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Several microorganisms have been isolated that can transform hexahydro-1,3,5-trinitro-1,3,5-triazine
(RDX), a cyclic nitramine explosive. To better characterize the microbial genes that facilitate this transfor-
mation, we sequenced and annotated a 182-kb plasmid, pGKT2, from the RDX-degrading strain Gordonia sp.
KTRY. This plasmid carries xpl4, encoding a protein sharing up to 99% amino acid sequence identity with
characterized RDX-degrading cytochromes P450. Other genes that cluster with xpl4 are predicted to encode a
glutamine synthase-XplB fusion protein, a second cytochrome P450, Cyp151C, and XpIR, a GntR-type regu-
lator. Rhodococcus jostii RHA1 expressing xpl4 from KTRY degraded RDX but did not utilize RDX as a nitrogen
source. Moreover, an Escherichia coli strain producing XplA degraded RDX but a strain producing Cyp151C
did not. KTRY strains cured of pGKT2 did not transform RDX. Physiological studies examining the effects of
exogenous nitrogen sources on RDX degradation in strain KTRY revealed that ammonium, nitrite, and nitrate
each inhibited RDX degradation by up to 79%. Quantitative real-time PCR analysis of gin4-xplB, xplA, and xpIR
showed that transcript levels were 3.7-fold higher during growth on RDX than during growth on ammonium
and that this upregulation was repressed in the presence of various inorganic nitrogen sources. Overall, the
results indicate that RDX degradation by KTRY is integrated with central nitrogen metabolism and that the

uptake of RDX by bacterial cells does not require a dedicated transporter.

Many military ranges in the United States and Canada are
contaminated with explosive and propellant residues (28, 38,
54). Of the nitroaromatic and nitramine explosives that exist
on these sites, hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX)
has a low sorption capacity (48) and can migrate through soil
into surface water and groundwater (15). RDX-contaminated
groundwater also has been found at sites affected by manufac-
turing, storage, or disposal facilities (19). Mobile explosive
contaminants, like RDX, threaten overall sustainability of De-
partment of Defense (DoD) ranges by migrating away from the
source areas and contaminating surface and subsurface soils at
relatively low but potentially toxic levels. The potential for
bioremediation of RDX in groundwater and soils via the ad-
dition of nutrients (19, 23) or via combined abiotic/biotic pro-
cesses (49) has been established. While in sifu bioremediation
is an attractive remedial action for these sites, the capability to
predict the efficacy of in sifu bioremediation of RDX is gen-
erally lacking. Nucleic acid-based assays that can detect and
quantify appropriate genetic biomarkers would be valuable
tools toward demonstrating the genetic potential of a contam-
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inated site for nitramine biodegradation. The development
and application of such tools have led to an increased under-
standing of biomarker dynamics for contaminants such as chlo-
rinated ethenes and polycyclic aromatic hydrocarbons (32, 37).
Similarly, successful monitoring of biomarkers for support of in
situ bioremediation of explosives will require a detailed under-
standing of the microorganisms, biochemical pathways, and
genes used to degrade RDX in the environment.

Thus far, microbially mediated RDX biodegradation has
been reported under a number of conditions, including aerobic
(16, 46, 51), nitrate-reducing (12, 22), sulfate-reducing (11),
manganese-reducing (12), acetogenic (1, 9, 47), anaerobic (24),
and methanogenic (2) conditions. While a number of RDX-
degrading bacteria have been isolated from contaminated soils
and sediments (16, 17, 46, 55), only a few genes have been
implicated in RDX degradation (14, 23, 46). Of these, the
cytochrome P450 system encoded by xplAB is perhaps the best
characterized (27, 43). XplA is unusual for a microbial cyto-
chrome P450 in that it comprises a flavodoxin domain fused to a
C-terminal cytochrome P450 domain. XplB serves as a partner
NADH-utilizing flavodoxin reductase. Together these enzymes
catalyze the denitration of RDX to yield 4-nitro-2,4-diazabutanal
(NDAB), nitrous oxide, ammonium, formaldehyde, and carbon
dioxide (21, 27). The xpIAB genes have been introduced into
various plants for phytoremediation (42). Despite these ad-
vances, the overall contribution of xplAB to degradation of
RDX in the environment remains to be established. While xplA4
has been detected in enrichments subjected to '°N-stable iso-
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TABLE 1. Bacterial strains, primers, and genetic constructs used in this study

