AEM

Journals.ASM.org

Comparative Genomic Analysis and Benzene, Toluene, Ethylbenzene,
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Pseudoxanthomonas spadix BD-a59, isolated from gasoline-contaminated soil, has the ability to degrade all six BTEX (benzene,
toluene, ethylbenzene, and o-, m-, and p-xylene) compounds. The genomic features of strain BD-a59 were analyzed bioinfor-
matically and compared with those of another fully sequenced Pseudoxanthomonas strain, P. suwonensis 11-1, which was iso-
lated from cotton waste compost. The genome of strain BD-a59 differed from that of strain 11-1 in many characteristics, includ-
ing the number of rRNA operons, dioxygenases, monooxygenases, genomic islands (GIs), and heavy metal resistance genes. A
high abundance of phage integrases and GIs and the patterns in several other genetic measures (e.g., GC content, GC skew, Kar-
lin signature, and clustered regularly interspaced short palindromic repeat [CRISPR] gene homology) indicated that strain BD-
a59’s genomic architecture may have been altered through horizontal gene transfers (HGT), phage attack, and genetic reshuf-
fling during its evolutionary history. The genes for benzene/toluene, ethylbenzene, and xylene degradations were encoded on
GI-9, -13, and -21, respectively, which suggests that they may have been acquired by HGT. We used bioinformatics to predict the
biodegradation pathways of the six BTEX compounds, and these pathways were proved experimentally through the analysis of
the intermediates of each BTEX compound using a gas chromatograph and mass spectrometry (GC-MS). The elevated abun-
dances of dioxygenases, monooxygenases, and rRNA operons in strain BD-a59 (relative to strain 11-1), as well as other genomic
characteristics, likely confer traits that enhance ecological fitness by enabling strain BD-a59 to degrade hydrocarbons in the soil

environment.

,VI onoaromatic hydrocarbons, including benzene, toluene,
ethylbenzene, and o-, m-, and p-xylene, collectively called
BTEX, are major components of gasoline and are thought to be
the most prevalent contaminants of soil and groundwater due to
frequent leakages from underground storage tanks and accidental
spills (1). Moreover, due to their high aqueous solubility relative
to other petroleum hydrocarbons, BTEX compounds can spread
in groundwater far from their contamination sources. These com-
pounds are toxic and/or carcinogenic to humans (2) and are listed
as priority pollutants by the U.S. Environmental Protection Agency
(http://www.epa.gov/waterscience/criteria/wqcriteria.html). Micro-
bial degradation of BTEX compounds is known to be one of the
most efficient ways to remove BTEX compounds from soil and
groundwater (1, 3). Many BTEX-degrading bacteria, including
members of the genera Pseudomonas, Ralstonia, Burkholderia,
Sphingomonas, Thauera, Dechloromonas, Rhodococcus, Acineto-
bacter, and Marinobacter, have been isolated from diverse aerobic
or anaerobic environments (4—9), which has led to extensive stud-
ies on the metabolism and genetics of these BTEX-degrading mi-
croorganisms (10-14).

Pseudoxanthomonas spadix BD-a59 was isolated from gaso-
line-contaminated soil in the Republic of Korea and was shown to
be responsible for the in situ biodegradation of BTEX compounds
in gasoline-contaminated soil (15). Strain BD-a59 is one of only a
few bacterial strains, including Ralstonia pickettii PKO1 and
Dechloromonas sp. strain RCB, able to mineralize all six BTEX
compounds (10, 11), and until now, it has been the sole member
of the genus Pseudoxanthomonas known to be a BTEX degrader.
The hydrocarbon degradation properties of Pseudoxanthomonas
species have rarely been studied, as they do not grow well on min-
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imal medium without additional nutrients such as yeast extract
(15). The aromatic hydrocarbon degradation properties of Pseu-
doxanthomonas members have been recently studied (16, 17), and
the results of these studies have suggested that members of the
genus Pseudoxanthomonas may be ecologically important in terms
of pollutant biodegradation. However, the genetics and physiol-
ogy of Pseudoxanthomonas strains with respect to hydrocarbon
degradation have not been reported.

With the development of next-generation DNA sequencing
technologies and bioinformatics tools, key insights into the eco-
logical fitness traits and metabolic properties of microbes can be
obtained through complete genomic analysis and comparative
genomics (18, 19). Recently, the genome of strain BD-a59 was
completely sequenced (20), but the genetic traits that confer the
capability to metabolize BTEX compounds and facilitate ecologi-
cal adaptation to gasoline-contaminated soil have yet to be thor-
oughly explored. Here, we analyzed the genome of strain BD-a59
bioinformatically and compared it with that of another genome-se-
quenced Pseudoxanthomonas strain, P. suwonensis 11-1 (GenBank
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Pseudoxanthomonas spadix BD-a59

