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Abstract

Background: While the genus Variovorax is known for its aromatic compound metabolism, no detailed study of
the peripheral and central pathways of aromatic compound degradation has yet been reported. Variovorax sp.
PAMC26660 is a lichen-associated bacterium isolated from Antarctica. The work presents the genome-based elu-
cidation of peripheral and central catabolic pathways of aromatic compound degradation genes in Variovorax sp.
PAMC26660. Additionally, the accessory, core and unique genes were identified among Variovorax species using the
pan genome analysis tool. A detailed analysis of the genes related to xenobiotic metabolism revealed the potential
roles of Variovorax sp. PAMC26660 and other species in bioremediation.

Results: TYGS analysis, dDDH, phylogenetic placement and average nucleotide identity (ANI) analysis identified the
strain as Variovorax sp. Cell morphology was assessed using scanning electron microscopy (SEM). On analysis of the
core, accessory, and unigue genes, xenobiotic metabolism accounted only for the accessory and unique genes. On
detailed analysis of the aromatic compound catabolic genes, peripheral pathway related to 4-hydroxybenzoate (4-HB)
degradation was found among all species while phenylacetate and tyrosine degradation pathways were present

in most of the species including PAMC26660. Likewise, central catabolic pathways, like protocatechuate, gentisate,
homogentisate, and phenylacetyl-CoA, were also present. The peripheral pathway for 4-HB degradation was function-
ally tested using PAMC26660, which resulted in the growth using it as a sole source of carbon.

Conclusions: Computational tools for genome and pan genome analysis are important to understand the behavior
of an organism. Xenobiotic metabolism-related genes, that only account for the accessory and unique genes infer
evolution through events like lateral gene transfer, mutation and gene rearrangement. 4-HB, an aromatic compound
present among lichen species is utilized by lichen-associated Variovorax sp. PAMC26660 as the sole source of carbon.
The strain holds genes and pathways for its utilization. Overall, this study outlines the importance of Variovorax in
bioremediation and presents the genomic information of the species.

Keywords: Variovorax species, Genome, Pan-genome, Aromatic compound degradation, 4-hydroxybenzoate

*Correspondence: tjoh3782@sunmoon.ac.kr

4 Department of Pharmaceutical Engineering and Biotechnology, SunMoon
University, Asan 31460, South Korea
Full list of author information is available at the end of the article

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-022-08589-3&domain=pdf

Ghimire et al. BMC Genomics (2022) 23:375

Background

The bacterial genus Variovorax belongs to the phylum
Proteobacteria and the Comamonadaceae family [1]. Var-
iovorax sp. PAMC26660 in this study was isolated from
lichen source obtained from Antarctica, whose complete
genome has been deposited in the National Centre for
Biotechnology Information (NCBI). Likewise, other Vari-
ovorax species have been isolated from diverse habitats
(Table 1), like plant rhizosphere [2], glacier, and places
contaminated with chemicals [3] and plastics (NCBI:
biosample database), thus representing their abilities to
adapt and survive in extreme environments. Variovorax
species are also reported to contribute to xenobiotic bio-
degradation based on their ability to degrade aromatic
compounds [4, 5]. However, less detailed study of the
central and peripheral pathways of aromatic compound
catabolism has been reported.

Microorganisms conserve and acquire pathways for
aromatic compound catabolism. Aromatic compounds
represent about 20% of the earth’s biomass [6]. They are
common growth substrates for microorganisms, as well
as significant environmental pollutants obtained from
plant decomposition [7], petroleum [8], and anthro-
pogenic activities [9]. Several peripheral and central
catabolic pathways and degradation strategies for aro-
matic compound degradation are observed in microbial
genomes [10-12] that can be used for bioremediation
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approaches to clean up aromatic contaminants from the
environment. This study highlights the peripheral and
central catabolic pathways for aromatic compound deg-
radation among Variovorax species.

With the increasing number and advances in whole
genome sequencing, the study of genomes and com-
parative genomics have become popular choices to
understand the behavior of an organism [13]. Whole
genome analysis and comparison can provide compre-
hensive information regarding metabolism, behavior to
the changing environment, and bacterial adaptation to
xenobiotic. Further, the pan genome analysis outlines
the core, accessory, and unique genes among the strains
of the same genus that can illustrate information regard-
ing the variable genes and the conserved genes acquired
with increasing generation [14]. Bacteria isolated from
Antarctic regions can deliver important information
of their adaptation to the habitat. We previously pub-
lished CAZymes related study for the bacterial strains
isolated from Antarctic lichen [15]. However, this study
explores the bioremediation potential of Variovorax sp.
PAMC26660 isolated from the Antarctic lichen, and per-
forms genome comparison with other Variovorax species
obtained from the NCBL. In this study, we applied differ-
ent tools to analyze and compare the genomic features
of all available whole-genome sequences of Variovorax
species.

Table 1 General information about the isolation source of the complete genomes of Variovorax species submitted to the NCBI

Species name GenBank Accession

Isolation source Isolation country

V. sp. PAMC26660 CP060295.1
V. sp. PAMC 28711 CP014517.1
V. sp. PAMC28562 CP060296.1
V. sp. 38R CP062121.1
V. sp. PBL-E5 LR594671.1
V. sp. PBL-H6 LR594659.1
V. sp. PBS-H4 LR594675.1
V. sp. PDNC026 CP070343.1
V. sp. PMC12 CP027773.1 and CP027774.1
V. sp. RA8 LR594662.1
V. sp. RKNM96 CP046508.1
V.sp. SRS16 LR594666.1
V. sp. WDL1 LR594689.1
V. paradoxus 5C-2 CP045644.1
V. paradoxus VAI-C CP063166.1
V. paradoxus CSUSB CP046622.1

V. paradoxus B4 CP003911.1 and CP003912.1

V. paradoxus EPS CP002417.1
V. paradoxus S110 CP001635.1 and CP001636.1
V. boronicumulans J1 CP023284.1

Lichen Antarctica
Lichen Antarctica
Glacier Uganda
Soil France
Linuron-contaminated soil Denmark
Linuron-contaminated soil Belgium
Linuron-contaminated soil Belgium
Plastic debris in land/lake environment USA
Potting soil South Korea: Wanju
Riverbed sediment Japan

Soil Canada
Linuron-contaminated soil Denmark
Linuron-contaminated soil Belgium
Soil Russia
Collage campus turn soil USA
Roots of Helianthus annuus NA

Polluted soil near a production plant of the chemi-  NA
cal

Sunflower rhizosphere community USA
Interior of the potato plant NA
Soil China




Ghimire et al. BMC Genomics (2022) 23:375

Results and discussion

TYGS analysis, phylogenetic relation, ANI analysis

and morphology of Variovorax sp. PAMC26660
Determining the taxonomic position is crucial for clas-
sification, characterization and identification of bac-
teria. The genome of Variovorax sp. PAMC26660 was
submitted to Type strain genome server (TYGS) for
whole genome based taxonomic analysis, which iden-
tified the strain as a potential new species. TYGS com-
pares the query genome with all type strain genomes
(16,276) available in the TYGS database [16] where the
intergenomic or intragenomic relations can be inferred
through the auto-generated phylogeny and digital DNA-
DNA hybridization (dDDH) values. The pairwise com-
parison between PAMC26660 and the closest type strains
using dDDH is shown in Additional file 1: Table S1. The
table contains dDDH values and confidence intervals for
species and subspecies close to PAMC26660 using three
different GGDC (Genome-to-Genome Distance calcu-
lator) formulas. The value did not match to the species
and subspecies delineation thresholds of 70 and 79%,
respectively. dDDH method considers all the complete
and incomplete genomes for analysis so to alleviate the
sequence length bias, d4 formula is immune to the prob-
lems caused by sequence length [17].