Bacterial strains,

constructs, and primers Catalog no., sequence, or description Reference
Strains
Gordonia sp.
KTR9 51
KTRY/pGKT2-1A KTRY strain with 182-kb plasmid cured This study
KTRO/pGKT2-2A KTRO strain with 182-kb plasmid cured This study
Rhodococcus jostii RHA1 46a
Escherichia coli BL21(DE3) Stratagene 200131
Plasmid constructs
pEMTXplA 1,668-bp fragment representing xpl4 from KTRY synthesized into pET11a This study
pEMT-Cyp151C 1,197-bp fragment representing a cytochrome P450 from KTR9 synthesized into pET11a This study
pTpXplA xplA cloned into pTip vector This study
pKTR9-gntR 3-kb flanking region of gntR from KTR9 synthesized into pCR2.1 and subcloned into This study
BamHI site of pK18mobsacB
pKTR9-xplA 3-kb flanking region of xpl4 from KTRY synthesized into pCR2.1 and subcloned into This study
BamHI site of pK18mobsacB
Primers
Real-time PCR
xplaFm2239 5'GATGACCGCTGCGTCCATCGAT3’ This study
xplaR2333 S'CCTGTTGCAGTCGCCTATACC3’ This study
xplR518F 5'CAGAGATGTGCCGGATGCT3’ This study
xpIR568R 5'CGGTCACCGTGCTCATCAC3’ This study
Cyp151C678F S'TGATGAGCTGCGTGATGTGA3' This study
Cypl151C728R 5S'GTGTCGTATCCGCCGAAGAT3' This study
Glutamine68F 5'TCGACGCGATCAAGCAGTACS3’ This study
Glutaminel1R S'TCACGGCCTGGAAGTCGACG3’ This study
xplB175F 5'CAGGGCACGAAGAACGTGATS3' This study
xplB225R 5'CCGATCGTCGAATACCCG3' This study
Miscellaneous
xpIRF S'TGAGTGACGCCATCACGATC3' This study
xpIlRR S'TCTCTGCCTGAAGAGTGACC3’ This study
xplAF 5'GAACCCGAGAATCACCCGAACACC3 This study
xplAR 5’AGGAAACCGCAGGAAAGAC3’ This study
182plasmid_gapF(gln-xp/B) 5S’"AGGTCGAACTCAACTGGATG3’ This study
182plasmid_gapR(gln-xplB) 5’AGTCCGATCGTCGAATACCCS3’ This study
ktr9plas120565aF 5'CGAAGGGCTTCTCACTTCACS3’ This study
ktr9plas121248aR 5'GACGAGACCTCCTTGCAGAC3’ This study
ktr9plas149923bF S'TGGCGAACTGAGACCTTCTT3’ This study
ktr9plas150701bR 5'GCATTCTGTCCTTGCTGTCA3' This study

tope probing derived from RDX-contaminated groundwater
(41), studies establishing a correlation between the presence of
xplA and RDX contamination are lacking. Such a linkage is
critical to establishing xpl4 as a biomarker of RDX biodegra-
dation.

Previously, we isolated two RDX-degrading strains, Gor-
donia sp. KTR9 and Williamsia sp. KTR4, from a semiarid soil
at an explosives manufacturing facility (51). These strains are
able to grow on RDX as a sole nitrogen source, similarly to
strains Rhodococcus rhodochrous 11Y (46) and Rhodococcus
sp. DN22 (16, 21), and produced RDX degradation products
consistent with the involvement of a cytochrome P450 (10, 51).
Based on the strong cross-reactivity of Gordonia sp. KTR9 and
Williamsia sp. KTR4 with a TagMan PCR assay targeting the
xplA gene, we concluded that an XplA homolog was responsi-
ble for RDX degradation in these strains (25).

The actinomycete genus Gordonia is a metabolically diverse
group of bacteria known for their ability to degrade xenobiot-
ics, environmental pollutants, and recalcitrant natural poly-
mers (4). Despite the recent interest in this genus, the genome
sequence for only one organism, Gordonia bronchialis DSM

43247, is publicly available in the genome database at this time
(26). In addition, two plasmid sequences, from Gordonia bron-
chialis DSM 43247 and Gordonia westfalica DSM 44215, re-
spectively, are available in the genome database. Here, we
present the complete sequence of a 182-kb plasmid, pGKT2,
from Gordonia sp. KTRY. The plasmid contains xp/4B gene
homologs as well as surrounding genes which may have a role
in the metabolism of RDX as a nitrogen source in strain
KTRO. In order to ascertain the role of this plasmid, KTR9
strains cured of this plasmid were evaluated for the ability to
degrade RDX. In addition, the effects of inorganic nitrogen
compounds on the degradation of RDX and the expression of
xplA and cotranscribed genes were evaluated in strain KTRO.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains, plasmids, and prim-
ers used in this study are listed in Table 1. Stationary-phase cultures of Gordonia
sp. KTR9 were obtained from single colonies taken off tryptic soy broth (TSB) or
LBP (1% Bacto peptone, 0.5% yeast extract, 1% NaCl) plates and inoculated
into a mineral salts medium (51) containing 5 mM succinate, 5 mM glucose, 10
mM glycerol, and 180 uM RDX or 4 mM (NH,),SOy as the sole nitrogen source.
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For those studies evaluating the ability of KTR9 wild-type and derived mutant
strains to degrade RDX, KTRY stationary-phase cells pregrown on mineral salts
medium with (NH,),SO, were washed twice with mineral salts medium without
a carbon and nitrogen source and then transferred at an initial optical density at
600 nm (ODyg) of 0.02 into LBP broth or mineral salts medium, each supple-
mented with 180 M RDX. For those studies examining the impacts of exoge-
nous nitrogen sources on RDX degradation, KTRY cells pregrown on RDX as a
sole nitrogen source were transferred at an initial ODgq, of 0.05 into mineral
salts medium supplemented with 180 uM RDX and individual competing nitro-
gen sources, i.e., (NH,),SO,, KNO,, or KNO; (all 4 mM). All KTR9 cultures
were incubated at 30°C with moderate shaking. Rhodococcus jostii RHA1 was
grown either in M9 mineral medium (33) supplemented with Goodies solution
(7) or in PTYG broth (6). RHAI cultures were incubated at 30°C with shaking
at 200 rpm.