3,452,554 bp

FIG 1 A circular map of the genome of P. spadix BD-a59. Forward-strand and
reverse-strand CDSs (red) are depicted on the outermost two circles of the
map, respectively. The third circle represents the BLASTN comparison of
strain BD-a59’s genome to strain 11-1’s genome (dark brown indicates highly
homologous CDSs). G+C content (black) and GC skews (positive GC skew,
green; negative GC skew, violet) are shown on the fourth and fifth circles,
respectively.

accession no. CP002446), which was isolated from cotton waste com-
post. In addition, we also examined the special features of the genome
of strain BD-a59, including genomic islands (GIs), phage integrases,
dioxygenases, monooxygenases, and the components involved in hy-
drocarbon biodegradation. This analysis revealed a variety of genetic
traits (especially hydrocarbon metabolism) likely contributing to
strain BD-a59’s ability to function in gasoline-contaminated soil.

MATERIALS AND METHODS

Bioinformatic analyses. The complete genome sequences of P. spadix
BD-a59 (CP003093) and P. suwonensis 11-1 (CP002446), isolated from
gasoline-contaminated soil and cotton waste compost, respectively, were
compared throughout this study. The NCBI (http://www.ncbi.nlm.nih
.gov/) and Integrated Microbial Genomes (IMG; https://img.jgi.doe.gov/
cgi-bin/er/main.cgi) servers and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway databases were the primary sources used for
genome predictions and comparisons. A circular map representing the
genome of strain BD-a59 (Fig. 1) was generated using the Web-based
CGview program (21). The average nucleotide identity (ANI) was calcu-
lated using the Web-based JSpecies program (22). The clustered regularly
interspaced short palindromic repeat (CRISPR) gene sequences were
found using an online web service (http://crispr.u-psud.fr/Server
/CRISPRfinder.php). The Clusters of Orthologous Groups (COG) of pro-
tein sequences from strains BD-a59 and 11-1 were analyzed using the
function category comparison tool at IMG. Karlin signature skew, cumu-
lative GC skew, and GC content were depicted using Artemis tools
(sact_v9.0.5) (23). A dotplot showing chromosomal synteny between
strains BD-a59 and 11-1 was constructed using the program Mummer on
the IMG server, and genomic comparison was performed using the
Mauve program (24). The Island Viewer was used to identify chromo-
somal deviations in GC content, also known as genomic islands (GIs)
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(http://www.pathogenomics.sfu.ca/islandviewer [25]). Genes encoding
phage integrases, transposases, insertion sequence (IS) elements, dioxy-
genases, and monooxygenases and other functional genes were analyzed
using the IMG and NCBI servers (http://www.ncbi.nlm.nih.gov/).

Hydrocarbon biodegradation. In addition to the ability of strain BD-
a59 to degrade six BTEX compounds (benzene, toluene, ethylbenzene,
and o-, m-, and p-xylene), the biodegradation capabilities of strain BD-
a59 for a variety of hydrocarbons (catechol, biphenyl, 4-hydroxybenzoate,
phenol, phenylpropionate, 3-hydroxybenzoate, salicylate, gentisate, and
hexane) were evaluated using a previously described procedure (15, 26)
with some modifications. Briefly, 160-ml serum bottles containing 10 ml
of MSB medium (27), 150 mg/liter of yeast extract (YE), and 150 ppm of
individual hydrocarbons were prepared separately in triplicate under aer-
obic conditions. Strain BD-a59 cells were cultured in R2A broth at 25°C
for 2 days, harvested by centrifugation (8,000 X g, 5 min), and resus-
pended in fresh MSB broth to a density of approximately 108 cells/ml. The
resuspended cells (100 wl) were inoculated into seed serum bottles. Uni-
noculated serum bottles (no cells; MSB medium, YE, and each hydrocar-
bon only) were also prepared in triplicate as negative controls. The serum
bottles were incubated at 25°C and with 150 rpm shaking for 7 days.
Bottles containing hexane and phenol were extracted with 5 ml of meth-
ylene chloride, while bottles containing biphenyl and catechol were ex-
tracted with 5 ml of ethyl acetate. Bottles containing 4-hydroxybenzoate,
phenylpropionate, 3-hydroxybenzoate, salicylate, and gentisate were
acidified with HCI to approximately pH 3.0 and extracted with 5.0 ml
ethyl acetate. All extracts were then dried over anhydrous Na,SO, and
then analyzed using a model 6890N gas chromatograph (GC; Agilent)
with an HP-5 column (30-m length, 0.32-mm inner diameter, 0.25-pm
film thickness [J] & W Scientific]) coupled to a flame ionization detector
(FID). The temperature of the GC oven was programmed to increase from
60°C (held for 1 min) to 120°C at 8°C/min and then increase to 280°C at
10°C/min, after which it was held at 280°C for 3 min.

