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ABSTRACT

Polycyclic aromatic hydrocarbons (PAHs) are widespread environmental contaminants that are hazardous to human health. It
has been demonstrated that members of the Mycobacterium genus are among the most effective degraders of PAHs, but few
studies have focused on the degradation of PAH mixtures. In this study, single and mixed PAH metabolism was investigated in
four phylogenetically distinct Mycobacterium species with respect to (i) parent compound degradation, (ii) bacterial growth, (iii)
catabolic gene expression, and (iv) metabolite production. Synergistic and antagonistic effects on four model PAH compounds
(benzo[a]pyrene, pyrene, fluoranthene, and phenanthrene) characterized degradation of mixtures in a strain- and mixture-de-
pendent manner. The mixture of pyrene and phenanthrene, in particular, resulted in antagonized degradation by three out of
four bacterial species, and further studies were narrowed to investigate the degradation of this mixture. Antagonistic effects per-
sisted over time and were correlated with reduced bacterial growth. Antagonized degradation of PAH was not caused by prefer-
ential degradation of secondary PAHs, nor were mixture compounds or concentrations toxic to cells growing on sugars. Reverse
transcription-PCR (RT-PCR) studies of the characterized catabolic pathway of phenanthrene showed that in one organism, an-
tagonism of mixture degradation was associated with downregulated gene expression. Metabolite profiling revealed that antago-
nism in mixture degradation was associated with the shunting of substrate through alternative pathways not used during the
degradation of single PAHs. The results of this study demonstrate metabolic differences between single and mixed PAH degrada-
tion with consequences for risk assessment and bioremediation of PAH-contaminated sites.

IMPORTANCE

Mycobacterium species are promising organisms for environmental bioremediation because of their ubiquitous presence in soils
and their ability to catabolize aromatic compounds. PAHs can be degraded effectively as single compounds, but mixed sub-
strates often are subject to degradative inhibition, which may explain the persistence of these pollutants in soils. Single and
mixed PAH degradation by diverse Mycobacterium species was compared, with associated bacterial growth, gene expression, and
metabolite production. The results demonstrate that antagonism characterized degradation in a strain- and mixture-dependent
manner. One strain that was versatile in its pathway use of single chemicals also efficiently degraded the mixture, whereas antag-
onism in other the strains was associated with altered metabolic profiles, indicating unusual pathway use. The impacts of this
work on risk assessment and bioremediation modeling studies indicate the need to account for mixture-generated intermediates
and to recognize mixture degradation as a property distinct from that of PAH substrate range.

Polycyclic aromatic hydrocarbons (PAHs) are a class of chem-
ical pollutants that are widespread and persistent in the envi-

ronment (1–3). Because of the carcinogenic and toxic effects of
bioactivated forms of PAHs, especially those with high molecular
weight (HMW), these compounds are priority pollutants that
must be removed from soils to provide for the safety of humans
and wildlife (4–7). Bioremediation is considered an attractive and
viable cleanup strategy, such that much scientific work has fo-
cused on understanding the bacterial catabolism of PAHs (2). In
particular, Mycobacterium species have been shown to be success-
ful degraders of a wide variety of PAHs, including recalcitrant
HMW PAHs (3, 8–15).

Studies of the degradation of PAH mixtures have been rela-
tively few, but it has been demonstrated that mixture degradation
is characterized by synergistic and antagonistic effects in diverse
bacteria, including Pseudomonas, Sphingomonas, Stenotrophomo-
nas, Brevibacterium, Arthrobacter, Rhodococcus, and Mycobacte-
rium species (16–24). Synergy and antagonism refer to the en-
hanced and inhibited degradation, respectively, of one or more

PAHs as mixture components compared to their removal as sole
substrates. These effects are relevant to bioremediation studies
because contaminated environments harbor complex mixtures of
chemicals (2, 18, 23). If antagonistic effects on mixture degrada-
tion persist over time, they may reduce the ability of strains to
remove target pollutants in the environment (18) and contribute
to the long-term persistence of PAHs in the soil (12).

Underlying causes of synergistic or antagonistic degradation of
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multiple substrates have not been investigated, but some studies
have offered possible explanations for the phenomena (12, 16–20,
23, 25, 26). Synergy in mixed PAH degradation might be caused by
(i) additional enzyme induction by the secondary PAH enhancing
degradation of the primary, (ii) the use of common enzymes to
degrade both PAHs, or (iii) fortuitous growth of bacteria on one
PAH that increases the degradative potential of the second PAH.
Similarly, causes of antagonism in mixture degradation have been
proposed. (i) Cells might preferentially utilize a more easily de-
gradable or more bioavailable PAH, resulting in the apparent in-
hibited degradation of the other mixture component. Inhibition
of degradation in mixtures may also be caused by (ii) repression of
catabolic genes at the pathway level or global level (catabolite re-
pression), (iii) competition of PAHs at the enzyme active sites, or
(iv) toxicity of antagonizing PAHs or their metabolites. The causes
of synergy and antagonism may be multifactorial or may vary by
strain and PAH combination.

Bacterial metabolic pathways have been elucidated for
phenanthrene (22, 27–32) and pyrene (14, 15, 33–37). The degra-
dation of phenanthrene is initiated by dioxygenation at the C-1
and C-2, C-3 and C-4, or C-9 and C-10 positions. Some bacteria
produce metabolites of two (27, 30, 38) or all three (32, 39, 40)
pathways. The best-characterized pathway for phenanthrene deg-
radation proceeds initially through dioxygenation at the C-3 and
C-4 positions, and enzymes involved in breakdown through
phthalic acid have been elucidated in Mycobacterium vanbaalenii
PYR-1 (41). As a HMW PAH, pyrene is a more recalcitrant chem-
ical for which metabolites and pathways have been best character-
ized in two related bacterial genera, Mycobacterium and Rhodococ-
cus. The main mineralization pathway begins with dioxygenase
attack at the C-4 and C-5 positions to form the cis-dihydrodiol. In
subsequent steps, the pathway splits, with one branch preparing
the molecule to enter the phenanthrene pathway and the other
catabolizing through substituted biphenyl intermediates, both of
which can lead to mineralization (39). Several enzymes involved
in phenanthrene degradation are also induced during the catabo-
lism of pyrene (11, 12), but important recent studies have shown
that paralogs of initial ring-hydroxylating dioxygenases in Myco-
bacterium species act distinctly both in induction and regiospecific
product formation with exposure to pyrene or phenanthrene (11,
42, 43).

Because of the widespread reports of antagonism and its rele-
vance to bioremediation of contaminated sites, the mechanics of
PAH mixture degradation must be studied further. In order to
investigate the broader ability of Mycobacterium species to trans-
form PAH mixtures, we selected four phylogenetically distinct
and substrate-versatile species and studied the catabolism of four
model PAHs as single compounds and in mixtures. Antagonistic
mixture degradation was studied over time. The possibility of
PAH mixture toxicity was investigated with growth experiments
using sugars as primary carbon sources. Finally, gene expression
studies and metabolite profiling were employed to compare dif-
ferences in pathway use during single- and mixed-PAH degrada-
tion by the four strains.

