w
-
o
}_
o
<
4
<
=
Q
74
®)

| | Iranian
1 1IN Journal of

Volume 17 Number 6 (December 2025) 912-928
DOI: http://doi.org/10.18502/ijm.v17i6.20358

Core genome expansion in Brevibacterium across marine provinces reveals
genomic footprint for long-term marine adaptation

Jagannath Sarkar”

Department of Biological Sciences, Bose Institute, Kolkata, India

Received: July 2025, Accepted: October 2025

ABSTRACT

Background and Objectives: Actinobacteria are ubiquitous across diverse environmental niches. Brevibacterium strains
within this phylum are widely distributed in both marine and terrestrial ecosystems worldwide. Marine environments are
defined by distinct physicochemical properties—high salinity, alkaline pH, fluctuating O, levels, and dynamic nutrient avail-
ability—which set them apart from terrestrial habitats. The broad ecological range of Brevibacterium strains raises questions
about genome-encoded metabolic features that have evolved to adapt in marine environments.

Materials and Methods: Genomics of Brevibacterium strains from various marine provinces was analyzed, focusing on
core genome and pan-genome structure.

Results: Core genome and pan-genome derived phylograms reveal a distinct polyphyletic origin of marine strains, as ev-
idenced by their phylogenetic proximity despite diverse species affiliations. Only 1.16% of gene clusters from the total
nonredundant gene repertoire were part of the core genome. Core genome size is shaped by geographical distribution.
Notably, when strains from localized regions are analyzed, the core genome expands, indicating specialized functional re-
quirements of additional genes within that environment. In marine isolates, the core genome includes genes involved in nu-
trient uptake, osmoregulation, and resistance to sediment genotoxicity. Additionally, a marine province-specific core genome
analysis reveals genomic adaptations essential for acclimatization across different environments, regardless of species-level
taxonomy.

Conclusion: Microbial genome evolution is shaped by ecological niche differentiation. The emergence and spread of hab-
itats driven by tectonic plate movements may contribute to province-specific genomic divergence in Brevibacterium. This
hypothesis merits further investigation, particularly as genomic data from deeper, geologically stable environments such as
marine sediments become more accessible.
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INTRODUCTION sediment, hot springs, and soil of arid deserts (1-5).

Brevibacterium can be regarded as an ideal genus

Actinobacteria are ubiquitous across a wide range  within the phylum Actinobacteria due to its similarly

of natural environments, regardless of the environ-  wide habitat range (6-10). The genus includes strains

mental harshness. Their habitat ranges from fresh-  that are obligately aerobic, Gram-positive, and non-
water bodies to saline waterbodies and underlying spore-forming (11).
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The global ocean and its sediment systems repre-
sent the largest interconnected microbial habitat (12).
This vast oceanic territory is generally divided into
four major provinces: Pacific Ocean, Atlantic Ocean,
Indian Ocean, and Antarctic/Southern Ocean. Dif-
ferent physical and geochemical characteristics of
an environment are the driving forces behind the
selection of only those microorganisms possessing
adaptive physiological traits necessary to survive in
situ (13). In a particular environmental niche, ecolog-
ical selective pressures influence genome evolution
through different mechanisms of genome alteration,
such as spontaneous mutation and the gain or loss
of gene functions. Among these mechanisms, hor-
izontal gene transfer, especially of genes encoding
key survival features between taxonomically diverse
individuals, is a highly effective means of genomic
adaptation (14). Brevibacterium strains are ubiqui-
tous in marine environments. They have been isolat-
ed from water and sediment samples collected in the
Pacific (15, 16), Atlantic (16), and the Indian Ocean
(6, 17).

This study aims to examine the genome-encoded
adaptive features that play a pivotal role in the ma-
rine habitat-specific adaptation of strains within the
Brevibacterium genus. The genomics of Brevibacte-
rium strains has been studied elsewhere in relation
to their adaptation to the cheese habitat (18, 19) and
the exploration of their biosynthetic gene clusters
(20); however, none of these studies have addressed
the adaptive genomic features required for acclima-
tization to the marine environment. Here, a core- and
pan-genome analysis was performed for two purpos-
es: first, to trace the origin and relatedness of marine
strains, and second, to identify how the varying phys-
icochemical properties of distinct marine provinces
influence genome evolution by analyzing subsets of
genomes from each province. The expansion of the
core genome for adaptation to specific marine prov-
inces was examined by identifying genes that were
added to the core genome only when genomes of
strains from a particular province were considered.
Thus, progressively narrow habitat-specific genome
datasets were analyzed to address marine prov-
ince-specific genome evolution. Furthermore, the
genomic plasticity of marine isolates was assessed by
identifying recently acquired genes through horizon-
tal gene transfer in each genome. This study contrib-
utes to our understanding of how genome divergence
is shaped by niche differentiation resulting from the
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diverse geophysical conditions of the Earth.

MATERIALS AND METHODS

Genomic data extraction. A total of 138 genome
assemblies are available in the GenBank database of
the National Center for Biotechnology Information
(NCBI), under the genus Brevibacterium (as of Oc-
tober 2024). These include only genome assemblies
derived from pure culture isolates that have proper
annotation and valid taxonomic status, following
NCBI’s categorization, and that were retrieved in
October 2024. The 138 genome assemblies include
25 complete genomes and 33 genomes from ‘type
material’ (within the genus, 37 species have been
validly published). These strains were found to be
isolated from diverse habitats, including milk prod-
ucts, human infections, soil, freshwater, and marine
sediment systems. The genomes of Brevibacteri-
um sp. BDJS002 and Brevibacterium sp. JSBI002,
which are represented by a single complete circular
chromosome and were isolated from the Arabian Sea
oxygen minimum zone sediment system (21), were
also included among the 138 assemblies. TYGS (type
strain genome server, DSMZ) was used to determine
genome-based taxonomic position when needed, par-
ticularly for strains lacking species-level taxonomic
status (22). According to TYGS, when the digital
DNA-DNA hybridization (dDDH) value is lower
than 70% against the closest type strain, the genome
in the query is considered to belong to a new species
(22).

