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A B S T R A C T

Xenobiotics pose a substantial threat to environmental integrity by disrupting normal ecosystems. 
The genus Arthrobacter, known for its metabolic versatility can degrade several xenobiotic com-
pounds. Arthrobacter strains have also undergone frequent taxonomic revisions and reclassifica-
tions to strains including Pseudarthrobacter and Glutamicibacter. Here, we present the complete 
genome sequence of Glutamicibacter protophormiae strain NG4, isolated from a coastal area sur-
rounded by chemical plants. Further, through comparative genomics involving 55 strains from 
Glutamicibacter, Arthrobacter, and Pseudarthrobacter, we elucidated taxonomic relationships and 
xenobiotic degradation potential. Our genomics-based findings revealed a generally even distri-
bution of xenobiotic-degrading genes and pathways among the studied strains. Glutamicibacter 
species emerged as potential candidate for steroid degradation. A significant number of host- 
specific and environmental isolates predominantly possessed pathways for 4-hydroxybenzoate 
(4-HB) degradation and only the environmental isolates possessed benzoate degradation 
pathway. Certain Arthrobacter and Pseudarthrobacter species isolated from the environmental 
settings were identified as potential degraders of toluene, xylene, and phenanthrene. Notably, 
most strains contained pathways for azathioprine, capecitabine, and 5-fluorouridine pharma-
ceutical drug metabolism. Overall, our findings shed light on microbial metabolic diversity 
among 55 strains isolated from diverse sources and hint the importance of strict environmental 
monitoring. Further, for the application of the putative xenobiotic degrading strains, experi-
mental validation is required in the future.

1. Introduction

Due to the proliferation of chemical compound synthesis in the industrially revolutionizing world, xenobiotics pose a significant 
environmental threat due to their toxicity, persistence, and accumulation in the environment. Microbial degradation of xenobiotics is 
an area of interest owing to the metabolic diversity and ubiquitous presence of microbes across diverse environments [1–3]. Microbial 
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activity is commonly regarded as the primary process responsible for the mineralization or full biodegradation of organic compounds 
found in water and soil in many cases [4]. Microbes have evolved various genetic adaptations to degrade xenobiotic compounds, 
including gene mutation, duplication, transposition, insertional activation, and DNA rearrangements [5]. Horizontal gene transfer also 
plays a vital role in microbial adaptation to xenobiotics [6].

Members of the genus Arthrobacter exhibit remarkable metabolic versatility and are renowned for their ability to degrade a broad 
spectrum of xenobiotic compounds in the environment (Supplementary Table S1), including aromatic compounds [7,8], polycyclic 
aromatic hydrocarbons (PAH) [9,10], pesticides [11,12], lignin [13] and more. Arthrobacter species demonstrate a ubiquitous presence 
across various environments, ranging from extreme habitats to soil and sites contaminated with environmental pollutants 
(Supplementary Table S2). These characteristics highlight the importance of comprehending the genomic features prevalent in these 
metabolically adaptable species. The xenobiotic degradation category in Kyoto Encyclopedia of Genes and Genomes (KEGG) [14] 
encompasses the analysis of diverse categories of xenobiotic compound degradation genes and pathways, offering insights into the 
xenobiotic degradation pattern across a wide range of microorganisms at a large scale.

The taxonomy of Arthrobacter species has undergone frequent revisions and reclassifications, leading to the emergence of Pseu-
darthrobacter and Glutamicibacter based on differences in their quinone system, polar lipid profiles, and peptidoglycan composition 
[15]. However, several reports for the degradation of xenobiotic compounds like Phthalic acid, o-nitrobenzoate and 

Fig. 1. Isolation and whole genome analysis of G. protophormiae strain NG4. (A) Pure isolate of the strain NG4. (B) Circular map with the whole 
genome information of the strain NG4. The outer circle to inner circle includes, NG4 coding sequence obtained from Prokka annotation (purple 
color), GC content, GC skew +, and GC skew − . (C) Depiction of subsystem feature counts of NG4 obtained from RAST annotation, and distribution 
of genes in the xenobiotics degradation category of KEGG pathway analysis (D).
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p-hydroxybenzoate have also been reported for Pseudarthrobacter [16,17] and Glutamicibacter [18,19] strains (Supplementary 
Table S1). G. protophormiae NG4 from this study was isolated from the west coastal area surrounded by chemical industries. Originally 
described as Brevibacterium protophormiae [20], this strain was later reclassified as Arthrobacter protophormiae in 1983 [21], and further 
reclassified as G. protophormiae in 2016 [15]. The xenobiotic degradation potential of G. protophormiae species has not been extensively 
explored in prior studies. This study presents a comprehensive analysis and comparison of xenobiotic degradation genes and pathways 
among strains of Arthrobacter, Pseudarthrobacter, and Glutamicibacter, delineating their relationship and potential role in xenobiotic 
degradation.

2. Results and discussion

2.1. Isolation and complete genomic characterization of G. protophormiae NG4

G. protophormiae strain NG4 was isolated from a coastal area surrounded by chemical plants, suggesting potential exposure to 
aromatic pollutants. Analysis of the 16S rRNA sequence using EzBioCloud classified the strain as G. protophormiae, 100 % identical to 
G. protophormiae DSM 20168. In-silico taxonomy analysis using the whole genome in TYGS identified G. protophormiae DSM 20168 and 
JCM 1973 as the closest type strains of NG4 strain (Supplementary Fig. S1). Further, 16S rRNA-based phylogenetic tree was con-
structed to compare various bacterial genera within the order Micrococcales, including representatives from different families such as 
Micrococcaceae, Dermacoccaceae, Cellulomonadaceae, and others (Supplementary Fig. S2). G. protophormiae NG4, which belongs to the 
order Micrococcales and the family Micrococcaceae, clustered with other genera like Paeniglutamicibacter, Zhihengliuella, Renibacterium, 

Fig. 2. Pan/core phylogeny of the 55 selected strains for pan-genome analysis from three different genera and the designation of their isolation 
source. NG4 strain from this study is designated with a green rectangular box. Each strain consists of the designation of their isolation environment 
to the right corner using the circles with respective labels. The pie-chart represents the distribution of the selected strains among various isola-
tion sources.
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Arthrobacter, Pseudarthrobacter, Paenarthrobacter, and Micrococcus, all of which are also members of the Micrococcaceae family. 
Meanwhile, other species from the same family were grouped into a separate clade, indicating a closer relationship within the species 
in the first clade (Supplementary Fig. S2). However, lower bootstrap values (less than 50 %) at certain branch points suggest limited 
statistical support for the precise relationships among some of these strains.