GC-MS detection of BTEX metabolites. To confirm the biodegrada-
tion pathways of the six BTEX compounds that were predicted based on
bioinformatic analysis, metabolic intermediates were determined using a
previously described procedure (28) with some modifications. Ten serum
bottles containing 250 ppm of individual BTEX compounds were pre-
pared, respectively, as described above and incubated at 25°C and with
shaking at 150 rpm for 2 to 6 days. The suspensions of 10 serum bottles
from the same BTEX compounds were combined and acidified with HCI
to approximately pH 3.0. Metabolites were extracted from the acidified
suspensions twice with 20 ml ethyl acetate and were then dried over an-
hydrous Na,SO, and concentrated under an atmosphere of N, to a vol-
ume of 300 pl. Extracts were derivatized with 25 pl BSTFA [bis(trimeth-
ylsilyl)trifluoroacetimide] for 20 min and analyzed using a HP 5890 GC
(Hewlett-Packard)-Autospec mass spectrometer (MS) (Micromass,
United Kingdom) with an HP-5 column. The temperature of the GC oven
was programmed to increase from 70°C to 260°C at 8°C/min, after which
itwas held at 260°C for 5 min. The peaks were identified by matching mass
spectra in a mass spectral reference library (Masslynx v.4.1; Micromass).
Authentic standards of metabolites (4-hydroxybenzylaldehyde, 4-hy-
droxytoluene, 4-hydroxybenzoate, phenol, catechol, o-, m-, and p-methyl
benzylaldehyde, and o-, m-, and p-methyl benzylalcohol) (>97% purity)
were obtained from Sigma, and the metabolites were identified based on
matching retention times and mass spectra to the standards.

RESULTS AND DISCUSSION

General features of the genome of strain BD-a59. Strain BD-a59
has a single circular chromosome of 3,452,554 bp with a G+C
content of 67.65%. Key structural features of strain BD-a59, in-
cluding protein-coding sequences (CDSs), G+ C content, and GC
skew, are graphically depicted in Fig. 1. Comparative average nu-
cleotide identity (ANI) analysis with all bacterial genomes in the
IMG database showed that the genome of strain BD-a59 was most
closely related to that of another sequenced Pseudoxanthomonas
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TABLE 1 General features of the genomes of two Pseudoxanthomonas
strains

Value for:
Characteristic BD-a59 11-1
Size (bp) 3,452,554 3,419,049
GC content (%) 67.65 70.21
Total no. of genes 3,202 3,171
No. of protein coding sequences 3,149 3,110
No. of proteins with function prediction 2,254 2,344
DNA coding density (%) 87.48 89.47
Protein assigned to COG (%) 79.11 79.44
Average gene length (bp) 1,078.24 1,078.22
No. of rRNA operons 1 2
Total no. of tRNA genes 50 52
ANI* (%) 76.59
No. of confirmed CRISPRs (no. questionable)® 1(14) 0(7)
No. of genomic islands 24 15

@ ANI, average nucleotide identity (22).

b CRISPRs of more than two spacers with three or more perfect repeats are “confirmed
CRISPRs,” whereas CRISPRs with fewer than three perfect repeats or nonidentical
repeats are considered “questionable” (30).

strain, P. suwonensis 11-1. The 16S rRNA gene sequence similarity
and ANI values determined by comparisons between strains BD-
a59and 11-1 were 96% and 76.59%, respectively, which are clearly
below their respective thresholds, 97% and 94%, generally ac-
cepted for species delineation (29), and these indicate that the two
strains represent members of different species within the genus
Pseudoxanthomonas.

The genomes of strains BD-a59 and 11-1 were compared, and
their general features are summarized in Table 1. Most of the
genomic features of both strains, such as genome sizes, total gene
numbers, coding sequences (CDSs), and total tRNA gene num-
bers, were similar, although the G+C content of strain BD-a59
(67.65%) was slightly lower than that of strain 11-1 (70.21%). It
has been generally accepted that multiple rRNA operons are re-
quired in prokaryotic organisms to achieve high growth rates, but
their multiplicity can constitute a metabolic burden at lower
growth rates (31, 32). Variations in operon numbers between dif-
ferent bacterial taxa have been well documented, but variations
between closely related species are less often considered (33).
However, although the two strains are closely related, strain BD-
a59 harbored only one rRNA operon, while strain 11-1 possessed
two rRNA operons (Table 1). This might explain why strain BD-
a59 is capable of existing in an oligotrophic environment, i.e., soil,
whereas strain 11-1 was isolated from a slightly more enriched
environment, i.e., cotton waste compost. However, the multiplic-
ity of rRNA operons is not the sole factor determining bacterial
growth rate.