Clustering of Brevibacterium strains based on
marine provinces. Six hierarchical genome groups
were formed based on the niche characteristics and
geographical regions of the habitats from which the
138 Brevibacterium strains were isolated. The All_
Genomes dataset includes all 138 genomes, which
were isolated from diverse environmental habitats
diverse environmental habitats, ranging from human
infection to marine sediment. The Marine_Genomes
dataset includes the genomes of strains isolated from
seawater or marine sediment (genomes obtained from
strains present in seafood were excluded, as the geo-
graphic origin of the seafood may not represent the
actual geographic location of the natural habitat).
The Atlantic_Ocean_Genomes, Pacific_Ocean_Ge-
nomes, and Indian_Ocean_Genomes datasets include
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three, four, and six genomes, respectively, isolated
from marine water or sediment systems of the corre-
sponding oceans. The Arabian_Sea_Genomes data-
set includes genomes obtained from two pure culture
strains isolated from the OMZ sediment of the Ara-
bian Sea.

Analysis of core genome and pan-genome with
phylogeny. The Bacterial Pan-Genome Analysis
pipeline (BPGA, version 1.3; 23) was used to deter-
mine the pan-genome and core genome of six hierar-
chical habitat-based groups of strains classified under
the genus Brevibacterium. For orthologous gene clus-
tering, the USEARCH algorithm (24) was employed,
using a 50% identity cutoff to cluster all genes present
in the genomes of each dataset. Each of the six ge-
nome groups was analyzed separately to determine
the respective pan-genome and core genome. The
pan-genome describes the distribution of all genes in
a dataset across different orthologous gene families
and includes core genes (present in every genome of
the dataset), accessory genes (present in two or more
genomes), and unique genes (present in only one ge-
nome). Non-redundant reference sequences (RefSeq)
of core, accessory, and unique genes from each ge-
nomic dataset were extracted using the BPGA script.
After orthologous clustering of all genes across the
genomes in a dataset, pan-genome and core genome
curves were plotted. The pan-genome curve depicts
the number of new gene families added with each
additional genome, while the core genome curve il-
lustrates how the number of different gene families
decreases as more genomes are added. Using BPGA
scripts, 20 random permutations were carried out for
the addition of each genome. The median values of
the number of all distinct gene families and the num-
ber of commonly shared gene families in a given
dataset were considered to determine the pan-genome
and core genome, thereby minimizing bias. A power
regression model was used for pan-genome data, and
an exponential model was used for core genome data
to plot pan-genome and core genome curves and to
determine whether the pan-genome is closed or open
(23). All genes in a genome that contain atypical G+C
content (G+C content of a gene deviates from the av-
erage G+C content of the genome by more than twice
the standard deviation) were identified using the atyp-
ical GC content analysis script of BPGA (23). Such
atypical GC content in a gene indicates possible in-
clusion in the respective genome through horizontal
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gene transfer.

Phylogenetic analysis was performed by consider-
ing both the core genome and pan-genome of all 138
strains. For core genome-based phylogenetic analysis,
core genes were used for multiple sequences align-
ments using MUSCLE software (25). For pan-ge-
nome-based phylogenetic analysis, a binary pan-ma-
trix based on gene presence and absence for all 138
genomes was considered. A distance matrix was then
calculated from this pan-matrix based on the simi-
larity and dissimilarity of gene content. Phylogenetic
trees for both the core genome and pan-genome were
constructed using the neighbor-joining approach in
Bio-Phylo-v2.0.1 (26). Average nucleotide identity
(ANI) for groups of genomes was determined using
fastANI (27).

Annotation of core, accessory, and unique genes.
Web-based utilities of eggNOG-mapper were used
for functional identification of core, accessory, and
unique genes in the genomic dataset when required
(28). For this, the eggNOG 5 database was searched
for a given query using the following search filters:
minimum hit e-value of 0.001, minimum hit bit-score
of 60, percentage identity of 40, minimum query
coverage of 20%, and minimum subject coverage of
20%.

RESULTS

General genomic characteristics. Genome assem-
bly and metadata of 138 Brevibacterium strains (all
obtained from pure cultures) were retrieved from the
GenBank database of NCBI. These strains were iso-
lated from diverse environmental habitats, including
human infections, dairy products, soil, freshwater, and
marine sediments (Table 1). Among the 138 strains,
43 were isolated from samples originating from hu-
man infections and 40 were isolated from milk-based
products.

Thirteen Brevibacterium strains were isolated from
marine environments and included accurate geo-
graphic sampling locations in their metadata. These
marine strains were distributed across three marine
provinces: 3 were isolated from the Atlantic Ocean,
6 from the Indian Ocean (including 2 from Arabian
Sea OMZ sediment), and 4 from the Pacific Ocean
(Fig. 1A). Of these 13 strains, 9 were previously re-
ported and taxonomically classified to the species

http://ijm.tums.ac.ir
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Table 1. Genomic features of all studied marine isolates under the genus Brevibacterium

Isolates name Assembly Isolated Geographic Size Type TYGS GC Complete CheckM
accession from location  (Mb) strain result % status Completeness
number status (circular or not) (%)

Brevibacterium atlanticum GCA _011617245.1 Seawater Atlantic Ocean 4.2 Type Notrequired 66 Complete 94.5

WO0024

Brevibacterium pigmentatum  GCA_011617465.1 Sediment Atlantic Ocean 3.9 Type Notrequired 65 Complete 95.0

YB235

Brevibacterium oceani GCA _017948325.1 Sediment Atlantic Ocean 4.3 - Not required 66 Complete 96.0

WWO007

Brevibacterium sp. GCA_028201555.1 Sediment Arabian Sea; 4.2 - Potential new 63 Complete 95.1

BDJS002 Indian Ocean species

Brevibacterium sp. GCA_026013965.1 Sediment Arabian Sea; 3.7 - Potential new 65 Complete 95.2

JSBI1002 Indian Ocean species

Brevibacterium oceani GCA_013623835.1 Sediment Indian Ocean 4.5 Type Notrequired 66 Draft 96.0