Rhodococcus jostii RHA1 and Escherichia coli expression studies. A 1,668-bp
fragment representing the KTR9 xpl4 putative coding region was synthesized
(Celtek Biosciences, Nashville, TN) in expression vector pET11a (New England
Biolabs, Beverly, MA). The resulting plasmid, pPEMTxplA, was cut with Ndel and
HindIIl, liberating a 1,953-bp DNA fragment containing the xpl4 gene. The
resulting fragment was gel purified and ligated with Ndel/HindIII-restricted pTip
vector Typell, an E. coli-Rhodococcus shuttle vector for heterologous protein
production in Rhodococcus (35). The ligation mixture was used to transform E.
coli DH5a. The plasmid that carries the xpl4 gene in the correct orientation was
then used to transform R. jostii RHA1 by electroporation. The empty pTip vector
was also introduced by electroporation into RHAL1 for use as a control. Precul-
tures of both transformed strains were obtained by inoculating single colonies
into 2 ml PTYG with 25 ug ml~! chloramphenicol and incubated overnight at
30°C. Precultures of each strain were used to inoculate triplicate flasks of 40 ml
PTYG with 25 ug ml~! chloramphenicol at a 1% inoculum level. Cultures were
induced at an OD of 0.5 by addition of thiostrepton dissolved in dimethyl
sulfoxide (DMSO) to a final concentration of 50 wg ml~ . The cells were allowed
to grow overnight, washed, resuspended, and concentrated 2-fold in 0.1 M
sodium phosphate, pH 7.0, with 60 pg ml~! RDX. Flasks were incubated at 30°C
with shaking. Samples were taken over 5 h and analyzed by high-pressure liquid
chromatography (HPLC).

A 1,197-bp fragment containing cypl51C was synthesized (Celtek Biosciences,
Nashville, TN) in expression vector pET11a (New England Biolabs, Beverly,
MA). The resulting plasmid construct, pPEMTCyp151C, along with pEMTxplA,
was transformed into E. coli BL21-Gold (DE3) competent cells (Stratagene, La
Jolla, CA), and transformants were selected for on LB plates with ampicillin (100
pg ml~"). Overnight cultures of each recombinant E. coli strain were diluted 1/20
in LB supplemented with RDX (40 pg ml™'), incubated at 37°C for 2 h, and
induced with the addition of 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG).
Final concentrations of RDX were determined after 18 h of incubation at 37°C.
E. coli culture samples derived from each recombinant plasmid were mixed with
an equal volume of Laemmli sample buffer (33) containing 5% B-mercaptoeth-
anol and heated to 95°C for 5 min. Denatured samples along with a low-range
unstained protein standard (Bio-Rad, Hercules, CA) were loaded on a 12.5%
Tris-Cl polyacrylamide gel run in 1X TGS buffer (25 mM Tris, 192 mM glycine,
0.1% [wt/vol] SDS, pH 8.3). Samples were visualized with Biosafe Coomassie
G250 stain (Bio-Rad, Hercules, CA) according to the manufacturer’s instruc-
tions.

Gene deletion. Gene deletion constructs of xpl4 and xp/R were synthesized
(Celtek Biosciences) with 1.5-kb flanking sequences to create a 3-kb insert in the
pCR2.1 vector (Invitrogen, Carlsbad, CA) based on DNA sequence information
of pGKT2. Gene deletion inserts were liberated from the pCR2.1 vector via
BamHI restriction enzyme digestion, gel purified with a Wizard SV Gel and PCR
Cleanup System kit (Promega, Madison, WI), and subcloned into the BamHI site
of the mobilizable plasmid pK18mobsacB (44). The resulting mutagenic plas-
mids, pKTR9xplA and pKTRO9xpIR, were used for gene deletion analysis in
Gordonia sp. KTR9 based on a conjugation strategy (52) using a sacB counters-
electable marker, with the exceptions of using kanamycin and nalidixic acid at 50
pg ml~ % Transconjugants were replica plated on the same medium with and
without 10% sucrose. Sucrose-sensitive colonies were propagated overnight at
30°C in 25 ml of LBP medium and then spread on LBP plates supplemented with
10% sucrose. Sucrose-resistant colonies were checked for kanamycin sensitivity
and screened for the presence of the deleted gene by PCR amplification using
primers listed in Table 1.

PFGE and Southern hybridization. The Bio-Rad CHEF DRII system (Bio-
Rad, Hercules, CA) was employed for pulsed-field gel electrophoresis (PFGE).
Cultures of Gordonia sp. KTR9 and derived mutant strains were grown and
harvested from late exponential phase in LBP medium. Cell plugs were prepared
from approximately 1 X 10® cells per plug in accordance with the manufacturer’s
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instructions, with the addition of 180 U mutanolysin (Sigma-Aldrich, St. Louis,
MO) to increase cell lysis. Electrophoresis parameters consisted of 0.5X Tris-
borate-EDTA (TBE) at 5.5 V cm ™! with a switch time of 40 to 90 s at a 120°
angle for 21 h at a constant temperature of 14°C. The Lambda ladder marker
(Bio-Rad) was used as a size standard.

A 683-bp probe specific to pGKT2 was generated by PCR amplification
with primers KTR9plas120505aF (5'-CGAAGGGCTTCTCACTTCAC-3") and
KTR9plas121248aR  (5'-GACGAGACCTCCTTGCAGAC-3'). Amplification
conditions consisted of a single step at 95°C for 5 min followed by 30 cycles at
94°C for 30 s, 63°C for 40 s, and 72°C for 40 s. The resulting PCR amplicon was
gel purified and subsequently labeled by random primer extension reaction with
the NEBIlot Phototope kit (New England Biolabs, Ipswich, MA) following the
manufacturer’s instructions. The DNA from the PFGE was transferred to a
Nytran SuPerCharge nylon membrane using the alkaline transfer method and
apparatus from the TurboBlotter kit (Whatman). Hybridization was performed
using the Phototope Star detection kit (New England Biolabs). The resultant blot
was exposed to Lumi-Film chemiluminescent detection film (Roche).