MATERIALS AND METHODS
Bacterial strains. Four Mycobacterium strains were used for this study.
Three organisms were characterized recently as the novel species M. aro-
maticivorans JS19b1 (ATCC BAA-1378T), M. crocinum czh-3 (ATCC
BAA-1371), and M. rutilum czh-117 (ATCC BAA-1375T) (10). The fourth

organism, strain czh-101, was isolated in the same screen for PAH-de-
grading organisms, and it was identified to the species level using charac-
terization methods described previously (10), including Gram stain,
colony morphology, motility, substrate oxidation and utilization, bio-
chemical tests, and sequencing of the 16S rRNA gene and rpoB.

Chemicals. Phenanthrene (PHE), fluoranthene (FLA), pyrene (PYR),
benzo[a]pyrene (BAP), diphenic acid, 1-hydroxy-2-naphthoic acid, 2-hy-
droxy-1-naphthoic acid, 2-carboxycinnamic acid, phthalic acid, 2-form-
ylbenzoic acid, and protocatechuic acid were purchased from Sigma-Al-
drich (Milwaukee, WI). Naphthalene-1,2-dicarboxylic acid anhydride,
1-hydroxy-2-naphthaldehyde, 2-hydroxy-1-naphthaldehyde, and naph-
thalene-1,2-diol were purchased from TCI America (Portland, OR).
Chemicals that were not commercially available were synthesized pre-
viously in our laboratory, including 5,6-benzocoumarin, 7,8-benzo-
coumarin, 1-(2-carboxyvinyl)-2-naphthoic acid, 2-(2-carboxyvinyl)-
1-naphthoic acid, 4-(2-hydroxynaphth-1-yl)-2-oxobut-3-enoic acid,
4-(1-hydroxynaphth-2-yl)-2-oxo-but-3-enoic acid (44), cis-9,10-
dihydrophenanthrene-9,10-diol, naphthalene-1,2-dicarboxylic acid
(32), 4-oxapyren-5-one, and phenanthrene-4,5-dicarboxylic acid (40).
Solvents, including ethyl acetate, acetonitrile, acetone, ethanol, and meth-
yl-tert-butyl ether (MTBE), were purchased from Fisher Scientific (Mor-
ris Plains, NJ). Metabolite standards were derivatized to corresponding
methyl esters and methyl ethers, as previously described (32). Model PAH
solubility levels in water (in milligrams per liter) are as follows: BAP,
0.003; PYR, 0.140; FLA, 0.260; and PHE, 1.300 (5).

PAH degradation by bacteria in liquid culture. Quantitative degra-
dation by Mycobacterium strains of four PAHs, BAP, PYR, FLA, and PHE,
was tested in liquid culture. Large test tubes (25 mm) were sterilized and
dried, and 100 �l of PAH stock solution (2.5 mg ml�1 BAP and 5 mg ml�1

PYR, FLA, and PHE in acetone) was delivered with a glass syringe to tubes.
Acetone was evaporated in a laminar flow hood. Five milliliters of stan-
dard mineral base (SMB) medium (45) was added to tubes, with a final
concentration of 50 ppm (BAP) or 100 ppm (other PAHs). Bacterial in-
ocula (grown in 25 ml of tryptic soy broth [TSB] for 4 to 6 days at 29°C
with a rotation speed of 180 rpm) were pelleted in sterile centrifuge tubes
at 3,600 relative centrifugal force (RCF), washed with 10 ml of SMB, and
pelleted again. Cells were resuspended in SMB to an optical density at 600
nm (OD600) of 0.3, and 100 �l of cell suspension was inoculated into
growth tubes with PAH medium. Abiotic controls were prepared in the
same way with sterile SMB added instead of bacteria. Samples and con-
trols were prepared in triplicate. Tubes were capped and incubated with
rotation in the dark at 29°C for 7 days.

To test the degradation of PAH mixtures, bacterial strains were incu-
bated with binary combinations of the four PAHs. The combination of
PYR and FLA was not tested due to the difficulty of chromatographic
separation of the two. Triplicate samples and controls were prepared and
incubated as described above, but with two PAH stock solutions in each
sample.

After incubation, cultures were extracted by adding 5 ml of ethyl ace-
tate and vortexing for 15 s on high. One milliliter was removed from the
organic layer with a volumetric glass pipette into a clean vial, and the
solvent was evaporated under a gentle nitrogen stream. Acetonitrile (2 ml)
was used to reconstitute residues. Extracts were filtered (0.22-�m pore
size) into amber high-performance liquid chromatography (HPLC) vials
and capped. PAH analysis was done on a Dionex BioLC HPLC system
with GP50 pump, PDA100 detector, and AS50 autosampler. Separation
with a C18 column (Hypersil, 5-�m particle size, 4-mm diameter, and
250-mm length; Hewlett Packard) by gradient elution began with 5 min of
40% acetonitrile and 60% water (with 1% isopropanol), increasing to
100% acetonitrile over the next 30 min, with a final 5-min hold at 100%
acetonitrile. The percent PAH degradation was determined by a compar-
ison of the PAH recovered in experimental samples with that in abiotic
controls.

Bacterial growth and PAH degradation over time. Two organisms
exhibiting antagonized PYR/PHE degradation were chosen for time
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course studies of PAH use over a 14-day incubation. Four samples per
time point of strains czh-101 and czh-3 and three abiotic controls were
prepared as described above with single or mixed PYR and PHE. The
samples were incubated for 0, 2, 4, 7, 10, and 14 days. At each time point,
one experimental sample was used to determine the bacterial count by
serial dilution and colony count on tryptic soy agar (TSA) medium, and
triplicate cultures were extracted and analyzed as described above for PAH
quantification. PAH removal was calculated as the percent recovery com-
pared to the time-zero sample. Strain JS19b1 was not tested in this section
or the next because this strain grows in biofilm only (not in single colo-
nies) and could not be plate counted.

Effects of PAHs on bacteria growing with sugar substrates. Test
tubes were supplied as described above with PHE, PYR, the mixture, or
acetone alone (sugar-only samples), and acetone was evaporated sterilely.
Five milliliters of sugar medium (filter-sterilized 1% [wt/vol] mannitol or
glucose in SMB) and a 100-�l inoculum adjusted to approximately an
OD600 of 0.1 were added to each tube. Another 100 �l was used for initial
cell count. Samples were incubated as described above for 5 and 8 days,
pelleted, washed, and plated in serial dilutions. The average plate counts
from two replicate samples were used to compare the growth on sugars
alone to that on sugar combined with PAH(s).

Culture preparation for metabolite and gene expression studies.
Cultures of four Mycobacterium species were grown in 300 ml of TSB and
pelleted as described above, and the washed cells were frozen in SMB-
glycerol in 1-ml aliquots for use as inocula. The initial CFU per 1 ml of
frozen cells was determined by plate count. Six milliliters of one or both
(single or mixture degradation, respectively) PAH stock solutions pre-
pared in acetone (25 mg ml�1) was delivered to 3-liter sterile, dry Erlen-
meyer flasks, and acetone was evaporated sterilely. SMB medium (1.5
liters) and 1 ml of bacterial inoculum were added to each flask. The flasks
were incubated in the dark at 29°C with rotation (180 rpm) for 3 or 7 days.

After incubation, bacterial cultures were immediately placed at 4°C.
To prepare for extraction, cultures were filtered through glass wool to
remove unreacted PAH, divided into 250-ml centrifuge tubes, and pel-
leted (5,500 RCF) at 4°C for 15 min. The supernatant was reserved for
metabolite analysis, and the pelleted cells were combined and centrifuged
again. Cells were resuspended in 5 ml of supernatant with an equal volume
of RNAprotect bacteria reagent (Qiagen, Valencia, CA) and stored at
�20°C to preserve RNA integrity.

