryneforme LMG 189117
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Figure 2. Phylogenetic tree of Bombiscardovia species based on 165 rRNA gene sequences. The tree
was constructed using the GBDP-based approach implemented in the TYGS platform. Strain JNUCC
75 clustered with B. polysaccharolytica W8117T, indicating a close phylogenetic relationship within
the former B. asteroides lineage. Branch lengths represent intergenomic distances, and the scale
bar indicates the number of substitutions per site. Taxon names have been updated according to
GTDB-based nomenclature.

To obtain higher-resolution insight, genome-scale phylogenomic analysis was per-
formed using the TYGS platform, which applies the GBDP method for whole-genome
distance calculations (Figure 3). In the GBDP-based phylogenomic tree, strain JNUCC 75
formed a well-supported cluster with B. polysaccharolytica W8117" and was clearly sepa-
rated from other Bombiscardovia species such as B. asteroides DSM 20089, B. indicum LMG
115877, and B. coryneforme LMG 18911T. The short branch length between JNUCC 75 and
W8117T indicates close genomic relatedness at the whole-genome level, while still reflecting
measurable interstrain divergence.

0.016
L: Bombiscardovia sp. JNUCC 75
0.016
Bombiscardovia polysaccharolytica W81177

oo Bombiscardovia asteroids DSM 200897

0032 ) o
0.010 R Bombiscardouvia apis F753-1
_’: Bombiscardovia choladohabitans B14384H11T
0.024
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ol 0.010 Bombiscardovia mizhiense S053-2
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Figure 3. Phylogenomic tree of Bombiscardovia species based on whole-genome sequences using
the GBDP method. The tree was constructed using the GBDP approach implemented in the TYGS
platform. Strain JNUCC 75 clustered with B. polysaccharolytica W81177T, indicating a close genomic
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relationship within the former B. asteroides phylogenetic lineage. Branch lengths represent interge-
nomic distances, and the scale bar indicates the number of substitutions per site. Taxon names have
been updated according to the GTDB-based nomenclature.

Together, the congruent placement of strain JNUCC 75 in both the 165 rRNA gene
tree and the whole-genome phylogenomic tree supports its assignment to the species
B. polysaccharolytica under the current GTDB-based taxonomic framework. The genome-
based tree further provides finer resolution among closely related taxa than the 16S rRNA
gene alone, consistent with the known limitations of single-gene phylogeny in resolving
relationships within the Bifidobacteriaceae.

3.4. Genomic Relatedness

Pairwise genomic comparisons were performed within the framework of the GTDB
to determine the taxonomic placement and genomic relatedness of strain JNUCC 75. ANI
values were calculated against GTDB-referenced genomes of closely related members of the
genus Bombiscardovia (Table 2). The highest ANI value was observed between strain JNUCC
75 and B. polysaccharolytica W8117T, with an ANI of 97.41% and an alignment fraction (AF)
ranging from 89.46% to 91.42%. ANI values between JNUCC 75 and other Bombiscardovia
species were substantially lower (approximately 89.48-92.90%), clearly supporting its
assignment to the species B. polysaccharolytica while distinguishing it from other congeners.

Table 2. ANI values between strain JNUCC 75 and closely related reference genomes.

Reference Genome GCF Accession ANI (%) AF Range
Bombiscardovia mellis Bin7NT GCF_000967265.1 91.21 66.17-70.84
Bombiscardovia asteroides DSM 20089T GCF_002715865.1 91.61 68.15-71.03
Bombiscardovia asteroides GCF_003202695.1 89.48 54.61-64.48
Bombiscardovia asteroides GCF_003202755.1 92.90 68.58-72.23
Bombiscardovia asteroides GCF_009683175.1 91.34 65.56-69.95
Bombiscardovia asteroides GCF_019469425.1 89.68 60.16-61.48
Bombiscardovia asteroides GCF_030758775.1 90.94 60.64-66.43
Bombiscardovia apousia W8102T GCF_007559275.1 90.93 59.02-65.51
Bombiscardovia polysaccharolytica W8117% GCF_016101585.1 97.41 89.46-91.42
Bombiscardovia choladohabitans B14384H117 GCF_016102005.1 91.21 66.35-72.97
Bombiscardovia mizhiense S053-2T GCF_020884755.1 90.51 61.6-67.3
Bombiscardovia apis F753-1 GCF_036986835.1 91.06 65.11-71.36