The phylogenetic tree inferred from the intergenomic
distance calculated from GBDP in the TYGS server is
shown in Fig. 1. Based on the 16S rDNA comparison,
PAMC26660 is closely related to Variovorax boronicu-
mulans NBRC 103145, Variovorax beijingensis 502T,
and Variovorax paradoxus NBRC 15149, respectively,
all clustered in the same clade (Fig. 1A). Similarly, the
whole genome-based phylogeny also showed a cluster of
the same species as the closest relatives of PAMC26660
(Fig. 1B). All the Variovorax species clustered together in
a paraphyletic clade from the other type strains.

Besides, phylogenetic placement and dDDH, ANI
analysis is another method for assessing evolutionary
distance between bacterial species. Since the two other
methods incorporated type strains along with complete
and incomplete genomes, ANI analysis was performed
only among the complete genomes of Variovorax spe-
cies (characterized and uncharacterized species) to find
the genomic relatedness among the same genus. In the
ANT analysis performed using 3 different tools, the ANI
values did not match the species delineation threshold
i.e., (95 — 96) % identity to categorize PAMC26660 in any
species (characterized or uncharacterized) of Variovo-
rax (Table 2). However, PAMC26660 was closely related
to uncharacterized species PDNC026 and PMC12 with
maximum percentage identities obtained using all three
tools. All the tools gave a reliable data with less variance.
The OrthoANI is based on the identity between only the
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orthologous genes that are fragmented from the whole
genome for analysis [18]. ANIb based on BLAST+ analy-
sis within JspeciesWS is specific to the species-specific
signatures [19] and FastANI is based on alignment-free
approximate sequence mapping [20].

Secondary electron images (SEI) of Variovorax sp.
PAMC26660 were taken using Field Emission Scanning
Electron Microscopy (FE-SEM) with 5kV voltage, 8mm
working distance, and 1 um scan width. Under the micro-
scope, Variovorax sp. PAMC26660 appeared rod-shaped,
straight to curved rods. They are clustered within groups
in close proximity. Their length varied almost (1.7 — 2.8)
uM (Fig. 2). According to Bergey’s manual, Variovorax
species are gram negative, rod-shaped, with (0.5 — 0.6)
pum diameter x (1.2 — 3.0) um length, occurring in pairs
or singly [21].

Profile of Variovorax sp. PAMC26660 and functional
annotation
Variovorax sp. PAMC26660 was isolated from the lichen
in Antarctica whose complete genome has been submit-
ted to NCBI with the accession number CP060295.1.
PAMC26660 is composed of a single chromosome of
7,390,000bp with 7023 protein coding genes (Addi-
tional file 1: Table S2). The coding genes were classi-
fied in different categories of RAST annotation server
(Additional file 1: Fig. S1A). The most numerous catego-
ries in RAST annotation were amino acids and deriva-
tives, carbohydrates and cofactors, vitamins, prosthetic
groups, pigments, and protein metabolism, respec-
tively. The metabolism of aromatic compounds category
also accounted for quite a few genes. Variovorax spe-
cies have been isolated from extreme environments and
they have shown potential for bioremediation. Genome
annotation of PAMC26660 from Antarctic lichen also
contained genes for aromatic compound degradation,
which has been explored in this study. Additionally, the
RAST annotation data showed the strain to carry several
stress-related genes that might hold responsible for sur-
vival in harsh environments like Antarctica. (Additional
file 1: Table S3) indicates all the stress-related genes con-
tained in the genome of PAMC26660. In the psychro-
philic environment, microorganisms encounter stress
conditions like osmotic pressure, excessive UV, low or
high pH and low nutrient availability [22, 23]. Oxidative
stress accounted for the highest stress response genes
required to alleviate reactive oxygen species generated
due to UV radiation followed by the osmotic stress, two
of the prominent stress management strategies in a cold
environment.

As per the interest of this study, the genes related to
aromatic compound catabolism were further confirmed
with KEGG annotation integrated into the JGI IMG
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Fig. 1 Genome BLAST Distance Phylogeny method (GBDP) for phylogenetic placement analysis using FastME 2.1.6.1. with 100 bootstrap values.
(A) 16S rDNA gene sequence-based phylogeny of Variovorax sp. PAMC26660 with the closely related type strains and whole genomes with 87.4%
average branch support. (B) Whole-genome sequence based phylogeny among the closely related type strains and whole genomes with 90.9%
branch support. The numbers above branches represent the GBDP pseudo-bootstrap value, which is greater than 60%

related to aromatic compound catabolism. The 2161 pro-
tein coding genes connected to KEGG pathways were
categorized into several KEGG categories as shown in

database. Genome annotation with more than one tool
can increase the confidentiality of the obtained data.
KEGG annotation also accounted for quite a few genes



Ghimire et al. BMC Genomics (2022) 23:375

Table 2 Average nucleotide identity based on ANIb, OrthoANI and FastANI

V. sp.
V. sp. V. sp.
PAMC26660
Species PAMC26660 PAMC26660
(JSpeciesWS-
(OrthoANI) (FastANI) Mean+SD
ANIb %)
V. sp. PAMC28711 81.49+1.61
V. sp. PAMC28562 80.03+1.72
V. sp. 38R 86.55+1.48
V. sp. PBL-E5 81.23+1.89
V. sp. PBL-H6 80.45+1.86
V. sp. PBS-H4 79.93+2.13
V. sp. PDNC026 87.96+0.85
V. sp. PMC12 87.96+0.85
V. sp. RA8 80.79+2.05
V. sp. RKNM96 87.42+1.28
V. sp. SRS16 81.26+1.84
V. sp. WDL1 80.58+2.01
V. paradoxus 5C-2 86.42+1.59
V. paradoxus VAI-C 83.37 84.53 86.19 84.70+1.42
V. paradoxus CSUSB 84.18 85.38 86.33 85.30+1.08
V. paradoxus B4 86.43+0.91
V. paradoxus EPS 87.26+1.11
V. paradoxus S110 86.57+0.91
V. boronicumulans J1 86.61+1.55
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SEI 50KV X5000 1gm  WD8Omm

10,000x magnification (B)

Fig. 2 Morphology analysis of Variovorax sp. PAMC26660 as visualized by FE-SEM image shown at 5000x magnification (A), the image shown at

SEI 5.0kv  X10,000 1um WD 8.0mm

(Additional file 1: Fig. S1B). The detailed study of the
genes and pathways obtained from the annotation are
explored in the following sections of this study.

Core and pan genome analysis

Pan genome analysis accounts for the diversity among
genomes by considering their core, accessory, and unique
genes. Tettelin et al. proposed the pan genome to be the
whole-genomic repertoire of a microorganism [24]. Pan
genome analysis of all available genomes of Variovorax
species resulted in the core, accessory, and unique genes.
There are 103,717 accessory genes, 115 core genes, and
10,212 unique genes. The core genes referring to con-
served genes were found to be very much less in number
compared to the accessory and unique genes; this might
refer to gene evolution through various events like muta-
tion, gene rearrangement, or lateral gene transfer [25, 26].
Most of the genes that do not serve in the primary meta-
bolic process are non-essential genes that evolve faster
than the essential genes [27]. The non-essential genes
account for the genes whose knock out does not affect the
lethal phenotype and are prone to evolve faster. Xenobi-
otic metabolism does not serve in the primary metabolic
processes in bacteria so the removal of these genes is not
fatal to the organism. Most of the genes related to aro-
matic compounds catabolism in PAMC26660 might have
evolved through mutation or gene rearrangement as only
the homogentisate 1,2-dioxygenase gene was confirmed
to be horizontally transferred by Island Viewer 4 tool
[28] among the discussed aromatic compound catabolic
pathways and genes in the current study. Island viewer
4 predicts the genomic islands through three different

tools like IslandPath-DIMOB, SIGI-HMM, and Island-
Pick. Besides, 1511 genes in PAMC26660 were predicted
to have undergone lateral gene transfer event whose
detailed list has been provided in the Additional file 2:
Table S4. The additional file 1: Fig. S2A represents the
number of gene families among the genomes. The phy-
logenetic tree based on the core genes (Additional file 1:
Fig. S2B) shows that PAMC26660 is closely related to
PMC12 (chromosome 1) and PDNCO026. The result was
similar to the ANI analysis that also showed PMC12 and
PDNCO026 to be the closest relatives of PAMC26660.