RNA extraction. RNA extraction used a modified sonication protocol
in combination with the RNeasy midikit (Qiagen). The bacteria in
RNAprotect were divided into microcentrifuge tubes and pelleted at
14,000 rpm. The tubes were transferred to ice, the supernatant was re-
moved, and the pellet was resuspended in 1 ml of lysis buffer with �-mer-
captoethanol (Qiagen). The tubes were ultrasonicated (3 times for 10 s
using a Misonix XL-2000 ultrasonicator on medium-low speed with 10-s
rests on ice in between). Pure ethanol (750 �l) was added and an RNA
isolation procedure performed according to the manufacturer’s protocol.
RNA was eluted in RNase-free water, and quality was verified with the
2100 Bioanalyzer (Agilent Technologies, Santa Rosa, CA) at the Green-
wood Facility for Biotechnology, University of Hawaii at Manoa, Hono-
lulu, HI.

DNase digestion and cDNA synthesis. DNase digestion was adjusted
from that recommended by the manufacturer (Qiagen) because of the
difficult removal of residual contaminating DNA. The reaction mixtures
contained 2 �g of RNA template, 13.6 U of DNase I enzyme, and 10 �l of
RDD buffer in a 100-�l total volume, and they were incubated for 1 h at
room temperature. cDNA was prepared using the iScript cDNA synthesis
kit (Bio-Rad, Hercules, CA) according to the manufacturer’s protocol.
Control PCR amplification was performed (i) on DNase-digested RNA to
confirm the removal of contaminating genomic DNA and (ii) on cDNA to
confirm synthesis. The control reactions were performed with 10 pmol of
each sigA primer (Table 1), 1 �l of template, and 27 �l of Platinum PCR
SuperMix high fidelity (Invitrogen, Carlsbad, CA). PCR began with initial
denaturation at 95°C for 3 min, followed by 35 cycles of denaturation for
30 s at 94°C, annealing for 45 s at 58°C, and extension for 25 s at 72°C, and
a final extension step (7 min at 72°C).

Primer design and reverse transcription-PCR. Primers were de-
signed to target the housekeeping gene sigA and six catabolic genes in-
volved in the conversion of PHE through the 3,4-dioxygenation pathway.
An available Mycobacterium vanbaalenii sequence was subjected to a
BLAST search, and then sequences from rapidly growing Mycobacterium
species or other related organisms (Nocardia and Rhodococcus spp.) were
aligned to find conserved regions of the genes. Primers were optimized
using the DOS-based Primer Designer version 1.01 (Scientific and Edu-
cational Software) and Primer Express 3.0 (Applied Biosystems, Foster
City, CA) programs to determine secondary structure or primer-dimer
formation. Primer sequence specificity was verified with the BLAST pro-

TABLE 1 Primer sequences and results of gene amplification from genomic DNA of Mycobacterium strainsa

Gene targeted Primer name Primer sequence (5= to 3=) EPS (bp)b AT (°C)c

Mycobacterium housekeeping sigma factor (sigA) sigA 536F GCGCCTACCTCAAGCAGATC 89 59
sigA 625R CGTACAGGCCTGCCTCGAT

Initial dioxygenase alpha-subunit (nidA) nidA 919F GGCACCGTGTTCCCGAATTTG 103 55
nidA 1022R GAGAGCGGATGCCATAC

Initial dioxygenase beta-subunit (nidB) nidB 35F AGGCTGTCGAGGCGTTCAT 79 59
nidB 114R GTCGAGCAGACCCAACCATT

Extradiol dioxygenase (phdF) phdF 500F AGAAGAGCGATGAGATYT 124 51
phdF 624R CACCTCGACCATCAC

1-Hydroxy-2-naphthoate dioxygenase (phdI) phdI 307F CACCGMCACACSAT 707 51
phdI 1014R CTCGGGCTCYTCGTA

2-Carboxybenzaldehyde hydratase aldolase (phdJ) phdJ 173F TGACCAMWGGCACCTT 136 52
phdJ 309R CGTRTCGCGGGTATTG

Phthalate dioxygenase alpha-subunit (phtAa) phtAa 655F CACACSTCGGTGGTSGAGAT 344 58
phtAa 999R CTCGCTGATYGGCTGCCAC

a All genes were amplified successfully from every strain, with the exception of phdJ from JS19b1.
b EPS, expected product size.
c AT, annealing temperature used for PCR amplification.
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gram (NCBI). PCR was performed as described above, with annealing
temperatures listed in Table 1 and using genomic DNA (10 to 50 ng) as a
template, and the resulting PCR products were sequenced to determine
the specificity of amplification. Primer pairs that resulted in amplification
from genomic DNA were applied to amplification of cDNA samples from
cell cultures of all four Mycobacterium species that had been incubated
with single or mixed PAHs for 3 and 7 days. Negative results in amplifi-
cation were repeated three times to check for consistency.

Metabolite extraction and analysis. For the extraction of PAH me-
tabolites, the culture supernatant was acidified to pH 2.3 using 6 N hydro-
chloric acid and then extracted with an equal volume of ethyl acetate. The
organic layer was reserved and extracted with an equal volume of 10 mM
aqueous sodium hydroxide. The remaining organic layer was dried over
anhydrous sodium sulfate and concentrated to 10 ml (neutral fraction).
The aqueous layer (NaOH) was acidified to pH 2.3 and extracted with an
equal volume of ethyl acetate. The resulting organic layer was dried over
anhydrous sodium sulfate and concentrated to 10 ml (acidic fraction).
The acidic fraction was derivatized with diazomethane, and the neutral
fraction was derivatized with n-butylboronic acid (27). The derivatized
extracts were concentrated to 1 ml for analysis.

Gas chromatography-mass spectrometry (GC-MS) analysis was per-
formed on an HP 6890 gas chromatograph with an HP 5973 mass spec-
trometry system. The column was a ZB-1 (55 m, 250-�m diameter,
0.25-�m film thickness; Phenomenex, Inc.). The carrier gas was helium at
a constant flow of 2 ml min�1. The column temperature was held at 120°C
for 6.5 min, increased at a rate of 4°C/min to 270°C, and held for 3.5 min.
To remove any remaining compounds from the column, the analysis was
finished with a ramp of 20°C/min to 320°C held for 20 min. The solvent
cutoff was 0 to 6.5 min. The mass spectrometer was operated in electron
impact (EI) mode at 70 eV in the full scan mode from 85 to 450 m/z over
6.5 to 85 min. The injection volume (splitless mode) was 2 �l (HP 7683
Autosampler). The injector and analyzer temperatures were 270°C and
280°C, respectively. An Agilent G1701DA ChemStation was used as the
system and data controller.

