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Abstract: Phenol is an important pollutant widely discharged as a component of hydrocarbon fuels,
but its degradation in cold regions is challenging due to the harsh environmental conditions. To date,
there is little information available concerning the capability for phenol biodegradation by indigenous
Antarctic bacteria. In this study, enzyme activities and genes encoding phenol degradative enzymes
identified using whole genome sequencing (WGS) were investigated to determine the pathway(s)
of phenol degradation of Arthrobacter sp. strains AQ5-05 and AQ5-06, originally isolated from
Antarctica. Complete phenol degradative genes involved only in the ortho-cleavage were detected in
both strains. This was validated using assays of the enzymes catechol 1,2-dioxygenase and catechol
2,3-dioxygenase, which indicated the activity of only catechol 1,2-dioxygenase in both strains, in
agreement with the results from the WGS. Both strains were psychrotolerant with the optimum
temperature for phenol degradation, being between 10 and 15 ◦C. This study suggests the potential
use of cold-adapted bacteria in the bioremediation of phenol pollution in cold environments.

Keywords: phenol; metabolites; whole genome sequencing; xenobiotics

1. Introduction

Antarctica has long been considered one of the last pristine and remote wilderness
areas on Earth. However, in recent years, pollution by hydrocarbons such as polycyclic aro-
matic hydrocarbons, chlorinated biphenyls, and phenols has become an increasing concern
in Antarctica [1–4]. A previous study on the impacts of lubricant oil on Antarctic infauna
reported the presence of not readily biodegradable phenol additives in both “conventional”
and “biodegradable” lubricants [5]. Hydrocarbons from oil, diesel, and lubricant spills tend
to persist due to the harsh conditions in Antarctica [6–8]. Furthermore, aromatic petroleum
components such as phenol and phenolic compounds (PCs) are harmful to Antarctic ter-
restrial and aquatic ecosystems [9,10]. In addition, persistent organic pollutants (POPs),
including polychlorinated biphenyls (PCBs), are associated with human activities and are
subject to long-range atmospheric transport [11]. The direct discharge of phenol into the
environment causes severe damage and threats to terrestrial and aquatic ecosystems and,
even at low concentrations, it is extremely toxic to aquatic life [10,12–14].

Phenol is a hazardous pollutant that must be removed from the environment [15–17].
Several methods have been published to treat phenol, including the application of physical,
chemical, and biological processes. Many studies have shown that bioremediation is more
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effective in degrading toxic compounds compared to physicochemical treatments and leads
to the complete degradation of these compounds [16,18]. Among the various microor-
ganisms reported, phenol-degrading bacteria are the most extensively studied [1,10,19].
Several reports have indicated that members of the genera Pseudomonas, Rhodococcus, Acine-
tobacter, and Arthrobacter are capable of degrading phenol [20–22]. In cold environments,
the bioremediation of polluted sites requires cold-adapted microorganisms [23–25]. A
number of phenol-degrading microorganisms exhibiting cold-adapted features have been
isolated from cold regions, such as the alpine areas and Antarctica. Certain bacteria are
able to utilize phenol as a carbon and energy source under aerobic or anaerobic condi-
tions [26]. The application of next-generation sequencing (NGS) has catalysed a revolution
in biodegradation by predicting the genes involved in biodegradation and other metabolic
processes of bacteria [27].

Bioremediation is increasingly viewed as an appropriate remediation technology for
cleaning industrial wastewater and contaminated sites [3,28,29]. Aromatic pollutants, such
as phenol, are recalcitrant and exhibit anti-microbial properties. The main objectives of
this study were to identify the pathway(s) of phenol degradation using whole genome
sequencing (WGS) and enzyme assays in two phenol-degrading strains of bacteria originally
isolated from Antarctica.