BBH7

Brevibacterium sediminis GCA_013623905.1 Sediment Indian Ocean 4.2 Type Notrequired 65 Draft 97.2

FXJ8.269

Brevibacterium sediminis GCA_014643055.1 Sediment Indian Ocean 4.2 - Not required 65 Draft 96.8

CGMCC 1.15472

Brevibacterium sediminis GCA_024895295.1 Sediment Indian Ocean 4.3 - Not required 65 Draft 97.2

CoD27

Brevibacterium limosum 02 GCA _011617705.1 Sediment PacificOcean 4.3 Type Notrequired 65 Complete 96.2

Brevibacterium marinum

GCA _011927955.1 Seawater Hwasun Beach; 4.2 Type Notrequired 65 Draft 88.3

DSM 18964 Pacific Ocean
Brevibacterium sp. GCA_021023135.1 Sediment Comau fjord; 4.1 - Potential new 66 Draft 95.1
CCUG 69071 Pacific Ocean species

Brevibacterium sp.

Marine

GCA _012844365.1 Sediment PacificOcean 4.2 -

Potential new 65 Complete 97.7

species

level. To determine the species-level taxonomic po-
sitions of the remaining 4 strains, digital DNA-DNA
hybridization (dDDH) was performed by comparing
each genome against all available type strain genomes
using the TYGS web server. Each of these strains
was found to represent a new species, as the dDDH
value with the nearest type strain was below 70%
(Table 1).

The genome size of all 138 strains in the All_Ge-
nomes dataset ranges from 2.3 Mb to 4.7 Mb, with
CheckM-calculated completeness values ranging
from 75.5% to 98.7%. The G+C content ranges from
58% to 73%. For the 13 strains in the Marine_Ge-
nomes dataset, genome sizes range from 3.7 Mb to 4.5
Mb, CheckM-calculated completeness ranges from
88.3% to 97.7%, and G+C content ranges from 63%
to 66% (Figs. 1B, C and Table 1). In this study, no
filtration based on CheckM completeness was applied
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because the genome of Brevibacterium sp. CS2 (NCBI
assembly accession number: GCA_005280295.1),
despite being assembled into a single contig, showed
89.9% completeness according to the CheckM algo-
rithm.

Structural and phylogenetic analysis of the core
genome and pan-genome reveals distinct marine
clade. The total gene repertoire from the genomes of
138 Brevibacterium strains was used for orthologous
clustering through the Bacterial Pan Genome Analysis
(BPGA) pipeline. It was observed that 325 non-redun-
dant RefSeq genes are present in each strain and can
be regarded as the core genome. Additionally, 27914
non-redundant RefSeq genes were identified, encom-
passing the entire gene repertoire of the 138 genomes,
thus constituting the pan-genome.

To determine whether the pan-genome is open or
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Fig. 1. (A) Approximate geographical locations from which sampling was reported for the isolation of 13 marine pure culture
strains of Brevibacterium. White dots indicate stains with precise geographical locations for the isolation inoculum, while yel-
low dots represent strains with only broadly reported geographical provinces (i.e., Atlantic Ocean, Indian Ocean, and Pacific
Ocean). (B) Distribution of G+C percentages across all 138 genomes of pure culture strains of Brevibacterium. (C) Genomic
size distribution across all 138 genomes of pure culture strains of Brevibacterium. In both plots, red-filled shapes denote
genomic data derived from marine strains. (D) Core and pan-genome plot of the 138 genomes from pure culture strains of

Brevibacterium, showing genome-by-genome addition and corresponding changes in core and pan-genome structure.

closed, pan-genome data were plotted on a graph
where the x-axis represents the sequential addition
of genomes, and the y-axis represents the number of
new gene families added to the pan-genome. When
the graph was fitted with a power regression model
[equation: f(x) = a - x * b], the values were found to be
a =3674.6 and b = 0.4 (Fig. 1D). This indicates that
the overall pan-genome is still open (as the value of
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b < 1), suggesting that genes from new orthologous
families continue to be added to the gene pool of Bre-
vibacterium strains.

A phylogenetic tree was constructed based on the
multiple sequence alignment of the 325 core genes
(Fig. 2). In the phylogram, different species-level
clusters were evident at various nodes. Twelve out of
the thirteen marine strains were positioned adjacently
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Fig. 2. Phylogenetic tree based on 325 core genes from 138 strains of Brevibacterium, constructed using neighbor-joining ap-
proach. Strain names in red indicate pure culture isolates obtained from marine seawater or sediment, with accurately reported

geographical isolation sites.

on the phylogenetic tree, while only Brevibacterium
sp. BDJS002 was positioned distantly. A pan-ge-
nome-based phylogenetic tree was also constructed,
based on each genome's contribution to the pan-ge-
nome structure through a gene presence-absence
data matrix (data not shown). Notably, Brevibacteri-
um sp. BDJS002 also occupied a distant position in
this tree.

To determine the distribution of different compo-
nents of the pan-genome, the non-redundant gene
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sets of core, accessory (genes present in two or more
strains), and unique genes (genes present in a single
strain) were analyzed for their distribution across var-
ious COG categories. RefSeq gene sequences for all
these categories were determined using BPGA, as de-
scribed earlier. The highest percentage of non-redun-
dant core genes was distributed in the J (Translation,
ribosomal structure, and biogenesis) COG category.
The majority of non-redundant accessory genes were
distributed in the K (Transcription) category. Similar-
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ly, the highest number of non-redundant unique genes
across 138 genomes was also found in the K (Tran-
scription) category. For both accessory and unique
genes, the second-highest distribution was observed
in the E (Amino acid transport and metabolism) cate-
gory. The R category was excluded from this ranking,
as it includes genes predicted to be involved in general
functions.

