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Whole-genome sequencing, transcriptomic analyses, and metabolic reconstruction were used to investigate Gordonia sp. strain
KTR9’s ability to catabolize a range of compounds, including explosives and steroids. Aspects of this mycolic acid-containing
actinobacterium’s catabolic potential were experimentally verified and compared with those of rhodococci and mycobacteria.

Gordonia sp. strain KTR9 was isolated from soil at an explosives
testing facility (19). Although the strain was reported to uti-

lize hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) as a sole
source of carbon and nitrogen under aerobic growth conditions,
subsequent studies have replicated only its ability to utilize RDX as
a sole source of nitrogen (9). KTR9 is similar to other mycolic
acid-containing actinomycetes that degrade RDX (4, 14, 18) in
that it utilizes XplA, a cytochrome P450, to catalyze the denitra-
tion of RDX (11, 17, 18). In KTR9, the xplAB genetic locus resides
on a 182-kb plasmid, pGKT2, and is sufficient for the degradation
of RDX in actinobacteria (9). More generally, Gordonia is a genus
of catabolically versatile mycolic acid-containing actinobacteria
known for their ability to degrade xenobiotics, recalcitrant poly-
mers (2), and, as was found more recently, steroids (6). Here, we
present the whole-genome sequencing, transcriptomic analyses,
and metabolic reconstruction of KTR9, the first such studies for
an explosives-degrading bacterium. Comparison with the genome
sequences of other Gordonia (6, 7, 10) provides insight into the
metabolism of this important genus of soil bacteria.

The KTR9 genome was sequenced using the Genome Se-
quencer FLX system (454 Life Science Corp.). In addition, a li-
brary of 1,536 fosmid clones (EpiFOS, Epicentre Biotechnologies)
was constructed, fingerprint mapped, and end sequenced. The
fosmid end reads and 454 Newbler assembly contigs were assem-
bled using PHRAP (http://www.phrap.org/). Manual editing of
the PHRAP assembly and integration with the physical map
yielded 10 sequence scaffolds. To further improve the assembly,
38 fosmid clones were pooled and pyrosequenced using 454 tech-
nology (Genome Quebec, McGill University). The remaining four
scaffolds were ordered using Gordonia bronchialis 3410T (10) as a
reference genome and Mauve software (5). The four gaps between
these scaffolds were closed by sequencing amplicons obtained us-
ing KTR9 chromosomal DNA and LongAmp Taq DNA polymer-
ase (New England BioLabs).

Open reading frames (ORFs) were identified using FGENESB
software (Softberry Inc., Mount Kisco, NY) and the RAST server
(http://rast.nmpdr.org) (3). The genes that were identified were
compared to databases of sequences using BLAST searches of the
NCBI nonredundant (nr) database (1). The Clusters of Ortholo-
gous Groups (COG), Kyoto Encyclopedia of Genes and Genomes
(KEGG), and RefSeq databases were searched for homologs using
BLASTp and an e-value cutoff of 10�6. Automatic annotation
results were manually verified.

The transcriptome of KTR9 was investigated using RNA-Seq.
Briefly, KTR9 was grown on M9 minimal medium supplemented
with trace elements and vitamin B1 (K. Swain, I. Casabon, L. D.
Eltis, and W. W. Mohn, submitted for publication), 20 mM suc-
cinate, and either 0.9 mM NH4Cl or 0.3 mM RDX as the sole
nitrogen source. Cells were harvested at mid-log phase (optical
density at 600 nm [OD600] � 0.9) and treated with RNAlater (Am-
bion). Total RNA was isolated using a RiboPure-Bacteria kit (Am-
bion, Austin, TX), treated with Turbo DNase (Ambion) for 1 h at
37°C, and purified using an RNeasy minikit (Qiagen, Valencia,
CA). Purified RNA samples (�10 �g) were sequenced by the Ge-
nome Science Center (Vancouver, BC). Paired-end reads (75 bp)
from Illumina sequencing were mapped against the KTR9 ge-
nome, and RNA-Seq analysis was performed using the CLC
Genomics workbench (CLC Bio). As listed in Table S3 in the sup-
plemental material, a total of 433 genes were differentially regu-
lated in RDX- versus NH4Cl-grown cells (�2-fold difference; P �
0.5), of which 249 were upregulated and 184 were downregulated.

