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Anthranilate degradation by a cold-adapted Pseudomonas sp.
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An alpine soil bacterium Pseudomonas sp. strain PAMC 25931 was characterized as eurypsychro-
philic (both psychrophilic and mesotolerant) with a broad temperature range of 5–30 °C both for
anthranilate (2-aminobenzoate) degradation and concomitant cell growth. Two degradative gene
clusters (antABC and catBCA) were detected from a fosmid clone in the PAMC 25931 genomic
library; each cluster was confirmed to be specifically induced by anthranilate. When expressed in
Escherichia coli, the recombinant AntABC (anthranilate 1,2-dioxygenase, AntDO) converted
anthranilate into catechol, exhibiting strict specificity toward anthranilate. Recombinant CatA
(catechol 1,2-dioxygenase, C12O) from the organism was active over a broad temperature range
(5–37 °C). However, CatA rapidly lost the enzyme activity when incubated at above 25 °C. For
example, 1 h-preincubation at 37 °C resulted in 100% loss of enzyme activity, while a counterpart
from mesophilic Pseudomonas putida mt-2 did not show any negative effect on the initial enzyme
activity. These results suggest that CatA is a new cold-adapted thermolabile enzyme, which might
be a product through the adaptation process of PAMC 25931 to naturally cold environments and
contribute to its ability to grow on anthranilate there.

Abbreviations: AntDO – anthranilate 1,2-dioxygenase; C12O – catechol 1,2-dioxygenase; PAMC – Polar and
Alpine Microbial Collection
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Introduction

Cold natural environments such as alpine areas, the
Arctic, and the Antarctic are contaminated with various
anthropogenic hydrocarbons [1–3]. Many cold-adapted
bacteria have been isolated and characterized for their
ability to degrade various aromatic and aliphatic
compounds [2, 4–8]. Current evidence suggests that such
cold-adapted indigenous bacteria play a key role in
degradation and detoxification of aromatic hydrocarbons
in cold environments [9–11].

The Korea Polar Research Institute has been operating a
culture collection (the Polar and Alpine Microbial Collec-
tion, or PAMC) of cold-adapted bacterial strains from

various low-temperature environments including the
Arctic, the Antarctic, and Alpine regions [12, 13]. During
screening of the PAMC for psychrophilic and/or psychro-
tolerant microbes with the ability to degrade aromatic
hydrocarbons, a bacterial strain designated PAMC 25931
was selected due to its ability to grow on anthranilate as a
sole carbon and energy source below 10 °C. As shown in
Fig. 1, when compared to well-characterized mesophilic
Pseudomonas putidamt-2, preliminary growth tests showed
that (1) PAMC 25931 grows well over a wide range of
temperatures 5–25 °C, (2) is unable to grow (although can
survive) at 37 °C, and (3) reaches higher growth rates
as the culture temperature decreases, with the highest at
5 °C [14]. The growth characteristics cited above are
apparently unique to cold-adapted microorganisms. Sub-
sequent 16S rRNA gene sequencing and a phylogenetic
analysis showed that PAMC 25931 belongs to the genus
Pseudomonas (GenBank accession number JN379461).

Anthranilate (2-aminobenzoate), a carbon- and nitro-
gen-containing aromatic acid, occurs naturally during
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tryptophan degradation [15] and is formed as a central
metabolite during the degradation of various aromatic
compounds such as carbazole, indole, and o-nitroben-
zoate [16]. Thus, it is not unexpected that anthranilate is
used as a source of carbon and nitrogen bymany bacterial
species isolated from diverse habitats, including Pseudo-
monas [17], Burkholderia [15], and Acinetobacter [18].
Currently, however, little is known about anthranilate-
degrading bacteria in cold environments, which led us to
initiate the present study. Here, we characterize the
ability of Pseudomonas sp. PAMC 25931 to degrade
anthranilate.

Materials and methods

Isolation and growth of bacteria
Cold-adapted bacteria had been isolated from alpine soil
samples in Grossglockner Hochtor (2,530 m above sea
level), Austria, and preserved at�80 °C in 20% glycerol in
96-well microplates [19]. The bacterial strains were
revived from the glycerol stock by inoculation onto
mineral salts basal (MSB) plates [20] containing succinate
(20 mM) and incubation at 10 °C. Bacterial colonies were
suspended in saline solution (0.85% NaCl) and dispensed
in 96-well microplates for replica plating. The cells were
then inoculated onto MSB plates with 5 mM anthranilate
as a sole carbon source and incubated at 10 °C for 10 days.
The fastest-growing colony, designated PAMC 25931, was
selected for further analysis of its ability to degrade
various aromatic carboxylic acids and of its metabolic
pathways and genes. Stock solutions (0.5 M) of mono-
substituted benzoates such as anthranilate and benzoate
were prepared in distilled water and, when needed as
substrates, were added to MSB medium at a final
concentration of 5 mM.