Clustered regularly interspaced short palindromic repeats
(CRISPR) are distinctive features found in most prokaryotic ge-
nomes and, along with cas (CRISPR-associated) genes, are
thought to be a host defense mechanism against bacteriophage
predation (30). CRISPRs typically consist of several noncontigu-
ous direct repeats separated by variable sequences called spacers.
Their presence is generally accepted to be accumulated evidence of
previous bacteriophage infections. The genome of strain BD-a59
contained 1 confirmed CRISPR and 14 possible CRISPRs, while
the genome of strain 11-1 contained only 7 possible CRISPRs and
no confirmed CRISPRs (Table 1). The confirmed CRISPR in
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strain BD-a59 consists of a CRISPR/cas region 3,379 bp in size that
contains seven potential cas genes and 51 spacers (see Fig. S1in the
supplementary material). The presence of CRISPRs in the genome
of strain BD-a59 suggests that extensive and complex genetic al-
terations and exchanges may have occurred as a result of bacterio-
phage infection during the evolutionary history of strain BD-a59.

Comparisons of gene categories in the genomes of the two
Pseudoxanthomonas strains. Comparison of the differential gene
contents of the two closely related Pseudoxanthomonas strains iso-
lated from different habitats may provide valuable clues in iden-
tifying the selective pressures and evolutionary developments that
allowed strain BD-a59 to succeed in contaminated soil. The genes
of strains BD-a59 and 11-1 were functionally classified based
on their COG categories, and their frequencies were compared
(Fig. 2). Strains BD-a59 and 11-11 had similar proportions of pro-
tein-coding genes (~79%) that can be affiliated into respective
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FIG 2 Comparison of COG functional classes of strains BD-a59 and 11-1. (A)
All orthologous genes in each genome. (B) Specific orthologous genes found in
each genome. The alphabetic codes represent COG functional categories as
follows: C, energy production and conversion; D, cell cycle control, cell divi-
sion, and chromosome partitioning; E, amino acid transport and metabolism;
F, nucleotide transport and metabolism; G, carbohydrate transport and me-
tabolism; H, coenzyme transport and metabolism; I, lipid transport and me-
tabolism; J, translation, ribosomal structure, and biogenesis; K, transcription;
L, DNA replication, recombination, and repair; M, cell wall/membrane/enve-
lope biogenesis; N, cell motility; O, posttranslational modification, protein
turnover, and chaperones; P, inorganic ion transport and metabolism; Q, sec-
ondary metabolite biosynthesis, transport, and catabolism; R, general function
prediction only; S, function unknown; T, signal transduction mechanisms; U,
intracellular trafficking, secretion, and vesicular transport; V, defense mecha-
nisms. Asterisks appear where there is a difference of more than 20%.

aem.asm.org 665


http://aem.asm.org

Choi et al.

TABLE 2 Abundances of genes in 11 gene classes found in the genomes
of Pseudoxanthomonas strains BD-a59 and 11-1

No. of genes

Gene class BD-a59 11-1
Phage integrase 4 0
Transposases and IS elements 16 6
Sigma factors 7 3
Dioxygenases 29 15
Monooxygenases 13 3
TonB receptor 23 47
ABC transporter 63 42
Heavy metal-related genes 12 5
Histidine kinases 20 36
Oxidative stress-related genes 23 20
Chaperones 17 11

COG categories (Table 1), and their distributions into COG func-
tional classes were relatively similar with respect to the total num-
bers of protein-coding genes (Fig. 2A). However, analyzing only
the genes unique to each strain, especially in the COG categories of
energy production and conversion (C), carbohydrate transport
and metabolism (G), lipid transport and metabolism (I), replica-
tion, recombination, and repair (L), secondary metabolite biosyn-
thesis, transport, and catabolism (Q), general function prediction
only (R), and function unknown (S), the differences were more
evident (Fig. 2B).

Genes from the COG categories were subjected to additional
scrutiny for a more refined functional analysis (Table 2). There
were remarkable differences between strains BD-a59 and 11-1 in
terms of numbers of mobile genetic elements such as phage inte-
grases, transposases, and IS elements. The presence of large num-
bers of mobile genetic elements, in combination with CRISPRs
(see above), indicates that strain BD-a59’s genome may have un-
dergone extensive genetic alterations via bacteriophage infection,
horizontal gene transfer (HGT), and genetic reshuffling through-
out its evolutionary history, which also may explain why more
genomic islands (GIs) were identified in the genome of strain BD-
a59 (24 GIs) than in that of strain 11-1 (15 GIs) (Table 1). It has
been previously reported that the presence of large numbers of IS
elements may be a typical characteristic associated with bacteria
having slow growth and low productivity, although the reason for
this is not known (34, 35). Along with the multiplicity of rRNA
operons, the presence of more IS elements in strain BD-a59 than
in strain 11-1 can be another reason why strain BD-a59 is capable
of surviving in oligotrophic soil.