To further support this classification, dDDH values were calculated using the GGDC
3.0 based on formulae dy, ds, and dg (Table 3). The highest dDDH estimate was obtained
with B. polysaccharolytica ws1177, yielding values of 92.4% (dy), 72.7% (d4), and 91.7%
(de), all of which exceed the accepted species delineation threshold of 70%. In contrast,
dDDH values between JNUCC 75 and other related Bombiscardovia species ranged from
approximately 38.4% to 66.6%, well below the species boundary. The low G + C content
differences (<1.37%) further support close relatedness within the species while confirming
genomic distinctiveness from other taxa. Together, the ANI and dDDH results consistently
demonstrate that strain JNUCC 75 belongs to the species B. polysaccharolytica under the
GTDB-based genomic taxonomy framework.

These genomic indices collectively indicate that strain JNUCC 75 belongs to the
species B. polysaccharolytica within the former B. asteroides phylogenetic cluster, while still
exhibiting measurable genomic divergence from the type strain B. polysaccharolytica W8117T.
B. polysaccharolytica has been reported from plant- and insect-associated environments and
is known to utilize diverse carbohydrates, features that may be consistent with adaptation to
nutritionally variable microhabitats. The observed genomic differentiation between strain
JNUCC 75 and W8117T may represent intraspecies microdivergence potentially associated
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with ecological specialization, including possible adaptation to non-gut floral surfaces
where fluctuating oxygen exposure, ultraviolet radiation, and plant-derived phenolic
compounds could act as environmental stressors.

Table 3. dDDH values between Bombiscardovia sp. INUCC 75 and related Bombiscardovia species.

dDDH C.I dDDH C.I dDDH C.I G + C Content

Subject Strain (do,in%)  (do,in%) (dg,in%) (dg, in%) (ds,in%) (dg,in%)  Difference (in %)

Bombiscardovia
polysaccharolytica 924 [89.5-94.5] 72.7 [69.7-75.6] 91.7 [89.2-93.7] 0.17
W8117T
Bombiscardovia asteroides 64.4 [60.6-68.0] 445 [42.0-47.1] 60.9 [57.7-64.1] 0.31
DM 20089 . 6-68. . 0-47. . 7-64. .
Bombiscardovia mellis

oo 65.6 [61.7-69.2] 436 [41.0-46.1] 61.5 [58.2-64.7] 1.15
Bin7N
Bombiscardovia
choladohabitans 66.6 [62.7-70.2] 432 [40.7-45.7] 62.2 [58.9-65.4] 1.37
B14384H117T
§§?3b_’f$“rd"”1“ o 657  [61.9-69.3] 423  [39.8449] 612  [57.9-644] 0.88
Bombiscardovia apousia 59 [55.4-62.5] 411 [38.6-43.6] 55.4 [52.2-58.5] 0.98
W8102
Lactobacillus kimbladii
i 60 [56.4-63.6] 411 [38.6-43.6] 56.2 [53.0-59.3] 0.97
ggg’;md"m mizhiense g1 7 [58.0-65.3] 40.7 [38.2-43.2] 57.4 [54.2-60.5] 0.54
gggg’_’fmrd"m apicola 595  [558-630] 384  [360-410] 548  [51.6-57.9] 0.12

Pairwise dDDH values between Bombiscardovia sp. JNUCC 75 and type strains of related Bombiscardovia
species were calculated using the GGDC 3.0 based on formulae dy, d4, and d¢. Confidence intervals (C.L)
and G + C content differences are also shown. The highest dDDH value (72.7%, formula d4) was observed with
B. polysaccharolytica W8117T, supporting its close genomic relationship but indicating that Bombiscardovia sp.
JNUCC 75 represents a distinct lineage within the B. asteroides group.