Cloning and sequencing of anthranilate-degrading
genes
A degenerate primer set (forward, 50-TGCASSTWT-
CACGGSTGG-30; reverse, 50-CTCGACTCCGAGCTTC-
CAGTT-30), designed from conserved regions present in
Rieske aromatic oxygenases [21], was used to amplify PCR
products from genomic DNA of Pseudomonas sp. PAMC
25931. After confirming the nucleotide sequence of the
PCR product of the expected size (�300 bp), a new set of
primers (forward, 50-ATGAGTGGTGCAAGAAGC-30 and
reverse, 50-GCAGACGGTGCATCATCC-30) was designed
for detection of clones containing the entire antA, large
subunit gene of anthranilate 1,2-dioxygenase (AntDO),
from the genomic DNA library of PAMC 25931, which
was constructed using a pCC1FOS fosmid cloning kit
(Epicentre, USA), as described by the manufacturer. The
library was screened by direct colony-PCR using the
above-mentioned primer set for antA of PAMC 25931 and
a positive clone was selected; the DNA insert was
completely sequenced on both strands. Nucleotide
sequences were assembled with DNAstar Lasergene
software (DNAstar, USA) and analyzed using BLAST
software with the GenBank database. The sequences of
PAMC 25931 genes for anthranilate degradation were
deposited into GenBank with the accession number
JN379462-JN379469.

PCR amplification
Cloning of the anthranilate gene by PCR was carried out
in a Biometra T3000 Thermal Cycler (Labrepco Inc., USA).
The PCR reaction was performed in 100 ml reaction mix
containing approximately 500 ng PAMC 25931 genomic
DNA, 50 pmol each primer, and MG Taq-HF DNA
polymerase (Macrogen, Korea). The thermal cycling
program was a 5-min hot start (94 °C), 35 cycles of
30 s of denaturation (94 °C), 45 s of annealing (50–52 °C),

Figure 1. Comparison of growth patterns between Pseudomonas sp. PAMC 25931 and P. putidamt-2 at different temperatures. PAMC 25931
and mt-2 cells were inoculated in MSB medium containing 5 mM benzoate, the OD 600 nm values of which were measured
spectrophotometrically.
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1–3 min of extension (72 °C), and a final 5 min of
extension (72 °C). For colony PCR, E. coli clones were
transferred from 96-well plates (12 � 8 strip format) to
LB agar plates and grown overnight; all eight colonies
from each strip were suspended in 20 ml of water. One-
microliter of the cell suspension was used as template in
an AccuPower HotStart PCR PreMix (Bioneer, Korea).

For reverse transcriptase (RT)-PCR, PAMC 25931 cells
grown in 250 ml MSB/20 mM glucose at 25 °C overnight
were harvested, washed with 250 ml MSB, and resus-
pended in 50 mlMSB. The cell suspensionwas induced by
glucose (20 mM), anthranilate (5 mM), or benzoate
(5 mM) at 25 °C for 14 h. Total RNA was extracted from
the induced cells using Trizol reagent (Invitrogen, USA)
and further purified by spin column and DNase I
treatment according to the manufacturer’s instructions
(QIAGEN, Germany). The integrity of the extracted total
RNA was verified by amplifying 16S rRNA genes from all
samples (glucose-, anthranilate-, and benzoate-induced
cells) as an internal control using the 27F and 1492R
universal primers. RT-PCR reactions were performed
with 100 ng total RNA and 10 pmol each primer with the
ONE-STEP RT-PCR PreMix Kit (iNtRON, Korea) in a final
volume of 20 ml. The following primers were designed to
amplify target genes: catBCA genes (muconate cyclo-
isomerase, muconolactone delta-isomerase, and catechol
1,2-dioxygenase), 50-AATGTGTCGAAGACGCCTTT-30 (for-
ward) and 50-TCCATCAGCAGGTCGAGGTAAT-30 (reverse)
and antABC genes (large subunit, small subunit, and
reductase of AntDO), 50-AAAACGGCCTGGACGGTTAT-30

(forward) and 50-TCACGCAGGTAGTTGCTCAT-30 (reverse).
The thermocycler program used for the RT-PCR reactions
was as follows: 45 °C for 30 min, 94 °C for 5 min, 35
cycles (94 °C for 1 min, 53 °C for 1 min, 72 °C for 2 min),
and 72 °C for 5 min.