A chromosomal synteny dot plot from a comparison between
strains BD-a59 and 11-1 revealed numerous genomic transloca-
tions, inversions, and insertions that occurred over the evolution-
ary histories of these bacteria (Fig. 3); such rearrangements may
have been mediated by the mobile genetic elements of strain BD-
a59 (transposases, IS elements, and phage integrases; see above
and Table 2). A global genomic comparison using the Mauve pro-
gram also revealed extensive genome-wide rearrangements in
strain BD-a59 relative to strain 11-1, especially in the form of
reciprocal inversions (see Fig. S2 in the supplementary material).
Twenty-four genomic islands were detected in the genome of
strain BD-a59, and the Karlin signature skew and GC skew
matched well with the locations of the genomic islands (Fig. 3),
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which provided additional evidence for genomic rearrangements
in strain BD-a59.

Genomic islands in strain BD-a59. The 24 genomic islands
were identified in strain BD-a59’s genome using the integrated
mode of IslandViewer. Table 3 shows general information regard-
ing the GIs such as size (in kilobase pairs), number of genes, G+C
content, and the number of mobile genetic elements and their
predicted function. These Gls likely represent functional gene
clusters acquired by strain BD-a59 via relatively recent lateral gene
transfer, since the GC contents of these predicted GIs (approxi-
mately 53.4% to 64.5%) were quite different from that of the ge-
nome of strain BD-a59 (67.65%) (36, 37). Many of the Gls of
strain BD-a59 were related to hydrocarbon degradation and heavy
metal metabolism (e.g., GI-9, -20, and -21 contain genes encoding
enzymes related to the degradation of BTEX compounds); 15 GIs
were detected in the genome of strain 11-1. Interestingly, no genes
related to hydrocarbon degradation or heavy metal metabolism
were found in the 15 GIs of strain 11-1. Analysis of the genomic
islands provided additional clues about the genomic plasticity of
strain BD-a59, which is likely conferred by mobile elements such
as integrases or transposases. GI-4, 6, -7, -15, -16, -17, -20, and -24
carry genes encoding integrases, transposases, or phage infections
(restriction modification systems); these mobile elements con-
tribute to the overall pool of transposase and IS elements that
likely have contributed to genetic rearrangements and horizontal
gene transfers in the genome of strain BD-a59. As mentioned
above, the large number of genomic islands, in combination with
mobile elements, provides evidence for the prominent role of hor-
izontal gene transfer, phage attacks, and genetic rearrangements
in the adaptive evolutionary history of this bacterium. This sug-
gests that strain BD-a59 may have adapted to the oligotrophic soil
habitat, as influenced by both hydrocarbons and heavy metals.

Oxidative stress tolerance, heavy metal resistance, and chap-
erones. Potent mechanisms to reduce oxidative stress are required
in all aerobic microorganisms that produce oxygenase-type en-
zymes for metabolizing pollutants (38, 39). The high abundance
of oxygenase genes in strain BD-a59 (Table 1) indicates that this
strain has high potential for biodegradation of hydrocarbons such
as BTEX. Strain BD-a59 contains slightly more oxidative stress-
related genes than strain 11-1 (Table 2). Generally, slow-growing
organisms generate a smaller amount of reactive oxygen species
(27). Strain BD-a59 has five peroxidase genes (DSC_01130,
DSC_05235, DSC_06465, DSC_06645, and DSC_07775) and
three superoxide dismutase genes (DSC_02075, DSC_02080, and
DSC_12340). The same numbers of peroxidase and superoxide
dismutase genes are found in strain 11-1. However, more genes
coding for catalase (5 genes) and thioredoxin (7 genes) were found
in the genome of strain BD-a59 than in that of strain 11-1 (2 and 5
genes, respectively). On the other hand, fewer glutaredoxin genes
were identified in the genome of strain BD-a59 (3 genes) than in
that of strain 11-1 (5 genes). Strain BD-a59 has more heavy metal-
related genes than strain 11-1 does (Table 2). Strain BD-a59 har-
bors five genes related to copper, three to arsenic, three to cobalt/
zinc/cadmium, and one to tellurium, while strain 11-1 contains
only two copper-related and three arsenic-related genes. Most oil-
contaminated soils are also polluted with heavy metals, as petro-
leum contains heavy metals (40). Therefore, in order to survive
successfully in oil-contaminated soil, strain BD-a59 may require
both hydrocarbon degradation capabilities and heavy metal resis-
tances.
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FIG 3 Karlin signature skew, GC skew, and dot-plot analysis of strain BD-a59. In the dot-plot analysis showing chromosomal synteny between strains BD-a59
and 11-1, the blue- and orange-colored circles indicate reciprocal best hits in the forward and reverse strands, respectively, for amino acid regions with >74%
identity. The dot plot shows extensive rearrangement in strain BD-a59 in the form of reciprocal inversions. Plots of cumulative GC skew for strains BD-a59 and
11-1 are shown next to the axes. The Karlin signature difference and GC skew are shown above the dot plot. Twenty-four genomic islands (shaded regions) were

found in the genome of strain BD-a59.