Quantitative real-time PCR (qPCR) analysis. Total RNA was isolated from
bacterial pellets using Qiagen’s RNeasy minikit according to the manufacturer’s
instructions for Gram-positive bacteria (Qiagen, Valencia, CA). Bacterial Pro-
tect reagent (Qiagen) was added to bacterial cell pellets prior to the pellets being
stored at —80°C. A 10-min proteinase K treatment (300 pg) step was added to
the protocol to enhance RNA recovery. RNA samples were treated with DNase
(43 U; Qiagen) for 15 min preceding final purification. RNA samples were run
on an Agilent 2100 Bioanalyzer to verify quality and quantity of RNA samples.
Total bacterial RNA (up to 2 pg) was reverse transcribed to cDNA using
SuperScript III reverse transcriptase (Invitrogen) with random primers (250 ng)
according to the manufacturer’s instructions. All real-time PCR amplification
reactions were performed using the Applied Biosystems 7900HT Fast Real-Time
PCR system (Foster City, CA). Amplification reactions were conducted in 20-pu.l
volumes in 384-well reaction plates using 1X SYBR green PCR Master Mix
(Applied Biosystems). Primer pairs specific for xpl4, the ginA-xpIB gene fusion,
¢yp151C, and xplR (Table 1) were diluted to 500 nM final concentrations for PCR
analysis. Template cDNAs were diluted 10-fold prior to PCR analysis. Amplifi-
cation conditions consisted of a single step at 95°C for 10 min followed by 50
cycles at 95°C for 20 s, 55°C for 20 s, and 72°C for 30 s. PCR data were analyzed
using the accompanying Applied Biosystems 7900HT analysis software with
threshold determinations automatically performed by the instrument and then
manually optimized. Starting mRNA concentrations and PCR efficiencies were
calculated using LinRegPCR (40). The mRNA concentrations were normalized
to 16S rRNA PCR fluorescent intensity values.

Sequencing and annotation of pGKT2. The sequence of pGKT2, a 182-kb
plasmid, was obtained as part of a whole-genome sequencing of strain KTR9
using the Genome Sequencer FLX system (454 Life Science Corp., Branford,
CT). Briefly, 5 p.g of genomic DNA (500 ng ul ™) was prepared using Qiagen’s
DNeasy extraction kits. The 454 reads were assembled into contigs using PHRAP
(http://www.phrap.org/).

Open reading frames (ORFs) were identified using the FGENESB program
(Softberry Inc., Mount Kisco, NY) and the RAST server (http://rast.nmpdr.org/)
(5). Select regions of pGKT2 were analyzed for bacterial promoter elements and
Rho-independent terminator sequences using BPROM and FindTerm programs
(Softberry Inc.). Identified genes were verified using BLAST searches of the nr
database, after which the genes were subjected to a second round of automatic
annotation and assignment to a COG functional classification. The Clusters of
Orthologous Groups (COG), Kyoto Encyclopedia of Genes and Genomes
(KEGG), and RefSeq databases were searched for homologs using BLASTP and
an e-value cutoff of 1e—6. The best result for each BLAST search was imported
as the gene annotation. The automatic annotation results were then manually
checked and adjusted as necessary.

Phylogenetic analysis. ParA protein sequences were aligned using ClustalW
and the program’s default settings. Phylogenetic analyses were performed using
Proml of Phylip 3.69 (http://www.phylip.com/). Bootstrap analyses were per-
formed using 100 data sets.

HPLC analysis. Samples (0.6 ml) of pure cultures were mixed with an equal
volume of acetonitrile and filtered into autosampler vials with a 0.45-um poly-
tetrafluoroethylene (PTFE) syringe filter. RDX concentrations were determined
with an Agilent 1100 Series HPLC (Palo Alto, CA) equipped with a diode array
UV absorbance detector set at 254 nm. An Agilent C,g reversed-phase column
(100 X 4.6 mm X 5 pm) was used with an octadecylsilane (ODS)-Hypersil C,g
guard column (20 X 4.0 mm X 5 wm). Samples were run under isocratic condi-
tions as described previously (18).

Nucleotide seq e accessi . The GenBank accession number for
the pGKT2 plasmid sequence is CP002112.

h
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TABLE 2. ORFs with assigned functions from plasmid pGKT2

% amino acid

ORF* G'ene Pr(.)dl,l,ct Closest characterized homolog® sequence
name size identity?
KTR9_4794 parA ParA, Corynebacterium glutamicum ATCC 13032 (BAB98814) 34
KTR9_4798 635 Plasmid maintenance protein Orf8 of pKB-1 from G. westfalica Kbl (NP_954749) 39
KTR9 4918 679 Single-stranded DNA-specific exonuclease, C. glutamicum ATCC 13032 43
(BABY9130)
KTR9 4921 xplR 246 PipR-, GntR-type transcriptional regulator, Mycobacterium smegmatis mc*155 49
(YP_890908)
KTR9_4922 cypl5ic 399 PipA, cytochrome P450, family 151, Mycobacterium smegmatis mc*155 71
(YP_890903)
KTR9_4923 glnA-xplB 813 GInA-XplB fusion protein, glutamine synthetase, flavodoxin reductase, 99
Rhodococcus rhodochrous (AAN27918)
KTR9_4924 xplA 552 XplA, flavodoxin-cytochrome P450, R. rhodochrous (AAN27917) 99
KTR9 4935 145 Prophage maintenance system killer protein, Nostoc sp. PCC 7120 (NP_478676) 42

“ Numbered according to the KTR9 genome.

® Number of amino acid residues.

¢ Shown as gene product, organism (accession number).
4 Over length of KTRY gene product.