KEGG analysis

The core, accessory, and unique genes obtained from
the pan genome analysis were processed for functional
analysis using the Kyoto Encyclopedia of Genes and
Genomes (KEGQ@). This resulted in the distribution of
these genes in several KEGG categories. The maximum
number of genes accounted for metabolism, followed
by environmental information processing, human dis-
ease, genetic information processing, cellular processes,
and organismal system (Fig. 3A). Among the subcatego-
ries, carbohydrate metabolism accounted for the high-
est number of genes, followed by energy metabolism.
The genes involved in carbohydrate and energy metabo-
lism are functionally important genes compared to the
other as molecular evolution theory postulates that the
functionally important genes evolve slower [29, 30]. The
xenobiotic metabolism also accounted for quite a few
genes but as accessory and unique genes only (Fig. 3B)
referring to the non-essential genes. However, not all
bacteria can metabolize xenobiotic and these unique
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Fig. 3 KEGG analysis of 20 Variovorax species using the core, accessory, and unique genes generated by pan genome analysis. (A) Represents
distribution of the core, accessory, and unique genes among the KEGG main categories, while (B) represents the subcategories of the main
categories in KEGG

features hold environmental and biotechnological impor-
tance. On detailed analysis of the genes related to xeno-
biotic metabolism, we found peripheral pathways for
aromatic compound catabolism, like 4-HB, tyrosine,
and phenylacetate, and central catabolic pathways, like
protocatechuate, phenylacetyl-CoA, and homogentisate
catabolism that leads to the tricarboxylic acid (TCA)

cycle in most of the Variovorax species studied (Addi-
tional file 3: Table S5).

Central catabolic pathways for aromatic compound
degradation in Variovorax sp. PAMC26660

Central catabolic pathway intermediates are formed
from the degradation of aromatic compounds belonging
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to the peripheral pathway of aromatic catabolism. On
analysis of the genome of PAMC26660 in the xenobiotic
metabolism category of the KEGG pathway database,
the pathways related to the central route of aromatic
compound degradation were revealed (Fig. 4). The
intermediates of the central catabolic pathways include
protocatechuate, catechol, homogentisate, gentisate,
phenylacetyl-CoA, 3-(2,3-dihydroxyphenylpropionate),
and 2,5-dihydroxynicotinate [31]. Among them, Table 3
shows the protocatechuate, homogentisate, gentisate,
and phenylacetyl-CoA catabolic genes in PAMC26660.
In the case of PAMC26660, the degradation of 4-HB
results in the formation of protocatechuate, homogen-
tisate from tyrosine and phenylacetyl-CoA from phe-
nylacetate degradation based on the pathway map
obtained from genomic analysis. But, the precur-
sors for gentisate are yet to be discovered (Fig. 4). Our
future study will delve into experimentally proving the
roles of these central catabolic pathways for degrading
peripheral pathway intermediates. Studies show that,
homogentisate is the route for the aerobic catabolism
of L-tyrosine, L-phenylalanine, and 3- and 4-hydroxy-
phenylacetate [32-34]. Similarly, m-hydroxybenzoate,
3-hydroxybenzoate, 2, 5-xylenol, and m-cresol degra-
dation result in gentisate intermediate [35—37], while
phenylalanine and styrene result in phenylacetyl-CoA
intermediate [38] of central catabolism. These non-
catechol hydroxyl-substituted aromatic carboxylic acids
are the central intermediates formed from the upper
pathways that begin with oxidation by either monooxy-
genase or dioxygenase in the aerobic condition [39, 40].

Peripheral 4-HB catabolic pathway and its utilization

as sole carbon source in Variovorax sp. PAMC26660

4-HB is one of the aromatic compounds found in the
lichen [44] (the isolation source of the strain), and its deg-
radation was experimentally tested using Variovorax sp.
PAMC26660. The genome of Variovorax sp. PAMC26660
contained peripheral pathway for 4-HB, tyrosine, and
phenylacetate degradation that leads to protocatechuate,
homogentisate, and phenylacetyl-CoA, respectively
(Fig. 4). However, for this study, we tested the 4-HB deg-
radation ability experimentally in PAMC26660 based
on its isolation source. For this purpose, PAMC26660
was grown in 4-HB as a sole carbon source in mineral
media, and the degradation of the compound was quan-
tified using HPLC. Interestingly, in (2 and 4) mM 4-HB,
PAMC26660 showed rapid growth, while in the case of
6mM 4-HB, the growth was initially slow, which rapidly
reached the stationary phase at 120h (Fig. 5A). Based
on the HPLC result (peak obtained at retention time:
7.5min and 245nm UV), 4-HB was completely absent
in 1mL aliquot within (24, 72, and 120) h for (2, 4, and
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6) mM, respectively (Fig. 5B). The experimental result
corresponds to the functionality of the genomic result
obtained for the genes of 4-HB degradation. The growth
inhibition of PAMC26660 with respect to increasing
concentration of 4-HB was analyzed using 5-500 mM of
4-HB in mineral media as described earlier, the growth
was slightly halted in 25mM concentration while there
was no growth from 50 to 500 mM concentration of 4-HB
(Additional file 1: Fig. S3).

Primarily, for the catabolism of 4-hydroxybenzoate
membrane transporters are vital. RAST annotation data
for the whole genome analysis of PAMC26660 showed
two aromatic acid transporters specific to 4-hydroxy-
benzoate transport (Additional file 1: Table S3) under the
category metabolism of aromatic compounds. Likewise,
the AAHS family 4-hydroxybenzoate transporter-like
MES transporter (KO: K08195, 2894128_2895498) was
detected in the KEGG annotation that showed 50.26%
identity and 28% query cover with 4-hydroxybenzoate
transporter from Pseudomonas putida (Q51955.1). The
transported 4-HB is then hydroxylated to protocatechuate
by 4HB-3-monooxygenase (pobA). Protocatechuate
undergo oxygenolytic ring cleavage by PCA 3,4-dioxyge-
nase (pcaGH) to form 3-carboxy-cis,cis-muconate, which
is further converted by 3-carboxy-cis,cis-muconate
cycloisomerase (pcaB) into 4-carboxymuconolactone.
4-carboxymuconolactone is converted into 3-oxoadi-
pate-enol-lactone via 4-carboxymuconolactone decar-
boxylase (pcaC), and hydrolyzed to 3-oxoadipate by
3-oxoadipate enol-lactonase (pcaD). Further, 3-oxoa-
dipate is converted into 3-oxoadipyl CoA, and finally to
succinyl-CoA and acetyl-CoA by 3-oxoadipate CoA-
transferase (pcal]) and acetyl-CoA C-acetyltransferase
(atoB), respectively (Fig. 4). In Burkholderia xenovorans
LB400, the protocatechuate degradation pathway con-
sists of 3-oxoadipyl-CoA thiolase (pcaF) for the conver-
sion of 3-oxoadipyl CoA to succinyl CoA and acetyl-CoA
[45]. However, in the operon of PAMC26660, pcall, and
atoB were clustered together under the control of pcaR
(Fig. 6 and Table 4). The atoB gene has 65.05% identity
and 99% coverage with pcaF. We suppose the atoB gene
lying in the same cluster, plays the role of pcaF, as it has
good percentage identity with it. Also, while comparing
to RAST annotation data, all the genes related to 4-HB
catabolism were similar to KEGG annotation except for
atoB (Additional file 1: Table S3). However, the relative
gene expression of three key catabolic genes, pobA, pcaG,
and atoB, from the 4-HB degradation pathway compared
with the control sample (glucose) and the treated sam-
ple (4-HB) showed an increase in expression of the atoB
gene. The overall result showed that the expression of
all three genes increased in the treated sample (Fig. 5C)
thus representing the protocatechuate mediated central
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Table 3 Genomics-driven prediction of genes encoding peripheral and central catabolic pathways for aromatic compound degradation

in Variovorax sp. PAMC26660

Gene KEGG orthology ID Locus Tag Function Reference gene/ Identity/
UniprotKB or PDB query cover
accession (%)