The transcriptomic data were used to improve the annotation
of the KTR9 genome. Briefly, the transcriptome reads were
aligned to KTR9 genome sequence using CLC Genomics work-
bench. The output alignment, genome sequence, and genome an-
notation were loaded into Integrative Genomics Viewer software
(16). The alignment between the transcriptome reads and the an-
notated genome was manually examined over the length of the
genome. As summarized in Table 1, this alignment was used to (i)
identify 919 transcripts, including start sites and untranslated re-
gions; (ii) adjust predicted translation start sites; (iii) correct the
list of predicted open reading frames (ORFs); and (iv) reveal the
presence of potential sRNAs. As a result, 177 genes were identified
that had not been detected using FGENESB software and the
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RAST server, and 77 genes were deleted from the annotation. Al-
terations of the ORFs previously predicted in pGKT2 (9) are listed
in Table S1 in the supplemental material. Finally, the transcrip-
tome sequence led to the correction of seven nucleotides, includ-
ing two 1-bp insertions in pGKT3 and five 1-bp deletions in the
chromosome, the latter of which led to four frameshifts.

As summarized in Table 1, the 5.9-Mbp KTR9 genome consists
of a 5.4-Mbp circular chromosome and three circular plasmids:
pGKT1 (89 kbp), pGKT2 (182 kbp), and pGKT3 (172 kbp). The
GC content of the plasmids was significantly lower than that of the
chromosome. The annotated genome includes 45 tRNA genes
representing all 20 amino acids, 9 rRNA genes (all of which occur
in the chromosome), and 13 possible sRNAs (see Table S4 in the
supplemental material). In addition, 9 pseudogenes were identi-
fied. Finally, while the gene densities of the chromosome and plas-
mids were similar, a significantly higher proportion of the coding
sequences (CDSs) were annotated as hypothetical or conserved
hypothetical proteins on the plasmids (56.4 to 78.7%) than on the
chromosome (26.8%). These proportions are similar to those re-
ported for RHA1 (13).

Metabolic reconstruction, performed using Pathway Tools
(12), resulted in the prediction of 277 metabolic pathways in
KTR9. These included 189 biosynthetic pathways, 117 degrada-
tion and assimilation pathways, 6 detoxification pathways, and 27
pathways involved in precursor metabolite production and energy
generation. As part of this reconstruction, Pathway Hole Filler
automatically reannotated 52 genes to complete pathways. The
predicted pathways include those responsible for the de novo bio-
synthesis of all amino acids, nucleotides, coenzymes, and carbo-
hydrates, consistent with the ability of KTR9 to grow on minimal
medium supplemented with glucose and ammonium (9). These
biosynthetic pathways were also examined manually, resulting in
the reannotation of another 13 genes and the identification of
others using tBLASTn to search the genome. Importantly, KTR9
harbors a large number of genes dedicated to fatty acid and lipid
biosynthesis, as has been reported for rhodococci (8), and consis-
tent with the ability of these bacteria to accumulate lipid bodies
(22). Finally, although KTR9 is able to utilize RDX as the sole
nitrogen source, the number of predicted amine and polyamine
catabolic pathways is similar to that of other Gordonia and Rho-
dococcus species.

The nucleotide sequence of pGKT2 had previously revealed
that xplA, encoding the RDX-transforming cytochrome P450, is
tightly clustered with cyp151C and xplB, the latter of which is fused
to a glnA ortholog. The transcriptomic data demonstrate that
these three genes constitute an operon (Fig. 1). Moreover, the

transcription start site mapped to 12 nucleotides upstream of the
cyp151C start codon and is preceded by the previously predicted
promoter and GntR-binding site (9). The xplR gene, encoding a
GntR-type regulator and located just upstream of the xpl operon,
constitutes a separate transcriptional unit. Interestingly, these
genes were expressed in NH4Cl-grown cells and were only slightly
upregulated in RDX-grown cells (Fig. 1). This is in contrast to our
previous studies indicating that these genes are upregulated 3.7-
fold in the presence of RDX (9). Time course studies under a
variety of conditions are under way to better understand the de-
pendence of xplA expression on the concentrations of RDX and
other nitrogen sources.