Chaperones are ubiquitous and abundant proteins that assist
in the proper three-dimensional folding of proteins, especially
under stress conditions such as high temperatures and conditions
where pollutants and heavy metals are present (38, 41). As ex-
pected, strain BD-a59 (17 chaperones) harbors more genes coding
for chaperone proteins than does strain 11-1 (11 chaperones),
including heat shock proteins, DnaK, DnaJ, chaperonin (GroEL,
Cpnl0), an ATP-dependent chaperone (ClpB), an RNA chaper-
one (Hfq), and a lipoprotein chaperone (Table 2). This suggests
that strain BD-a59 is more highly adapted to contaminated soil
than strain 11-1. In particular, strain BD-a59 harbors 10 heat
shock proteins (Hsps), while strain 11-1 contains only five Hsps.
Hsps are ubiquitous proteins that prevent the stress-induced de-
naturation of other proteins (42). The high abundances of genes
related to oxidative stress tolerances, heavy metal resistance, and
chaperone function may be an adaptation strategy conferring
more efficient metabolism of hydrocarbons and resistance to
heavy metals.

Central metabolism. The genes coding for the complete
Embden-Meyerhof-Parnas (EMP), Entner-Doudoroff (ED), and
citric acid cycle pathways are present in the two Pseudoxanthomonas
strains. All genes (glucose-6-phosphate-1-dehydrogenase, DSC_01325;
6-phosphogluconolactonase, DSC_01330; transketolase, DSC_05025;
2-keto-3-deoxy-6-phosphogluconate aldolase, DSC_07850) en-
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coding the pentose phosphate (PP) pathway, an essential process
that produces reducing equivalents, ribose-5-phosphate, and
erythrose-4-phosphate for the synthesis of fatty acids, nucleic ac-
ids, and amino acids, were also found in the genome of strain
BD-a59. However, among the PP pathway proteins, the gene encoding
2-keto-3-deoxy-6-phosphogluconate aldolase (EC 4.1.2.14) was not
identified in the genome of strain 11-1. There are two possible
explanations for this: one is that strain 11-1 harbors a gene encod-
ing an enzyme annotated differently by IMG and ER but with the
same function, and the other is that strain 11-1 may have an alter-
native pathway that uses a different enzyme. The presence of all
genes related to the central carbon metabolism pathways (EMP,
ED, PP, and citric acid cycle pathways) in strain BD-a59’s genome
suggests that strain BD-a59 can survive efficiently in soil environ-
ments.

Catabolism of BTEX compounds and experimental verifica-
tion of their degradation pathways. Previous studies have shown
that BTEX-degrading bacteria are widely distributed in diverse
environments (43). There have been extensive studies demon-
strating that BTEX compounds are metabolized through a variety
of BTEX degradation pathways (43, 44). Based on the genome
sequence of strain BD-a59 and its annotation, we bioinformati-
cally predicted the degradation pathways of the six BTEX com-
pounds in strain BD-a59 and confirmed them experimentally
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TABLE 3 Characteristics of the genomic islands found in the genome of P. spadix BD-a59

No. of hypothetical

No. of transposases

GI Size (kbp) No. of genes GC content (%) proteins and integrases Predicted function(s)

1 12.64 18 58.6 16 0 Unknown

2 5.93 4 59.5 1 0 Transport

3 4.97 3 61.9 0 0 Amino acid metabolism
4 8.42 11 62.1 6 1 Copper resistance

5 4.80 5 61.6 1 0 Heavy metal response

6 16.81 14 61.1 3 2 Cadmium transport

7 4.86 9 64.2 2 0 Arsenate reduction

8 5.48 7 64.5 4 0 Metal binding

9 8.08 11 61.9 4 0 Toluene degradation

10 10.19 13 60.0 8 0 Unknown

11 4.56 5 62.0 0 0 Alkane degradation

12 8.33 8 56.5 0 0 Phenylpropionate degradation
13 5.34 62.6 0 0 Biphenyl degradation

14 4.04 3 57.8 0 0 Biphenyl degradation

15 17.16 14 60.5 8 0 Unknown

16 5.46 8 64.4 1 2 Integrase/transposase

17 55.15 47 61.2 33 1 Restriction/modification
18 412 7 63.5 2 0 Motility

19 17.38 16 58.8 4 0 Hydrocarbon metabolism
20 14.17 15 60.6 2 2 Aromatic hydrocarbon metabolism
21 4.55 4 53.4 1 0 Xylene degradation

22 5.64 7 59.9 0 0 ABC transporter

23 4.24 6 62.9 3 0 Unknown

24 5.40 8 58.8 5 0 Unknown

through analysis of the potential intermediates of BTEX com-
pounds using GC-MS. The gene-associated functions of the BTEX
catabolic clusters were predicted on the basis of the NCBI genomic
database, the Integrated Microbial Genomes (IMG) database, and
the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
database.