2. Results and Discussion
Detection of Phenol Degradative Genes via WGS

The key structural features of the draft genomes of strains AQ5-05 and AQ5-06 are
summarized in Table 1. The draft genome size of strain AQ5-05 was 4647352 base pairs
(bp) in 116 contigs with an average G + C content of 65.7%, while strain AQ5-06 was
4,139,264 bp in 70 contigs with an average G + C content of 65.7%. The annotated draft
genome of strain AQ5-05 contained a total of 4294 coding sequences (CDSs), 9 rRNAs,
and 57 tRNAs and that of strain AQ5-06 contained a total of 3981 CDSs, 3 rRNAs, and
50 tRNAs. In comparison, the total CDSs of completely sequenced cold-adapted Arthrobacter
alpinus ERGS4:06 and Arthrobacter sp. strain FB24 were 3538 and 3279, respectively [30,31].
Members of the genus Arthrobacter are known as high-GC-content Actinobacteria, consistent
with the findings here and on the previously reported Arthrobacter spp. [32–35]. According
to Kim et al. [36], members of the genus Arthrobacter typically have a DNA GC content of
59 to 66%, in agreement with the genome of strains AQ5-05 and AQ5-06. Similar to the
genomic size of strain AQ5-06, a 4.12 Mb draft genome sequence for Arthrobacter sp. strain
7749 isolated from marine sediment samples from the Antarctic Peninsula was reported by
Sastre et al. [35].

Table 1. Genomic features of Arthrobacter sp. strains AQ5-05 and AQ5-06.

Feature
Count/Value

AQ5-05 AQ5-06

Genome size (bp) 4,647,352 4,139,264
GC content (%) 65.7 64.9

Number of contigs 116 70
Length of the longest contig

(bp) 554,363 406,582

Number of Subsystems 415 411
Number of CDSs 4294 3981

Number of rRNAs 9 3
Number of tRNAs 57 50

Figure 1 displays the number of genes in each subsystem and the subsystem coverage.
According to RAST annotation, the genome sequences for strain AQ5-05 are classified into
415 subsystems (Table 1). Based on Figure 1A, 48% of the total CDSs are classified into
subsystems, while 68% of the CDSs are not included in the subsystems. The subsystem
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of amino acid and its derivatives contained the highest number of coding sequences
(495 counts), followed by 461 counts in the subsystem of carbohydrates and 301 counts
in the subsystem of the cofactors, vitamins, prosthetic groups, and pigments. Figure 1B
presents the overview of each subsystem feature and the subsystem coverage. Forty-two
percent of a total of 3981 CDSs were categorised into subsystems, while fifty-eight percent
of the CDSs were not categorised into subsystems. The subsystem with the highest number
of counts was carbohydrate (507 counts), followed by the subsystem of amino acids and
derivatives (453 counts) and 287 counts in the subsystem of cofactors, vitamins, prosthetic
groups, and pigments that are essential for maintaining the life of bacterial cells [37].
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Figure 1. Subsystem category distribution for Arthrobacter sp. Strains AQ5-06 (A) and AQ5-06
(B) were annotated using the RAST server. The red box marks the genes involved in the metabolism
of aromatic compounds.

In order to survive in extremely cold environments, polar bacteria synthesise cold-
shock proteins (Csps) in response to rapid temperature declines [38]. In strain AQ5-05,
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95 counts of genes were responsible for stress responses with three classified as Csps. Rapid
temperature reduction decreases the cell membrane fluidity and enzyme activity, and
reduces the efficiency of transcription and translation due to the stabilisation of nucleic acid
secondary structures and the inhibition of protein folding and ribosome function [38,39].
The genome of strain AQ5-06 contained 109 counts of the genes responsible for stress
responses, including five Csps. Of these, four were classified as cold-shock protein A
(CspA) and one as cold-shock protein C (CspC). Many bacteria produce Csps, includ-
ing psychrophiles, mesophiles, and even thermophiles [38–40]. Dsouza et al. [41] noted
that Csps were identified in seven temperate and seven Antarctic Arthrobacter genomes
examined. Previous studies have noted that the production of CspA is induced by cold
shock [38,42]. For instance, the overexpression of CspA was reported in Psychromonas
arctica KOPRI 22215 isolated from Arctic marine sediment [43]. CspC, responsible for the
regulation of the growth and expression of the stress response proteins RpoS and UspA,
has also been reported in previous studies [44–46].

Seventy-six counts were categorised in the subsystem for the metabolism of aromatic
compounds, with seven counts involved in the central aromatic intermediate metabolism,
such as catechol, benzoate, and phenol. Similar findings have been reported in the genomes
of several Arthrobacter spp., such as Arthrobacter sp. Edens01 [32], Arthrobacter sp. W1 [47],
and A. antarcticus strain W2 [48]. Genome analysis of A. alpinus R3.8 isolated from a
soil sample obtained at Rothera Point, Adelaide Island revealed genes involved in the
bioremediation of xenobiotic compounds, including naphthalene [49].