4-hydroxybenzoate

pobA  K00481 5874025_5875206 4-hydroxybenzoate 3-monooxygenase pobA/Q03298.1 67.26/99
Protocatechuate
pcaG  K00448 1485975_1486583  protocatechuate 3,4-dioxygenase, alpha subunit pcxA/P15109.1 61.46/94
pcaH  K00449 1485224 _1485958  protocatechuate 3,4-dioxygenase, beta subunit pcxB/P15110.1 73.04/94
pcaB  K01857 5194953_5196167  3-carboxy-cis,cis-muconate cycloisomerase pcaB/P32427.3 45.79/88
pcaC  KO1607 5196164_5196598  4-carboxymuconolactone decarboxylase DC4C/P20370.2 34.92/87
pcaD  KO1055 5197818_5198582  3-oxoadipate enol-lactonase ELH2/P00632.3 37.71/92
pcal  K01031 1440608_1441309  3-oxoadipate CoA-transferase, alpha subunit pcal/Q01103.2 70.70/92
pca)  K01032 1439964_1440611  3-oxoadipate CoA-transferase, beta subunit pcal/POAT01.2 68.87/98
atoB K00626 1438732_1439937  acetyl-CoA C-acetyltransferase pcaF/Q43974.1 65.05/99
fadA  K00632 3392309_3393505 acetyl-CoA acyltransferase fadA/032177.1 50.64/98
3439178_3440368 fadA/032177.1 45.45/99
5029514_5030647 fadA/Q010T4.1 50.77/99
Tyrosine
tyrB K00832 5638920_5640116  aromatic-amino-acid transaminase tyrB/P04693.1 52.39/99
Homogentisate
hppD  K00457 1745226_1746353  4-hydroxyphenylpyruvate dioxygenase hppD/P80064.1 59.4/96
hmgA K00451 2812778_2814088 homogentisate 1,2-dioxygenase hgd/Q1D8L9.1 63.81/96
faaH K16171 1772826_1773899 fumarylacetoacetate hydrolase faaH/3LZK_A 58.26/92
fahA  K01555 2810513_2811778 fumarylacetoacetase faaA/A5PKH3.1 47.12/94
Gentisate
nagl  K00450 2892208_2893296 gentisate 1,2-dioxygenase GDO1/Q9s3ue.1 52.91/95
nagl  K01801 5495938_5496576 maleylacetoacetate isomerase/maleylpyruvate isomerase  nagl/086043.1 46.45/99
nagK K16165 2893363_2894067  fumarylpyruvate hydrolase nagk/086042.1 48.19/81
Phenylacetate
paak  K01912 4002663_4003976  phenylacetate-CoA ligase paak/Q9L9C1.1 69.48/100
Phenylacetyl-CoA
paaA  K02609 4001605_4002618  ring-1,2-phenylacetyl-CoA epoxidase subunit PaaA paaA/P76077.1 65.16/91
paaB  K02610 4001306_4001608  ring-1,2-phenylacetyl-CoA epoxidase subunit PaaB paaB/P76078.1 65.56/90
paaC  K02611 4000168_4000941  ring-1,2-phenylacetyl-CoA epoxidase subunit PaaC paaC/P76079.1 49.79/94
paaD  K02612 3999644_4000168  ring-1,2-phenylacetyl-CoA epoxidase subunit PaaD paaD/P76080.2 43.68/96
paat  K02613 3998548_3999633  ring-1,2-phenylacetyl-CoA epoxidase subunit Paak paak/P76081.1 42.34/99
paaG  K15866 4004803_4005606  2-(1,2-epoxy-1,2-dihydrophenyl) acetyl-CoA isomerase paaG/P77467.1 55.13/98
paaZ K02618 3991275_3993326  oxepin-CoA hydrolase / 3-oxo-5,6-dehydrosuberyl-CoA  paaZ/P77455.1 58.74/99

semialdehyde dehydrogenase

catabolism of 4-HB that is converted to protocatechuate
by the pobA gene, while atoB gene might function for the
catabolism of 3-oxoadipyl CoA, as shown in Fig.4 which
requires further experimental verification.

4-HB is an aromatic compound that is widely distrib-
uted in the plant kingdom [46]. They are low molecular
weight lignocellulose derivatives formed during the deg-
radation of lignin [47], which are eventually mineralized
by soil microorganisms [48]. It was detected to exist in
a free state in the soil [49]. Studies show that 4-HB falls
under the category of phenolic acids, which is widely

distributed among lichen species [44, 50]. Likewise, the
degradation of some hydrocarbons, like toluene, cresol,
and phenanthrene, have also been proposed to form
4-HB as intermediate of peripheral pathway [51, 52].
4-HB degradation pathway in the phytopathogen, Xan-
thomonas campestris is claimed to contribute to full
pathogenicity [53]. However, very much less informa-
tion is available regarding the detailed mechanism of its
occurrence. In comparison with other Variovorax spe-
cies, all of them were found to include the complete path-
way and genes for 4-HB degradation, while most of them



Ghimire et al. BMC Genomics (2022) 23:375

Page 11 of 16

Control

4-hydroxybenzoate (2 mM)
4-hydroxybenzoate (4 mM)

4-hydroxybenzoate (6 mM)

Relative quantification (2-AACt)

1004

0.8
s 80
8 0.6 N3
[= ey e
o § 60
g 5
g 049 @ 40+
©
2 ("4
S 0.2+ 20
o
<

0.0 y . ) y ! ! ° 0 2'4 4Y8 71-2 912; 112-0

0 24 48 72 96 120 144 !
Time (h) Time (h)
C 2 Glucose
4-hydroxybenzoate
% % %k

B

-~ 4-hydroxybenzoate (2 mM)
-& 4-hydroxybenzoate (4 mM)
- 4-hydroxybenzoate (6 mM)

pOobA

Fig. 5 (A) Growth of Variovorax sp. PAMC26660 in the presence of 4-HB at different concentrations. (B) Residual percentage of 4-HB quantified

by HPLC at different periods. (C) Relative quantification (fold change) of pobA, pobR, pcaG, and atoB genes of PAMC26660 strain in the presence of
4mM of glucose (control) and 4-hydroxybenzoate (treated). Statistical analysis was performed using ANOVA test, followed by Bonferroni multiple
comparison post hoc test with the statistically significant value of p<0.05 (***P <0.0001, ns; not significant)

pobR pcaG atoB

contained, complete pathway for tyrosine and phenylac-
etate degradation (Additional file 3: Table S5).