Additionally, core genes were found to be distrib-
uted with values exceeding 5% in the M (Cell wall/
membrane/envelope biogenesis), O (Post-translation-
al modification, protein turnover, and chaperones), L
(Replication, recombination, and repair), C (Energy
production and conversion), E (Amino acid transport
and metabolism), H (Coenzyme transport and metab-
olism), and I (Lipid transport and metabolism) COG
categories. More than 5% of accessory genes were
distributed in the L (Replication, recombination, and
repair), G (Carbohydrate transport and metabolism),
and P (Inorganic ion transport and metabolism) COG
categories. More than 5% of unique genes were indi-
vidually distributed in the G (Carbohydrate transport
and metabolism), | (Lipid transport and metabolism),
Q (Secondary metabolites biosynthesis, transport, and
catabolism), and P (Inorganic ion transport and metab-
olism) COG categories (Fig. 3A).

ANI analysis corroborates the adjacent phylo-
genetic position of marine strains. A heatmap with
a dendrogram was generated from the ANI data ob-
tained through an all-vs-all genome ANI analysis, in-
cluding 13 genomes of marine Brevibacterium strains
and the genomes of type strains of all 33 species. All
the marine strains clustered closely together in the

A

50

All_Genomes

Percentage
8 5

n
(=]

-
i

(=]

DMNOTUVJKLCGEFHIQPRS
COG category

== UNIQUE

mm ACCESSORY

dendrogram, except for Brevibacterium sp. BDJS002
(Fig. 4). The central yellow-red zone in Fig. 4 distinct-
ly indicates a high level of genomic relatedness (>
90% ANI value), predominantly represented by ma-
rine strains.

Expansion of core genome for adaptation in ma-
rine habitat. To examine the core genome and pan-ge-
nome structure of 13 marine strains, orthologous clus-
tering of the total genomic repertoire was performed
using the BPGA pipeline. It was observed that 1963
non-redundant RefSeq genes are present in each strain
and can be regarded as the core genome. Additionally,
7788 non-redundant RefSeq genes were identified, en-
compassing the entire gene repertoire of the 13 marine
strains, thus constituting the pan-genome.

To evaluate whether the pan-genome is open or
closed, the pan-genome data were plotted on a graph
as described previously. When the graph was fit-
ted with a power regression model [equation: f(x) =
a - X ™ b], the values were found to be a = 3456.8 and
b = 0.3 (data not shown). This reveals that the overall
pan-genome is still open (as the value of b < 1), indi-
cating that genes from new orthologous families are
still being added to the gene pool of marine Brevibac-
terium strains.

Different COG categories were found to be enriched
in the core, accessory, and unique gene sets of the
pan-genome. The highest percentage (13.5%) of core
genes was distributed in the E (Amino acid transport
and metabolism) COG category. The majority of ac-
cessory genes were predominantly distributed in the
K (Transcription, 13.8%) and E (Amino acid transport
and metabolism, 13.1%) categories. For unique genes,

Marine_Genomes

0
DMNOTUVJKLCGEFHI|IQPRS
COG category

mm CORE

Fig. 3. (A) Distribution of core, accessory and unique genes from 138 genomes across different COG categories (B) Distribu-
tion of core, accessory and unique genes from 13 genomes of marine isolates across different COG categories
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Fig. 4. All-vs-all ANI analysis including genome of type strains and marine isolates. Red dot on the right side of genome
accession number signifies that the strain was isolated/found in marine environment.

the K (Transcription) category exhibited the highest
distribution. Additionally, more than 5% of the core,
accessory, and unique genes was individually distrib-
uted in K (Transcription), C (Energy production and
conversion), G (Carbohydrate transport and metabo-
lism), E (Amino acid transport and metabolism) and
P (Inorganic ion transport and metabolism) COG cat-
egories (Fig. 3B).

After annotating all 1963 core genes against the

http://ijm.tums.ac.ir

KEGG database, it was found that several KEGG
sub-categories were enriched in the core genome of
marine strains. These sub-categories include Mem-
brane transport and Signal transduction (under the
major KEGG category of Environmental Informa-
tion Processing), Folding, sorting and degradation,
Replication and repair, Translation (under the ma-
jor KEGG category of Genetic Information Pro-
cessing), Amino acid metabolism, Carbohydrate
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metabolism, Energy metabolism, and Nucleotide
metabolism (under the major KEGG category of
Metabolisms).