Two phenol biodegradation pathways initiated by the oxygenation of phenol followed
by the oxidation of catechol at the 1,2-(ortho) or 2,3-(meta) positions have been reported as
being typical aerobic phenol degradation pathways for bacteria [19,50]. According to the
gene annotation using RAST, genes encoding phenol degradation genes, including phenol
2-monooxgenase, and enzymes involved in the ortho-cleavage of catechol were present in
strain AQ5-05.

The physical maps of the gene clusters for both phenol 2-monooxygenase and catechol
1,2 dioxygenase are shown in Figure 2A, with the genes found in the phenol and catechol
degradation gene clusters summarised in Table 2. The results from BLASTP searches
revealed that the amino acid sequence of ORF6 shared a 90.1% identity with the phenol
2-monooxygenase of Arthrobacter sp. UCD-GKA (accession no. WP_071214692) and 76.9%
with the PheA/TfdB family putative FAD monooxygenase from PaenArthrobacter aurescens
strain TC1 (accession no. WP_011777158). According to Figure 2A, genes encoding the
enzymes phosphoribosylformylglycinamidine synthase (ORF1-3), 3-oxoacyl-[acyl-carrier
protein] (ORF7), and antibiotic biosynthesis monooxygenase (ORF8) were found within the
gene cluster of the phenol 2-monooxygenase of strain AQ5-05. The enzyme of fatty acid
biosynthesis, 3-oxoacyl-[acyl-carrier protein] catalyses the first of the two reduction steps
in the elongation cycle of fatty acid synthesis, while phosphoribosylformylglycinamidine
synthases are involved in the purine biosynthetic pathway [51,52]. The antibiotic biosyn-
thesis monooxygenase of bacteria catalyses oxygen-dependent and cofactor-independent
oxidations or monooxygenations involved in the biosynthetic pathways of polyketide an-
tibiotics [53]. Antibiotic coding genes, such as antibiotic biosynthesis monooxygenase, are
also present in the genome of A. crystallopoietes strain BAB-32, which may have industrial
and medical applications [54]. A previous study has reported the presence of antibiotic
activities for seven antibiotic-producing Arthrobacter spp. isolated from the Arctic Ocean
under different culture conditions [55]. However, no other phenol catabolic genes were
found within the gene cluster.
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1,2-dioxygenase genes from Arthrobacter sp. strains AQ5-05 (A) and AQ5-06 (B).

Table 2. The putative functions of the genes in phenol and catechol degradation gene clusters from
Arthrobacter sp. strain AQ5-05.

ORF Putative Functions

1 Phosphoribosylformylglycinamidine synthase subunit, purS
2 Phosphoribosylformylglycinamidine synthase subunit, purQ
3 Phosphoribosylformylglycinamidine synthase subunit, purl
4 Hypothetical protein
5 Hypothetical protein
6 Phenol 2-monooxygenase, PheA/TdfB family
7 3-oxoacyl-[acyl-carrier protein] reductase
8 Antibiotic biosynthesis monooxygenase
9 LuxR family transcriptional regulator
10 Catechol 1,2-dioxygenase, catA
11 Flavin reductase
12 Hypothetical protein
13 Pimeloyl-ACP methyl ester carboxylesterase
14 LuxR family transcriptional regulator
15 AAHS family benzoate transporter-like MFS transporter, benK
16 1,6-dihydroxycyclohexa-2,4-diene-1-carboxylate dehydrogenase, benD
17 Benzoate 1,2-dioxygenase reductase subunit, benC
18 Benzoate 1,2-dioxygenase beta subunit, benB
19 Benzoate 1,2-dioxygenase alpha subunit, benA
20 Benzoate membrane transport protein, benE

In the gene-encoding for enzyme C12O, the catA of strain AQ5-05 was shown as
ORF10, sharing a 96.5% amino acid sequence identity with the C12O of Arthrobacter sp.
UCD-GKA (accession no. WP_071214119). Apart from catA, benzoate catabolic genes, ben-
ABCD encoding for benzoate 1,2-dioxygenases and dihydroxycyclohexadiene carboxylate
dehydrogenase, and benEK encoding for two benzoate transport proteins, were detected.
Similar to the findings of previous studies, catA is chromosomally linked with the ben genes
in strain AQ5-05 [56–58]. Two steps are required to convert benzoate to catechol. BenABC
encodes for benzoate dioxygenase, which is thought to catalyse the oxidation of benzoate
to benzoate diol, followed by decarboxylation to catechol by 1,6-dihydroxycyclohexa-2,4-
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diene-1-carboxylate dehydrogenase encoded by benD [59]. Genes encoding pimeloyl-
ACP methyl ester carboxylesterase and flavin reductase were also detected within the
gene cluster.