The genome sequencing and quality analysis of G. protophormiae strain NG4 yielded a complete assembly with a genome size of 3.9 
Mb, comprising one chromosome and one scaffold, both measuring 3.9 Mb. The assembly contains 3613 genes, including 3496 protein- 
coding genes, and exhibits a GC content of 64 % with a genome coverage of 100.0x. Quality assessment using CheckM (v1.2.2) 
indicated a completeness of 98.99 % (88th percentile) and a low contamination rate of 0.92 %. Detailed assembly statistics are 
summarized in Supplementary Table S3. Fig. 1A depicts the pure isolate of the strain NG4. The circular map (Fig. 1B) illustrates coding 
sequences (CDS) and other genomic information of NG4. Further, the genome annotation of the strain was performed using Rapid 
Annotation Subsystem Technology (RAST) and Kyoto Encyclopedia of Genes and Genomes (KEGG). In the RAST annotation, 24 % of 
the coding genes fell within the subsystem coverage, with the majority allocated to carbohydrates, amino acids, and derivatives 
metabolism categories. Notably, genes related to metabolism of aromatic compounds were also present (Fig. 1C). Further analysis of 
KEGG pathways involved in xenobiotics degradation and metabolism revealed significant gene distribution in KEGG subcategories 
such as benzoate metabolism, steroid degradation, and drug metabolism by other enzymes (Fig. 1D).

Further, the elucidation of xenobiotic degradation genes and pathways in G. protophormiae NG4 was conducted alongside a 
comparative genomic analysis with closely related genera like Arthrobacter and Pseudarthrobacter. These genera, along with Gluta-
micibacter, belong to the Micrococcaceae family, and Supplementary Fig. S2 shows the clustering of these species within the same clade. 
Notably, Arthrobacter and Pseudarthrobacter were selected for comparison because of their well-established roles in xenobiotic 
degradation compared to other strains in the clade, even though some strains in the clade including Paenarthrobacter and Micrococcus 
have also shown possibility in xenobiotic degradation. The close phylogenetic relationship of these genera is also reflected in the 
frequent taxonomic reclassification of Arthrobacter strains, which have been reassigned over time to other genera such as Gluta-
micibacter, Pseudarthrobacter, Paeniglutamicibacter, Pseudoglutamicibacter, and Paenarthrobacter [15]. For comparative study, a total of 
11 Glutamicibacter, 36 Arthrobacter, and 8 Pseudarthrobacter species were compared (Fig. 2). To ensure a consistent basis for com-
parison, only strains with complete genome sequences were selected, excluding draft genomes.

2.2. Pan-genome analysis and pan-phylogeny construction

Using a 70 % cutoff value for clustering, the analysis revealed 72 core genes, 27,400 accessory genes, and 36,781 unique genes 
among the strains. The core-pan plot, distribution of the gene families among the 55 genomes and the number of new genes among the 
strains are shown in Supplementary Figs. S3A–C respectively. The constructed pan phylogeny positioned NG4 strain among Gluta-
micibacter and Arthrobacter species, while several Arthrobacter strains were closely grouped with Pseudarthrobacter strains (Fig. 2). 
Notably, while the speciation point of Glutamicibacter strains was clearly delineated, the speciation points for all Pseudarthrobacter 
strains appeared less distinct, with Arthrobacter strains (PGP41, DNA4, FW306-06-A, FW306-07-I, and FW306-05-C) interspersed 
among Pseudarthrobacter species.

Recently, several Arthrobacter strains were reclassified into five distinct genera, including Pseudarthrobacter and Glutamicibacter, 
based on differences in quinone systems, peptidoglycan types, and polar lipid profiles [15]. Previous studies have described the 
reclassification of Arthrobacter species such as protophormiae, nicotianae, arilaitensis, and creatinolyticus to Glutamicibacter strains, as 
well as the reclassification of species like sulfonivorans, phenanthrenivorans, chlorophenolicus, and defluvii to Pseudarthrobacter [15]. Our 
findings, based on pan/core phylogeny analysis, indicate some Arthrobacter and Pseudarthrobacter strains closely cluster together in 
phylogeny. Previous proposals for reclassifying bacterial taxonomy have been based on phylogenomic tree analysis, including core 
genes of the strains [22]. This study suggests a revision of taxonomic classification between Arthrobacter and Pseudarthrobacter strains, 
particularly for those where the speciation event in the phylogenetic tree is not clear. Furthermore, in the ANI analysis, Arthrobacter 
species which clustered together with Pseudarthrobacter strains in the phylogenetic tree had more nucleotide identity percentages to 
Pseudarthrobacter than Arthrobacter strains (Supplementary Table S4). However, it’s important to note that ANI analysis is primarily 
used to estimate genetic relatedness and aid in species delineation [23] where, the species that shares ≥95 % ANI value are considered 
as the same species [24,25]. Through ANI analysis, this study identified an uncharacterized species G. sp. ZJUTW as G. nicotianae with 
ANI value of 100 % with G. nicotianae ZM05 and OTC-16 (Supplementary Table S4) thus proposing the species delineation of G. sp. 
ZJUTW to G. nicotianae. Similarly, ANI analysis also showed G. protophormiae NG4 and G. protophormiae NG8 to be an identical strain 
with 100 % identity, however, further analysis is required to confirm the identical nature of these two strains.

Besides the phylogenetic relationship, understanding the relation of the metabolic capacity of a strain and their isolation envi-
ronment is beneficial to predict certain environmental conditions. Therefore, the isolation sources of the strains under study were 
determined, indicating that the majority were isolated from soil, followed by host-associated strains, contaminated sites, extreme 
environmental conditions, and other environments such as cheese, poultry farms, and water (Fig. 2 and Supplementary Table S2). In 
Fig. 2, it is evident that most Arthrobacter strains isolated from host-specific sources clustered together, as did strains isolated from soil 
and extreme environments. However, there was no distinct separation based on isolation source, with strains often clustering randomly 
among multiple groups within the same isolation environment.

2.3. Comparative analysis of xenobiotic degradation pathway genes among the three genera

The xenobiotic degradation categories in the KEGG pathway were thoroughly analyzed across the 55 strains. It was observed that 
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nearly all strains exhibited a higher abundance of genes (some genes involved in multiple reactions within the same degradation 
pathway) for benzoate degradation, chlorocyclohexane-chlorobenzene degradation, and drug metabolism by other enzymes (Fig. 3). 
Additionally, certain strains displayed a notable abundance of genes in categories such as fluorobenzoate degradation and xylene 
degradation, while a few genes consistently appeared among most species in categories like aminobenzoate degradation, toluene 
degradation, and chloroalkane—chloroalkene degradation. Intriguingly, four Glutamicibacter species exhibited the presence of genes 
and pathways for steroid degradation, a feature absent among all other species. Two strains Sphe3 and ATCC21022 possessed quite a 
few genes for polycyclic hydrocarbon degradation among all the strains.