RESULTS

Nucleotide sequence and annotation of pGKT2. To better
characterize the basis of the RDX-degrading properties of
strain KTR, its genomic DNA was isolated and subjected to
pyrosequencing. A total of 816,115 sequence reads were ob-
tained with an average length of 256 nucleotides. A search of
the assembled reads of the KTR9 genome for xpl4-specific
nucleotide sequences revealed the presence of an xpl4 ho-
molog on an 182,455-bp sequence contig. Ongoing analysis of
the genome sequence revealed that this contig represents one
of three circular plasmids of KTR9 (H.-P. Chen, K. J. Indest,
and L. D. Eltis, unpublished). This plasmid, named pGKT2,
has a G+C content of 63 mol%. Annotation of its nucleotide
sequence identified 156 predicted ORFs (accession number
CP002112). Those ORFs discussed in this study are listed in
Table 2. The functional classes of predicted genes on this
plasmid are summarized in Table 3. The largest functional
class comprises putative genes involved in replication (re-
combination and repair), including multiple transposase se-
quences, an integrase, two topoisomerases, and multiple heli-
cases. Predicted genes involved in general functions encompass
the second largest class (13.7%), with the majority categorized
as ATPases, including a member of the AAA+ superfamily.

TABLE 3. COG functional classification of pGKT2 ORFs

Functional classification No. of %
genes
R, general function prediction only 4 13.7
Q, secondary metabolite biosynthesis: transport 3 10.3
and catabolism
K, transcription 3 10.3
E, amino acid transport and metabolism 1 3.4
J, translation: ribosomal structure and biogenesis 1 3.4
L, replication: recombination and repair 13 44.8
O, posttranslational modification: protein 2 6.9
turnover (chaperones)
D, cell cycle control: cell division (chromosome 1 3.4

partitioning)
U, intracellular trafficking: secretion 1 3.4
(and vesicular transport)

Genes involved in biosynthesis of secondary metabolites
(10.3%) and transcription (10.3%) constitute perhaps the most
significant classes of plasmid genes, with a subset of these being
involved in RDX degradation.

Two predicted plasmid replication proteins of pGKT2 are
noteworthy. The first, encoded by KTRY 4798, shares 39%
amino acid sequence identity with Orf8 of pKB-1, a 101-kb
circular plasmid from Gordonia westfalica Kbl (13). Orf8 is
part of oril” of pKB-1, a region of 2 kb that has been demon-
strated to be sufficient for plasmid maintenance. The second
predicted plasmid replication protein is a ParA homolog whose
gene, KTR9_4794, is located approximately 1.5 kb upstream of
KTR9 _4798. The encoded protein shares 34% amino acid se-
quence identity with the functionally characterized ParA of
Corynebacterium glutamicum ATCC 13032 (20) and 68% iden-
tity with the predicted ParA homolog from Rhodococcus
opacus B4. Predicted ParA homologs from actinomycete plas-
mids, including homologs from each of the three KTR9 plas-
mids, were aligned using ClustalX. A phylogenetic analysis
(Fig. 1) revealed that plasmid-encoded ParAs, including the
three from KTRY, are diverse. Even the KTRY proteins do not
cluster according to organismal phylogeny or the topology of
the plasmid, consistent with previous findings (34).

Finally, we used IslandPick (31) to search for regions of
pGKT?2 of probable horizontal origin. Such regions, known as
genomic islands (GIs), are frequently associated with particu-
lar physiologic adaptation such as virulence, catabolism, or
resistance to a toxic compound and can sometimes be identi-
fied based on abnormal sequence composition, such as GC
mol% and codon bias. The analysis revealed that pGKT2 con-
tained no predicted GIs. Moreover, no insertion sequence (IS)
elements were found using IS Finder (http://www-is.biotoul
fr/). However, the plasmid contains five genes predicted to
encode transposases or integrases. Of these, the most proximal
to xplAB is KTR9_4947, 15 kb away.

xplAB and surrounding genes. Analysis of the pGKT2 nu-
cleotide sequence revealed that this plasmid encodes an XplA
homolog that shares 97% to 99% amino acid sequence identity
with characterized XplA cytochromes P450 (3, 45, 46). The
gene is the last in a cluster comprising cypI51C, a ginA-xplB
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FIG. 1. Phylogenetic relationship of ParA proteins from 20 acti-
nobacterial plasmids. ParAs and their predicted homologs are desig-
nated by the name of the plasmid on which they reside. The subscript
identifies the genus of the bacterium in which the plasmid resides (first
letter) and either the first two letters of the species or the strain
number. Linear plasmids are underscored. Bootstrap values of major,
stable nodes are indicated as percentages. ParA sequences from the
following plasmids were included in the analysis: pGKT1, Gordonia sp.
KTRY; pGKT2, Gordonia sp. KTR9; pGKT3, Gordonia sp. KTRY;
pKB1, G. westfalica strain DSM 442157 (gil40217320); pGBROO01,
Gordonia bronchialis DSM 43247 (gil262118119); pSCP1_a2, Strepto-
myces coelicolor A3(2) (gil21234217); pCLP, Mycobacterium celatum,
(£i132455743); pMUMO01, Mycobacterium ulcerans, (gil42414723); pNF1,
Nocardia farcinica IFM 10152 (gil54027649); p103, Rhodococcus equi 103
(gil10657915); pFAJ2600, Rhodococcus erythropolis N186/21 (gil2460009);
pPBD2, R. erythropolis BD2 (gil33867067); pREC1, R. erythropolis PR4
(gil77404542); pRELL, R. erythropolis PR4 (gil77454578); pRHLI1, R. jostii
RHAL, (gil111025387); pRHL2, R. jostii RHA1, (gil111026081); pRHL3,
R. jostii RHALI, (gil111027090); pSLA2-L, Streptomyces rochei 7434-
AN4 (gil30795070); pFP11, Streptomyces sp. F11 (gil62184581); pFP1,
Streptomyces sp. FQ1 (gil62184597); pSV2, Streptomyces violaceoruber
ANK95570 (gil32455643). The predicted ParAs of pGKT1 and pKB1
have identical sequences.