Genes involved in regulation of 4-HB degradation

in Variovorax sp. PAMC26660

The regulation of 4-HB degradation occurs through tran-
scriptional factors located in the operon containing the
genes of the degradation pathway (Fig. 6 and Table 4). The
regulation of aromatic compounds catabolic pathways is
secondary to carbohydrates, therefore tight regulatory
control occurs at the transcriptional level [54, 55]. The
key enzyme for 4-HB degradation is p-hydroxybenzoate
3-monooxygenase (pobA). The common intermediate,
protocatechuate, undergoes ring cleavage through proto-
catechuate 3, 4 dioxygenase alpha and beta subunit. PobR
regulates the expression of pobA. It belongs to the ICIR
family, and pcaR from PAMC26660 is close to pobR from

Acinetobacter calcoaceticus, with 50.59% identity and 99%
coverage [56]. A LysR family protein (36.72% identity and
92% coverage with pcaQ) was found in close proximity to
pcaG and pcaH, key enzymes of protocatechuate degrada-
tion, while the other proteins of Pca regulon, pcaB, C, D,
L, ], and atoB gene were under the control of pcaR. The
regulatory and catabolic genes are not arranged in the same
operon for 4-HB and protocatechuate in PAMC26660.
However, Xanthomonas campestris possesses all the genes
for the catabolism and regulation of 4-HB and protocate-
chuate clustered within the same operon [49] (Fig. 6). The
relative gene expression analysis of pcaR or pobR located
near the pobA gene of 4-HB degradation showed a decrease
in expression fold change when grown in 4-HB containing
media compared to glucose (Fig. 5C). Studies show that,
PobR functions as both positive and negative regulator of
pobA gene in the presence of 4-HB as an effector molecule.
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Table 4 Transcriptional regulators of the 4-HB degradation pathway through the central intermediate protocatechuate

Gene Category from Fig. 6 Family Reference gene/ Identity/query KEGG orthology ID Locus Tag
UniprotKB or PDB cover (%)
accession
pcaR 4-hydroxybenzoate IcIR ppobR/Q43992.1 50.59/99 K02624 5875337_5876107
lysR Protocatechuate to succinyl-coA LysR PpcaQ/POA4TE.1 36.72/92 NA 1484130_1485119
pcaR Protocatechuate to succinyl-coA IcIR PcaUPpcall/083046.1 37.40/98 K02624 5,192,158-5,192,943
pcaR Protocatechuate to succinyl-coA IcIR PpcaR/Q52154.1 38.80/95 K02624 1,441,410-1,442,195

PobR from Streptomyces coelicolor was found to negatively
regulate gene expression of pobA gene [57] while PobR
from Acinetobacter calcoaceticus functioned as an activa-
tor [58]. The decrease in expression fold change of pobR
depicts the role as a negative regulator; however, a gene
knock out study is further required for the confirmation.

Conclusions

In this study, we performed the genome and pan
genome analysis of Variovorax sp. PAMC26660 with
the complete genomes of Variovorax. Variovorax spe-
cies contained numerous accessory and unique genes
compared to core genes that might have evolved
through mutation, gene recombination, or lateral gene
transfer events. Through functional annotation using
RAST and KEGG, Variovorax species carried genes
and pathways for aromatic compound degradation.

PAMC26660 consists of the 4-HB, tyrosine, and phe-
nylacetate degrading peripheral pathways, while it con-
sists of central catabolic pathways like, protocatechuate,
homogentisate, gentisate, and phenylacetyl-coA of aro-
matic compound degradation. PAMC26660 could grow
using 4-HB, an aromatic compound found in numer-
ous lichen species as its sole carbon source. Its genome
holds regulatory and catabolic genes for the biodeg-
radation of 4-HB that can be used for metabolic engi-
neering approaches or whole-cell biotransformation.

Methods

Isolation of Variovorax sp. PAMC26660, sequencing

and annotation

The strain Variovorax sp. PAMC26660 was isolated
from lichens from Antarctica obtained from the Korean
Polar Research Institute (KOPRI, Incheon, Korea). It was
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isolated, sequenced, and annotated similarly to the way
described in our previous paper for bacterial isolation
from Antarctic lichen [15]. Genomic DNA was extracted
from the single colony using QIAamp DNA Mini Kit (Qia-
gen Inc., Valencia, CA, USA). The purity of the strain was
assessed by 16S rRNA sequencing amplified using two
universal primers: 27F (5’- AGA GTT TGA TCM TGG
CTC AG —3') and1492R (5'- GGT TAC CTT GTT ACG
ACT T —3/). The 16S rRNA gene sequence was compared
with that in species strains available in the EzBioCloud
database [59]. Genome sequencing was performed using
PacBio RS II single-molecule real-time (SMRT) sequenc-
ing technology (Pacific Biosciences, Menlo Park, CA,
USA) and the complete genome was submitted to NCBIL.
For genome annotation, the whole genome was submitted
to rapid annotation subsystem technology (RAST) server
[60] and the KEGG annotation was analyzed by the auto-
mated annotation under the JGI IMG database.

TYGS analysis phylogenetic placement and ANI analysis

The whole genome sequence of PAMC26660 was
uploaded to the Type Strain Genome Server (TYGS)
for in silico based taxonomic analysis [16]. The pairwise
comparison of the user strain with the type strains were
performed using GBDP and accurate intergenomic dis-
tances inferred under the “trimming” algorithm and
distance formula d5. Digital DDH values and confi-
dence intervals were calculated following the recom-
mended settings of GGDC 2.1 [16]. The intergenomic
distances were used to create a balanced minimum
evolution tree using FASTME 2.1.4 with 100 pseudo-
bootstrap replicates for branch support [16]. ANI
analysis was performed using three different methods
like Orthologous Average Nucleotide Identity Software
Tool (OAT) [18], JSpeciesWS [61] and FastANI [20].

SEM analysis of Variovorax sp. PAMC26660 for morphology
analysis

One mL of bacterial culture in tryptone soy broth (TSB)
was centrifuged for 5min at 13,000rpm, and treated
with 2.5% glutaraldehyde (500 pL) for 15 min. Cells were
washed with 3D distilled water twice, and 100 uL of the
culture was loaded in SEMPORE (JEOL). The cells on
the surface were subjected to (40, 70, and 100) % etha-
nol, and air-dried. The prepared sample was platinum
coated, and visualized using FE-SEM.

Genome and pan genome analysis

For the genomic analysis, all the complete genomes
(nucleotide and protein sequences) of 20 Variovorax spe-
cies (available at the time of our study) and their genomes
were downloaded from NCBI. Pan genome analysis
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was performed using all the complete genomes of Vari-
ovorax species employing the BPGA software package
[62], using all the default parameters. Functional KEGG
analysis and its distribution in core, pan, and accessory
genome was performed using the advanced option in the
BPGA software package. Further, pathway analysis was
performed using KEGG [41], and joint genome institute
(JGI) integrated microbial genomes (IMG) database [63]
to find the genes related to aromatic compound degrada-
tion, and its regulatory proteins.

Growth of Variovorax sp. PAMC26660 in 4-HB

and utilization

Variovorax sp. PAMC26660 was grown in 4-HB as the
sole carbon source. For this, 100mM stock of sodium
4-HB (Tokyo Chemical Industry) was prepared in 3D
water. To 250ml flask containing 50 mL mineral media
(0.2g MgSO,, 0.02g CaCl,, 1.0g K,HPO,, 1.0g KH,PO,,
1.0g (NH,),SO,, and 0.02g FeSO,), (2, 4, and 6) mM
of the compound was added. One mL of PAMC26660
grown on TSB (OD=1, 25°C) was added to each flask,
and incubated at 25°C. One mL aliquots of the culture
were taken in different periods of (0, 12, 24, 48, 72, 96,
120, and 144) h, to analyze the growth of bacteria. All
the experiments were performed in triplicate. Absorb-
ance recorded at 600nm using Biochrom Libra S35PC
UV/visible spectrophotometer (Cambridge, UK) repre-
sented the turbidity and bacterial growth in the presence
of 4-HB.