According to Figure 2A, both genes encoding putative LuxR family transcriptional
regulators were detected in the gene clusters of phenol 2-monooxygenase and C12O.
Previous studies have shown that LuxR family transcriptional regulators are activators
of the expression of genes encoding enzymes associated with ortho-cleavage through
the β-ketoadipate pathway in an aromatic-degrading Corynebacterium glutamicum [60,61].
Many transcriptional regulators, including GntR, LuxR, CRP, FNR, TetR, and the Fis
family transcriptional regulator, have been identified to be potentially involved in phenol
biodegradation in the phenol-degrading Acinetobacter sp. DW-1 [62].

Based on the gene annotations, genes encoding the phenol 2-monooxygenase and
ortho cleavage enzyme for catechol were also detected in the genome of strain AQ5-06.
Figure 2B displays the physical map of the gene cluster containing genes coding for phenol
2-monooxygenase, catechol 1,2 dioxygenase, muconolactone isomerase, and muconate
cycloisomerase, and the putative functions of the genes are listed in Table 3.

Table 3. The putative functions of the genes in phenol and catechol catabolic gene clusters from
Arthrobacter sp. strain AQ5-06.

ORF Predicted Functions

1 GntR family transcriptional regulator
2 Hypothetical protein
3 Phenol 2-monooxygenase, PheA/tdfB family
4 Hypothetical protein
5 Benzoate transport protein, benE
6 Muconolactone isomerase, catC
7 Muconate cycloisomerase, catB
8 Catechol 1,2- dioxygenase, catA
9 Benzoate 1,2-dioxygenase alpha subunit, benA
10 Benzoate 1,2-dioxygenase beta subunit, benB
11 Benzoate 1,2-dioxygenase reductase subunit, benC
12 1,6-dihydroxycyclohexa-2,4-diene-1-carboxylate dehydrogenase, benD
13 LuxR family transcriptional regulator

Genetic annotation predicted that strain AQ5-06 is capable of degrading phenol
only through the ortho pathway as genes encoding for meta-cleavage were absent in
the genome. According to Figure 2B, a transcriptional regulator GntR family was detected
within the gene cluster, shown as ORF1. Previous studies have reported the involvement
of the GntR transcriptional regulator family in the degradation pathways of aromatic
compounds [62–64]. For instance, Gu et al. [62] claimed that a GntR-type regulator was
potentially involved in phenol degradation in Acinetobacter sp. DW-1. Moreover, Rucká
et al. [65] reported that the GntR regulator is required besides the XylR regulator for effi-
cient regulation of phenol degradation operons. Teramoto et al. [66] and Arai et al. [67]
reported the presence of the GntR family of transcriptional regulators in the expression of
the multicomponent phenol hydroxylase (mPH) of Comamonas testosteroni spp.

The gene encoding phenol 2-monooxygenase is shown as ORF3, located between
two hypothetical proteins with unknown functions. According to the result from BLASTP
searches, the amino acid sequence of phenol 2-monooxygenase from strain AQ5-06 shared
the highest identity (88.1%) with phenol 2-monooxygenase from Arthrobacter sp. B6 (acces-
sion no. WP_066285143). Phenol 2-monooxygenase serves as the first enzyme in the ring
cleavage of phenol by catalysing the ortho-hydroxylation of phenol to catechol [68,69].