Functional analysis of antABC genes
The antABC genes from PAMC 25931 genomic DNA were
PCR amplified and cloned into the expression vector
pEXP5-CT/TOPO (Invitrogen). The resulting plasmid,
designated pDOC092, was transformed into E. coli BL21
Gen-X for expression. Ten-milliliters of recombinant
E. coli culture grown in LB medium was transferred to
200 ml LB supplemented with ampicillin (100 mg ml�1)
and cultured to an OD600 ¼ 0.4 (approximately 2 h) at
37 °C. The culture was induced by adding 1.0 mM IPTG
and incubated further for 18 h at 20 °C. The culture was
then harvested, washed with 50 mM potassium phos-
phate buffer (pH 7.4), and resuspended in 25 ml of the
same buffer containing 20 mM glucose. After the
addition of anthranilate (5 mM), the bioconversion
reaction was carried out by incubating for 18 h at 30 °C.

E. coli cells were removed by centrifugation (10,000 � g,
20 min, 4 °C) and the supernatant was extracted twice
with an equal volume of ethyl acetate followed by
concentration in a rotary evaporator. The bioconversion
products were analyzed by gas chromatography-mass
spectrometry (GC–MS) with a Perkin–Elmer Clarus 500 MS
(70 eV) connected to Clarus 500GCwith anElite-5 capillary
column (0.25 mm � 30 m, 0.25-mm film thickness). The
following conditions were used for the GC: 1.5 ml
He min�1; conventional split/splitless injector (CAP, injec-
tor temperature, 250 °C); oven temperature 100 °C for
1 min, increased to 250 °C at a rate of 10 °C min�1, and
then held at 250 °C for 10 min. The GC interface inlet line
and ionization temperatures were 200 and 180 °C,
respectively.

Functional analysis of the catA gene
The PAMC 25931 catA gene was PCR amplified from
genomic DNA and cloned into pEXP5-CT/TOPO generat-
ing the recombinant plasmid pDOC132, which was
transformed into E. coli BL21 (DE3) for expression of
recombinant CatA. One-milliliter of recombinant E. coli
culture grown in LB medium was transferred to 50 ml
of LB/ampicillin (100 mg ml�1) and cultured to
OD600 ¼ 0.6–0.8 (approximately 2.5 h) at 37 °C. Follow-
ing cooling to 15 °C for 30 min, the culture was induced
by adding 1.0 mM IPTG and incubated further for 17 h at
15 °C. Subsequently, the culture was harvested, washed
in a half volume of PBS buffer (pH 7.4), and disrupted by
sonication in 1.0 ml of the same buffer. Unbroken cells
and cell debris were removed by centrifugation
(10,000 � g, 30 min, 4 °C). The resulting supernatant
was used as crude enzyme solution. Catechol 1,2-
dioxygenase (C12O) activity of the recombinant CatA
was assayed spectrophotometrically and quantified, as
previously described [22]. The enzyme assay buffer
(50 mM Tris–HCl, 1.3 mM EDTA, pH 8.0) was pre-
incubated at a temperature range of 5–37 °C, and then
the enzyme solution was added to the reaction buffer
containing 0.4 mM catechol or 4-methylcatechol. One
unit was defined as the enzyme activity producing
1 mmole ring-cleavage product per min, per milligram of
protein.

Results

Identification of the genes encoding anthranilate-
degrading enzymes
As an initial effort to identify the genes encoding
anthranilate-degrading enzymes, a set of degenerate
primers were tested for amplification of the Rieske
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iron-sulfur motif region of the potential anthranilate
oxygenase. The PCR reaction, using total genomic DNA
from PAMC 25931 as template, amplified an approxi-
mately 300 bp fragment, the size expected from a
potential ring hydroxylation oxygenase gene. Sequencing
and analysis of the PCR product revealed that the
deduced amino acid sequences were 93% identical to
the Rieske region of anthranilate oxygenase from
Pseudomonas fluorescens MB214 [17].