RESULTS
Identification of strain czh-101 as Mycobacterium gilvum.
Strain czh-101 was identified through phenotypic and genotypic
tests as Mycobacterium gilvum. The phenotypic properties of czh-
101 were consistent with those of M. gilvum (46). Briefly, this
organism was Gram positive, scotochromogenic, and nonmotile
and had a yellow colony color, and it reduced nitrate. The sub-

strates oxidized by strain czh-101 were similar to those utilized by
M. gilvum (D-fructose, D-mannitol, D-mannose, and sucrose).
This strain did not grow at 45°C, nor did it utilize citrate. One
phenotypic characteristic was inconsistent with reported data on
M. gilvum: it was catalase positive, whereas M. gilvum has been
reported as catalase negative (47). The sequence of the 16S rRNA
gene over 1,433 bp was 100% identical to that of M. gilvum strain
PYR-GCK. The sequence for rpoB (389 bp) was 100% identical
to that in M. gilvum strains DSM 44503 and PYR-GCK. Nucle-
otide sequences were deposited in GenBank under the acces-
sion numbers DQ370009 (16S rRNA gene) and DQ534003
(rpoB).

PAH degradation as single or mixed substrates. Four Myco-
bacterium species were tested for degradation in liquid culture of
BAP, PYR, FLA, and PHE. Compared to abiotic controls, as sole
substrates for the 7-day incubation period, M. gilvum czh-101
could degrade PYR (56%) and FLA (26%); M. aromaticivorans
JS19b1 could degrade PHE (68%); M. crocinum czh-3 could de-
grade PYR (75%), FLA (13%), and PHE (100%); and M. rutilum
czh-117 could degrade PYR (48%) and PHE (100%). Where
�10% of the substrate was removed over the incubation, degra-
dation is not reported.

The degradation of binary mixtures of the four PAHs was
tested to compare the removal of PAH sole substrates. The ability
to degrade PAH mixtures varied with the strain and chemical
combination. Table 2 shows the percent degradation of com-
pounds that were degraded differently as mixture compounds
than they were as sole substrates. There was only one synergistic
interaction observed: FLA was degraded better (29%) by strain
czh-3 in the mixture with PHE than it was as a sole carbon source
(13%). On the other hand, many strains exhibited antagonism in
mixture degradation (see Table 2), some of which had extreme
effects. For example, whereas 75% and 100% of PYR and PHE,
respectively, were degraded as sole substrates by strain czh-3, only
5% and 20% were degraded in a mixture.

Indeed, the most striking changes in mixture degradation oc-
curred with the combination of PYR and PHE. Each strain had a
distinct pattern with regard to these two PAHs (Fig. 1). Whereas

TABLE 2 Antagonistic and synergistic interactions observed in degradation of mixed PAHs by four Mycobacterium strains

Strain PAH 1a

% degradation � SD of PAH 1:

PAH 2a

% degradation � SD of PAH 2:

As sole substrate In mixture As sole substrate In mixture

czh-101 PYR 56 � 6 0 � 2b PHE 12 � 2 5 � 1
FLA 26 � 5 15 � 2b PHE 12 � 2 10 � 1

JS19b1 PHE 68 � 10 30 � 18b BAP 0 � 1 0 � 6
PHE 68 � 10 2 � 0b PYR 7 � 2 0 � 1
PHE 68 � 10 15 � 5b FLA 5 � 6 0 � 4

czh-3 PYR 75 � 4 10 � 2b BAP 0 � 15 0 � 2
PYR 75 � 4 5 � 0b PHE 100 � 1 20 � 0b

FLA 13 � 2 6 � 2b BAP 0 � 15 2 � 3
FLA 13 � 2 29 � 2c PHE 100 � 1 32 � 12b

PHE 100 � 1 70 � 7b BAP 0 � 15 7 � 7

czh-117 PHE 100 � 1 41 � 13b FLA 0 � 1 9 � 10
a PAHs were supplied at 100 ppm, except for BAP (50 ppm).
b Antagonistic interaction in mixture degradation.
c Synergistic interaction in mixture degradation.
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strain czh-101 could degrade PYR as a sole substrate, JS19b1 could
degrade PHE, and strain czh-3 could degrade either chemical,
none of these three strains could degrade the chemicals efficiently
as mixture components. In contrast, strain czh-117 could degrade
either chemical as a sole substrate and both in the mixture. This set
of results provided a basis for the future comparison of pathway
use via gene expression and metabolite production in closely re-
lated organisms with highly varied abilities to degrade the single
chemicals and the mixture.

Antagonism of mixture degradation over 14-day incubation.
To determine whether antagonistic interactions observed were
dependent on the sampling time point, strains were incubated
with single and mixed PAHs over a 14-day time period. Two
strains exhibiting antagonistic degradation of PYR and PHE were
chosen for the time course study. The disappearance of PAH par-
ent compounds (compared to time-zero samples) and bacterial
growth were assessed at time points of 0, 2, 4, 7, 10, and 14 days.
Figure 2 shows PAH utilization and associated growth of bacteria
over an incubation period of 14 days. The results of these experi-
ments demonstrated that the level of antagonism observed at day
7 was not mitigated by further incubation, and that bacterial
growth was inhibited in mixed-substrate cultures.

Effects of PAHs on bacteria growing with sugar substrates.
Lack of cell growth was correlated with antagonism; however, it
was not clear whether suppressed growth was the result or the
cause of reduced substrate consumption. If antagonizing PAHs
caused toxicity, their presence in a culture might result in growth
inhibition and the consequential inability to utilize the substrate
PAH. To test whether antagonizing PAHs (or increased PAH con-
centration in the mixture) were responsible for a lack of cell
growth, strains czh-101 and czh-3 were supplied with substrates of
sugar alone (mannitol or glucose), sugar with the antagonizing
PAH, or sugar with the antagonized PAH combination. Strain
czh-117, which showed no antagonism in PYR/PHE degradation,
was also tested similarly for comparison with the antagonized
strains. Growth was monitored by plate count at 5 and 8 days of
incubation and compared for substrate treatments. The results
(not shown) were similar among all the strains: the presence of the
PAH combination or level did not result in the growth inhibition

seen in cultures supplied with the antagonized PAH mixtures de-
scribed in the previous section.

Catabolic pathway analysis. Primers were designed (Table 1)
to target conserved regions of the genes in the described 3,4-
dioxygenation catabolic pathway of PHE (also involved in the
conversion of later-stage PYR metabolites). The results from
this study confirmed the presence of the full catabolic pathway
in the genomic DNA of all four organisms, with the exception
of phdJ (2-carboxybenzaldehyde hydratase aldolase gene) from
strain JS19b1.

Aspects of gene expression during degradation differed by
strain and by pathway (upper versus lower). Regarding genes from
the upper pathway (nidAB and phdFIJ), in all treatments of three
of the strains, czh-101, czh-3, and czh-117, no qualitative differ-
ences in gene expression were observed in a comparison of cells
fed with sole substrates versus mixtures (Table 3). However, al-
though amplified successfully from the genome of JS19b1, nidAB
(initial dioxygenase, alpha- and beta-subunit genes) were not ex-
pressed under any experimental condition in this study. In this
strain, we also observed qualitative differences in the expression of
catabolic genes in cells grown on PHE as a sole substrate and those
grown on the PAH mixture: phdF and phdI were expressed differ-
entially at one time point between cells grown on PHE and those
growing with the mixture (see Table 3).

On the other hand, the expression of phtAa (phthalate dioxy-
genase) from a later stage in degradation varied more with the
strain and treatment. For example, although it was present in the
genome, phtAa was not detected in RNA samples of strain czh-117
under any condition in this study. In addition, phtAa was not
detected in the RNA of other strains in which PAH degradation
was minimal, like that of czh-101 with PHE at day 7, or all JS19b1
samples grown with PYR or the mixture.