The core genome contributing to marine adaptation
can be identified by subtracting the 325 non-redundant
core genes common to all strains from the non-redun-
dant core genes of marine strains. Thus, the 1,638 core
genes resulting from this subtraction (1,963 - 325) are
potential candidates essential for marine adaptation.
When annotated against the KEGG database, these
genes were found to be distributed across all COG cat-
egories. The important genes within each COG cate-
gory, along with the functional descriptions of their en-
coded proteins, reveal diverse biological roles. Under
COG category D (cell cycle control, cell division, chro-
mosome partitioning), genes such as ftsK, ftsX, ftsw,
parA, scpB, sepF, and smc encode proteins involved
in cell division and chromosome segregation. In COG
category M (cell wall/membrane/envelope biogene-
sis), genes including mraY, murB, murD, murG, and
murl are involved in cell wall formation, while mscS
and mscL regulate mechanosensitive ion channels and
osmotic pressure within the cell. COG category O
(post-translational modification, protein turnover, and
chaperones) includes ftsH for quality control of an in-
tegral membrane protein, groL for proper folding of
polypeptides under stress, and grpE for preventing ag-
gregation of stress-denatured proteins during hyperos-
motic and heat shock conditions. In COG category T
(signal transduction mechanisms), genes such as
ginE, relA, citA, pknA, and cseB are involved in am-
monia assimilation, stringent response coordination
in response to changes in nutritional abundance, and
kinase-mediated transcriptional regulation. COG
category U (intracellular trafficking, secretion, and
vesicular transport) includes components of the Sec
protein translocase complex (secA, secD, secE), type
II/IV secretion system protein (cpaF), and mem-
brane targeting protein (ffh). COG category V (de-
fense mechanisms) features antibiotic resistance
genes such as an uncharacterized beta-lactamase,
and proteins from the AcrB/AcrD/AcrF family. In
COG category J (translation, ribosomal structure
and biogenesis), genes encode ribosomal proteins
(rpsA to rpsD, rpsF to rpsH, rpsd, rpsK, rpsM to
rpsT, rplA, rpIC, rpID, rplF, rpll to rplQ, rplS,
rplU to rplX) and translational termination pro-
teins (prfA to prfC). COG category K (transcrip-
tion) includes genes such as sigA (primary sigma
factor responsible for sigmoidal growth), argR (ar-
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ginine biosynthesis regulator), hspR (regulatory
protein), scoF4 (cold shock protein), and rpoZ (a
protein needed for assembly of RNA polymerase).
In COG category L (replication, recombination and
repair), genes encode a DNA alkylation repair en-
zyme (alkB, alkD), DNA polymerase and associated
proteins (dnaA, dnaB, dnaE2, dnaG, dnaN, dnaQ,
dnaX, polA), recombination-related proteins (recB,
recF, recG, recN, recQ, recR), and DNA damage
recognition and processing protein machinery (uvrA,
uvrD2, uvrC). COG category C (energy production
and conversion) includes genes for pyruvate dehy-
drogenase components (aceA, aceE), an arginine
biosynthesis regulator (argR), ATP synthase subunits
(atpA, atpB, atpC, atpE, atpF, atpG), and a sodium
dicarboxylate symporter (gltT). In COG category G
(carbohydrate transport and metabolism), genes such
as manB, manA, otsB, otsA, pfkA and smoE encode
enzymes for phosphoglucomutase/phosphomannom-
utase, phosphomannose isomerase type I, glycosyl
hydrolases, glycosyltransferase, phosphofructoki-
nase, and bacterial extracellular solute-binding pro-
tein. COG category E (amino acid transport and me-
tabolism) includes genes for arginine synthase and
lyase family proteins (argB, argC, argE, argF, argG,
argH, argJ), shikimate pathway enzymes (aroA,
aroB, aroE, aroK, aroQ), and tryptophan biosynthe-
sis proteins (trpA, trpB, trpC). In COG category F
(nucleotide transport and metabolism), genes encode
add (adenosine/AMP deaminase), carA and carB
(carbamoyl-phosphate synthase), pyrF (orotidine
5'-phosphate decarboxylase), pyrH (reversible phos-
phorylation of UMP to UDP), xdhA (CO dehydro-
genase), xdhB (aldehyde oxidase and xanthine de-
hydrogenase), and guaA (GMP synthase). Under
COG category H (coenzyme transport and metabo-
lism) includes genes such as coaE (phosphorylation
of the 3'-hydroxyl group of dephosphocoenzyme A
to form coenzyme A), coaD (adenylyl group trans-
fer), hemA (NADPH-dependent reduction of glu-
tamyl-tRNA), and various coenzyme biosynthesis
genes (nadA to nadE, thiD to thiG, thiL, thiM). In
COG category | (lipid transport and metabolism),
genes encode transferases (accD1, acpS, acpP),
AMP-binding enzyme (fadD), thiolase (fadl), and
acyl transferase (fabD). Finally, COG category P
(inorganic ion transport and metabolism) includes
genes encoding, katA (catalase), katG (bifunction-
al catalase/peroxidase), kefB (sodium/hydrogen ex-
changer), mrpA/mrpB (NADH-Ubiquinone oxidore-
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ductase complex 1), mrpC (NADH-ubiquinone/plas-
toquinone oxidoreductase), mrpD (proton-conduct-
ing membrane transporter), mrpE and mrpG (Na+/H+
ion antiporter subunits), oligopeptide transport system
components (oppB, oppC, oppC4), and soda, which
detoxifies radicals harmful to cellular systems.

Marine province-specific core genome expansion.
Core genome analysis was performed for three indi-
vidual marine province-specific genomic datasets. It
was observed that core genome was represented by
2572, 2376, and 2243 non-redundant core genes for
Atlantic_Ocean_Genomes, Pacific_Ocean_Genomes,
and Indian_Ocean_Genomes. The pan-genome
was represented by 4711, 5780, and 5462 number
of non-redundant genes, respectively. The pan-ge-
nome of each dataset was found to be open. Thus,
the core genome of Brevibacterium strains living in
Atlantic Ocean, Indian Ocean and Pacific Ocean in-
cludes 609, 413 and 280 additional core genes respec-
tively, in addition to the core genome of 13 marine
strains (Fig. 5A). Annotation of these additional core
genes with eggNOG 5 database revealed that they
are distributed across most of the COG categories
(Fig. 5B).

The Atlantic, Indian, and Pacific Oceans exhibit
overall similar physicochemical properties, such as
temperature, salinity, and nutrient profiles, which may
influence the distribution and adaptation of microbial
communities within these water bodies. Despite this,
the strains reported from the Indian Ocean were found
to inhabit regions within or near the oxygen minimum
zone. COG classifications of the core genes added to
the core genome of strains from the Indian Ocean are

Number of core genes B

16.0

500 1000 1500 2000

14.0

_

12.0

BREVIBACTERIUM MARINE ADAPTATION

listed in Table 2.

The two Brevibacterium strains isolated from of the
Arabian Sea OMZ share an additional 208 core genes,
in addition to the shared core genome of the Indian
Ocean isolates. These 208 genes are distributed across
most of the COG categories.

Active genome evolution in marine. The G+C
content of genes inherited vertically from parent or-
ganisms generally does not deviate appreciably, un-
like genes acquired through horizontal gene transfer
(HGT) mechanisms (29, 30). When a gene's G+C
content deviates by more than two standard deviations
from the mean (atypical G+C content), it is likely the
result of a previous HGT event. Genes with G+C con-
tent deviations exceeding this threshold were identi-
fied using BPGA scripts (23).

Analysis of the 13 genomes of marine Brevibacteri-
um strains revealed that each genome contains several
unique genes with atypical G+C content. Annotating
these genes using the eggNOG mapper against the
KEGG database indicated that they belong to different
orthologous groups (eggNOG_0OGs).

Table 3 lists the detailed number of unique genes,
along with their origins and functions. The source or-
ganisms for these potential HGT genes include both
closely related and distant lineages.