For the quantification of 4-HB in the culture, 1mL of
the culture was mixed with ethyl acetate (1:1), dried, and
mixed with HPLC grade methanol. The sample was then
filtered by 0.2um Whatman filter, and 20pL was sub-
jected to ultra-high performance liquid chromatography
(U-HPLC, Thermo Fischer) instrument with Photodiode-
Array Detector (PAD). The sample was separated using a
Mightysil reverse-phase C18 column (4.6mm x 250mm,
5um; Kanto Chemical, Tokyo, Japan). Mobile phases ace-
tonitrile (B) and water (A) were used in a gradient system of
B at 10% for (0—1) min, 50% for (1-8) min, 70% for (8—14)
min, 95% for (14—16) min, and 10% for (16—25) min, at a
flow rate of 1 mL/min. Absorbance spectra of the substrates
were monitored at 245nm. The decrease in the area of the
peak with respect to the control was analyzed at (0, 12, 24,
48, 72, 96, and 120) h to confirm substrate utilization by
PAMC26660.

Quantitative real-time PCR (qRT-PCR) for genes

from the 4-HB catabolic pathway

Differential expression of 4 representative genes from the
4-HB catabolic pathway was analyzed using qRT-PCR
(StepOnePlusrM Real-Time PCR System, Thermo Fisher
Scientific) based on Comparative Ct (AACt) (relative
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quantitation) method. Variovorax sp. PAMC26660 was
grown in mineral media containing 4mM of glucose and
4-HB simultaneously as described above. The cells were
harvested at mid log phase, centrifuged and RNA extrac-
tion was performed following the manufacturer’s protocol
(PureLink™ RNA mini Kit, Invitrogen). cDNA synthesis
was conducted using SuperScript’ VILO™ ¢cDNA Synthe-
sis Kit following manufacturer’s protocol. For qRT-PCR,
the primers were designed using PrimerQuest tool (Addi-
tional file 4: Table S6). 16S rRNA was used as an endoge-
nous control for normalization while using the comparative
Ct method and glucose was kept as the control sample.
SuperScript" IV VILO™ Master Mix, Invitrogen contain-
ing SYBR green dye was used for qRT-PCR experiment.
Each experiment was conducted in triplicate. The Ct val-
ues were compared for each gene by normalizing with 16S
rRNA gene between the control samples (glucose) and
treated samples (4-HB). Finally, the fold change or relative
quantification was measured using 2*-AACt values.

Abbreviations

ANI: Average Nucleotide Identity; SEM: Scanning Electron Microscopy; 4-HB:
4-hydroxybenzoate; NCBI: National Center for Biotechnology Information; SEI:
Secondary Electron Images; FE-SEM: Field Emission Scanning Electron Micros-
copy; iTOL: Interactive Tree of Life; BPGA: Bacterial Pan Genome Analysis; KEGG:
Kyoto Encyclopedia of Genes and Genomes; TCA: Tricarboxylic Acid; OAT:
Orthologous Average Nucleotide Identity Software Tool; TSB: Tryptone Soy
Broth; JGI: Joint Genome Institute; IMG: Integrated Microbial Genomes; PAD:
Photodiode-Array Detector.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512864-022-08589-3.

Additional file 1: Supplementary Table S1. Pairwise digital DNA-DNA
hybridization values between query genome and the selected type strains
and whole genomes by Type strain genome server. Supplementary
Table S2. Genome features of Variovorax sp. PAMC26660. Supplementary
Figure S1. (A) Bar graph representation of the number of genes assigned
to each category in RAST annotation. (B) Bar graph representation of

the number of genes assigned to each category in KEGG annotation.
Supplementary Table S3. The stress related genes, aromatic compound
catabolic genes and transporters existing in the genome of Variovorax

sp. PAMC26660 based on RAST annotation. Supplementary Figure S2.
Pan Genome analysis among all genomes of Variovorax species gener-
ated by the bacterial pan genome analysis (BPGA) pipeline. (A) Core and
pan genome plot for the number of gene families among 20 Variovorax
genomes. (B) Core phylogeny between Variovorax species that includes

all the genes belonging to the core genome. Supplementary Figure S3.
Growth inhibition of Variovorax sp. PAMC26660 grown in the presence of
4-HB at different concentrations.

Additional file 2: Supplementary Table S4. Laterally transferred genes
predicted by Island Viewer 4 tool.

Additional file 3: Supplementary Table S5. Analyzing the presence
(/) and absence (x) of genes related to peripheral and central aromatic
compound catabolism pathway as shown by KEGG pathway analysis in
each genome of Variovorax species.

Additional file 4: Supplementary Table S6. Primer designed for
qRT-PCR.

Page 14 of 16

Acknowledgments
Not applicable.

Authors’ contributions

T-JO designed and supervised the project. NG, BK, C-ML, and T-JO wrote the
manuscript. All authors discussed the results, commented on the manuscript,
and approved the manuscript.

Funding

This research was a part of the project titled "“Development of potential
antibiotic compounds using polar organism resources (15250103, KOPRI Grant
PM21030)"funded by the Ministry of Oceans and Fisheries, Korea.

Availability of data and materials

The datasets analyzed in the current study are available in the NCBI
repository, accession numbers: CP060295.1 for Variovorax sp. PAMC26660,
complete genome; CP014517.1 for Variovorax sp. PAMC 28711, complete
genome; CP060296.1 for Variovorax sp. PAMC28562, complete genome;
CP062121.1 for Variovorax sp. 38R, compete genome; LR594671.1 for
Variovorax sp. PBL-E5, complete genome; LR594659.1 for Variovorax sp.
PBL-H6, complete genome; LR594675.1 for Variovorax sp. PBS-H4, complete
genome; CP070343.1 for Variovorax sp. PDNC026, complete genome;
CP027773.1 and CP027774.1 for Variovorax sp. PMC12, complete genome;
LR594662.1 for Variovorax sp. RA8, complete genome; CP046508.1 for Vari-
ovorax sp. RKNM96, complete genome; LR594666.1 for Variovorax sp. SRS16,
complete genome; LR594689.1 for Variovorax sp. WDL1, complete genome;
CP045644.1 for Variovorax paradoxus 5C-2, complete genome; CP063166.1
for Variovorax paradoxus VAI-C, complete genome; CP046622.1 for Vari-
ovorax paradoxus CSUSB, complete genome; CP003911.1 and CP003912.1
for Variovorax paradoxus B4, complete genome; CP002417.1 for Variovo-

rax paradoxus EPS, complete genome; CP001635.1 and CP001636.1 for
Variovorax paradoxus S110, complete genome; CP023284.1 for Variovorax
boronicumulans J1, complete genome.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Life Science and Biochemical Engineering, Graduate School,
SunMoon University, Asan 31460, Korea. 2Agricultural Microbiology Division,
National Institute of Agricultural Sciences, Rural Development Administra-
tion, Jeonju 55365, Korea. >*Genome-based BiolT Convergence Institute,

Asan 31460, Korea. “Department of Pharmaceutical Engineering and Biotech-
nology, SunMoon University, Asan 31460, South Korea.

Received: 13 January 2022 Accepted: 25 April 2022
Published online: 18 May 2022

References

1. Satola B, Wiibbeler JH, Steinbtichel A. Metabolic characteristics
of the species Variovorax paradoxus. Appl Microbiol Biotechnol.
2013;97(2):541-60.