2.4. Steroid degradation pathway is unique to Glutamicibacter among the three genera

Steroids, particularly naturally occurring steroid hormones, are recognized as common environmental pollutants, notably in 
wastewater or sewage treatment plants, where they can potentially exert endocrine-disrupting effects on humans and animals [26,27]. 
Various strategies have been employed to mitigate their presence in the environment [28,29], and several bacterial strains have been 
reported to degrade steroids [30,31]. The presence of the steroid degradation pathway and associated genes exclusively among 
Glutamicibacter species prompted further investigation. Thus, all Glutamicibacter species were selected for analysis, regardless of their 
genomic status (complete or draft genome) and isolation source unavailability.

Initially, the steroid degradation genes among the selected Glutamicibacter strains NG4, NG8, R912, and ZM05 were examined. It 
was discovered that all of them harbored the androstenedione degradation pathway (Fig. 4A, Table 1), an intermediate in the 
degradation of epiandrosterone and cholesterol. Additionally, NG4, NG8, and R912 strains possessed the cholesterol oxidase enzyme, 
which serves as the initial key enzyme for cholesterol degradation (Fig. 4A). Subsequently, all Glutamicibacter strains available in the 
JGI IMG database were further analyzed and categorized based on species and isolation source (Fig. 4B). It was observed that all 
protophormiae species, including NG4, NG8, R912, JCM1973, and DSM20168, possessed both cholesterol oxidase and the andro-
stenedione degradation pathway. These strains were predominantly isolated from environmental settings such as soil and water, with 
NG4, NG8, and R912 specifically identified from these sources, while information for JCM1973 was unavailable, and DSM20168 was 
isolated from flies. Similarly, both mysorens species DSM 12798 and NBRC103060, isolated from sewage, exhibited the androstene-
dione degradation pathway. Additionally, soli NHPC-3, isolated from rhizosphere soil, possessed genes for the androstenedione 
degradation pathway along with cholesterol oxidase, while nicotianae ZM05 and arilaitensis LJ1H9, both isolated from soil, contained 
only the androstenedione degradation pathway. Conversely, MNS18, isolated from a fermentation bed, possessed cholesterol oxidase 
alone. The remaining Glutamicibacter strains did not demonstrate the potential for steroid degradation, irrespective of the isolation 
environment.

Previously, a comparative genomic study analyzed steroid-degrading genes among 8000 microorganisms using the hidden Markov 
model [32]. Among the strains investigated in our study, only one Arthrobacter genus (species: gangotriensis, strain: Lz1y) was identified 
as a potential candidate by their study, although this strain has since been reclassified into Paeniglutamicibacter. Our study is the first to 
present the potential role of Glutamicibacter in steroid degradation. Their study also revealed that out of the 8000 microorganisms 
analyzed, only 265 putative steroid-degrading strains were identified, underscoring the fewer number of strains involved in steroid 
degradation.

G.protophormiae harbors the androstenedione degradation pathway, an intermediate in the degradation of epiandrosterone. The 

Fig. 3. Heat-map representation of the distribution of xenobiotics degradation related genes from KEGG pathway among all the 55 strains under this 
study. The number of genes involved in the pathway map for each category and the same gene acting in different reactions within the same pathway 
were taken separately.
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consistent presence of this pathway among all protophormiae species suggests its importance throughout their evolutionary history. G. 
protophormiae was initially isolated from a fly named Protophormia terraenovae, from which the species name was derived for the genus 
[15,20]. While it was initially expected that the distribution of the pathway among Glutamicibacter species might be specific to certain 
species, it was also observed in single strains of the species nicotianae and arilaitensis. Furthermore, a correlation between the pathway 
and the isolation environment was analyzed among putative steroid-degrading strains, revealing that species falling into this category 
were predominantly related to environmental isolates, particularly water, sewage, and soil, although some host-associated strains were 
also included.

2.5. Benzoate degradation pathway among the environmental isolates

Generally, benzoate and 4-HB are categorized as phenolic acids, commonly found in lignin-derived compounds [33,34], or as 
components of plant autotoxins [35,36] deposited in the rhizosphere by plants. However, due to their introduction through industrial 
processes, synthetic production, or use as preservatives in food, cosmetics, and pharmaceuticals, these compounds resemble xenobiotic 
compounds specially found as wastewater contaminants [37–39]. The presence of degradation pathways in an organism and their 
correlation with the isolation environment was observed for putative benzoate-degrading strains. The benzoate degradation category 
was highly prevalent among almost all the 55 strains, with few exceptions (Fig. 3). This category encompasses two major pathways: 
degradation of benzoate itself and 4-HB.

Most strains demonstrated complete pathways for the degradation of either benzoate, 4-HB, or both, leading to the citrate cycle 
(TCA cycle) intermediates. These compounds have multiple degradation routes (Fig. 5A, Table 1). 4-HB degradation route followed by 
beta oxidation (No. 1 and 5, Fig. 5A and B) was most abundant among the species. Interestingly, only Arthrobacter sp. ERGS4:06 
possessed ligAB-mediated degradation route (No. 1 and 3, Fig. 5A and B) while no species showed the degradation pathway through 

Fig. 4. Cholesterol oxidase and androstenedione degradation related genes distributed among Glutamicibacter strains isolated from diverse en-
vironments. (A) Steroid degradation pathway as shown by KEGG map for 4 strains that showed potential for steroid degradation among 55 selected 
strains for analysis. The green arrow represents the presence of the gene; blue color represent spontaneous reaction while grey color represents the 
absence. (B) Analysis of the steroid degradation potential among all the strains of Glutamicibacter available in JGI IMG database and their cate-
gorization based on isolation environments.
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Table 1 
Predicted genes involved in xenobiotics degradation based on KEGG pathway analysis (Figs. 4–7).

KEGG xenobiotic 
degradation pathway/ 
KEGG symbol

Strain name KEGG protein name/KO Reference gene/ 
Uniport or PDB 
accession

Identity/query cover (%)

Steroid Glutamicibacter 
protophormiae NG4choD cholesterol oxidase/K03333 Nr-database/ 

TDW30780.1
cholesterol oxidase (55.68/97)

kstD 3-oxosteroid 1-dehydrogenase/K05898 Swissprot/Q04616.3 3-oxosteroid 1-dehydrogenase/ 
(41.92/97)

kshA/kshB 3-ketosteroid 9alpha-monooxygenase 
subunit A and B/K15982 and K15983

Swissprot/B6V6V5.1 
Swissprot/A0R525.1

3-ketosteroid 9alpha-monooxyge-
nase subunit A/(69.40/92) 
3-ketosteroid 9alpha-monooxyge-
nase subunit B/(59.01/96)

hsaA 3-hydroxy-9,10-secoandrosta-1,3,5 
(10)-triene-9,17-dione 
monooxygenase/K16047