DISCUSSION
Microbial metabolism in marine environments is

influenced by the physicochemical features of the
habitat; the diversity of metabolisms differs between
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Fig. 5. (A) Increase in the number of core genes when considering only marine strains and those from individual geographical
provinces (B) Distribution of core genes from strains inhabiting the Atlantic, Indian, and Pacific Ocean provinces, categorized
by COG functional groups. Distribution of core genes across COG categories differs more in detail
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Table 2. COG category-wise important genes and their functional descriptions, which were added to the core genome of Bre-
vibacterium strains living in the Indian Ocean province

COG Category

Associated Genes / Functions

M — Cell wall/membrane/envelope biogenesis

T — Signal transduction mechanisms

U — Intracellular trafficking, secretion

J — Translation, ribosomal structure, biogenesis
K — Transcription

L — Replication, recombination and repair

C — Energy production and conversion

G — Carbohydrate transport and metabolism
E — Amino acid transport and metabolism

F — Nucleotide transport and metabolism

H — Coenzyme metabolism

| — Lipid transport and metabolism

P — Inorganic ion transport and metabolism

murF, ispH, wecB, capD, dapA_1 - involved in cell wall formation, peptide synthesis,
and CoA-binding
pdtaR, forkhead associated domain - transcriptional antitermination
secF, secG, FimV - membrane protein translocation and TonB-independent uptake
pnp, rpIB, rpIT, rpsL, rpsl - ribosomal assembly and mRNA degradation nusG,
nusB, higA - includes transcription regulators and antidote proteins
topA, gyrB2, sdrA, holB, ku, recO, orn, ruvA - topoisomerases, polymerases, DNA
repair enzymes
catl, atpD, sucC, ctaF - enzymes in ATP production and citric acid cycle
gntT, eno, nagB - hydrolases, permeases, sugar metabolism enzymes aroG,
aroD, arr, hisE, hisH - involved in aromatic amino acid biosynthesis pyrG,
pyrD, purA, apt - purine/pyrimidine biosynthesis enzymes
coaBC, bioB, apbA, hemH, pncB - coenzyme A, biotin, and NADPH-related pathways
atoE, ispF—ispH, crtB - fatty acid and isoprenoid compound synthesis
amt, focA, corA, hmuO - transporters for citrate, ammonium, formate, and magnesium

coastal seawater-sediment systems and open ocean
seawater-sediment systems (31-33). Seawater and
the underlying sediment of a particular marine en-
vironment function as an environmental continuum,
where microbial metabolism within the sediment sys-
tem is influenced by the overlying seawater, which
serves as the primary source of nutrient supply (34).
Depending on physicochemical features such as sed-
imentation rate, bottom water oxygen availability,
and the abundance of oxidized/reduced metallic ions,
different metabolic strata exist in the marine sedi-
mentary environment (32, 35, 36). Although micro-
bial communities vary from coastal regions to open
ocean sites, aerobic strains of Proteobacteria and Ac-
tinobacteria are found to be ubiquitously distributed
throughout the global marine habitat (21, 37, 38). De-
spite the extreme environmental conditions in differ-
ent marine provinces, the widespread distribution of
aerobic bacteria across the marine system raises ques-
tions about their adaptation. Genomic adaptation to
marine habitats was studied in strains of the aerobic
genus Brevibacterium, revealing its marine origin
and expanded core genome structure that supports
adaptation to different marine provinces.

Polyphyletic genome evolution for marine
strains of Brevibacterium. G+C content percent-
age and genomic size are distributed within a nar-
row range when only marine strains are considered
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(Figs. 1B and C), in comparison to all 138 strains.
This indicates that, structurally, genomes of the ma-
rine strains remain consistent. After orthologous
clustering of all genes from the 138 genomes, 325
non-redundant genes were identified, representing
the core genome. A major proportion of these 325
core genes was assigned to translation, ribosom-
al structure, and biogenesis metabolism, indicating
their essential and central role in microbial surviv-
al and growth. However, since all strains under the
genus are Gram-positive and capable of adapting to
diverse environmental habitats, a significant num-
ber of genes related to cell wall formation, replica-
tion, energy production and conversion, amino acid
transport, and metabolism become conserved. The
pan-genome remains open, indicating the adap-
tive potential of strains in adverse environmental
conditions.

When these 325 core genes were used for multi-
ple sequence alignment, and a phylogenetic tree was
constructed using a neighbor-joining approach, it
was found that marine strains occupy adjacent po-
sitions on the phylogram (Fig. 2). A similar observa-
tion was made when a gene presence-absence-based
phylogenetic tree was constructed using the same
approach, based on each genome’s contribution to
the pan-genome (data not shown). The only strain
that appeared distant in position was Brevibacteri-
um sp. BDJS002. Furthermore, an alignment-free
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Table 3. Unique genes, their origins, and functions that are inherited in marine strains through horizontal gene transfer mechanism