Benzene/toluene degradation in strain BD-a59. Previously,
five toluene biodegradation pathways, initiated by oxidation of
the methyl group (45), ring monooxidation at position 2, 3, or 4
(11, 46, 47), or ring 2,3-dioxidation (48) of toluene, have been
reported as being typical aerobic toluene degradation pathways. A
benzene/toluene catabolic gene cluster was identified from GI-9 of
the genome of strain BD-a59 (Table 3). Figure 4A shows the phys-
ical map of the benzene/toluene catabolic genes and their associ-
ated functions. The gene cluster contains genes coding for a com-
plete toluene 4-monooxygenase (T4MO) (orf2 to orf7, DSC_04380
to DSC_04405) and a Zn-dependent dehydrogenase (orfl,
DSC_04375) as putative toluene degradation-associated proteins
(Fig. 4A). Based on gene annotation, we propose that toluene
degradation in strain BD-a59 is initiated by ring monooxidation
at position 4, as shown in Fig. 4B. This pathway for the toluene
biodegradation has been described for Pseudomonas mendocina
KR1 (47). This degradation pathway converts toluene to 4-hy-
droxytoluene (p-cresol) by T4AMO, followed by the conversion of
4-hydroxytoluene to 4-hydroxybenzaldehyde and 4-hydroxyben-
zoate by subsequent dehydrogenation (Fig. 4B). To confirm the
potential biodegradation pathway, we searched for the presence of
these intermediates using GC-MS after growing strain BD-a59 on
toluene as a sole carbon and energy source. We detected 4-hy-
droxytoluene, 4-hydroxybenzaldehyde, and 4-hydroxybenzoate
as intermediates in toluene-grown cells (see Fig. S3 in the supple-
mentary material). These three compounds are not metabolic in-
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termediates in the other four toluene biodegradation pathways;
therefore, we conclude that strain BD-a59 metabolizes toluene
through the pathway of ring monooxidation at position 4.

The benzene/toluene catabolic gene cluster in strain BD-a59
also harbors genes coding for phenol 2-hydroxylase and catechol
2,3-dioxygenase in the upstream region (Fig. 4A). Studies of ben-
zene degradation have shown that there are two primary pathways
for the metabolism of benzene, which are clearly distinguished by
the conversion of benzene to phenol or, alternatively, to cis-dihy-
drobenzenediol in the first oxidation step (12, 49). However, no
genes annotated as encoding benzene monooxygenase or benzene
1,2-dioxygenase (for the conversion of benzene to phenol or cis-
dihydrobenzenediol, respectively) were found in the genome of
strain BD-a59. Interestingly, it has been reported that the toluene
monooxygenases of P. mendocina KR1 and R. pickettii PKO1 have
the ability to oxidize both toluene and benzene (12). Based on this,
we propose a potential benzene degradation pathway, which has
phenol and catechol as intermediates, for strain BD-a59 as shown
in Fig. 4C. To confirm the presence of this benzene degradation
pathway, we searched for benzene intermediates using GC-MS
after benzene was provided as the sole carbon and energy source.
Phenol and catechol were detected as intermediates in benzene-
grown cells (see Fig. S3 in the supplemental material). Phenol was
detected as a major intermediate, while catechol was detected as a
minor intermediate. Hydroxylation of phenol to catechol by phe-
nol 2-hydroxylase is thought to be the rate-limiting step in the
aerobic phenol-degrading pathway (50), which might be why phe-
nol was accumulated as a key intermediate. The detection of phe-
nol and catechol as intermediates and the metabolic gene cluster
analysis suggest that benzene is likely metabolized in strain BD-
a59 through the phenol degradation pathway, using TAMO for the
first benzene oxidation.
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tional regulator.

Xylene degradation in strain BD-a59. The degradation of o-
xylene in Burkholderia cepacia MB2 proceeds through the oxida-
tion of a methyl substituent of 0-xylene to 2-methylbenzyl alcohol
by xylene monooxygenase, which is followed by the subsequent
conversion of 2-methylbenzyl alcohol to 2-methylbenzaldehyde
and 2-methylbenzoate by benzylalcohol dehydrogenase and ben-
zaldehyde dehydrogenase, respectively (51). Gibson et al. (52) re-
ported that Pseudomonas putida also uses xylene monooxygenase
to oxidize m- and p-xylene to m- and p-methylbenzyl alcohol,
respectively. While methyl group oxidation of xylenes can follow
the pathways described above for toluene, Jang et al. (53) reported
that o- and p-xylene may also be metabolized through direct oxi-
dation of the aromatic ring by xylene dioxygenase in Rhodococcus
sp. strain YU6.