Identification of metabolites in single and mixed PAH deg-
radation. In this study, four Mycobacterium species were charac-
terized with respect to metabolites formed during the degradation
of PHE, PYR, and a mixture of the two at 3 and 7 days of incuba-
tion. The purpose of this part of the study was to compare the
metabolic profiles of (i) strains degrading single compounds ver-
sus mixtures and (ii) strains with antagonized versus nonantago-

FIG 1 Degradation of PYR and PHE as sole substrates and in a binary mixture by four Mycobacterium strains. The initial PYR or PHE concentration was 100 ppm
(200 ppm total PAH in mixture). The error bars are the standard deviations. Antagonistic interactions were observed for three (czh-101, JS19b1, and czh-3) of
the four strains.
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nized mixture degradation. We specifically looked for metabolites
or pathways that were present or absent in the extracts of cells
grown on the PAH mixture versus those grown on a single sub-
strate. Table 4 shows the metabolites surveyed by GC-MS in this
study with their identifying characteristics of retention time and
mass fragmentation pattern. Table 5 shows the metabolites that

were identified in the extracts of cultures incubated with single
and mixed PAHs.

Metabolites and pathways of PHE, PYR, and mixture degra-
dation by strain czh-101. Strain czh-101 degraded about 12% of
the available PHE in 7 days but could not use it as a sole carbon
source for growth. In this study, metabolites detected from cul-

FIG 2 Time course study on the growth of Mycobacterium strains czh-101 (A) and czh-3 (B) during the degradation of PYR and PHE as sole substrates and as
a binary PAH mixture. The initial PYR or PHE concentration was 100 ppm (200 ppm total PAH in mixture). The error bars are the standard deviations. Abiotic
controls of PYR and PHE contained, respectively, 97% � 2% and 83% � 1% PAH remaining after 14 days of incubation.

TABLE 3 RT-PCR gene expression in four Mycobacterium strains grown with single (PYR and PHE) and mixed (MIX) substrates at 3/7 days of
incubation

Gene

Substrate treatment by bacterial straina

czh-101 JS19b1 czh-3 czh-117

PYR MIX PHE PYR MIX PHE PYR MIX PHE PYR MIX PHE

nidA �/� �/� �/� �/� �/� �/� �/� �/� �/� �/� �/� �/�
nidB �/� �/� �/� �/� �/� �/� �/� �/� �/� �/� �/� �/�
phdF �/� �/� �/� �/� �/� �/� �/� �/� �/� �/� �/� �/�
phdI �/� �/� �/� �/� �/� �/� �/� �/� �/� �/� �/� �/�
phdJ �/� �/� �/� NA NA NA �/� �/� �/� �/� �/� �/�
phtAa �/� �/� �/� �/� �/� �/� �/� �/� �/� �/� �/� �/�
a �, gene amplified; �, gene not amplified; NA, gene not found in the genome of the strain. For all strains and treatments, the main housekeeping sigma factor (sigA) was amplified
from cDNA as a positive control for amplification.
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tures of czh-101 incubated with PHE were identified as interme-
diates of the 3,4- and 9,10-dioxygenase pathways (Fig. 3, metabo-
lite series A, C, and F; see this figure also for the letter-number
combinations in parentheses). Detected metabolites of the 3,4-
pathway included 7,8-benzocoumarin (A-IX), 2-(2-carboxyvi-
nyl)-1-naphthoic acid (C-I), naphthalene-1,2-dicarboxylic acid
anhydride (C-III), and phthalic acid (A-XII). The detection of
later-stage metabolites (C-I/C-III and A-IX/A-XII) indicated that
cis-3,4-dihydrophenanthrene-3,4-diol underwent both ortho-
and meta-cleavage (27, 32, 40). The presence of diphenic acid
(F-III) demonstrated a degradation route through the 9,10-dioxy-
genation pathway. In spite of the ability to transform PHE to me-
tabolites similar to those produced by other Mycobacterium
strains, czh-101 cannot grow with PHE as a sole substrate.

PYR was degraded well by czh-101 (56% in 7 days at 100 �g
ml�1 level), and metabolism proceeded as previously described (5,
14, 33, 39) through 4,5-phenanthrenedicarboxylic acid (A-II)

and phenanthrene-4-carboxylic acid (A-III). A branching route
described by Vila et al. (36) was also observed in strain czh-101 by
the recovery of 4-oxapyrene-5-one (B-II). Metabolites of the PHE
3,4-dioxygenation pathway were detected, and it is probable that
PYR is mineralized through this route. In the catabolism of PYR
(unlike PHE, see above), evidence was found only for meta-cleav-
age of cis-3,4-dihydrophenanthrene-3,4-diol. Finally, diphenic
acid (F-III) was detected during PYR degradation, possibly arising
from the loss of the carboxyl group of 4-phenanthroic acid (48),
with subsequent attack at the C-9 and C-10 positions of PHE.

Strain czh-101 did not degrade PYR or PHE efficiently when
the two chemicals were mixture components. Metabolites of PYR
(phenanthrene-4,5-dicarboxylic acid [A-II], phenanthrene-4-
carboxylic acid [A-III], and 4-oxapyren-5-one [B-II]) were de-
tected during mixture degradation. Whereas the use of the PHE 3,4-
and 9,10-dioxygenation pathways was demonstrated in extracts from
both single-PAH and mixture-grown cultures, interestingly, in mix-

TABLE 4 Metabolites surveyed: chemical identification, GC retention times, and MS identifying ions

IDa Chemical name Fractionb GC RT (min)c Mass spectra m/z (% relative abundance)

A-II Phenanthrene-4,5-dicarboxylic acid (diME) A 62.37 294 [M�] (1), 263 (2), 235 (100), 220 (49)
A-III Phenanthrene-4-carboxylic acid (ME) A 51.88 236 [M�] (100), 205 (92), 177 (77), 176 (61)
B-II 4-Oxapyren-5-one A/N 57.16 220 [M�] (100), 192 (16), 163 (33)
A-IX 7,8-Benzocoumarin A/N 44.80 196 [M�] (83), 168 (100), 139 (59)
A-X 1-Hydroxy-2-naphthoic acid (ME) A 33.20 202 [M�] (31), 170 (100), 142 (5), 114 (51)
A-XI 2-Carboxycinnamic acid (ME) A 31.81 206 [M�] (13), 146 (100), 133 (97), 105 (42)
A-XII Phthalic acid (diME) A 18.10 194 [M�] (6), 163 (100), 133 (6)
C-I 2-(2-Carboxyvinyl)-1-naphthoic acid (diME) A 50.71 211 (100), 197 (53), 181 (45), 152 (40)
C-II Naphthalene-1,2-dicarboxylic acid (diME) A 44.43 244 [M�] (35), 213 (100)
C-III Naphthalene-1,2-dicarboxylic acid anhydride A/N 36.92 198 [M�] (58), 154 (56), 126 (100)
E-IV 5,6-Benzocoumarin A/N 47.15 196 [M�] (60), 168 (100), 139 (70)
F-II cis-9,10-Dihydrophenanthrene-9,10-diol

(diME)
A 51.55 238 [M�] (100), 180 (55), 151 (90)

F-III Diphenic acid (diME) A 41.35 211 [M�] (100), 196 (17), 180 (13), 152 (13)
a Metabolite identification (ID) corresponding with structures in Fig. 3. Other metabolites surveyed that were not found in any culture extract included: 4-(1-hydroxynaphth-2-yl)-
2-oxobut-3-enoic acid (A-VIII), 1-hydroxy-2-naphthaldehyde, 4-(2-hydroxynaphth-1-yl)-2-oxobut-3-enoic acid (E-III), naphthalene-1,2-diol (C-IV), 2-hydroxy-1-naphthoic
acid, 2-hydroxy-1-naphthaldehyde, and 1-(2-carboxyvinyl)-2-naphthoic acid (D-I).
b Fractions, acidic (A) or neutral (N), from which metabolites were detected.
c RT, retention time.