Strain name Number of Orthologous groups Functions
unique genes
(Atypical G+C content)
Brevibacterium atlanticum 33 Bacteria (4), Actinobacteria (24, 1 from Brevibacteriaceae), Transcription regulation (carD, ybcM), putative sugar transporter, mercury
W0024 Proteobacteria (3), Firmicutes (2) resistance proteins, type | restriction modification DNA specificity domain
(hsdM)
Brevibacterium pigmentatum YB235 16 Bacteria (1), Actinobacteria (11, 1 from Brevibacteriaceae), Response regulator, adenine-spe DNA methylase, type 111
Proteobacteria (3), Cyanobacteria (1) restriction enzyme (res subunit), ATPase, P-type transporter (cybH)
Brevibacterium oceani WW007 39 Bacteria (4), Actinobacteria (32, 1 from Brevibacteriaceae), Transcriptional regulator, ABC transporter, bacterial extracellular
Proteobacteria (1), Firmicutes (2) solute-binding protein, sugar transporter, ABC-type
nitrate/sulfonate/bicarbonate transport systems
Brevibacterium sp. BDJS002 29 Bacteria (4), Actinobacteria (24, 9 from Restriction endonuclease, death-on-curing family protein, resolvase,
Brevibacteriaceae), Bacteroidetes (1) cytochrome c biogenesis protein transmembrane region, region found in
RelA/SpoT proteins (ywaC)
Brevibacterium sp. JSB1002 21 Actinobacteria (19, none from Brevibacteriaceae), Proteobacteria Glycosyltransferase, endonuclease, transposase, putative
(1), Firmicutes (1) ATP-dependent Lon protease, peptidase S8, bacterial toxin 35
Brevibacterium oceani BBH7 23 Viruses (4), Bacteria (2), Actinobacteria (15, none from Transcriptional regulator, DNA alkylation repair, endonuclease, viral
Brevibacteriaceae), Firmicutes (1), Bacteroidetes (1) recombinase domain
Brevibacterium sediminis COD27 31 Bacteria (2), Actinobacteria (22, 6 from Brevibacteriaceae),  Amidinotransferase, transposase, nucleotidyl transferase AbiEii toxin, arsenite
Proteobacteria (4), Bacteroidetes (1), Firmicutes (2) transmembrane transporter, Na+/H+ antiporter
Brevibacterium limosum 02 34 Bacteria (4), Actinobacteria (30, 3 from Brevibacteriaceae) Glycosyltransferases (families 1, 2, 4), sigma-70 region 2, sugar transporter
Brevibacterium marinum DSM 30 Bacteria (6), Actinobacteria (23, 1 from Transposases, proteins involved in the utilization of glycolate and propanediol,
18964 Brevibacteriaceae), Firmicutes (1) hydrolase activities
Brevibacterium sp. CCUG 69071 30 Viruses (1), Actinobacteria (28, 1 from Glycosyltransferase, transcriptional regulator, endonucleases,
Brevibacteriaceae), Firmicutes (1) recombinase
Brevibacterium sp. Marine 37 Bacteria (3), Archaea (1), Actinobacteria (26, 5 from Brevibacteri- Glycosyltransferases, aromatic amino acid lyase, reverse
aceae), Proteobacteria (4), Firmicutes (3) transcriptase, sodium solute symporter, DNA mismatch endonuclease (vsr)
Brevibacterium sediminis FXJ8.269 0 None Identified N/A

& Brevibacterium sediminis
CGMCC 1.15472
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ANI analysis-based dendrogram also corroborated
these findings (Fig. 4), indicating that the genomic
relatedness of marine strains is influenced not only
by coding regions but also by non-coding regions.
The polyphyletic yet close phylogenetic relationship
among marine strains suggests that acclimatization
to marine environments is not a straightforward
process for microbes introduced stochastically from
terrestrial habitats; rather, marine strains have not di-
verged recently but have evolved through continuous
adaptation to marine conditions.

Genomics of nutrient uptake, osmotic pressure
regulation, and resistance mechanisms to genotox-
icity of sediment, enriched in marine strains. The
number of core genes increased when the genomes
of marine strains were considered, compared to all
138 genomes. Genome analysis of 13 marine Brevi-
bacterium isolates revealed that 1963 core genes rep-
resent the core genome. The highest percentage of
these core genes was found to be distributed in the
amino acid transport and metabolism COG category,
signifying the importance of these genes in marine
adaptation. Different strains of Brevibacterium fol-
low an aerobic chemoorganoheterotrophic mode of
nutrition (6, 16, 17). The uptake and utilization of
readily available mono/oligomers of structural and
functional cell components from the environment is
an adaptive strategy in energy-limited environments
(39, 40).

Marine waterbodies and their sediment systems
are the active zones where organic compound rem-
ineralization takes place, resulting in bioavailable
amino acids and short peptide chains in both the wa-
ter column and underlying sediment (41, 42). Amino
acids are available in aquatic environments as simple
monomers, short peptide chains, and proteins (40). a-
and p-amino acids, along with their derivatives, are
often used by bacteria as compatible solutes for os-
moadaptation. The uptake of readily available amino
acids from the surroundings and their incorporation
into biomass are adaptive features of marine life,
enabling microbes to economically funnel available
energy while withstanding the pressure of the wa-
ter column and high salinity (39, 40). In addition to
amino acid transport and metabolism, the core ge-
nome of marine strains includes a high percentage
of core genes from the carbohydrate transport and
metabolism and energy production and conversion
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COG categories. Genes in these categories support
proper energy budgeting within microbial cells by
utilizing readily available compounds from the en-
vironment. Polymeric carbohydrates and sugars are
also often used by microorganisms as osmolytes to
cope with high osmotic pressure (43), making their
transport an adaptive strategy for marine habitats.
Furthermore, for marine adaptation, an enhance-
ment of core genes was observed in the COG cat-
egory related to inorganic ion transport and me-
tabolism. The exchange of inorganic ions with the
surrounding environment is a key adaptation for
marine habitats, alongside the transport of compat-
ible solutes (44, 45). Additional core genes associ-
ated with marine adaptation were observed across
most of the COG categories (Fig. 3B). These include
mechanosensitive ion channels, proteins involved in
the proper folding of polypeptides in stressed con-
ditions, DNA damage repair machinery, and mem-
brane channels responsible for solute homeostasis
of bacterial cytoplasm. Various mixtures of chem-
ical and organic compounds in marine sediments
cause damage to cellular DNA (46). To overcome
this genotoxic potential, the presence of DNA repair
machinery is a crucial adaptive strategy for Brevi-
bacterium strains.