gene fusion, and xplA4 (Fig. 2). Approximately 1.5 kb upstream
of this cluster is xplR, encoding a GntR-type transcriptional
regulator. Cyp151C shares up to 71% amino acid sequence
identity with the mycobacterial pipA/morA-encoded cyto-
chromes P450 that are involved in the utilization of the sec-
ondary amines piperidine, pyrrolidine, and morpholine (29, 39,
50). The ginA-xplB fusion is predicted to encode the first 85%
of the residues of a glutamine synthetase fused to the entire
XpIB reductase. PCR analysis of KTR9 DNA genomic tem-

~ * ~—e

) D)

FIG. 2. The xpl gene cluster. Putative promoter regions (—10 and
—35 regions) were found upstream of the xp/R ORF (bp 156809 to
157548) at positions 156741 to 156761 and of the cyp151C ORF (bp
158328 to 159527 bp) at positions 158272 to 158290. A GntR binding
site (*) (TnGTnnnACnA) was found 5 bp upstream of the promoter
region for cypl51C. Regions targeted by qPCR are shown by barbell
lines about the gene boxes.
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FIG. 3. Degradation of RDX by Rhodococcus jostii RHA1 contain-
ing XplA. Exponentially growing cells containing pTpXplA (A) or an
empty pTip vector (l) were resuspended to an ODg, of 12 in 0.1 M
sodium phosphate, pH 7.5, containing 60 ppm RDX. The fitted curve
represents a first-order decay with a half-life (,,,) of 0.61 = 0.05 h.

plate with primers that flank the gene fusion point confirmed
that there is no gap between these genes (data not shown).
Interestingly, the glutamine synthase portion of the ginA-xplB
fusion and XpIR share up to 70% and 49% sequence identity,
respectively, with the glutamine synthases and GntR-type reg-
ulators encoded by genes associated with the mycobacterial
cypl51 genes (29, 39, 50).

The organization of the xp/ gene cluster suggests that it may
constitute an operon that is regulated by XplR. Bioinformatic
analysis of this region suggests that putative bacterial promoter
elements (—10 and —35 regions) can be found directly up-
stream of xpIR and cyp151C (Fig. 2). A putative GntR binding
site (TnGTnnnACnA) of the FadR subtype was also found
within 5 bp of the —35 promoter region of cypI51C (53),
further suggesting that XplR could regulate transcription of
cypl51C. The absence of Rho-independent terminator se-
quences in cyp151C and the short intergenic space between this
gene and glnA-xplB also suggest that cyp151C, glnA-xplB, and
xplA are transcribed as a single cistron.

Expression of xpl4 in R. jostii RHA1 and E. coli. The xplA
gene was heterologously expressed in Rhodococcus jostii
RHAL using a pTip vector. Production of the xpl4-encoded
cytochrome P450 was verified using denaturing acrylamide gel
analysis and visible absorption spectroscopy. More particularly,
cells carrying pTipXplA but not pTip revealed the character-
istic CO-dependent peak at 450 nm, indicating that XplA is
both soluble and functional (data not shown). Moreover,
RHA1:pXplA rapidly depleted RDX from culture medium
within 2.5 h (Fig. 3). In contrast, RHA1::pTip did not detect-
ably deplete RDX in culture media. This indicates that RHA1
efficiently takes up RDX and that the xp/4 gene alone is suf-
ficient to degrade RDX.

The xplA gene was also heterologously expressed in E. coli
BL21 using the pET11a vector. Overnight cultures of the re-
combinant E. coli strain grown in LB plus RDX (40 pg ml™ 1)



6334 INDEST ET AL.

L 2 3 4 5 6 7

'

!
194
1455
97
48.5 . '

o |

APPL. ENVIRON. MICROBIOL.

| 3
' . -
- “'.b
R -

FIG. 4. PFGE (A) and Southern analysis (B) of KTR9 and derived mutant strains. A biotin-labeled 683-bp DNA fragment, specific for pGKT2,
was used to probe a PFGE gel of uncut and Xbal-digested DNA samples from wild-type and mutant KTRO strains. Lanes: 2, uncut KTRY; 3, uncut
deletion mutant 1; 4, uncut deletion mutant 2; 5, cut KTR9Y; 6, cut deletion mutant 1; 7, cut deletion mutant 1. Lane L shows molecular mass

markers, with sizes in kilodaltons at the left.

that had been previously induced with the addition of 1 mM
IPTG 18 h earlier showed approximately a 71% reduction in
RDX compared to control samples (data not shown). In con-
trast, cypI51C did not elicit degradation of RDX when ex-
pressed in E. coli despite the presence of soluble, correctly
folded cytochrome P450 as verified by denaturing gel analysis
and visible absorption spectroscopy (data not shown).
Generation of a plasmid-free mutant strain of Gordonia sp.
KTRY. Attempts to independently create unmarked gene de-
letions in the xplA or xpIR loci using a sacB counterselectable
marker resulted in curing of pGKT2 from strain KTR9. PCR
screening of sucrose-resistant, kanamycin-sensitive derivatives
of KTRY with multiple primer sets targeting different regions
of pGKT?2 including xplA4, xpIR, and cyp151C was not amplifi-
able when tested (data not shown). Loss of the plasmid was
further confirmed by PFGE and Southern analysis of uncut
and Xbal-digested (one cut site resulting in linearization of the
plasmid) DNA samples from both KTR9 and plasmid-cured
strains (Fig. 4). Those lanes containing wild-type KTR9 DNA
reacted with a biotin-labeled 683-bp probe known to be on the
plasmid, revealing the presence of a band in the expected size
range for the plasmid. In contrast, neither of the KTRO plas-
mid-cured strains produced a signal when probed.
Plasmid-cured KTRY strains were evaluated for their ability
to degrade RDX and utilize RDX as a sole nitrogen source.
KTRY plasmid-cured strains incubated for up to 67 h in LB
broth containing 45 wg ml~! RDX did not detectably deplete
RDX levels despite achieving optical densities at 600 nm of at
least 2.0 (Table 4). In contrast, cultures of wild-type KTR9