Nr-database/ 
WP_204676060.1

Hydroxylase/(100/100)

hsaC 3,4-dihydroxy-9,10-secoandrosta-1,3,5 
(10)-triene-9,17-dione 4,5- 
dioxygenase/K16049

Nr-database/ 
ALD65327.1

Extradiol dioxygenase/(96.44/100)

fadD3 HIP—CoA ligase/K18687 Swissprot// 
Q0S7V5.1

HIP—CoA ligase/(49.16/97)

Benzoate Arthrobacter sp. 7749
benA, benB and benC benzoate 1,2-dioxygenase alpha, beta 

and reductase subunit/K05549, 
K05550, K05784

Swissprot/P07769.2 
Swissprot/P07770.1 
Swissprot/P23101.1

benzoate 1,2-dioxygenase alpha/ 
(67.89/93) 
benzoate 1,2-dioxygenase beta 
(63.98/89) 
Toluate 1,2-dioxygenase electron 
transfer component/(54.49/64)

benD dihydroxycyclohexadiene carboxylate 
dehydrogenase/K05783

Swissprot/P07772.2 1,6-dihydroxycyclohexa-2,4-diene- 
1-carboxylate dehydrogenase/ 
(59.92/92)

catA catechol 1,2-dioxygenase/K03381 Swissprot/P95607.1 catechol 1,2-dioxygenase/(56.99/ 
95)

catC muconolactone delta-isomerase/
K03464

Swissprot/O33947.1 Muconolactone Delta-isomerase 
(59.78/100)

pcaD 3-oxoadipate enol-lactonase/K01055 Swissprot/P00632.3 3-oxoadipate enol-lactonase/ 
(35.29/87)

pcaIJ 3-oxoadipate CoA-transferase alpha 
and beta subunit/K01031 and K01032

Swissprot/Q01103.2 
Swissprot/P0A101.2

3-oxoadipate CoA-transferase 
alpha/(65.26/95) 
3-oxoadipate CoA-transferase beta 
(59.15/96)

fadA, fadI acetyl-CoA acyltransferase/K00632 Swissprot/Q5E8X7.2 3-ketoacyl-CoA thiolase (42.35/94)
catE catechol 2,3-dioxygenase/K07104 Swissprot/P54721.2 catechol 2,3-dioxygenase/(34.93/ 

91)
dmpD, xylF 2-hydroxymuconate-semialdehyde 

hydrolase/K10216
Swissprot/P19076.1 2-hydroxymuconate-semialdehyde 

hydrolase/(40.38/89)
mhpD 2-keto-4-pentenoate hydratase/K02554 Swissprot/Q13VU0.1 2-keto-4-pentenoate hydratase 

(41.41/97)
mhpE 4-hydroxy 2-oxovalerate aldolase/

K01666
Swissprot/Q0RXC3.1 4-hydroxy 2-oxovalerate aldolase 

(65.45/96)
mhpF acetaldehyde dehydrogenase/K04073 Swissprot/Q0S4F9.1 acetaldehyde dehydrogenase 

(59.80/96)
4-hydroxybenzoate Glutamicibacter 

protophormiae NG4pobA p-hydroxybenzoate 3-monooxygenase/ 
K00481

Swissprot/8WEQ_A p-hydroxybenzoate 3- 
monooxygenase/(63.36/98)

pcaG and pcaH protocatechuate 3,4-dioxygenase, 
alpha and beta subunit/K00448 and 
K00449

Swissprot/P20371.3 
Swissprot/P15110.1

protocatechuate 3,4-dioxygenase, 
alpha subunit/(41.50/93) 
protocatechuate 3,4-dioxygenase, 
beta subunit/(56.81/76)

pcaB 3-carboxy-cis,cis-muconate 
cycloisomerase/K01857

Swissprot/Q9I6Q8.1 3-carboxy-cis,cis-muconate 
cycloisomerase/(42.27/92)

pcaC 4-carboxymuconolactone 
decarboxylase/K01607

Swissprot/P20370.2 4-carboxymuconolactone 
decarboxylase/(44.53/92)

pcaD 3-oxoadipate enol-lactonase/K01055 Swissprot/P00632.3 3-oxoadipate enol-lactonase/(35/ 
90)

pcaIJ 3-oxoadipate CoA-transferase alpha 
and beta subunit/K01031 and K01032

Swissprot/Q01103.2 
Swissprot/P0A101.2

3-oxoadipate CoA-transferase alpha 
subunit/(67.61/95) 
3-oxoadipate CoA-transferase beta 
subunit/(64/92)

fadA, fadI acetyl-CoA acyltransferase/K00632 Swissprot/ 

(continued on next page)
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Table 1 (continued )

KEGG xenobiotic 
degradation pathway/ 
KEGG symbol 

Strain name KEGG protein name/KO Reference gene/ 
Uniport or PDB 
accession 

Identity/query cover (%)

ligA and ligB Arthrobacter alpinus 
ERGS4:06

protocatechuate 4,5-dioxygenase alpha 
and beta subunit/K04100 and K04101

Swissprot/P22635.1 
Swissprot/P22636.1

protocatechuate 4,5-dioxygenase 
alpha/(56.91/93) 
protocatechuate 4,5-dioxygenase 
beta/(60.21/100)

ligC 4-carboxy-2-hydroxymuconate 
semialdehyde dehydrogenase/K10219

Swissprot/Q9KWL3.1 4-carboxy-2-hydroxymuconate 
semialdehyde dehydrogenase 
(67.41/99)

ligI 2-pyrone-4,6-dicarboxylate hydrolase/
K10221

Swissprot/Q93PS7.1 2-pyrone-4,6-dicarboxylate 
hydrolase/(63.46/99)

galD 4-oxalomesaconate tautomerase/
K16514

Swissprot/Q88JY0.1 4-oxalomesaconate tautomerase/ 
(57.94/98)

ligJ 4-oxalomesaconate hydratase/K10220 Swissprot/G2IQQ5.1 2-keto-4-carboxy-3-hexenedioate 
hydratase/(75.52/100)

ligK, galC 4-carboxy-4-hydroxy-2-oxoadipate 
aldolase/K10218

Swissprot/G2IQQ8.1 4-carboxy-4-hydroxy-2-oxoadipate 
aldolase/(59.01/97)

Toluene Arthrobacter sp. 7749
E1.1.1.90 aryl-alcohol dehydrogenase/K00055 Swissprot/P39849.1 aryl-alcohol dehydrogenase/ 

(50.14/99)
xylC benzaldehyde dehydrogenase (NAD+)/

K00141
Swissprot/P43503.1 benzaldehyde dehydrogenase 

(NAD+)/(49.69/99)
benA-xylX, 

benB-xylY, and 
benC-xylZ

benzoate 1,2-dioxygenase alpha, beta 
and reductase subunit/K05549, 
K05550, K05784