A genomic library of PAMC 25931 was constructed by
using fosmid vector pCC1FOS and then screened by
colony-PCR using a specific primer set designed for the
anthranilate oxygenase in PAMC 25931. A positive clone,
designated pDOC2011, was selected and the DNA insert
was sequenced and analyzed. Sequence analysis of the
insert DNA revealed 17 open reading frames (ORFs) in a
33,409-bp region, of which eight were predicted to be
directly involved in the degradation of anthranilate
(Table 1). A homology search against the NCBI protein
database revealed that (1) three ORFs, designated antA,
antB, and antC, encode a two-component anthranilate
dioxygenase enzyme, (2) three ORFs, designated catA,
catB, and catC, encode catechol 1,2-dioxygenase, muco-
nate cycloisomerase, and muconolactone delta-isomer-
ase, respectively, and (3) two ORFs, designated antR and
catR, encode transcriptional regulators. Overall, the genes
showed high identities (79–95%) with those from
benzoate- or anthranilate degrading Pseudomonas spp.
When tested for various aromatic carboxylic acids other
than anthranilate, PAMC 25931 was able to grow on
benzoate, but not on the other isomers of anthranilate

(3- and 4-aminobenzoate), phthalate (2-carboxybenzoate),
salicylate (2-hydroxybenzoate), and o-toluate (2-methyl-
benzoate). Above results of growth substrate tests were in
good accordance with those of the analyses for PAMC
25931 degradative genes.

Anthranilate-mediated induction of the ant and cat
genes
The two gene clusters, catBCA and antABC, are closely
linked within an approximately 7.8 kb region and are
transcribed in opposite directions (Fig. 2A). To determine
if catBCA and antABC are in operon structures and
specifically expressed in response to anthranilate and/or
benzoate, RT-PCR experiments were performedwith total
RNA extracts from anthranilate- and benzoate-induced
cells of PAMC 25931 which were previously grown at
25 °C. Oligonucleotide primers were designed to generate
PCR products as follows: catBCA, 982 bp and antABC,
1922 bp.

As shown in Fig. 2B, the catBCA primers amplified the
expected size cDNAs from both anthranilate- and
benzoate-induced cells, showing that catBCA is specifical-
ly induced by either anthranilate or benzoate. In
contrast, the antABC-specific primers amplified the
expected fragment from the genomic DNA of the
anthranilate-induced cells, but failed to amplify any
product from the benzoate-induced cells. In addition, no
RT-PCR products were detectable using total RNA extracts
from the cells grown on glucose. These RT-PCR results
indicate that the expression of the catBCA genes is
induced by either anthranilate or benzoate while antABC

Table 1. Predicted ORFs identified in a 33,409 bp region from fosmid pDOC2011.

Gene Representative homologa Identity (%)b Organism GenBank accession no.

catA Catechol 1,2-dioxygenase 79 Pseudomonas reinekei MT1 ABI93947
catC Muconolactone delta-isomerase 84 P. reinekei MT1 ABI93946
catB Muconate cycloisomerase 90 P. reinekei MT1 ABI93945
catR LysR type transcriptional regulator 85 P. reinekei MT1 ABI93944
antR Transcriptional activator 94 P. fluorescens MB214 ABA06558
antA Large subunit of anthranilate 1,2-dioxygenase 95 P. fluorescens MB214 ABA06559
antB Small subunit of anthranilate 1,2-dioxygenase 94 P. fluorescens MB214 ABA06560
antC Reductase of anthranilate 1,2-dioxygenase 92 P. fluorescens MB214 ABA06561
orf1 Aromatic amino acid permease 97 P. fluorescens SBW25 YP_002874701
orf2 Methylmalonate-semialdehyde dehydrogenase 98 P. fluorescens WH6 ZP_07777518
orf3 Transcriptional regulator, LysR family 97 P. fluorescens WH6 ZP_07777519
orf4 Signaling-related membrane protein 92 P. fluorescens SBW25 YP_002874713
orf5 Exonuclease V subunit alpha 94 P. fluorescens SBW25 YP_002874715
orf6 D-Aminoacylase 91 P. fluorescens SBW25 YP_002874681
orf7 Integral membrane sulphate transporter 98 P. fluorescens SBW25 YP_002874685
orf8 Hypothetical protein No match
orf9 Hypothetical protein 94 P. fluorescens SBW25 YP_002874691

aHomolog searches for putative anthranilate-degradative genes were based on the comparison with functionally characterized
proteins.
bPercentage of identity was obtained by aligning the deduced amino acid sequences using BlastP.
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genes are induced only by anthranilate. Therefore, it is
suggested that PAMC 25931 possesses a common ring-
cleavage pathway for the degradation of benzoate and
anthranilate, although the initial oxidation reactions are
catalyzed by separate oxygenases.