TABLE 5 Metabolites detected in extracts from four Mycobacterium strains incubated for 3 and 7 days with pyrene, phenanthrene, or a mixture of
the two chemicals

Metabolite
IDa Chemical nameb

czh-101 JS19b1 czh-3 czh-117

PYR Mix PHE PYR Mix PHE PYR Mix PHE PYR Mix PHE

A-II Phenanthrene-4,5-dicarboxylic acid (diME) �/� �/� �/� �/� �/� �/� �/d
A-III Phenanthrene-4-carboxylic acid (ME) �/� �/� �/� �/� �/� �/�
B-II 4-Oxapyren-5-one �/� �/� �/d �/� �/� �/� d/�
A-IX 7,8-Benzocoumarin �/� �/� �/� d/� �/� �/� �/� �/d �/� �/� �/�
A-X 1-Hydroxy-2-naphthoic acid (ME) �/d d/� �/� �/� �/� �/� �/� �/� �/� �/�
A-XI 2-Carboxy-cinnamic acid (diME) �/� �/� �/� �/d
A-XII Phthalic acid (diME) �/� �/� �/� �/� �/� �/� �/� �/� �/� �/� �/�
C-I 2-(2-Carboxy-vinyl)-1-naphthoic acid (diME) �/� �/� �/d �/� �/� �/� �/�
C-II Naphthalene-1,2-dicarboxylic acid (diME) �/� �/�
C-III Naphthalene-1,2-dicarboxylic acid anhydride �/� �/� �/� �/� �/� �/d �/� �/�
E-IV 5,6-Benzocoumarin �/� �/� �/� �/�
F-II cis-9,10-Dihydrophenanthrene-9,10-diol

(diME)
�/� �/� �/�

F-III Diphenic acid (diME) �/� �/� �/� �/� �/� �/� �/� �/� �/� �/� �/� �/�
a Metabolite letter-numeral combinations correspond with metabolite IDs in Fig. 3.
b diME, dimethyl ester; ME, methyl ester; d, the identifying mass spectrum was detected in the sample, but the peak was not above the background.
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ture degradation, metabolites of a new PHE pathway came to the
forefront. The detection of 5,6-benzocoumarin (E-IV) demonstrated
degradation through the 1,2-dioxygenation pathway (28, 30, 32), oc-
curring only during the metabolism of the mixture. Although degra-
dation through a new pathway was observed in cultures exposed to

the mixture, PHE degradation was not enhanced by the opening of
this pathway.

Metabolites and pathways of PHE, PYR, and mixture degra-
dation by strain JS19b1. JS19b1 degraded PHE well (68% in 7
days at 100 �g ml�1 level) and could use it as a sole carbon source.

FIG 3 Map of proposed degradation of pyrene (PYR), phenanthrene (PHE), and a mixture of the two chemicals (MIX) by four Mycobacterium species (czh-101,
JS19b1, czh-3, and czh-117). Metabolites detected in each strain-chemical treatment combination are indicated by the symbols next to the metabolites. The
metabolites in brackets are proposed intermediates. The initial PYR or PHE concentration was 100 ppm (200 ppm total PAH in mixture). Genes monitored by
RT-PCR are indicated in italics next to arrows, showing catalytic conversion of metabolites. This map allows for a comparison of the metabolites detected in
different strains and treatments.
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Metabolites from the 3,4-dioxygenation pathway were detected;
later-stage metabolites demonstrated that cis-3,4-dihydrophenan-
threne-3,4-diol (A-V) undergoes meta-cleavage to form 1-hydroxy-
2-naphthoic acid (A-X). Together with the detection of diphenic acid
(F-III), these data corroborate (40) the use of both the 3,4- and 9,10-
pathways for the degradation of PHE in strain JS19b1.

JS19b1 did not degrade PYR well and could not use it as a sole
source of carbon under the study conditions. The PYR metabolite
4-oxapyren-5-one (B-II) was detected in culture extracts of
JS19b1 grown on PYR. In addition, two later-stage metabolites,
phthalic acid (A-XII) and diphenic acid (F-III), were detected.
The scarcity of metabolites was consistent with the strain’s inabil-
ity to use PYR as a sole carbon source.

Mixture metabolites of strain JS19b1, 7,8-benzocoumarin
(A-IX), 1-hydroxy-2-napthoic acid (A-X), and diphenic acid (F-
III), were similar to those in extracts of cells grown on PHE. Me-
tabolites of alternative PHE pathways were not detected in mix-
ture extracts of this strain, as they were in those of the other strains
that exhibited antagonism in degradation of the mixture (see czh-
101, above, and czh-3, below). However, a new PYR metabolite
(phenanthrene-4,5-dicarboxylic acid [A-II]) from a major miner-
alization pathway was detected in mixture extracts. As with other
strains, the emergence of the new PYR metabolite was not indic-
ative of enhanced PYR degradation by cells growing on the mix-
ture.

Metabolites and pathways of PHE, PYR, and mixture degra-
dation by strain czh-3. Strain czh-3 also degraded PHE well
(100% in 7 days at 100 �g ml�1 level) and could use it as a sole
carbon source. The metabolism of PHE proceeded through the
3,4- and 9,10-dioxygenation pathways (A, C, and F series of me-
tabolites in Fig. 3). As with strains czh-101 and czh-117 (see be-
low), czh-3 evidently uses both meta- and ortho-cleavage mecha-
nisms to break down cis-3,4-dihydrophenanthrene-3,4-diol
(A-V).

PYR was degraded well by czh-3 (75% in 7 days at 100 �g ml�1

level), and metabolism proceeded through 4,5-phenanthrenedi-
carboxylic acid (A-II) and phenanthrene-4-carboxylic acid (A-
III). Similar to czh-101, strain czh-3 metabolizes PYR through the
PHE 3,4-dioxygenation pathway, and evidence was found only for
meta-cleavage of cis-3,4-dihydrophenanthrene-3,4-diol (A-V).
Other similarities in the degradation of PYR by czh-3 and czh-101
included the utilization of the second mineralization route via
4-oxapyrene-5-one (B-II) and the degradation of PYR through
diphenic acid (see above section on czh-101 for more detail).

Degradation of the PAH mixture by strain czh-3 was antago-
nized such that neither substrate was degraded much. Strain czh-3
exhibited trends similar to those of strain czh-101 in the metabolic
profiles of cells grown on mixed PAHs. In mixture degradation by
czh-3, metabolites of the A (both PYR and PHE), B, C, E, and F
pathways were found. Again, the presence of 5,6-benzocoumarin
(E-IV) demonstrated the novel use of the 1,2-dioxygenation path-
way in mixture degradation. As with strains czh-101 and JS19b1,
the emergence of minor and novel pathways in mixture degrada-
tion did not correspond to increased degradation of either sub-
strate.