Marine province-specific genome evolution
sheds light on oceanic habitat evolution. Strains of
Brevibacterium living in the seawater-sediment sys-
tems of the three major marine provinces—Atlan-
tic Ocean, Indian Ocean, and Pacific Ocean—were
found to possess three differently sized core genomes
consisting of core genes (Fig. 5A). While the distri-
bution of core genes across different COG categories
in province-specific datasets does not show a major
difference (Fig. 5B), a detailed analysis reveals dis-
tinct variations. Genomes from each marine prov-
ince share an additional set of core genes among
themselves, in addition to core genes associated with
marine adaptation. Although connected through
the water, sediment systems of individual oceanic
regions become isolated due to their vastness. This
suggests that marine adaptation is not a simple, ubig-
uitous metabolic strategy for Brevibacterium strains;
rather, specific genome-guided metabolic traits must
be acquired. The isolated nature of each marine
province influences genome evolution in Brevibac-
terium strains, indicating that marine strains are not
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recently introduced microorganisms. Instead, they
have evolved through long term divergence and ad-
aptation to marine habitats shaped by geological and
plate tectonic processes.

For adaptation in the Indian Ocean province, core
genome expansion includes genes involved in cell
division regulation and determination of the peptido-
glycan layer diameter. Various proteins responsible
for releasing DNA supercoiling, non-homologous
end-joining DNA repair machinery, transcriptional
regulators, and inorganic ion transporter proteins
are integrated into the core genome of strains from
the Indian Ocean territory. The Indian Ocean har-
bors the Arabian Sea OMZ and Bay of Bengal OMZ,
and the isolation sites of Brevibacterium strains were
located near these OMZs. For aerobic bacteria adapt-
ing to stressed environments — characterized by Q
limitation, nutrient scarcity, heavy metal enrichment,
temperature variation, and higher salinity - cell size
adjustment, DNA repair mechanisms, and transcrip-
tional regulation at various stages are known to be
important (47-50). The expanded core genome of
the two Arabian Sea isolates includes genes related
to metabolism under carbon starvation, arsenic-re-
sistant machinery, sodium and proton transporters,
and cold shock proteins. These metabolic features
are crucial for survival in environments with fluc-
tuating nutrient availability, heavy metal presence,
wide temperature variation, and high osmotic pres-
sure (51-54). When genomes from any of the three
marine provinces were analyzed, using the largest
closed circular genome from each dataset as a ref-
erence, other genomes from the same dataset were
mapped onto it using the BLAST algorithm (with
an E-value cutoff of 0.0001). A similar pattern of
mapped and unmapped regions was observed, fur-
ther supporting genomic relatedness among strains
within each marine province (Fig. 6).

The two genomes of pure culture isolates Brevibac-
terium sp. BDJS002 and Brevibacterium sp. JSBI002,
living in the sediment of the Arabian Sea OMZ, di-
verge in both core genome-based and pan-genome-
based phylogenies. Each strain shows highest digital
DNA-DNA hybridization (dDDH) value with differ-
ent type strains (Table 1). However, when only ge-
nomes from the Arabian Sea are considered, these
two strains share 2584 non-redundant core genes (an
increase compared to the Indian_Ocean_Genomes
dataset), indicating that the marine habitat plays a
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pivotal role in shaping genome evolution through
horizontal gene transfer to acquire niche-specific
metabolic potential. As the geographic scope of ma-
rine provinces narrows, a greater number of genes
are included in the core genome, regardless of spe-
cies-level taxonomic identity.

Searching for recently introduced genes within
the genomes of marine isolates, through horizontal
gene transfer mechanisms in the genome-specific
unique gene set, reveals high genomic plasticity, as
genes from major lineages such as Proteobacteria,
Firmicutes, and Bacteroidetes were found to be in-
corporated into the genome, encoding various gly-
cosyl transferases, endonucleases, and ion channels.
Furthermore, genes of viral origin were also ob-
served to be integrated into the genomes of marine
isolates.

CONCLUSION

Core genome and pan-genome-based analysis of
Brevibacterium strains revealed a high degree of
marine province-specific core genome conservation
(Figs. 5A and 6). This genomic consistency, observed
across various provinces, strongly suggests that the
diversification and dispersal of marine Brevibacteri-
um populations is tightly coupled with the evolution
and expansion of their associated habitats through
plate tectonics. Given that oceanic sediment systems
are inherently more stable than flowing waterbodies
or terrestrial environments of earth's surface, this
environment imposes distinct, persistent selective
pressures on resident microbes. This environmen-
tal stability likely acts to preserve the evolutionary
lineage of essential genomic traits. Future potential
lies in integrating these findings with larger, taxo-
nomically diverse metagenomic datasets to further
resolve the co-evolutionary patterns between marine
habitat development and the underlying mechanisms
of bacterial genome evolution.
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Atlantic_Ocean_Genomes dataset

Indian_Ocean_Genomes dataset

Fig. 6. Circular genome-genome mapping visualization for: (A) All three genomes in the Atlantic_Ocean_Genomes dataset.
From inner to outer colored rings; CDSs of Brevibacterium atlanticum WOO024; mapped region of Brevibacterium oceani
WWO007 on Brevibacterium atlanticum WO024; mapped region of Brevibacterium pigmentatum YB235 on Brevibacterium
atlanticum WO024. (B) All six genomes in the Indian_Ocean_Genomes dataset. From inner to outer colored rings; CDSs
of Brevibacterium sp. BDJS002; mapped region of Brevibacterium sp. JSBI002 on Brevibacterium sp. BDJS002; mapped
region of Brevibacterium sediminis COD27 on Brevibacterium sp. BDJS002; mapped region of Brevibacterium sediminis
FXJ8.269 on Brevibacterium sp. BDJS002; mapped region of Brevibacterium sediminis CGMCC 1.15472 on Brevibacterium
sp. BDJS002; mapped region of Brevibacterium oceani BBH7 on Brevibacterium sp. BDJS002. (C) All four genomes in the
Pacific_Ocean_Genomes dataset. From inner to outer colored rings; CDSs of Brevibacterium limosum 02; mapped region
of Brevibacterium marinum DSM 18964 on Brevibacterium limosum 02; mapped region of Brevibacterium sp. Marine on
Brevibacterium limosum 02; mapped region of Brevibacterium sp. CCUG 69071 on Brevibacterium limosum 02; Mapping
for each dataset was performed using the BLAST algorithm with an E-value cutoff of 0.0001. The coloured rings show re-
gions of high sequence homology illustrating the degree of genomic synteny and conservation among strains from the same
province.
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