Consistent with this ecological context, strain JNUCC 75 showed minimal growth
under aerobic conditions, indicating strong oxygen sensitivity and supporting the pos-
sibility of association with microaerophilic floral niches. This pattern of strain-level dif-
ferentiation is comparable to genomic and physiological traits reported for other envi-
ronmentally derived members of the Bifidobacteriaceae isolated from honey, pollen, and
flower-associated habitats.

3.5. Functional Annotation and COG Classification

Functional annotation of the Bombiscardovia sp. JINUCC 75 genome using the COG
database assigned a total of 1903 protein-coding genes to 23 functional categories (Figure 4).
Among these, a substantial number of genes were associated with metabolic functions,
highlighting the strain’s versatile biochemical potential. The largest group corresponded
to category S (Function unknown), encompassing approximately 380 genes, followed by
category G (Carbohydrate transport and metabolism; ~280 genes), category E (Amino acid
transport and metabolism; ~150 genes), and category ] (Translation, ribosomal structure
and biogenesis; ~120 genes). This overall distribution pattern is broadly consistent with
previously reported COG profiles of members of the former B. asteroides group and other
non-gut-associated Bifidobacteriaceae, in which genes related to carbohydrate utilization
and core metabolic functions predominate [24,29].
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Figure 4. COG functional classification of predicted protein-coding genes in Bombiscardovia sp.
JNUCC 75. A total of 1903 genes were assigned to 23 functional categories. Metabolism-related
categories (G, E, F, H) were predominant, while regulatory and structural categories (D, M, T)
were less represented, reflecting the streamlined metabolic genome characteristic of environmental
Bombiscardovia species.

In contrast, relatively few genes were assigned to categories related to regulatory
and structural processes, such as D (Cell cycle control, cell division, and chromosome
partitioning), M (Cell wall/membrane/envelope biogenesis), and T (Signal transduc-
tion mechanisms), each comprising fewer than 60 genes. Compared with host-adapted
gut Bifidobacteriaceae, which often possess expanded repertoires of regulatory and host-
interaction-related genes, this relatively lower representation of regulatory categories in
strain JNUCC 75 may reflect a genome organization more similar to environmentally associ-
ated bifidobacterial lineages [24,29], although detailed comparative gene-by-gene analysis
was beyond the scope of this study.

Notably, a substantial proportion of genes were assigned to category S (Function un-
known). Such enrichment of uncharacterized or hypothetical proteins is a well-documented
feature of Bifidobacteriaceae genomes [30], where a considerable fraction of coding se-
quences (often 25-40%) lack functional assignment. This pattern is commonly associ-
ated with lineage-specific adaptations and the limited experimental validation of niche-
specialized genes [31]. The high number of category S genes in Bombiscardovia sp. [INUCC
75 is therefore consistent with previous genomic studies of bifidobacteria and reflects the
presence of species-specific metabolic or ecological functions that remain to be elucidated.

The predominance of genes involved in carbohydrate and amino acid metabolism
suggests an adaptive strategy for survival in floral or sugar-rich microhabitats, where read-
ily available carbohydrates and amino acid derivatives serve as key nutritional resources.
Similar enrichment of carbohydrate-active functions has been reported in Bifidobacteri-
aceae species isolated from honey, pollen, and plant-associated environments, supporting a
potential link between COG category composition and environmental nutrient availabil-
ity [24,29]. Moreover, the presence of numerous genes related to coenzyme transport and
metabolism (H) and lipid metabolism (I) implies active redox regulation and membrane
stability under fluctuating environmental conditions. While such functional categories are
frequently discussed in relation to stress responses in bacteria, the specific roles of these
genes in oxidative or UV stress tolerance in strain JNUCC 75 have not been experimen-
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tally validated and should therefore be interpreted cautiously [32,33]. Consistent with
these genomic features, Bombiscardovia sp. JINUCC 75 exhibited almost no growth under
strictly aerobic conditions in our cultivation assays, indicating strong oxygen sensitivity
and supporting its association with microaerophilic or anaerobic floral niches. Although
the genome encodes enzymes putatively involved in the biosynthesis of unusual isoprenoid
lipids, their potential role in stabilizing the membrane under oxygen-fluctuating conditions
remains hypothetical and requires further experimental validation. Collectively, the COG-
based functional profile places strain JNUCC 75 within the general metabolic framework
observed for environmentally derived Bifidobacteriaceae, while specific stress-adaptation
mechanisms remain to be clarified by targeted comparative and experimental studies.