Metabolites and pathways of PHE, PYR, and mixture degra-
dation by strain czh-117. Strain czh-117 degraded PHE well in 7
days (100% at the 100 �g ml�1 level), and it was the only organism
in this study for which metabolites of all three initial dioxygen-
ation pathways were detected in single-PAH degradation (A, E,

and F series of metabolites in Fig. 3). As in other strains, both
meta- and ortho-cleavage of cis-3,4-dihydrophenanthrene-3,4-
diol (A-V) were demonstrated by the detection of later-stage me-
tabolites, like 7,8-benzocoumarin (A-IX) and 2-(2-carboxyvinyl)-
1-naphthoic acid (C-I), respectively. In contrast to other strains,
5,6-benzocoumarin (pathway E) was detected in single-substrate
PHE degradation. Overall, czh-117 was more metabolically versa-
tile than the other three strains with respect to PHE catabolism.
Ring fission of phenanthrene-1,2-diol does not occur in Mycobac-
terium vanbaalenii PYR-1 (48).

PYR degradation by czh-117 was similar to that of other strains
which degraded it well, with metabolism proceeding through the
A-series metabolites (4,5-phenanthrenedicarboxylic acid [A-II]
and phenanthrene-4-carboxylic acid [A-III]) and a B-series me-
tabolite, 4-oxapyrene-5-one (B-II). Evidence was found only for
meta-cleavage of cis-3,4-dihydrophenanthrene-3,4-diol (A-V),
and diphenic acid (F-III) was detected. The detected products and
pathways were similar in all three PYR-degrading strains, and this
study demonstrates the likeness in PYR degradation across diverse
Mycobacterium species, including the meta-cleavage (and not
ortho-cleavage) of cis-3,4-dihydrophenanthrene-3,4-diol (A-V)
and metabolism through diphenic acid (F-III).

In stark contrast to other strains, strain czh-117 showed little
change between mixed- and single-PAH metabolic profiles. Most
importantly, all three routes of PHE degradation were represented
in single and mixed degradation. In contrast to the strains in which
antagonized mixture degradation and shunting through alternate
routes were observed, strain czh-117 showed pathway flexibility and
an unambiguous ability to degrade mixed PYR/PHE.

DISCUSSION

As Mycobacterium is one of the few bacterial genera able to de-
grade HMW PAHs, and one that is being used in developing
remediation strategies for real-world spill mixtures (49, 50),
understanding the intricacies of PAH mixture degradation by My-
cobacterium species is an area of importance in bioremediation
research. The aim of this study was to investigate the degradation
of PAH substrates by Mycobacterium species and characterize the
metabolic changes associated with mixed-substrate antagonism.
Using four species that were distinct in both taxonomy and PAH
substrate range, we expected to be able to interpret the phenom-
enon of antagonism more broadly. Potential causes of antagonism
in PAH mixture degradation were investigated, including the pos-
sibilities of preferential substrate degradation, toxicity of parent
PAH or of PAH level, repression of catabolic genes, and metabo-
lite formation. A major finding of this work demonstrates that the
metabolism of PAH mixtures is characterized by the use of alter-
nate degradation pathways.

Antagonistic interactions in mixture degradation with the bac-
terial species and PAHs tested (BAP, PYR, PHE, and FLA) were
very common, and in fact, more common than degradation being
unaffected by the addition of a second PAH. The most common
antagonistic effect in this study and in other reports (16, 17, 23)
involved decreased degradation of a substrate when a second non-
degradable substrate was added. In other words, preferential sub-
strate degradation of the second PAH cannot explain the numer-
ous cases of antagonism reported. In 8 of 11 cases in this study,
inhibition was caused by the addition of a more-complex and
less-water-soluble substrate, which was not degraded in the mix-
ture at all. This contradicts the previous suggestion (17) that water
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solubility or the simplicity of additional carbon sources affects
antagonism. Because the most significant level of antagonism oc-
curred with the combination of PYR and PHE, strains fed with
those PAHs were further studied with respect to persistence of
antagonism, toxicity of parent compounds or concentrations, cat-
abolic gene expression, and metabolite profiles.

Time course studies demonstrated that the degradation of both
PYR and PHE, regardless of molecular weight or aqueous solubil-
ity, was antagonized and persisted over a long incubation period.
In addition, combined utilization of the two PAHs did not reach
the level of a single well-utilized carbon source in percentage,
weight, or number of moles. For example, whereas 2.47 �mol (497
�g) PYR was consumed by strain czh-101 over 14 days, the com-
bined consumption of PYR and PHE in a mixture only reached
and 0.95 �mol (172 �g). Furthermore, antagonism in mixture
degradation was accompanied by substantially suppressed cell
growth. The persistence over time of antagonistic effects in this
study and others (18, 21, 23) is important to the field of bioreme-
diation because it may explain the recalcitrance of PAHs in soil
where bacteria that have the ability to degrade them are present
(12, 18). Often, bioremediation potential has been measured by
monitoring the presence of relevant microbes or catabolic genes
(51, 52), but if in situ organisms experience antagonistic interfer-
ence with degradation, the predictive power of these techniques
may depend on which organisms and PAH mixtures are present.

Even with lack of growth or substrate transformation, cells fed
with PAH mixtures were minimally alive: they could be plated,
and housekeeping and catabolic genes were amplified from cDNA
after incubation. Causes for suppressed growth included possible
toxicity or the operational lack of carbon source (stemming from,
for example, obstruction of PAH transport into cells, inhibition of
catabolic enzymes, or repression of catabolic genes). Parent PAH
species or concentrations were not toxic to cells in growth tests
with mannitol and glucose. However, because cells grown with
sugar generally use catabolite repression to suppress the degrada-
tion of energetically inferior substrates, like aromatics (31, 53, 54),
this test could not resolve whether cells were subject to the toxicity
of the metabolites produced during PAH mixture degradation.

Reverse transcription-PCR (RT-PCR) has been used in previ-
ous studies of aromatic degradation (42, 53, 55, 56) to monitor the
expression of catabolic genes, which are generally tightly regulated
and induced in the presence of relevant substrates (11, 35, 57–60).
Induction in response to different PAHs is a strain-specific char-
acteristic (12), such that the various abilities of the Mycobacterium
species in this study and others to handle diverse PAHs and mix-
tures depend on not only the presence of catabolic operons but
also their induction and regulation. Repression mediated at the
transcriptional level has been identified as a cause for inhibited
degradation of styrene in Pseudomonas putida (53). However, the
expression data in this study did not suggest a strong role for
repression in antagonism: qualitative differences in gene expres-
sion were not observed in two of the strains exhibiting antago-
nized mixture degradation. The application of a more discrimi-
nating technique, such as quantitative PCR, may be required to
reveal subtler changes in the level of expression.

RT-PCR, however, did provide insight into the pathways used
by the organisms in the study. Genes from the upper pathway
(nidAB and phdFIJ) were expressed in all treatments in three of the
strains, czh-101, czh-3, and czh-117. On the other hand, expres-
sion of phtAa (phthalate dioxygenase gene) from a later stage in

degradation was not detected in the RNA of samples in which
PAH degradation was minimal, like that of czh-101 with PHE at
day 7 or all JS19b1 samples grown with PYR or the mixture. If
regulated separately, as in other Mycobacterium species (61), this
gene may be expressed only when there is sufficient substrate for
the enzyme. Although it was present in the genome, phtAa was not
expressed by strain czh-117 during the degradation of either sole
substrate or the mixture. Strain czh-117 may not utilize the phtha-
late pathway and instead may catabolize naphthalene-1,2-diol
further through the naphthalene pathway, as has been shown in
other species of Mycobacterium (36), as well as other genera (28,
30). Whether circumvention of the phthalate pathway is related to
the strain’s ability to degrade mixed substrates without antago-
nism is not yet known.