depleted RDX to trace levels within 67 h. KTR9 plasmid-cured
strains incubated in a minimal salts medium containing RDX
as the sole nitrogen source did not degrade RDX and as a
result did not grow, while the wild-type KTR9 strain grew and
completely degraded the RDX within 48 h (Table 4).

Effect of nitrogen sources on RDX degradation and xpl gene
expression in KTR9. The effects of ammonium, nitrite, and
nitrate on the ability of KTR9 to degrade RDX were investi-
gated. KTR9 degraded RDX most rapidly when this com-
pound was present in liquid cultures as the sole nitrogen source
(Fig. 5A), with approximately 93% of the RDX degraded
within 24 h of inoculation. In contrast, only 21% to 34% of the
RDX was transformed after 24 h in the presence of a compet-
ing nitrogen source. Even after 68 h of incubation, significant
concentrations of RDX remained in cultures containing
(NH,),SO, (63%), KNO, (42%), or KNO; (13%).

TABLE 4. RDX degradation studies in KTR9 and mutant strains
lacking pGKT2¢

RDX conen (g ml™')

Gordorfia sp.
strains Rich medium Minimal medium
KTR9 1.5(0.2) 0.0 (0.0)
KTRY9/pGKT2-1A 44.6 (0.6) 44.8 (1.4)
KTRY9/pGKT2-2A 42.2(0.2) 442 (1.2)

¢ Wild-type and plasmid-cured KTRY strains were grown for up to 67 h in LB
medium containing 45 ppm RDX and a minimal medium containing RDX as the
sole nitrogen source. Results represent the averages (standard deviations) of
triplicate samples.
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FIG. 5. (A) Effects of various inorganic nitrogen sources on the
RDX degradation activity (closed symbols) and growth (open symbols)
of KTR9. A 4 mM concentration of (NH,),SO, (triangles), KNO;
(squares), or KNO, (diamonds) was included as a competing nitrogen
source compared to RDX alone (circles). Error bars are the standard
errors of three samples. (B) Quantitative real-time PCR expression
analysis using primers for xplR, cyp151C, ginA-xplB, xplA, and a 16S
rRNA. RNA was harvested from KTRY cells grown for 24 h on media
containing the indicated nitrogen sources: RDX alone (diagonally
striped bars), RDX plus (NH,),SO, (white bars), RDX plus KNO,
(black bars), and RDX plus KNO; (horizontally striped bars). Relative
expression of gene targets was normalized to corresponding gene ex-
pression levels for cultures in which RDX was the sole nitrogen source.

The expression levels of xpIR, cyp151C, ginA-xplB, and xplA
were compared in KTRO cells at the 24-h time point in the
growth study described above. RNA samples were subjected to
qPCR analysis, and relative gene expression data were nor-
malized to corresponding gene expression levels for cultures
in which RDX was the sole nitrogen source. When KTR9
was grown on RDX in the presence of a competing nitrogen
source, the expression of all four genes was reduced from 48%
to 80% compared to growth on RDX alone (Fig. 5B). These
results correlated well with the inhibition of RDX degradation
(Fig. 5A). Specifically, expression of xpl4 was inhibited by 73%
in cultures containing ammonium. These same cultures expe-
rienced a 79% reduction in the degradation of RDX. Similarly,
expression of the xpl4 gene was inhibited by 75% and 56% in
the presence of nitrite and nitrate resulting in a 76% and 66%
reduction in the degradation of RDX, respectively.
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DISCUSSION

As part of our efforts to characterize the basis of the RDX-
degrading properties of Gordonia sp. KTR9, we describe here
the sequence and functional characterization of a circular
182,455-bp plasmid, pGKT2, and the RDX degradation genes
that it carries. The plasmid appears to be typical of those of
Gordonia based on (i) its G+C content (63 mol%), which is
characteristic of DNA from several genera of Corynebacteri-
neae (4), and (ii) the high amino acid sequence identity of key
plasmid replication proteins to homologs from Gordonia: ParA
and a replication protein similar to Orf§8 of pKB-1 from G.
westfalica (13). The functional classes of predicted genes on
this plasmid, summarized in Table 3, indicated that the major-
ity of the ORFs identified (77%) on this plasmid could not be
assigned a function, with 71% having no match in the searched
protein databases. In comparison, 76% and 56% of the iden-
tified ORFs on pGBROOL1 in G. bronchialis and pKB-1 in G.
westfalica Kbl, respectively, could not be assigned a function
(13, 20).

Functional characterization of xpl4 confirmed its predicted
role in RDX degradation. More specifically, annotation of the
pGKT2 ORFs suggested that the RDX catabolic activity of
KTRY is encoded by a four-gene cluster: xpIlR—cyp151C—glnA-
xplB—xplA. Heterologous expression of xpl4 in E. coli and R.
jostii RHA1 demonstrated that xplA is sufficient for the degra-
dation of RDX. Importantly, neither a dedicated transporter
nor the xp/B-encoded cognate reductase (27, 42) is required in
these strains. Moreover, the pGKT2-cured strains of KTRY,
generated serendipitously through attempts to delete xpl4 and
xplR, demonstrate that pGKT2 is necessary for RDX degrada-
tion and growth on RDX as a sole nitrogen source. Even when
grown on rich media, KTR9 plasmid-cured strains did not
degrade RDX. This suggests the lack of alternate cometabolic
reactions or nitroreductases (30) for RDX degradation by
KTROI. Collectively, these results indicate that xplA is necessary
and sufficient for RDX degradation in KTRO.