Swissprot/P07769.2 
Swissprot/P07770.1 
Swissprot/P23101.1

benzoate 1,2-dioxygenase alpha/ 
(67.89/93) 
benzoate 1,2-dioxygenase beta 
(63.98/89) 
Toluate 1,2-dioxygenase electron 
transfer component/(54.49/64)

benD-xylL dihydroxycyclohexadiene carboxylate 
dehydrogenase/K05783

Swissprot/P07772.2 1,6-dihydroxycyclohexa-2,4-diene- 
1-carboxylate dehydrogenase/ 
(59.92/92)

catA- catechol 1,2-dioxygenase/K03381 Swissprot/P95607.1 catechol 1,2-dioxygenase/(56.99/ 
95)

catC muconolactone delta-isomerase/
K03464

Swissprot/O33947.1 Muconolactone Delta-isomerase 
(59.78/100)

pcaD 3-oxoadipate enol-lactonase/K01055 Swissprot/P00632.3 3-oxoadipate enol-lactonase/ 
(35.29/87)

pcaIJ 3-oxoadipate CoA-transferase alpha 
and beta subunit/K01031 and K01032

Swissprot/Q01103.2 
Swissprot/P0A101.2

3-oxoadipate CoA-transferase 
alpha/(65.26/95) 
3-oxoadipate CoA-transferase beta 
(59.15/96)

fadA, fadI acetyl-CoA acyltransferase/K00632 Swissprot/Q5E8X7.2 3-ketoacyl-CoA thiolase (42.35/94)
catE, dmpB-xylE catechol 2,3-dioxygenase/K07104 Swissprot/P54721.2 catechol 2,3-dioxygenase/(34.93/ 

91)
dmpD, xylF 2-hydroxymuconate-semialdehyde 

hydrolase/K10216
Swissprot/P19076.1 2-hydroxymuconate-semialdehyde 

hydrolase/(40.38/89)
mhpD 2-keto-4-pentenoate hydratase/K02554 Swissprot/Q13VU0.1 2-keto-4-pentenoate hydratase 

(41.41/97)
mhpE 4-hydroxy 2-oxovalerate aldolase/

K01666
Swissprot/Q0RXC3.1 4-hydroxy 2-oxovalerate aldolase 

(65.45/96)
mhpF acetaldehyde dehydrogenase/K04073 Swissprot/Q0S4F9.1 acetaldehyde dehydrogenase 

(59.80/96)
p-Xylene Arthrobacter sp. 7749
E1.1.1.90 aryl-alcohol dehydrogenase/K00055 Swissprot/P39849.1 aryl-alcohol dehydrogenase/ 

(50.14/99)
xylC benzaldehyde dehydrogenase (NAD+)/

K00141
Swissprot/P43503.1 benzaldehyde dehydrogenase 

(NAD+)/(49.69/99)
benA-xylX, 

benB-xylY, and 
benC-xylZ

Benzoate/toluate 1,2-dioxygenase 
alpha, beta and reductase subunit/
K05549, K05550, K05784

Swissprot/P07769.2 
Swissprot/P07770.1 
Swissprot/P23101.1

benzoate 1,2-dioxygenase alpha/ 
(67.89/93) 
benzoate 1,2-dioxygenase beta 
(63.98/89) 
Toluate 1,2-dioxygenase electron 
transfer component/(54.49/64)

benD-xylL dihydroxycyclohexadiene carboxylate 
dehydrogenase/K05783

Swissprot/P07772.2 1,6-dihydroxycyclohexa-2,4-diene- 
1-carboxylate dehydrogenase/ 
(59.92/92)

dmpB, xylE 3,4-dihydroxyphenylacetate 2,3- 
dioxygenase/K00446

Pdb/1Q0C_A homoprotocatechuate 2,3- 
dioxygenase/(86.26/98)

(continued on next page)
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Table 1 (continued )

KEGG xenobiotic 
degradation pathway/ 
KEGG symbol 

Strain name KEGG protein name/KO Reference gene/ 
Uniport or PDB 
accession 

Identity/query cover (%)

dmpD, xylF 2-hydroxymuconate-semialdehyde 
hydrolase/K10216

Swissprot/P19076.1 2-hydroxymuconate-semialdehyde 
hydrolase/(40.38/89)

o-Xylene/m-Xylene Arthrobacter sp. 7749
E1.1.1.90 aryl-alcohol dehydrogenase/K00055 Swissprot/P39849.1 aryl-alcohol dehydrogenase/ 

(50.14/99)
xylC benzaldehyde dehydrogenase (NAD+)/

K00141
Swissprot/P43503.1 benzaldehyde dehydrogenase 

(NAD+)/(49.69/99)
benA-xylX, 

benB-xylY, and 
benC-xylZ

Benzoate/toluate 1,2-dioxygenase 
alpha, beta and reductase subunit/
K05549, K05550, K05784

Swissprot/P07769.2 
Swissprot/P07770.1 
Swissprot/P23101.1

benzoate 1,2-dioxygenase alpha/ 
(67.89/93) 
benzoate 1,2-dioxygenase beta 
(63.98/89) 
Toluate 1,2-dioxygenase electron 
transfer component/(54.49/64)

benD-xylL dihydroxycyclohexadiene carboxylate 
dehydrogenase/K05783

Swissprot/P07772.2 1,6-dihydroxycyclohexa-2,4-diene- 
1-carboxylate dehydrogenase/ 
(59.92/92)

dmpB, xylE 3,4-dihydroxyphenylacetate 2,3- 
dioxygenase/K00446

Pdb/1Q0C_A homoprotocatechuate 2,3- 
dioxygenase/(86.26/98)

mhpD 2-keto-4-pentenoate hydratase/K02554 Swissprot/Q13VU0.1 2-keto-4-pentenoate hydratase 
(41.41/97)

mhpE 4-hydroxy 2-oxovalerate aldolase/
K01666

Swissprot/Q0RXC3.1 4-hydroxy 2-oxovalerate aldolase 
(65.45/96)

mhpF acetaldehyde dehydrogenase/K04073 Swissprot/Q0S4F9.1 acetaldehyde dehydrogenase 
(59.80/96)

Phenanthrene Pseudarthrobacter 
phenanthrenivorans 
Sphe3

nidA ring-hydroxylating dioxygenase, large 
terminal subunit/K11943

Pdb/2B1X_A naphthalene dioxygenase large 
subunit/(74.41/96)

phdI 1-hydroxy-2-naphthoate 1,2- 
dioxygenasee/K11948

Swissprot/O24721.2 1-hydroxy-2-naphthoate 1,2- 
dioxygenasee/(85.53/100)

phdJ 4-(2-carboxyphenyl)-2-oxobut-3- 
enoate aldolase/K11949

Swissprot/Q79EM8.1 Trans-2′-carboxybenzalpyruvate 
hydratase-aldolase (94.28/96)

phdK 2-formylbenzoate dehydrogenase/
K18275

Swissprot/Q79EM7.1 2-formylbenzoate dehydrogenase/ 
(73.54/99)

phtAb phthalate 3,4-dioxygenase subunit 
beta/K18252

Nr-database/ 
MCU1563476.1

phthalate 3,4-dioxygenase subunit 
beta/(89.05/100)

phtC 3,4-dihydroxyphthalate 
decarboxylase/K18256

Nr-database/ 
MCW2683780.1

3,4-dihydroxyphthalate 
decarboxylase (61.25/99)

pcaG and pcaH protocatechuate 3,4-dioxygenase, 
alpha and beta subunit/K00448 and 
K00449