3.6. Secondary Metabolite Gene Clusters

antiSMASH v8.0.4 analysis of the Bombiscardovia sp. JINUCC 75 chromosome identified
two putative terpenoid precursor BGCs (Region 1 and Region 2), both detected under
“relaxed” stringency [21]. Neither cluster showed close homology to characterized BGCs
in MIBiG 4.0; however, this observation alone is insufficient to conclude pathway novelty.
Instead, these regions are here described as predicted isoprenoid (polyprenyl) biosynthesis-
related loci requiring further functional validation [34,35].

At the core of each region are polyprenyl synthase genes (ORF1218 and ORF1583), both
belonging to the polyprenyl diphosphate synthase family (Pfam: PF00432) and containing
the conserved “DDXXD” metal-binding catalytic motif [35]. These enzymes are known to
catalyze the sequential condensation of isopentenyl diphosphate (IPP) and dimethylallyl
diphosphate (DMAPP) to form polyprenyl diphosphates, which serve as hydrophobic side-
chain precursors for membrane-associated quinones such as ubiquinone, menaquinone,
and dolichol. Based on annotation, these genes are predicted to contribute to membrane-
associated isoprenoid metabolism in Bifidobacteriaceae [32,36,37].

Protein sequence alignment revealed 28.7% amino acid identity and 42.1% similarity
between ORF1218 and ORF1583. Despite conservation of the catalytic motif, sequence
divergence suggests that the two enzymes are likely paralogous proteins with potentially
distinct functional properties, such as differences in product chain length or regulation.
However, these functional distinctions remain to be experimentally confirmed. Polyprenyl-
derived compounds are broadly associated with membrane structure and cellular redox
processes in bacteria [38—40].

Therefore, the presence of two predicted polyprenyl synthases in JNUCC 75 indicates
genomic potential for isoprenoid precursor biosynthesis; however, their precise physiologi-
cal roles and ecological relevance remain to be experimentally determined.

Examination of gene organization in Regions 1 and 2 revealed that each synthase gene
is located near genes annotated as putative phosphatases, reductases, and prenyltransfer-
related enzymes, forming compact gene neighborhoods. While operon structure and
co-regulation have not been experimentally validated, this genomic arrangement may
indicate coordinated involvement in isoprenoid-related metabolism.

3.7. Ecological and Applied Implications

The isolation of strain JNUCC 75 from flowers of P. yedoensis in Jeju Island broadens
the range of ecological settings in which members of the Bifidobacteriaceae have been
detected. However, because this study is based on a single isolate, broader ecological
interpretations should be considered preliminary.

The genomic features of strain JNUCC 75, including coding density and the presence
of predicted terpenoid- and polyprenyl-related loci, may be consistent with adaptation to
environments characterized by fluctuating oxygen levels, UV exposure, and plant-derived
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compounds. Similar genomic traits have been discussed in environmentally associated
bifidobacterial lineages [41,42]. Nevertheless, direct functional links between these genomic
features and specific ecological roles have not yet been experimentally demonstrated.

The occurrence of bifidobacteria in floral environments has also been reported for
other members of the former B. asteroides group [41,42], and strain JNUCC 75 may represent
a related environmentally associated lineage. However, whether this strain constitutes a
distinct ecological type adapted to plant surfaces remains to be clarified through broader
sampling and functional analyses.

From an applied perspective, members of the Bifidobacteriaceae have been explored
as sources of postbiotic compounds and functional biomolecules [41,42]. The genome of
strain JNUCC 75 encodes genes predicted to be involved in the biosynthesis of metabolites
that, in other bacteria, have been associated with membrane function or redox balance.
However, the production and biological activities of such compounds in this strain have not
been experimentally verified, and any applied implications should therefore be regarded
as preliminary.