The genomic context of xplAB in KTRY indicates that these
genes were acquired by a recombination event that resulted in
their insertion into a locus that may be responsible for the
utilization of N-heterocyclic alkanes as growth substrates and
nitrogen source. More particularly, xplR, cypl51C, and the
truncated glnA domain of pGKT2 are remarkably similar in
sequence and order to their homologs in the mor and pip gene
clusters responsible for the degradation of morpholine, piper-
idine, and related compounds in mycobacteria and rhodococci
(29, 39, 50). Indeed, a recent comparison of the mor/pip loci in
six strains suggests that this locus is subject to a relatively high
frequency of recombination events. Where insertions occurred,
they were upstream of the truncated glnA. This is in contrast to
the case in KTR9, where xp/B and xplA occur downstream of
glnA. The nucleotide sequence repeats present in the mor/pip
loci (29, 39, 50) are absent in the xp/ cluster.

The occurrence of xpIAB in a locus likely responsible for the
utilization of N-heterocyclic alkanes has intriguing functional
implications for both sets of genes. Perhaps foremost of these
is the possibility that XpIR regulates the expression of xpl4B in
an RDX-dependent fashion and that this regulation is linked
to central nitrogen metabolism in KTR9. The qPCR data pre-
sented herein indicate that the entire xpl cluster is transcrip-
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tionally regulated in such a fashion inasmuch as inorganic
nitrogen sources repressed glnA-xplB-xplA transcript levels to a
degree that correlated well with inhibition of RDX degrada-
tion (Fig. 5). Moreover, a binding site for FadR-like proteins
(48), such as XplIR, occurs 5 bp from the —35 promoter region
of cyp151C (Fig. 2). Finally, transposon mutagenesis studies
indicate that the homolog of XpIR in Mycobacterium smegma-
tis mc?155, PipR, is a likely transcriptional repressor, regulat-
ing pipA in a piperidine- and pyrrolidine-dependent manner
(39). It will be interesting to determine to what extent XplR
responds to N-heterocyclic alkanes and RDX, respectively.
Similarly, it would be interesting to investigate whether the
GInA-XplB fusion protein is functional and, if so, whether it
facilitates the assimilation of nitrogen from both RDX and
N-heterocyclic alkanes and provides reducing equivalents to
both Cyp151C and XplA. Such functionality in KTR9 may
explain why a recombinant strain of RHA1 expressing xpl4 was
able to degrade RDX but was unable to grow on RDX as a sole
nitrogen source (data not shown). This finding is surprising
since RHA1 grows on nitrite (unpublished observation), one of
the products resulting from the xpl4-mediated sequential sin-
gle electron reduction of RDX (27). Alternatively, the inability
of RHA1 to grow on RDX as a nitrogen source may reflect a
low tolerance of RHAI to other RDX degradation products
such as formaldehyde.

While an analysis of the pGKT2 nucleotide sequence did not
reveal the presence of genomic islands, the high sequence
identity of the xplAB gene products from different strains
(>97%) and the location of these genes on plasmids in strains
characterized to date are consistent with their acquisition via
horizontal gene transfer. Nevertheless, the genomic context of
these genes in KTRY differs markedly from that in Microbac-
terium strain MA1, where they occur on pMAL1 (3). On this
plasmid, xpI/AB occur immediately downstream from genes
predicted to encode a MarR regulator and an amino acid
permease, respectively. A dot blot analysis (data not shown) of
pGKT?2 with the 52.2-kb region from pMA1 showed 4 regions
of high sequence identity (97% or greater) ranging from 300 bp
to 3,100 bp. Distributed over both plasmids, these corre-
sponded to the xp/AB genes and an ORF encoding a putative
death-on-curing gene.

Collectively, the current findings suggest that within the past
100 years, some bacteria have evolved an RDX catabolic ca-
pability that is integrated and coordinated with the organism’s
response to nitrogen availability. Our observation along with
supporting data from others (36) that expression of xplAB is
subjected to repression in the presence of additional nitro-
gen compounds has implications for the role of xplAB as a
real-time biomarker of RDX degradation. RDX bioreme-
diation efforts may need to monitor levels of inorganic ni-
trogen sources for efficient RDX degradation to take place.
Understanding the subtleties that can affect biomarker dy-
namics has the potential to improve predictability of RDX
treatment schemes that incorporate a biomarker monitoring
component. Recent studies focused on chlorinated ethenes
demonstrate that the expression and hence activity of various
functional genes are often variable and may require additional
interpretation beyond the potential for degradation (8, 32).

The capacity to accurately quantify signature biomarkers
predictive of the breakdown of contaminants in complex envi-
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ronmental samples is viewed as a critical need in the long-term
vision for the science and engineering of bioremediation. Ac-
curate estimations of in situ biomarker dynamics in conjunc-
tion with other chemical and physical parameters can be used
in a weight-of-evidence approach to increase overall predict-
ability of in situ remediation strategies such as bioaugmenta-
tion, biostimulation, or monitored natural attenuation. A more
in-depth understanding of the microbial ecology of in situ
RDX degradation would also be beneficial in this regard, pro-
viding additional insights into functional linkages that may
exist among the microbial community, the soil geochemistry,
and contaminant degradation.
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