Swissprot/P00436.3 
Swissprot/P15110.1

protocatechuate 3,4-dioxygenase 
alpha chain (39.90/97) 
protocatechuate 3,4-dioxygenase 
beta chain (55.35/73)

Azathioprene 
(prodrug)

Arthrobacter 
crystallopoietes DSM 
20117hprT, hpt, HPRT1 hypoxanthine 

phosphoribosyltransferase/K00760
Swissprot/Q839B2.1 hypoxanthine 

phosphoribosyltransferase/(52.81/ 
97)

IMPDH, guaB inosine-5′-monophosphate 
dehydrogenase/K00088

Swissprot/Q8G3N6.1 inosine-5′-monophosphate 
dehydrogenase/(65.65/98)

guaA, GMPS GMP synthase (glutamine- 
hydrolysing)/K01951

Nr-database/ 
WP_074702029.1

glutamine amidotransferas (100/ 
100)

Capecitabine 
(Prodrug)

Arthrobacter 
crystallopoietes DSM 
20117cdd, CDA cytidine deaminase/K01489 Swissprot/P9WPH2.1 cytidine deaminase/(56.35/75)

deoA, TYMP thymidine phosphorylase/K00758 Swissport/P9WFS0.1 thymidine phosphorylase/(62.59/ 
98)

tdk, TK thymidine kinase/K00857 Swissprot/ 
Q5QWC7.1

thymidine kinase/(45.45/98)

ndk, NME nucleoside diphosphate kinase/K00940 Swissport/P36010.1 nucleoside diphosphate kinase 
(61.19/97)

DPYS, dht, hydA Dihydropyrimidinase/K01464 Swissprot/Q14117.1 Dihydropyrimidinase (32.46/93)
UPB1, pydC N-carbamoylputrescine amidase/

K01431
Swissprot/Q9XGI9.1 N-carbamoylputrescine amidase/ 

(40.78/96)
5-Fluorouridine Arthrobacter 

crystallopoietes DSM 
20117

udk, UCK uridine kinase/K00876 Nr-database/ 
WP_074702196.1

uridine kinase/(100/100)

ndk, NME nucleoside diphosphate kinase/K00940 Swissprot/P36010.1 nucleoside diphosphate kinase/ 
(61.19/97)
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routes 2 and 4 (Fig. 5). Among the 55 studied strains, 9 Arthrobacter species (R3.8, NEB 688, TMP24, A3, ZXY-2, C1-1, PAMC25486, 
DCT5, and UMCV2) and 1 Pseudarthrobacter sp. NIBRBAC000502772 did not possess any routes for 4-HB degradation, whereas all 
Glutamicibacter strains contained at least one pathway for 4-HB degradation.

In contrast, the benzoate degradation pathway, either through the catA or dmpB-mediated route, was found in very few species (No. 
6–8, Fig. 5A). 10 Arthrobacter species (24S4-2, 7749, ERGS4:06, NT16, FW306-07-I, PAMC25564, DNA4, FW306-06-A, FW305-BF8, 
and DSM 20117), 6 Pseudarthrobacter species (E5, NIBRBAC000502771, Ar51, YJ56, Sphe3, and NIBRBAC000502772) and 3 Gluta-
micibacter species (OTC-16, ZM05, and ZJUTW) possessed catA mediated degradation route (No. 6 and 7, Fig. 5B). Among these strains 
having at least one route for benzoate degradation, some Arthrobacter (7749, ERGS4:06, and PAMC25564), Pseudarthrobacter (Ar51) 
and Glutamicibacter (ZM05) contained both the routes for benzoate degradation (No. 6–8, Fig. 5B).

When comparing the isolation sites of strains possessing the benzoate and 4-HB degradation pathways, it was observed that most 
strains involved in benzoate degradation were isolated from soil/sediment, followed by pollutant sites, while very few strains were 
isolated from other environments (Fig. 5C and Supplementary Table S2). Similarly, strains possessing the 4-HB degradation pathway 
were primarily isolated from soil/sediment, followed by host-associated and pollutant sites (Fig. 5D). Notably, none of the host- 

Fig. 5. Benzoate and 4-HB degradation pathway widely distributed among the three genera. (A) Different routes of benzoate and 4-HB degradation 
pathway as shown by KEGG map. (B) Categorization of the presence of each route for benzoate and 4-HB degradation among all the 55 selected 
strains. (C and D) Graph representation of the correlation between degradation pathway and the isolation source among the strains having the 
potential genes for benzoate (C) and 4-HB (D) degradation.
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associated strains exhibited the benzoate degradation pathway, suggesting that this pathway is predominantly distributed among 
environmental isolates. While both the aerobic degradation pathways for benzoate and 4-HB are widely distributed among all three 
genera, the 4-HB degradation pathway was nearly ubiquitous across species, with few exceptions, whereas benzoate was only present 
in certain environmental isolates. A study showed the comparatively higher possibility for 4-HB deposition in soil as a result of its 
persistence and higher secretion potential [36]. This characteristic may render 4-HB more readily available for bacterial degradation, 
thus leading to the evolution and maintenance of 4-HB degradation pathways across a wider range of bacterial species.

Moreover, both benzoate and 4-HB serve as peripheral intermediates during the degradation of more toxic aromatic pollutants 
contaminating the environment. Environmental bacteria are exposed to a wide range of aromatic pollutants in their natural habitats, 
which may have driven the evolution of metabolic pathways for utilizing benzoate and 4-HB as carbon and energy sources. Benzoate 
typically forms as a peripheral intermediate during the degradation of toxic aromatic compounds such as biphenyl, xylene, toluene, 
and pyrene, while 4-HB is formed during the degradation of pyrene, p-cresol, and toluene [40–43]. Overall, both compounds play 
crucial roles in the bioremediation of toxic pollutants from the environment.