3.8. Overall Significance

Although Bombiscardovia sp. INUCC 75 is phylogenetically aligned with B. polysaccha-
rolyticum, its floral isolation source, compact genome structure, and specialized metabolic
potential broaden our understanding of the ecological and functional diversity within the
Bombiscardovia genus. This strain exemplifies how bifidobacteria, traditionally associated
with mammalian hosts, may undergo microevolutionary diversification to occupy epi-
phytic, oxygen-variable habitats, developing genomic features that support environmental
resilience and metabolic versatility. Nevertheless, we acknowledge that its isolation from
flowers does not exclude the possibility of an intestinal origin, as occasional cross-habitat
transfer between gut-associated and environmental niches has been described for some
Bifidobacteriaceae. To date, neither Bombiscardovia sp. JINUCC 75 nor its closest relative,
B. polysaccharolyticum, has been reported from the gut microbiota of humans or native
animals, and its natural reservoir therefore remains to be fully clarified.

Integrating the genomic and ecological observations, strain JNUCC 75 may repre-
sent an environmentally associated member of the former B. asteroides group that exhibits
features found in both host-associated and environmental Bifidobacteriaceae. However, fur-
ther comparative genomic and functional studies are required to clarify its evolutionary and
ecological positioning. Its genome reveals adaptive traits—such as stress response mecha-
nisms, amino acid and cofactor biosynthesis, and secondary metabolite gene clusters—that
collectively enhance survival in fluctuating floral ecosystems while maintaining biochemi-
cal pathways beneficial to host interaction.

Although the present study focuses primarily on the genomic and ecological charac-
terization of Bombiscardovia sp. INUCC 75, it is noteworthy that Bifidobacterium-derived
postbiotics and paraprobiotics are already utilized in skincare and microbiome-modulating
products. Given its unique genomic features and its origin from the native cherry blossom
(P. yedoensis) of Jeju Island, JNUCC 75 may represent a promising microbial resource for
future evaluation as a natural postbiotic candidate.

Rather than providing direct evidence for cosmetic functionality, this study expands
the ecological boundaries of bifidobacteria and establishes a genomic framework for explor-
ing non-gut bifidobacterial diversity. Such knowledge may guide future efforts to identify
innovative bioactive substances with potential relevance to the cosmetics and food sectors,
pending additional functional and safety validations.
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4. Conclusions

The comprehensive genomic characterization of Bombiscardovia sp. JNUCC 75, iso-
lated from the flowers of P. yedoensis in Jeju Island, Republic of Korea, provides valuable
insights into the ecological and functional diversity of the B. asteroides group. Although
genome-based taxonomic indices, including Average Nucleotide Identity (ANI; 97.41%)
and digital DNA-DNA hybridization (dDDH; 72.7% based on formula dg), confirmed that
strain JNUCC 75 does not represent a novel species but belongs to B. polysaccharolytica,
its genome exhibits strain-level functional features that may reflect adaptation to a non-
intestinal, flower-associated habitat. The genome encodes a compact yet functionally rich
repertoire of genes involved in translation, amino acid metabolism, and DNA repair, as
well as biosynthetic clusters for terpenoid, squalene, and polyprenyl compounds. These
genomic attributes suggest resilience to oxidative stress and the ability to thrive in oxygen-
variable and nutrient-fluctuating environments such as floral surfaces. From an applied
perspective, Bombiscardovia sp. JNUCC 75 represents a promising postbiotic and probiotic
resource with potential applications in cosmeceutical and functional food formulations.
The strain’s genomic capacity for producing short-chain organic acids, surface-associated
proteins, and secondary metabolites supports its potential to modulate host-microbe inter-
actions and contribute to skin barrier maintenance, antioxidant protection, and gut—skin
axis balance. Overall, this study expands the ecological scope of Bombiscardovia beyond
gastrointestinal niches and establishes a scientific foundation for utilizing flower-derived
Bifidobacteriaceae as next-generation bioactive microbial resources for health-promoting
and cosmetic applications.
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