The phenol 2-monooxygenase gene cluster of strain AQ5-06 also harbours the genes
coding for both the catechol and benzoate pathways. Catechol catabolic genes, catABC,
were detected within the gene cluster and are shown as ORF6-8. Previous studies have
demonstrated that several bacteria have catABC genes in one operon responsible for the
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first three steps of β-ketoadipade, similar to the gene organisation in strain AQ5-06 [70–72].
The amino acid sequence of catA for strain AQ5-06 showed the highest (94.9%) identity with
the catA amino acid sequence of Arthrobacter sp. AGTC131 (accession no. WP_104138975.1).
Contiguous to the strain AQ5-06 cat operon, benzoate catabolic genes, benABCD, and
the benzoate transport protein, benE, were detected within the gene cluster, which is
responsible for metabolising benzoate to catechol. Several studies have noted that cat
genes are chromosomally linked with ben genes forming a cluster in bacteria [56,73,74].
Adjacent to the benABCD operon, a LuxR family transcriptional regulator was detected.
Brinkrolf et al. [60] noted that LuxR family transcriptional regulators are the activators
of the expression of genes encoding enzymes associated with ortho-cleavage through the
β-ketoadipate pathway in an aromatic-degrading Corynebacterium glutamicum.

Bioinformatics analysis revealed the presence of genes related to the phenol and
catechol degradation pathways in strains AQ5-06 and AQ5-05 (Figure 3). Based on gene
annotation (Figure 3A), the phenol degradation pathway of strain AQ5-05 is most likely
to be the ortho-pathway. Detailed information, including the gene name, gene products,
locus tags, length of amino acid sequence, KEGG, COG, and Enzyme Commission number
(EC No.), is given in Table 4 for strain AQ5-05 and in Table 5 for strain AQ5-06. The
PheA/tfdB family gene in strains AQ5-05 and AQ5-06 were predicted to encode phenol
2-monooxygenase, containing 634 amino acid residues that catalysed the oxidation of
phenol to catechol.

Catalysts 2022, 12, x FOR PEER REVIEW 7 of 17 
 

 

The phenol 2-monooxygenase gene cluster of strain AQ5-06 also harbours the genes 

coding for both the catechol and benzoate pathways. Catechol catabolic genes, catABC, 

were detected within the gene cluster and are shown as ORF6-8. Previous studies have 

demonstrated that several bacteria have catABC genes in one operon responsible for the 

first three steps of β-ketoadipade, similar to the gene organisation in strain AQ5-06 [70–

72]. The amino acid sequence of catA for strain AQ5-06 showed the highest (94.9%) iden-

tity with the catA amino acid sequence of Arthrobacter sp. AGTC131 (accession no. 

WP_104138975.1). Contiguous to the strain AQ5-06 cat operon, benzoate catabolic genes, 

benABCD, and the benzoate transport protein, benE, were detected within the gene clus-

ter, which is responsible for metabolising benzoate to catechol. Several studies have noted 

that cat genes are chromosomally linked with ben genes forming a cluster in bacteria 

[56,73,74]. Adjacent to the benABCD operon, a LuxR family transcriptional regulator was 

detected. Brinkrolf et al. [60] noted that LuxR family transcriptional regulators are the ac-

tivators of the expression of genes encoding enzymes associated with ortho-cleavage 

through the β-ketoadipate pathway in an aromatic-degrading Corynebacterium glutami-

cum.  

Bioinformatics analysis revealed the presence of genes related to the phenol and cat-

echol degradation pathways in strains AQ5-06 and AQ5-05 (Figure 3). Based on gene an-

notation (Figure 3A), the phenol degradation pathway of strain AQ5-05 is most likely to 

be the ortho-pathway. Detailed information, including the gene name, gene products, lo-

cus tags, length of amino acid sequence, KEGG, COG, and Enzyme Commission number 

(EC No.), is given in Table 4 for strain AQ5-05 and in Table 5 for strain AQ5-06. The 

PheA/tfdB family gene in strains AQ5-05 and AQ5-06 were predicted to encode phenol 2-

monooxygenase, containing 634 amino acid residues that catalysed the oxidation of phe-

nol to catechol.  

 

Figure 3. Predicted pathways for the degradation of phenol in Arthrobacter sp. strains AQ5-05 (A) 

and AQ5-06 (B) based on the presence of gene sequences shown in red fonts. 

Table 4. Characteristics of phenol catabolic genes detected in the genome of Arthrobacter sp. strain 

AQ5-05. 

Figure 3. Predicted pathways for the degradation of phenol in Arthrobacter sp. strains AQ5-05
(A) and AQ5-06 (B) based on the presence of gene sequences shown in red fonts.



Catalysts 2022, 12, 1422 8 of 16

Table 4. Characteristics of phenol catabolic genes detected in the genome of Arthrobacter sp.
strain AQ5-05.