Strict specificity of the anthranilate dioxygenase
encoded by antABC
The above gene expression data indicate that antABC
together encodes an AntDO. To confirm the role of
AntDO in anthranilate degradation, the antABC genes
were cloned, creating plasmid pDOC092, and expressed
in E. coli. Induced resting cells of E. coli BL21 Gen-X
harboring pDOC092 or vector alone (negative control)
were incubated in the presence of anthranilate to allow
for conversion of the substrate to an oxidized product by
the recombinant AntDO. The potential oxidized product
derived from anthranilate was analyzed by GC–MS,
revealing a major peak with a molecular weight of m/z
110 at 3.72 min in GC chromatogram, and complete loss
of anthranilate (m/z 137) at 6.41 min-retention time. The
major product showed the same fragmentation pattern
and retention time as authentic catechol (Fig. 3), while
catechol was not detected from the control experiment
carried out with BL21 Gen-X (pEXP5-CT/TOPO). This
result clearly shows that AntDO in PAMC 25931 catalyzes
the oxidation of anthranilate to catechol.

It iswell known that AntDOs fromAcinetobacter sp. ADP1,
which was recently renamed A. baylyi strain ADP1 [23],
and P. aeruginosa PAO1 are closely related to benzoate
dioxygenase [15, 24]. It has also been reported that an
E. coli expressed AntDO, originated from the anthranilate
and benzoate-degrading Acinetobacter sp. ADP1, was able
to convert benzoate to benzoate 1,2-diol [18]. Thus, an
additional bioconversion experiment was performed to
see whether the PAMC 25931 AntDO was able to
hydroxylate benzoate as was shown for anthranilate. The
GC–MS analysis of the culture supernatant showed that
the starting amount of benzoate remained intact and
hydroxylated benzoate metabolites were undetected (data
not shown). This observation demonstrates that AntDO
from PAMC 25931 is strictly specific for anthranilate.

We investigated the phylogenetic relationship among
aromatic dioxygenase enzymes to characterize AntDO’s
strict specificity toward anthranilate. The amino acid
sequence of the large subunit (AntA) of PAMC 25931
AntDO was aligned with those of close relatives of
AntA, using the GenBank database by BLAST search and
other representative aromatic dioxygenase large sub-
units. Currently, aromatic dioxygenase large subunits
are phylogenetically classified in five groups [25, 26].
As shown in Fig. 4A, the PAMC 25931 AntA is affiliated
with group II, clearly separated from other groups in
the classification system. Furthermore, within group II,

Figure 2. Organization of genes encoding anthranilate-degrading enzymes in Pseudomonas sp. PAMC 25931. The direction of transcription is
indicated by arrowheads (black, degradative genes; white, transcriptional regulatory genes) in panel A. The expected PCR products for catBCA
and antABC are indicated as double lines with the size indicated. Panel B shows the agarose gel electrophoresis of the RT-PCR products. Glu,
glucose; Ant, anthranilate; Ben, benzoate. The proposed degradative pathway for anthranilate in Pseudomonas sp. PAMC 25931 is shown in
panel C. Chemical designations: (I) anthranilic acid; (II) catechol; (III) cis,cis-muconic acid; (IV) muconolactone; (V) b-ketoadipic acid enol-
lactone.
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PAMC 25931 AntA, along with three other sequences,
forms a subgroup in which it is the only member with a
confirmed function (this work).

Thermolabile characteristics of the common ring-
cleavage dioxygenase encoded by catA
Because the initial conversion of anthranilate to catechol
by AntABC was elucidated, the biological function of the
catA gene, encoding the enzyme responsible for catechol
degradation, was also investigated using E. coli BL21(DE3)-
expressed recombinant C12O, PAMC 25931 CatA. The
enzyme assay showed that C12O had maximal activity
against catechol and was approximately 20% less activity
against 4-methylcatecol. The C12O enzyme was active
over a broad temperature range (5–37 °C), although the
maximal activity was observed at 25 °C. The relative
activities measured at 5, 15, 30, and 37 °C were 73, 77, 96,
and 92%, respectively, compared to that (100%) at 25 °C.
While preincubation of the assay mixture without
substrate at different temperatures had a dramatically