2.6. Some Arthrobacter and Pseudarthrobacter possess potential genes to degrade toxic aromatic pollutants

Among all the strains, only a few species were found to harbor the necessary set of genes for degrading toxic aromatic compounds 
such as toluene, xylene, and phenanthrene (Fig. 6, Table 1). The toluene degradation route through benzoate as a peripheral inter-
mediate and catechol as the central intermediate was identified in three Arthrobacter strains, although the first enzyme was not an-
notated (Fig. 6A). Interestingly all these isolates were obtained from extreme environments: PAMC25564 was isolated from cryoconite 
in the Ötztaler Alps, 24S4-2 from soil in Antarctica, and 7749 from marine sediment in Antarctica. Similarly, most of the o-xylene and 
m-xylene degradation genes were abundant in the strains PAMC25564 and 7749 (Fig. 6B). Pseudarthrobacter phenanthrenivorans Sphe3 
isolated from creosote polluted soil in Greece possesses the initial gene for phenanthrene degradation. Additionally, it contains the 
peripheral pathway intermediate phthalate and the central pathway intermediate protocatechuate, facilitating complete degradation 
and utilization of phenanthrene as a carbon source by the degrading strain (Fig. 6C).

Certain strains, particularly from the Arthrobacter and Pseudarthrobacter genera, harbored putative toluene, xylene, and 

Fig. 6. Distribution of the toxic aromatic compounds degrading genes among the 55 strains. The green color represents the presence of the gene 
while grey color represents the absence. (A) KEGG pathway map of toluene degradation and the distribution of the genes among three Arthrobacter 
species. (B) KEGG pathway map for xylene degradation distributed among the two Arthrobacter strains. (C) KEGG pathway map for phenanthrene 
degradation in the Pseudarthobacter phenanthrenivorans Sphe3. The strains possessing the maximum set of genes for the degradation pathway among 
all the strains are selected for the representation.
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phenanthrene degradation genes. While many other species exhibited a decent distribution of such genes, we focused on identifying 
the most promising candidates with the maximum availability of genes for further study. Arthrobacter species such as PAMC25564, 
24S4-2, and 7749 were found to possess the toluene degradation pathway, which involves benzyl alcohol-mediated degradation [44], 
leading to the peripheral intermediate benzoate and ultimately to the TCA cycle intermediate. Although direct reports on toluene 
biotransformation by Arthrobacter, Pseudarthrobacter, and Glutamicibacter species are lacking, the heterologous expression of phenol 
hydroxylase from Arthrobacter has demonstrated toluene degradation [45].

On the other hand, efficient degradation of p-xylene and phenanthrene has been reported by Arthrobacter sp. YC-RL1 [10]. 
However, the detection of pathways for xylene degradation in strains PAMC25564 and 7749 suggests the potential for o-xylene and 
m-xylene degradation, highlighting the significance of these strains for this purpose. Similarly, the putative phenanthrene-degrading 
strain Pseudarthrobacter phenanthrenivorans Sphe3 has been previously characterized for phenanthrene degradation by other research 
groups [46,47]. The strains identified in this study as potential candidates for degrading toxic pollutants could serve as valuable re-
sources for bioremediation efforts targeting toxic aromatic pollutants.

2.7. Some drugs metabolic pathways that are widely distributed among all three genera

Interestingly, the drug metabolic pathway was prevalent among all the studied genera and strains. Three types of drug metabolic 
pathways were identified, including azathioprine, capecitabine, and 5-fluorouridine (Fig. 7A, Table 1). Among them, the azathioprine 
degradation pathway was present in all studied strains (Fig. 7B–D). Capecitabine degradation-related genes were also detected in all 
Arthrobacter species, while some Glutamicibacter and Pseudarthrobacter species did not possess them. Conversely, genes related to 5-flu-
orouridine degradation were less common across all three genera.

Drug metabolism by human gut microbiome is the most studied field of research [48], but the drug metabolism by the 

Fig. 7. Distribution of the drug metabolism-related genes among the 55 strains. (A) KEGG pathway representation for drug metabolism from the 
strain Arthrobacter crystallopoietes DSM 20117 possessing the highest number of genes in the category among 55 strains. The green color represents 
the presence of the gene, grey color represents the absence, blue color represents the non-enzymatic reaction, and the dashed black color represents 
the unknown pathway. (B) Categorization of the number of strains possessing degradation pathway genes among three types of drug metabolism 
pathway for Arthrobacter, Pseudarthrobacter, and Glutamicibacter.
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environmental isolate is a rarely discussed phenomenon. However, bacterial enzymes from strains isolated from diverse environments 
are gaining attention for their potential role in drug metabolism. Notably, cytochrome P450 monooxygenase from environmental 
isolates have been widely studied for the metabolism of drugs like steroids [49], alkaloids [50], macrolides [51] and more. Our 
genome-scale study provided an overview of drug-metabolizing pathways distributed among host-specific and environmental isolates.

It is noteworthy that all the studied strains possess at least one pathway for metabolizing azathioprine, an immunosuppressant drug 
[52]. Additionally, they harbor genes involved in metabolizing drugs like capecitabine and 5-fluorouridine, which are commonly used 
in cancer therapy [53]. The widespread distribution of the drug metabolic pathway presents an alarming effect of anthropogenic 
contamination in the ecological system. The presence of these drug metabolism-related genes in environmental isolates underscores 
the importance of understanding their distribution and functional significance in environmental bacteria. This knowledge could 
provide valuable insights into microbial ecology and the potential for microbial-mediated transformations of pharmaceutical com-
pounds in natural ecosystems.

3. Conclusions

This study focused on 55 strains from three different genera that were formerly grouped under the same taxonomic genus, 
Arthrobacter. Primarily, we conducted a comparative genomics study examining the xenobiotic degradation capabilities of these strains 
isolated from diverse environments. Through the comparative genomic process, we also determined and suggested revisions in the 
taxonomic classification of certain Arthrobacter species and suggested species delineation of a Glutamicibacter species, supported by 
pan/core phylogeny and ANI analysis, respectively. Additionally, our comparative analysis highlights the putative role of Gluta-
micibacter species isolated from diverse niches in steroid degradation. The widespread distribution of benzoate and 4-HB degradation 
pathways among all three genera, with 4-HB being the most common, underscores the environmental adaptation of microorganisms 
and the persistence of the compounds in the environment. Moreover, we identified candidate strains for the degradation of toxic 
aromatic compounds, emphasizing their potential role in bioremediation strategies. The correlation between the isolation source and 
the presence of specific xenobiotic degradation pathways is particularly evident in the case of benzoate and toxic pollutant degra-
dation, which were exclusively identified among environmental isolates. Furthermore, our study sheds light on the rarely discussed 
phenomenon of drug metabolism by environmental isolates, revealing a widespread distribution of drug metabolizing genes and 
pathways among the studied strains suggesting their ecological implications and impact on environmental health. Overall, our 
comprehensive analysis provides insights into the relationship between three genera and their metabolic versatility in xenobiotic 
degradation. The presence of the xenobiotic degradation pathway in strains isolated from both contaminated and non-contaminated 
areas suggests the ubiquitous presence of xenobiotics in the environment, possibly through natural and anthropogenic activities. 
Finally, the study calls for experimental validations to explore the potential applications of these candidate strains in environmental 
bioremediation processes.