Gene Name
(Locus Tag) Gene Product Amino Acid

Residues (aa) COG No. KEGG No. EC No.

PheA
(STRA2_03637)

Phenol
2-monooxygenase 634 COG2871 K03380 EC:1.14.13.7

CatA
(STRA2_03962)

Catechol
1,2-dioxygenase 284 COG3485 K03381 EC:1.13.11.1

CatB
(STRA2_03993)

Muconate
cycloisomerase 366 COG4948 K01856 EC:5.5.1.1

CatC
(STRA2_03992)

Muconolactone
isomerase 92 COG4829 K03464 EC:5.3.3.4

PcaD
(STRA2_02926)

3-oxoadipate
enol-lactonase 271 COG0596 K01055 EC:3.1.1.24

PcaI
(STRA2_02962)

3-oxoadipate
coa-transferase,
alpha subunit

224 COG1788 K01031 EC:2.8.3.6

PcaJ
(STRA2_02963)

3-oxoadipate
coa-transferase, beta

subunit
223 COG2057 K01032 EC:2.8.3.6

FadA,
FadI(STRA2_00274)

Acetyl-coa
acyltransferase 412 COG0183 K00632 EC:2.3.1.16

Table 5. Characteristics of phenol catabolic genes found in the genome of Arthrobacter sp.
strain AQ5-06.

Gene Name
(Locus Tag) Gene Products Amino Acid

Residues (aa) COG No. KEGG No. EC No.

PheA
(ASC_01925)

Phenol
2-monooxygenase 640 COG0654 K03380 EC:1.14.13.7

CatA
(ASC_01930)

Catechol
1,2-dioxygenase 294 COG3485 K03381 EC:1.13.11.1

CatB
(ASC_01929)

Muconate
cycloisomerase 359 COG4948 K01856 EC:5.5.1.1

CatC
(ASC_01928)

Muconolactone
isomerase 92 COG4829 K03464 EC: 5.3.3.4

PcaD
(ASC_02352)

3-oxoadipate
enol-lactonase 272 COG0596 K01055 EC:3.1.1.24

PcaI
(ASC_02349)

3-oxoadipate
coa-transferase,
alpha subunit

219 COG1788 K01031 EC:2.8.3.6

PcaJ
(ASC_02348)

3-oxoadipate
coa-transferase, beta

subunit
226 COG2057 K01032 EC:2.8.3.6

PcaF
(ASC_03031)

3-oxoadipyl-CoA
thiolase 413 COG0183 K07823 EC:2.3.1.174

Phenol 2-monooxygenase, also known as phenol hydroxylase, is the first enzyme
in phenol degradation that catalyses the hydroxylation of phenol to catechol [50]. The
presence of genes coding for phenol 2-monooxygenase or phenol hydroxylase in several
Arthrobacter spp. has been reported in previous studies [32,75,76]. For example, Nordin
et al. [75] revealed that the gene-encoding single-component phenol 2-monooxygenase of
4-chlorophenol-degrading Arthrobacter chlorophenolicus A6 shared the highest identity with
the PheA gene from the Pseudomonas sp. strain EST1001. Qu et al. [76] described a phenol
hydroxylase gene cluster (4606 bp), containing six components in the order of KLMNOP
from Arthrobacter sp. W1. The phenol 2-monooxygenase from strains AQ5-05 and AQ5-06
are highly similar to each other, with 490 identical residues and 53 similar residues within
639 aligned residues (83.8% similarity). A domain for FAD-binding was detected within
both proteins, between residue 32 and residue 405. This domain is known for binding to
flavin-adenine dinucleotide, which is the cofactor for various flavoprotein oxidoreductase
enzymes, including aromatic hydrolases such as salicylate hydrolase, p-hydroxybenzoate,
and 2,4-dichlorophenol hydroxylase [77]. A conserved domain for the phenol hydroxylase
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C-terminal dimerization (thioredoxin-like fold) domain and a highly conserved sequence
(DGxxSxxR) for identifying the FAD/NAD(P)H-binding flavoprotein [78] were also identi-
fied using Uniprot peptide search utility. These findings suggested that both strains employ
class A single-component flavoprotein monooxygenase for phenol hydroxylation. Class A
single-component flavoprotein monooxygenases contain a FAD cofactor and depend on
NAD(P)H as the external electron donor. Unlike the two-component flavoprotein monooxy-
genase, single-component flavoprotein monooxygenases can utilize NAD(P)H directly as
flavin cofactors.