2. Lee SA Kim HS, Kim Y, Sang MK, Song J, Weon HY. Complete genome
sequence of Variovorax sp. PMC12, a plant growth-promoting bacterium
conferring multiple stress resistance in plants. Korean J Microbiol.
2018;54(4):471-3.

3. BilletL, Devers-Lamrani M, Serre R-F, Julia E, Vandecasteele C, Rouard N,
et al. Complete genome sequences of four atrazine-degrading bacte-
rial strains, Pseudomonas sp. strain ADPe, Arthrobacter sp. strain TES,


https://doi.org/10.1186/s12864-022-08589-3
https://doi.org/10.1186/s12864-022-08589-3

Ghimire et al. BMC Genomics

20.

21.

22.

23.

24.

25.

26.

27.

(2022) 23:375

Variovorax sp. strain 38R, and Chelatobacter sp. strain SR38. Microbiol
Resour Announc. 2021;10(1):e01080-20.

Posman KM, DeRito CM, Madsen EL. Benzene degradation by a Variovorax
species within a coal tar-contaminated groundwater microbial commu-
nity. Appl Environ Microbiol. 2017;83(4):e02658-16.

Eriksson M, Dalhammar G, Mohn WW. Bacterial growth and biofilm
production on pyrene. FEMS Microbiol Ecol. 2002;40(1):21-7.

Diaz E, Jiménez JI, Nogales J. Aerobic degradation of aromatic com-
pounds. Curr Opin Biotechnol. 2013;24(3):431-42.

Ruiz-Duefas FJ, Martinez AT. Microbial degradation of lignin: how a bulky
recalcitrant polymer is efficiently recycled in nature and how we can take
advantage of this. Microb Biotechnol. 2009;2(2):164-77.

Nzila A. Current status of the degradation of aliphatic and aromatic petro-
leum hydrocarbons by thermophilic microbes and future perspectives.
Int J Environ Res Public Health. 2018;15(12):2782.

Seo JS, Keum YS, Li QX. Bacterial degradation of aromatic compounds. Int
J Environ Res Public Health. 2009;6(1):278-309.

. Fuchs G, Boll M, Heider J. Microbial degradation of aromatic

compounds- from one strategy to four. Nat Rev Microbiol.
2011;9(11):803-16.

. Phale PS, Malhotra H, Shah BA. Degradation strategies and associated

regulatory mechanisms/features for aromatic compound metabolism in
bacteria. Adv Appl Microbiol. 2020;112:1-65.

Dagley S. Catabolism of aromatic compounds by micro-organisms. Adv
Microb Physiol. 1971;6:1-46.

Fraser CM, Eisen J, Fleischmann RD, Ketchum KA, Peterson S. Compara-
tive genomics and understanding of microbial biology. Emerg Infect Dis.
2000;6(5):505.

Vernikos G, Medini D, Riley DR, Tettelin H. Ten years of pan-genome
analyses. Curr Opin Microbiol. 2015;23:148-54.

. Ghimire N, Han SR, Kim B, Jung SH, Park H, Lee JH, et al. Complete

genome sequencing and comparative CAZyme analysis of Rhodo-
coccus sp. PAMC28705 and PAMC28707 provide insight into their
biotechnological and phytopathogenic potential. Arch Microbiol.
2021;203(4):1731-42.

Meier-Kolthoff JP, Goker M. TYGS is an automated high-throughput
platform for state-of-the-art genome-based taxonomy. Nat Commun.
2019;10(1):1-0.

Meier-Kolthoff JP, Auch AF, Klenk HP, Goker M. Genome sequence-based
species delimitation with confidence intervals and improved distance
functions. BMC Bioinformatics. 2013;14(1):1-4.

Lee |, Kim YO, Park SC, Chun J. OrthoANI: an improved algorithm and soft-
ware for calculating average nucleotide identity. Int J Syst Evol Microbiol.
2016;66(2):1100-3.

Richter M, Rossellé-Mora R. Shifting the genomic gold standard

for the prokaryotic species definition. Proc Natl Acad Sci U S A.
2009;106(45):19126-31.

Jain C, Rodriguez-R LM, Phillippy AM, Konstantinidis KT, Aluru S. High
throughput ANI analysis of 90K prokaryotic genomes reveals clear spe-
cies boundaries. Nat Commun. 2018;9(1):1-8.

Willems A, Mergaert J, Swings J. Variovorax. In: Bergey's manual of sys-
tematics of Archaea and bacteria; 2015.

D'Amico S, Collins T, Marx JC, Feller G, Gerday C. Psychrophilic microor-
ganisms: challenges for life. EMBO Rep. 2006;7(4):385-9.

De Maayer P, Anderson D, Cary C, Cowan DA. Some like it cold:
understanding the survival strategies of psychrophiles. EMBO Rep.
2014;15(5):508-17.

Tettelin H, Masignani V, Cieslewicz MJ, Donati C, Medini D, Ward NL, et al.
Genome analysis of multiple pathogenic isolates of Streptococcus agalac-
tiae: implications for the microbial “pan-genome”. Proc Natl Acad Sci U S
A. 2005;102(39):13950-5.

da Silva Filho AC, Raittz RT, Guizelini D, De Pierri CR, Augusto DW, dos
Santos-Weiss ICR, et al. Comparative analysis of genomic island predic-
tion tools. Front Genet. 2018:9:619.

Segerman B. The genetic integrity of bacterial species: the core genome
and the accessory genome, two different stories. Front Cell Infect Micro-
biol. 2012;2:116.

King Jordan I, Rogozin IB, Wolf Y1, Koonin EV. Essential genes are more
evolutionarily conserved than are nonessential genes in bacteria.
Genome Res. 2002;12(6):962-8.

N

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

8.

Page 150f 16

Bertelli C, Laird MR, Williams KP, Lau BY, Hoad G, Winsor GL, et al.
IslandViewer 4: expanded prediction of genomic islands for larger-scale
datasets. Nucleic Acids Res. 2017;45(W1):W30-5.

Wilson AC, Carlson SS, White TJ. Biochemical evolution. Annu Rev Bio-
chem. 1977;46(1):573-639.

Hurst LD, Smith NGC. Do essential genes evolve slowly? Curr Biol.
1999,9(14):747-50.

Durdn RE, Méndez V, Rodriguez-Castro L, Barra-Sanhueza B, Salva-Serra

F, Moore ERB, et al. Genomic and physiological traits of the marine
bacterium alcaligenes aquatilisQD168 isolated from Quintero bay, Central
Chile, reveal a robust adaptive response to environmental stressors. Front
Microbiol. 2019;10:528.

Arias-Barrau E, Olivera ER, Luengo JM, Ferndndez C, Galan B, Garcia JL,

et al. The homogentisate pathway: a central catabolic pathway involved
in the degradation of L-phenylalanine, L-tyrosine, and 3-hydroxypheny-
lacetate in Pseudomonas putida. J Bacteriol. 2004;186(15):5062-77.
Sanchez-Amat A, Ruzafa C, Solano F. Comparative tyrosine degradation in
Vibrio cholerae strains. The strain ATCC 14035 as a prokaryotic melano-
genic model of homogentisate-releasing cell. Comp Biochem Physiol B
Biochem Mol Biol. 1998;119(3):557-62.

MéndezV, Agullé L, Gonzalez M, Seeger M. The homogentisate

and homoprotocatechuate central pathways are involved in 3- and
4-hydroxyphenylacetate degradation by Burkholderia xenovorans LB400.
PLoS One. 2011,6(3):e17583.

Poh CL, Bayly RC. Evidence for isofunctional enzymes used in m-cresol
and 2,5-xylenol degradation via the gentisate pathway in Pseudomonas
alcaligenes. J Bacteriol. 1980;143(1):59-69.