4. Materials and method

4.1. Sample collection

The soil sample was collected from the west coastal area in Seosan city, South Korea, which is characterized by the presence of 
chemical plants, including pharmaceutical and petrochemical industries. Using a shovel, the sample was collected from a depth of 10 
cm and transferred to sterilized tubes, which were immediately sealed with caps to prevent contamination. The sample was then 
transported to the laboratory in an icebox and stored at − 50 ◦C until further experimentation. On-site measurements were taken to 
estimate the temperature of the seawater during collection, while pH measurements were conducted in the laboratory.

4.2. Isolation of bacteria and 16s rRNA analysis

1 g of soil sample was mixed with 100 mL of mineral salt medium (20.0 g NaCl, 7.0 g Na2HPO4⋅12H2O, 1 g KH2PO4, 10 mg 
CaCl2⋅2H2O, 1 mg FeCl3, 20 mg MgSO4⋅7H2O, 1 g (NH4)2SO4, and 1000 mL of distilled water; pH 7.0) containing several aromatic 
pollutants and PAHs like phenanthrene, pyrene, naphthalene, and biphenyl separately. The compounds were dissolved in acetone and 
10 mg of each compound was placed in the sterilized flasks and the acetone was left to dry on the clean bench followed by the addition 
of 100 mL of MSB medium. The mixture was incubated for 7 days, and 10 mL of the culture was transferred to 90 mL of the media 
following the same protocol and incubated for 7 days more. Finally, serial dilution was performed using the culture and spread on 
marine agar medium, R2A and TSB medium subsequently and incubated at 25 ◦C for a week. Distinct colonies were selected, and pure 
culture was obtained (NG4 from R2A media). The 16S rRNA gene was amplified using universal primers: 27F (5′- AGA GTT TGA TCM 
TGG CTC AG -3′) and 1492R (5′- GGT TAC CTT GTT ACG ACT T -3′). The obtained sequence was matched and compared with other 
species using EzBioCloud database [54]. The 16S rRNA sequence was used to create a phylogenetic tree using MEGA X 
neighbor-joining tree with 500 bootstrap replicates value [55]. For the type strain prediction, the whole genome was uploaded to Type 
strain genome server (TYGS) [56] and the intergenomic distances was used to create a balanced minimum evolution tree with FASTME 
2.1.4 with 100 pseudo-bootstrap replicates [57]. The average nucleotide identity was performed by pyani v 0.2 using ANIb method 
[58,59]. The pyani was used to perform ANIb analysis of 55 strains using their fna files, with BLAST+ and default parameters. The 
results were visualized using heatmap2 in R package.
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4.3. Genome sequencing, assembly, and annotation of NG4 strain

Before the sequencing process, quantity and purity were determined using an Agilent 2100 Bioanalyzer (Agilent Technologies, 
Santa Clara, CA, USA) to obtain complete genome sequencing. Genome sequencing was performed using PacBio RS II single-molecule 
real-time (SMRT) sequencing technology (Pacific Biosciences, Menlo Park, CA, USA). Library preparation and sequencing were 
conducted by DNALink, an authorized service provider located in Seoul, South Korea (DNA Link Inc.). SMRTbell library inserts (20 kb) 
were sequenced using SMRT cells. Using PacBio sequencing raw data, FALCON-Unzip (v0.5) was first used to conduct de novo as-
sembly. In addition, Raw sequence data were generated, and de novo assembled using the hierarchical genome assembly process 
(HGAP) protocol and RS HGAP4 Assembly in SMRT Analysis Software (ver. 2.3; Pacific Biosciences, SMRT Link 4.0.0) [60,61]. 
Annotation was performed with the NCBI Prokaryotic Genome Annotation Pipeline (PGAP). Information about PGAP can be found 
here: https://www.ncbi.nlm.nih.gov/genome/annotation_prok/. We submitted NG4 strain to NCBI and received an accession number 
as CP139423.1. For genome annotation, the complete genomes of NG4 strain was subjected to RAST annotation server [62]. For 
predicting the pathways involved in xenobiotic degradation, the genomes of NG4 strain was subjected to BlastKOALA [63] using the 
KEGG database. The circular map of the genomic DNA was prepared using the CGView tool [64].

4.4. Selection of Glutamicibacter, Arthrobacter, and Pseudarthrobacter genomes for comparison

For comparison of G. protophormiae NG4 strain with other strains from the same genus along with Arthrobacter and Pseudar-
throbacter, only the completely sequenced genomes were selected from joint genome institute (JGI) integrated microbial genomes 
(IMG) database [65]. Complete genomes are of high quality to draft genomes as they contain lesser gaps, less error and contain 
sequenced assemblies in high percentage unlike draft genome [66]. Further, the strains lacking the proper information about the 
isolation site and the genomes showing sequence error while processing genome analysis tools used in this study were discarded. 
Finally, 55 complete genomes were selected for further analysis. The selected genomes were isolated from diverse environments 
including the host-associated and environmental along with pollutant contaminated and non-contaminated areas. Detailed infor-
mation of the selected strains with their isolation environment is available in Supplementary Table S2.

4.5. Pan-genome analysis and core-phylogeny construction of the selected strains of Glutamicibacter, Arthrobacter, and Pseudarthrobacter

For pan-genome analysis, the fasta sequences of complete genomes involving 55 selected strains were subjected to BPGA software 
package [67]. USEARCH Clustering Algorithm was used with 70 % as sequence identity cut-off value. The core/pan phylogeny was 
performed as an automated downstream analysis and the phylogenetic tree was obtained using MUSCLE and neighbor-joining method 
[68].

4.6. Comparative analysis for xenobiotic degradation genes and pathways among the selected strains

For comparison of the xenobiotic degradation genes and pathways among the 55 selected genomes, the KEGG annotation results 
available in the JGI IMG database was used. JGI IMG database consists of all the information of protein coding genes associated with 
KEGG pathways, which were used for pathway mapping in the strains. For strains unavailable in the database, BlastKOALA tool [63] 
within KEGG database as described above was used by uploading the amino acid sequence of the strain. Protein coding genes con-
nected to KEGG pathways were tracked by reconstructing the pathway. Further, the predicted genes were subjected to NCBI BLAST 
against database like UniProtKB/Swiss-Prot, Protein data bank (pdb) and non-redundant protein sequences (Nr-database) for further 
analysis. The priority database was in the order UniProtKB/Swiss-Prot- Protein data bank (pdb) and then Nr-database to support the 
protein coding genes predicted by KEGG. The xenobiotic degradation category in KEGG database was detailly analyzed and the in-
formation obtained was processed for comparative purposes.
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