A xylene catabolic gene cluster was identified in GI-21 of the
genome of strain BD-a59 (Table 3), and its physical map and
associated gene functions are shown in Fig. 5A. The xylene cata-
bolic gene cluster harbors xylene metabolic genes coding for xylene
monooxygenase (orf2 and orf3, DSC_04805 and DSC_04810), ben-
zylalcohol dehydrogenase (orf6, DSC_14825), benzaldehyde dehy-
drogenase (NAD positive [NAD™]) (orf7, DSC_14830), and methyl
benzoate dioxygenase (orf4, DSC_14815). The predicted functions of
the associated genes suggest that o-, m1-, and p-xylene compounds are
potentially metabolized by the oxidation of a methyl substituent of
xylene to an alcohol group, as shown in Fig. 5B. We searched for
potential metabolic intermediates of xylene compounds using
GC-MS to confirm the presence of the proposed xylene degradation
pathway after the addition of 0-, m-, and p-xylene to strain BD-a59 as
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the sole carbon source. As expected, methylbenzaldehyde, 1,2-dihy-
droxy-methyl-cyclohexa-3,5-diene-carboxylate, and methyl benzy-
lalcohol were detected as key metabolic intermediates of all xylene
compounds (see Fig. S3 in the supplemental material). The detection
of this suite of intermediates indicates that all three xylene isomers
were metabolized by the pathways shown in Fig. 5B but that the de-
tected abundances of particular metabolites were likely governed by
differing affinities of the various xylene metabolic enzymes for these
xylene compounds and their metabolites.

Ethylbenzene degradation in strain BD-a59. Initial aerobic
ethylbenzene degradation proceeds via two established pathways.
One pathway involves dioxygenation of the aromatic ring by eth-
ylbenzene dioxygenase, causing extradiol ring cleavage; this path-
way is found in Pseudomonas sp. strain NCIB 10643 (54). The
other pathway involves the oxidation of ethylbenzene by naphtha-
lene dioxygenase to styrene or 1-phenethyl alcohol (55). We
searched for intermediates of ethylbenzene using GC-MS after the
addition of ethylbenzene as the sole carbon source. From the re-
sults of this analysis, phenethyl alcohol (but not styrene) was de-
tected as a metabolic intermediate (see Fig. S3 in the supplemental
material). Therefore, we surmise that strain BD-a59 metabolizes
ethylbenzene through the conversion of ethylbenzene to 1-phen-
ethyl alcohol. 1-Phenethyl alcohol is typically next converted ei-
ther to 2-hydroxyacetophenone (via naphthalene dioxygenase) or
to benzoylacetate (via acetophenone carboxylase; 44, 55); neither
of the latter metabolites was detected. Regarding genes catalyzing
the initial attack of ethylbenzene, inspection of the genome anno-
tation for strain BD-a59 failed to uncover an ethylbenzene dioxy-
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genase; however, this bacterium carries 29 dioxygenases (Table 2).
In light of the established roles of naphthalene dioxygenase in cata-
lyzing multiple steps (44, 55) in ethylbenzene biodegradation, we
propose that strain BD-a59 utilizes the pathway shown in Fig. 6.

We tested the degradation ability of strain BD-a59 for other
organic compounds: salicylate, catechol, biphenyl, phenylpropi-
onate, gentisate, naphthalene, 3-hydroxybenzoate, hexane, and
phenol. We observed that strain BD-a59 has the ability to degrade
catechol, biphenyl, phenylpropionate, and phenol, which further
supported the proposed metabolic pathways for BTEX com-
pounds.

In conclusion, comparative genomics based on the analysis of
complete genomes of closely related strains can provide valuable
insights into the acquisition, loss, and evolution of genes (56). We
compared the genomic features of strain BD-a59 with those of
strain 11-1 and found bioinformatic evidence that the genome of
strain BD-a59 may have been altered via horizontal gene transfer
(HGT), phage attack, and/or genetic reshufflings during its evo-
lutionary history. Three genomic features of strain BD-a59 con-
trast strikingly with those of strain 11-1: genomic islands (GIs),
rRNA operons, and oxygenase genes. These genetic traits have
likely contributed to the successful adaptation of strain BD-a59
both to oligotrophic soil conditions and to exploitation of hydro-
carbons as carbon sources. Additionally, we predicted the degra-
dation pathways of BTEX compounds in strain BD-a59 by analyz-
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FIG 6 Proposed degradation pathway of ethyl benzene in strain BD-a59. The
first step in the pathway can also be mediated by an alternative enzyme, ethyl-
benzene dehydrogenase. The second step in the pathway can also be mediated
by an alternative enzyme, 1-phenylethanol dehydrogenase.
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ing BTEX degradation gene clusters, and the identified pathways
were partially experimentally confirmed. The availability of the
complete genome of strain BD-a59 will allow us to continue to
advance the understanding of the physiology, evolution, and eco-
logical fitness of this BTEX-biodegrading bacterium in contami-
nated soil environments.
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