Jones DCN, Cooper RA. Catabolism of 3-hydroxybenzoate by the
gentisate pathway in Klebsiella pneumoniae M5a1. Arch Microbiol.
1990;154(5):489-95.

Goetz FE, Harmuth L. Gentisate pathway in Salmonella typhimurium:
metabolism of m-hydroxybenzoate and gentisate. FEMS Microbiol Lett.
1992;97(1-2):45-9.

Teufel R, Mascaraque V, Ismail W, Voss M, Perera J, Eisenreich W, et al.
Bacterial phenylalanine and phenylacetate catabolic pathway revealed.
Proc Natl Acad Sci U S A. 2010;107(32):14390-5.

Ladino-Orjuela G, Gomes E, da Silva R, Salt C, Parsons JR. Metabolic path-
ways for degradation of aromatic hydrocarbons by bacteria. Rev Environ
Contam Toxicol. 2016;237:105-21.

Fetzner S. Ring-cleaving dioxygenases with a cupin fold. Appl Environ
Microbiol. 2012;78(8):2505-14.

Kanehisa M, Goto S. KEGG: Kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 2000,28(1):27-30.

Kanehisa M. Toward understanding the origin and evolution of cellular
organisms. Protein Sci. 2019;28(11):1947-51.

Kanehisa M, Furumichi M, Sato 'Y, Ishiguro-Watanabe M, Tanabe M.

KEGG: integrating viruses and cellular organisms. Nucleic Acids Res.
2021,49(D1):D545-51.

. Zavarzina AG, Nikolaeva TN, Demin VWV, Lapshin PV, Makarov MI, Zavarzin

AA, et al. Water-soluble phenolic metabolites in lichens and their poten-
tial role in soil organic matter formation at the pre-vascular stage. Eur J
Soil Sci. 2019;70(4):736-50.

Romero-Silva MJ, Méndez V, Agullé L, Seeger M. Genomic and functional
analyses of the gentisate and protocatechuate ring-cleavage pathways
and related 3-hydroxybenzoate and 4-hydroxybenzoate peripheral path-
ways in Burkholderia xenovorans LB400. PLoS One. 2013;8(2):e56038.
CaiY, Luo Q Sun M, Corke H. Antioxidant activity and phenolic com-
pounds of 112 traditional Chinese medicinal plants associated with
anticancer. Life Sci. 2004;74(17):2157-84.

Jonsson LJ, Martin C. Pretreatment of lignocellulose: formation of inhibi-
tory by-products and strategies for minimizing their effects. Bioresour
Technol. 2016;199:103-12.

Masai E, Katayama Y, Fukuda M. Genetic and biochemical investigations
on bacterial catabolic pathways for lignin-derived aromatic compounds.
Biosci Biotechnol Biochem. 2007;71(1):1-15.

Whitehead DC. Identification of p-hydroxybenzoic, vanillic, p-coumaric
and ferulic acids in soils. Nature. 1964;202(4930):417-8.

Zagoskina NV, Nikolaeva TN, Lapshin PV, Zavarzin AA, Zavarzina AG.
Water-soluble phenolic compounds in lichens. Microbiology (Russian
Fed). 2013;82(4):445-52.



Ghimire et al. BMC Genomics

51

52.

53.

54

55.

56.

57.

58.

59.

60.

61.

62.

63.

(2022) 23:375

LeeY, Lee, Jeon CO. Biodegradation of naphthalene, BTEX, and aliphatic
hydrocarbons by Paraburkholderia aromaticivorans BN5 isolated from
petroleum-contaminated soil. Sci Rep. 2019;9(1):1-3.

Zhao L, Lyu G, LiY. Analysis of factors influencing plant-microbe com-
bined remediation of soil contaminated by polycyclic aromatic hydrocar-
bons. Sustainability (Switzerland). 2021;13(19):10695.

Wang JY, Zhou L, Chen B, Sun S, Zhang W, Li M, et al. A functional
4-hydroxybenzoate degradation pathway in the phytopathogen
Xanthomonas campestris is required for full pathogenicity. Sci Rep.
2015;5(1):1-3.

Diaz E, Prieto MA. Bacterial promoters triggering biodegradation of
aromatic pollutants. Curr Opin Biotechnol. 2000;11(5):467-75.

De Lorenzo V, Pérez-Martin J. Regulatory noise in prokaryotic promot-
ers: how bacteria learn to respond to novel environmental signals. Mol
Microbiol. 1996;19(6):1177-84.

DiMarco AA, Averhoff B, Ornston LN. Identification of the transcriptional
activator pobR and characterization of its role in the expression of pobA,
the structural gene for p- hydroxybenzoate hydroxylase in Acinetobacter
calcoaceticus. J Bacteriol. 1993;175(14):4499-506.

Zhang R, Lord DM, Bajaj R, Peti W, Page R, Sello JK. A peculiar IcIR family
transcription factor regulates para-hydroxybenzoate catabolism in Strep-
tomyces coelicolor. Nucleic Acids Res. 2018;46(3):1501-12.

DiMarco AA, Ornston LN. Regulation of p-hydroxybenzoate hydroxylase
synthesis by PobR bound to an operator in Acinetobacter calcoaceticus. J
Bacteriol. 1994;176(14):4277-84.

Yoon SH, Ha SM, Kwon S, Lim J, Kim Y, Seo H, et al. Introducing EzBio-
Cloud: a taxonomically united database of 16S rRNA gene sequences and
whole-genome assembilies. Int J Syst Evol Microbiol. 2017,67(5):1613.
Overbeek R, Olson R, Pusch GD, Olsen GJ, Davis JJ, DiszT, et al. The SEED
and the Rapid Annotation of microbial genomes using Subsystems
Technology (RAST). Nucleic Acids Res. 2014;42(D1):D206-14.

Richter M, Rossellé-Mara R, Oliver Glockner F, Peplies J. JSpeciesWS: a web
server for prokaryotic species circumscription based on pairwise genome
comparison. Bioinformatics. 2016;32(6):929-31.

Chaudhari NM, Gupta VK, Dutta C. BPGA-an ultra-fast pan-genome analy-
sis pipeline. Sci Rep. 2016;6(1):1-0.

Chen IMA, Chu K, Palaniappan K, Ratner A, Huang J, Huntemann M, et al.
The IMG/M data management and analysis system v.6.0: New tools and
advanced capabilities. Nucleic Acids Res. 2021;49(D1):D751-63.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Comparative genome analysis among Variovorax species and genome guided aromatic compound degradation analysis emphasizing 4-hydroxybenzoate degradation in Variovorax sp. PAMC26660
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results and discussion
	TYGS analysis, phylogenetic relation, ANI analysis and morphology of Variovorax sp. PAMC26660
	Profile of Variovorax sp. PAMC26660 and functional annotation
	Core and pan genome analysis
	KEGG analysis
	Central catabolic pathways for aromatic compound degradation in Variovorax sp. PAMC26660
	Peripheral 4-HB catabolic pathway and its utilization as sole carbon source in Variovorax sp. PAMC26660
	Genes involved in regulation of 4-HB degradation in Variovorax sp. PAMC26660

	Conclusions
	Methods
	Isolation of Variovorax sp. PAMC26660, sequencing and annotation
	TYGS analysis phylogenetic placement and ANI analysis
	SEM analysis of Variovorax sp. PAMC26660 for morphology analysis
	Genome and pan genome analysis
	Growth of Variovorax sp. PAMC26660 in 4-HB and utilization
	Quantitative real-time PCR (qRT-PCR) for genes from the 4-HB catabolic pathway

	Acknowledgments
	References