different effect on enzyme activity; the higher the
incubation temperature, the more rapid the enzyme
activity decayed (Fig. 5). For example, 60 min preincu-
bation at 25 and 37 °C resulted in 35 and 100% loss of
enzyme activity, respectively. A recombinant counterpart
C12O_mt-2 was produced using E. coli BL21(DE3) with the
catA gene (GenBank accession no. BAA07036) from
mesophilic P. putida mt-2 [27] and analyzed under the
same conditions. In contrast, the thermostability profile
of C12O_mt-2 showed much different data from C12O:
when preincubated at 37 °C for 30 and 60 min, its
activity rather increased by 130 and 120%, respectively.
These experimental data demonstrate that C12O pos-
sesses one characteristic property of cold-adapted
enzymes opposite to the mesophilic ones: thermolability
to rapidly be inactivated at moderate temperatures above
25 °C. This property of C12O enzyme, along with the
growth characteristics described above, reinforces our
hypothesis that it might have evolved to the cold-adapted
thermolabile enzyme through the cold-adaptation pro-
cess of PAMC 25931, which contributes to its ability to
grow on anthranilate in naturally cold environments [28].

We used the classification system for C12Os defined by
Murakami et al. [29] for the phylogenetic analysis of the
PAMC 25931 CatA. It divides C12Os into three subfamilies
(putatively designated Subfamilies A, B, and C) according
to the number of C12O amino acid residues and the
substrate preference. The amino acid sequence of PAMC
25931 CatA was aligned with those of its close relatives
from the GenBank database and representative sequen-
ces of the each classification group. Unfortunately, due to
the lack of availability of psychrophilic or thermolabile
C12Os, we were able to construct a phylogenetic tree only
withmesophilic C12Os. As shown in Fig. 4B, PAMC 25931
CatA is affiliated into Subfamily B, in which it is clearly
separated from other groups. Also, within the subgroup,
PAMC 25931 CatA is the only member with a confirmed
function (i.e. cold-adapted thermolabile property). When
it is considered that the members of Subfamily B have
309–311 amino acid residues and show high enzymatic
activities for catechol only or catechol and 4-methyl-
catechol, this is in good agreement with our data showing
the predicted amino acid content of PAMC 25931 catA
to be 309 amino acids and that PAMC 25931 CatA
demonstrated maximal activity against catechol and a
significant activity against 4-methylcatechol.

Discussion

We identified and characterized the genes involved in
anthranilate degradation by the cold-adapted Pseudomonas

Figure 3. GC–MS analysis of the anthranilate metabolite converted
by anthranilate dioxygenase (AntDO) from E. coli BL21Gen-X
harboring the antABC genes. Total ion chromatogram (lower) and
MS/MS fragmentation pattern (upper) of anthraniliate bioconversion
product, catechol.
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sp. strain PAMC25931. As summarized in Fig. 2, the antABC-
encoded AntDO enzyme, induced specifically by anthrani-
late (but not benzoate), converts anthranilate (but not
benzoate) to its corresponding intermediate catechol,
which is further degraded in an ortho-cleavage pathway
by the cold-adapted C12O, encoded by the catA gene.
Moreover, the C12O enzyme showed a typical characteristic
of psychrophilic enzyme, exhibiting heat labile behavior
even at moderate temperatures.

The synthesis of catabolic enzymes specifically adapted
to low temperatures is believed to be a cold-adaptation
mechanism used by psychrophiles at the enzyme
level [28]. In contrast to this explanation, however, it
has been suggested that the psychrophilic bacteria are
likely conferred not with a unique set of psychrophilic
enzyme genes, but with by a collection of synergistic
changes in overall genome content and amino acid
compositions [30]. PAMC 25931 CatA appears to serve as

Figure 4. Phylogeny of oxygenase components in aromatic dioxygenase systems (A) and catechol 1,2-dioxygenases (B). The scale bar denotes
0.2 for (A) or 0.1 for (B) substitutions per site and unit time. The names of bacterial strains and GenBank or Swiss-Prot accession numbers are
indicated in parentheses after the protein names. The phylogenetic tree was constructed by usingMEGA software (version 4.0) with the neighbor-
joining method, and bootstrap values (>50) from 1000 replicates are shown for each node.
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supporting evidence for the hypothesis of the cold-
adaptation mechanism at the enzyme level.

Cold-adapted bacteria are known to play a key role in in
situ biodegradation in cold environments, and their
degradative activities and community composition shift
have been well reported [4, 9–11]. Thus, characterizing
the catabolic genes in these bacteria could be the basis for
a better understanding of physiological cold-adaptation
and the ecological role of the aromatic degraders.
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