Catechol is often produced as the intermediate from a wide range of aromatic catabolic
pathways [50]. Subsequent to phenol hydroxylation, the catechol intermediate formed is
cleaved by C12O encoded by the catA gene in the ortho-pathway. C12O (EC 1.13.11.1) is
an intradiol-cleaving enzyme with an Fe3+ prosthetic group, whereas C23O (EC 1.13.11.2)
has a catalytic iron ion (Fe2+) in each of its four identical subunits and performs extradiol
cleavage [79]. As shown in Figure 3, C12O is the key enzyme in the catechol ortho-pathway,
initiating an intradiol cleavage reaction of catechol to form cis,cis-muconate (CCMA), with
further processing as described earlier. Similar to the catechol pathway of strains AQ5-05
and AQ5-06, Hong et al. [80] suggested the ortho-pathway for the degradation of catechol
in hydrocarbon-degrading Achromabacter sp. HZ01 isolated from oil-polluted seawater
in the South China Sea, which was predicted using genome sequencing. Moreover, Li
et al. [81] confirmed the predicted ortho-pathway of phenol degradation for Arthrobacter
sulfureus strain XSH(1) based on proteomic analysis.

To validate the pathway of phenol degradation in strain AQ5-06 experimentally, the
two routes for the degradation of phenol via the ortho- and meta-pathways were tested
by quantifying the resulting products. Prior to the enzyme assay, the bacterium was cul-
tured in the presence of phenol to induce the production of catechol dioxygenases. The
catechol degradation pathways of strains AQ5-05 and AQ5-06 were experimentally con-
firmed through enzyme assays of C12O and C23O by measuring the amount of CCMA
and 2-HMSA produced, using colorimetric methods [82–84]. The amounts of CCMA and
2-HMSA formed were determined spectrophotometrically at 260 nm and 370 nm, respec-
tively (Figure 4). The data obtained revealed that only CCMA was produced in the presence
of catechol, consistent with the activity of only the C12O in both strains. The average rates
of CCMA production over 1 h were 0.52 and 0.67 µmol/min, with a maximum specific
activity of the C120 of 24 and 20 U/mg for strains AQ5-05 and AQ5-06, respectively.

The results from both the bioinformatics analysis and enzyme assays confirmed that
both studied strains can degrade phenol via the ortho-pathway. A recent study concluded
that C12O was detected in all of the fifteen cold-adapted phenol-degrading strains isolated
and examined from cold regions, while only eight strains produced C23O [85]. Previ-
ous studies have reported several C12O enzymes produced by members of the genera
Arthrobacter, Acinetobacter, Pseudomonas, and Rhodococcus [83,86–88].
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Figure 4. Formation of cis,cis-muconate and 2-hydroxymuconic semialdehyde by catechol dioxyge-
nases of Arthrobacter sp. strains AQ5-05 (A) and AQ5-06 (B). Error bars represent mean ± standard
deviation for three replicates.

3. Materials and Methods
3.1. Bacterial Culture and Medium

Phenol-degrading Arthrobacter sp. strains AQ5-05 and AQ5-06 were originally iso-
lated from soil obtained on King George Island, South Shetland Islands (maritime Antarc-
tic) [89]. A phenol medium (0.5 g/L) was prepared in 1 L of volume by adding 0.4 g
KH2PO4, 0.2 g K2HPO4, 0.1 g MgSO4, 0.1 g NaCl, 0.01 g MnSO4.H2O, 0.01 g Fe2(SO4)3.H2O,
0.01 g Na2MoO4.H2O, and 0.4 g (NH4)2SO4 to distilled water at pH 7.2. The medium was
autoclaved for 15 min at 121 ◦C. The sterilised medium was then augmented with 0.5 g of
crystalline phenol.
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3.2. Whole Genome Sequencing
3.2.1. Extraction of Genomic DNA