Overall, the transcriptomes of the RDX- and NH4Cl-grown
cells were fairly similar, with few genes being differentially ex-
pressed more than 10-fold. By far the most highly upregulated
genes in the RDX-grown cells, at �90-fold, were those of a three-
gene operon predicted to encode a purine/allantoin permease
(KTR9_0990) and a two-subunit N-methyl-hydantoinase/ace-
tone carboxylase (KTR9_0991-0992). The upregulation of the
permease gene is particularly intriguing considering that purines
and allantoin are heterocyclic, like RDX. Nevertheless, it is unclear
whether this gene is involved in RDX uptake or whether it is ad-
ventitiously induced by RDX.

TABLE 1 KTR9 genome and its validation using transcriptomic analysis

Genomic
element Size (bp) G�C% No. of ORFs

No. inserted/
deleted

No. of UTRs
identified

No. of operons
identified5=a 3=b

Chromosome 5,441,391 67.8 4,741 107/64 1,141 136 874
pGKT1 89,480 65.1 93 20/4 11 1 6
pGKT2 182,454 62.7 178 27/6 28 0 21
pGKT3 172,385 64.7 163 23/3 19 0 18

Total 5,885,710 177/77 1,199 137 919
a Identifiable 5=-end untranslated region. (mRNA start site was annotated.)
b Identifiable 3=-end untranslated region. (mRNA stop site was annotated.)

FIG 1 Structure of the xpl operon. The flags indicate the transcription start
sites of xplR (nucleotide 156789) and cyp151C (nucleotide 158316), respec-
tively, consistent with previously identified putative promoters (9). The graph
indicates the depth of sequence coverage observed in RDX-grown cells. Up-
regulation of these genes in RDX-grown cells was �1.22-fold for xplR, 1.45-
fold for cyp151C, 1.26-fold for glnA xplB, and 1.15-fold for xplA.
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A number of Gordonia strains have been studied for their abil-
ity to degrade cholesterol (6), but the catabolic pathway has not
been well described in this genus. Given the importance of this
pathway for the biotransformation of steroids (20) as well as the
pathogenesis of Mycobacterium tuberculosis (15), we investigated
its occurrence in KTR9. The KTR9 chromosome carries orthologs
of all of the genes predicted to encode the pathway in Rhodococcus
jostii RHA1 (21) and Mycobacterium tuberculosis (see Fig. S1 and
Table S5 in the supplemental material). These genes include those
encoding elements considered to be hallmarks of cholesterol ca-
tabolism in mycolic acid-containing actinobacteria, such as the
Mce4 cholesterol transporter and a cytochrome P450 involved in
initiating side chain degradation. Consistent with the predicted
occurrence of a cholesterol catabolic pathway, KTR9 grew on M9
minimal medium supplemented with trace elements, vitamin B1,
and 1 mM cholesterol as the sole organic substrate, essentially as
described for RHA1 on cholate (Swain et al., submitted). In baf-
fled flasks at 30°C, the doubling time of KTR9 on 1 mM choles-
terol was �53 h compared to �9 h on 20 mM pyruvate. Never-
theless, the cholesterol catabolic genes were arranged quite
differently in KTR9 than in RHA1 and M. tuberculosis. In the
latter, the vast majority of the genes are clustered (21). In contrast,
the genes are arranged into two distinct clusters in KTR9 (see Fig.
S2 in the supplemental material). Moreover, three genes are found
in separate locations of the genome. One of these is hsaD, which is
found in an operon with hsaA, hsaB, and hsaC in rhodococci and
mycobacteria. The arrangement of the cholesterol catabolic genes
appears to be characteristic of Gordonia, as it is conserved in the
strains sequenced to date (6, 7, 10).

Nucleotide sequence accession numbers and metabolic re-
construction. The Gordonia sp. strain KTR9 genome is available in
GenBank under accession numbers CP002907 (KTR9), CP002908
(pGKT1), CP002112 (pGKT2), and CP002909 (pGKT3). The meta-
bolic reconstruction is available at BioCyc database (http://biocyc
.org).
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