Strains AQ5-05 and AQ5-06 were each cultured in 50 mL of NB in a shaking incubator
at 15 ◦C for 48 h. The cultured broth (1.5 mL) was transferred to an Eppendorf tube
and centrifuged at 15,000× g for 2 min in order to remove the supernatant. Genomic
DNA was extracted using a GeneJET Genomic DNA Extraction Kit (Thermo Scientific,
Waltham, MA, USA) and following the manufacturer’s protocol. The extracted DNA was
examined using 1.0% (w/v) agarose gel electrophoresis stained with 0.5 µg/mL ethidium
bromide (Vivantis, Oceanside, CA, USA) at 100 V for 40 min. Gel electrophoresis was
performed using a Lambda/Hind III marker (Vivantis, Shah Alam, Selangor, Malaysia) as
the ladder to examine the size of the extracted genomic DNA prior to observation of the
gel under UV light. Subsequently, the purity and concentration of extracted genomic DNA
were assessed using a Nanodrop spectrophotometer (Bio-Rad, Hercules, CA, USA). The
extracted genomic DNA of both strains was sent to Japan’s Shizuoka University for whole
genome sequencing.

3.2.2. Genome Sequencing and Assembly

The whole genomes of both strains were sequenced using an Illumina MiSeq platform
(301 base paired-end reads) at the Instrumental Research Support Office, Research Institute
of Green Science and Technology, Shizuoka University, Japan, and the high-quality reads
were then assembled using SPAdes version 3.6.2 [90].

3.2.3. Gene Prediction and Annotation

Gene predictions of the genomes of both strains were performed using Prokka
1.12-beta software [91] and the Expert Review version of the Integrated Microbial Genomes
(IMG/ER) [92]. Interspersed repetitive sequences were predicted using RepeatMasker [93].
Tandem repeats were analysed by a TRF (Tandem repeats finder) [94]. Transfer RNA (tRNA)
genes were predicted by tRNAscan-SE [95]. Ribosomal RNA (rRNA) genes were analysed
by rRNAmmer [96]. Small nuclear RNAs (snRNA) were predicted by BLAST against the
Rfam database [97]. Annotations of the whole genome sequences were performed using the
automated web-based tool, Rapid Annotations using subsystems Technology (RAST) server,
with the SEED database [98]. To screen for genes involved in phenol degradation, the amino
acid sequences were searched against the protein sequence database from the Basic Local
Alignment Search Tool (BLAST) [99], Uniprot [100], the Kyoto Encyclopedia of Genes and
Genomes (KEGG) [101], and Clusters of Orthologous Groups (COG) databases [102].

3.3. Preparation of Cell Extracts

Phenol-degrading bacterial strains were cultured in 10 mL of MSM containing 0.7 g/L
phenol on a shaking incubator at 150 rpm at 15 ◦C for 5 d. Cells (2 mL) were then harvested
by centrifugation at 4500× g for 15 min. This was followed by washing with a 50 mM
phosphate buffer at pH 7.5 and resuspension in 2 mL of the same buffer. Eventually, cells
were disrupted by sonication treatment with 30-s intervals of sonication and 30-s intervals
of interruption for a total of 6 min in an ice-cooled bath [83]. Pellets were removed by
centrifugation at 9000× g for 30 min at 4 ◦C. The collected supernatants were used in the
subsequent enzyme assays [82,86].

3.4. Enzyme Assay of Catechol 1,2 Dioxygenase (C12O) and Catechol 2,3 Dioxygenase (C23O)

Enzyme activity of C12O was determined by adding the cell-free extract (20 µL) to
a 50 mM phosphate buffer (pH 7.5) containing 20 mM Na2EDTA and 50 mM catechol to
give a final volume of 1 mL, according to the protocols previously reported [82–84]. The
enzyme activity of C23O was determined spectrophotometrically at 370 nm, based on the
formation of 2-hydroxymuconic semialdehyde (2-HMS). Product formation was measured
spectrophotometrically for 1 h at 10-min intervals in an ice bath.
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4. Conclusions

Bioinformatics analysis of WGS data was used to predict the pathways of phenol
degradation based on the gene-associated functions in the phenol degradation of two
Antarctic strains of Arthrobacter sp. The studied strains originated from Antarctic soils
and showed phenol degradation activity in cultures at low temperatures, supporting
the potential use of such bacterial strains in future bioremediation protocols for phenol-
contaminated sites in cold regions. Based on genome annotation, a number of genes
involved in the metabolism of aromatic hydrocarbons were predicted in both strains,
consistent with the results of enzymatic analyses which confirmed the presence only of
enzymes in the ortho-pathway of the phenol degradation. Genes encoding cold-shock
proteins and antifreeze proteins were also detected in the genome annotation.
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