Several data supported a previous reference (62) to a divergent
PHE catabolic pathway in strain JS19b1. phdJ (2-carboxybenzal-
dehyde hydratase aldolase) could not be amplified from genomic
DNA with the consensus primers designed for this study. In addi-
tion, although amplified successfully from the genome, nidAB
(initial dioxygenase, alpha- and beta-subunit genes) transcripts
were not detected with exposure to either PYR or PHE. Earlier
proteomic profiling of this organism using PHE as a sole substrate
resulted in the detection of a protein similar to phenanthrene
dioxygenase PdoA2 but not NidAB (62). Although NidAB targets
PYR (11, 43, 58), it has notably been induced with exposure to
PHE (11, 55, 58), including in the three other strains of this study.
A mutation in nidA in M. vanbaalenii PYR-1 has been shown to
disrupt pyrene degradation (43), but with strain JS19b1, the pres-
ence in genomic DNA but the absence of transcripts under PYR,
PHE, or mixture (MIX) growth in this study argues that the in-
duction process may be affected. Indeed, the inability of strain
JS19b1 to use PYR as a growth substrate under the conditions
tested, unlike many PAH-utilizing Mycobacterium species with
nid orthologs, might be due to a loss of induction of this initial
dioxygenase. Also interesting with this strain is that the qualitative
differences in expression between PHE and mixture treatments
(phdF, phdI, and phtAa) were observed in genes encoding en-
zymes that have been associated with tight control in response to
PAH (59). The presence of the PAH mixture in this case did cor-
relate with a lack of expression of some catabolic genes, a sus-
pected cause of antagonism characterizing the degradation of
PAH mixtures. However, some enzymes of upper pathways can be
induced by downstream metabolites (11), so a lack of induction of
these genes in PYR or the mixture may simply reflect the low
transformation of substrate.

Important results of the study came from the profiling of me-
tabolites during single and mixed PAH degradation. Information
on pathway usage for four taxonomically distinct Mycobacterium
species furthers the knowledge of PYR and PHE degradation; in
particular, PYR was degraded not only through the A series lower-
pathway metabolites (see Fig. 3) but also through the F series, and
strain czh-117 routinely produced ring fission products of the
1,2-dioxygenation pathway of PHE. A key novel aspect of this
work comprises the demonstrated use of alternate pathways in
mixture degradation. In two of three strains that exhibited antag-
onized mixture degradation, metabolites were identified that be-
longed to a pathway not normally used by the organism in the
degradation of single PAHs. The occurrence of this in two organ-
isms and the replication of these data at two time points lend
consistency and weight to the result. In the third organism,
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JS19b1, an additional metabolite was found, but the use of a
wholly new pathway was not established.

Recently, detailed work on initial ring-hydroxylating dioxyge-
nases in Mycobacterium species has led to a more accurate under-
standing of the diversity of enzymes present, their induction by
and transformation rates of PAH substrates, and regioselective
product formation (11, 42, 43, 48, 60, 63, 64). nid homologs are
subject to induction by different subsets of PAH substrates (11)
and seem optimized to be well induced by the PAHs that they can
efficiently convert into usable cis-dihydrodiol isomers (i.e., inter-
mediates of mineralization pathways) (42, 60). On the other hand,
heterologous expression (not requiring induction by PAH) stud-
ies revealed that when PAH transformation is catalyzed by a non-
optimal nid paralog, products with low regiospecificity (multiple
cis-dihydrodiol isomers) result (11, 60). Though PYR and PHE
were earlier thought to be degraded by similar enzymes, it has now
been established that they are targeted by distinct nid paralogs
(43), a point that is critical to understanding the antagonism in
PYR-PHE mixtures. For example, in experiments of heterologous
expression, NidAB, the PYR dioxygenase of Mycobacterium van-
baalenii PYR-1, converted 100% of the supplied PYR to cis-4,5-
dihydrodiol, whereas NidA3B3 (FLA dioxygenase that also acts on
PHE) converted only about 65% of the PYR, forming a mixed
product that included dead-end metabolites (60). These studies
together suggest that induction of a dioxygenase system by one
PAH may have incidental or unintentional consequences on the
degradation of another. In our study, the appearance of interme-
diates of new pathways in antagonized mixture degradation sup-
ports the idea of cross talk between enzymes and substrates: the
initial dioxygenase induced by PYR may act on PHE to produce
the metabolites of a pathway not normally used in single-PAH
degradation. For example, the appearance of the 1,2-dioxygen-
ation pathway intermediates in mixture degradation by two
strains may result from the action of a PYR-induced enzyme on
PHE to produce cis-1,2-dihydrodiol. Because subsequent pathway
steps are thought to be catalyzed by enzymes with broad substrate
ranges (48), ring fission products (5,6-benzocoumarin) were pro-
duced. Another piece of evidence pointing to enzyme cross talk
was the high recovery in antagonized mixture samples of diphenic
acid (60% of combined peak area of czh-3 MIX metabolites at day
7 compared to 32% of PHE sample or 2% of PYR sample), which
is produced by K-region attack and ring fission analogous to that
on the C-4 and C-5 positions of pyrene involved in typical pyrene
pathways (29). NidA enzymes induced by PYR in the mixture may
work on the K region of PHE to produce C-9 and C-10 dioxygen-
ation pathway products in excess. In contrast, strain czh-117,
which readily degraded the PAH mixture, utilized the same path-
ways and produced similar intermediates for single and mixed
PAH degradation.

Novel pathway use during mixture degradation suggests two
possible mechanisms for antagonism which will direct our future
work. The shunting of substrate through a new pathway, in com-
bination with poor growth and suppressed degradation, suggest
mechanisms of antagonism involving either toxicity or enzyme-
level inhibition, both with precedents in published work on aro-
matic catabolism (19, 25, 57, 65). For example, in Mycobacterium
species and other bacteria, it is known that dihydrodiols are con-
verted to diols, which autooxidize into toxic o-quinones (25, 35,
58, 66). Detoxification involves retroconversion to a diol by qui-
none reductase enzymes, which can have narrow substrate ranges

(66). Either ring fission and further degradation in the case of
mineralization pathways or inactivation by methyl conjugation in
dead-end pathways can resolve the reactive cycling between diol
and quinone (67). An organism like czh-101, which does not nor-
mally use the 1,2-dioxygenation pathway to degrade PHE, may
lack the enzymatic means to detoxify phenanthrene-1,2-dione.
Conversely, czh-117, which tolerated PYR-PHE mixtures and
produced ring fission products of the 1,2-dioxygenation pathway
in both single and mixed PAH degradation, uses endogenous
mechanisms to detoxify quinones of that origin. Chemical analy-
ses of suspected quinones in cell extracts, analysis of quinone re-
ductase genes, and toxicity assays with suspected interfering
chemicals are tests that can resolve this question. On the other
hand, enzyme-level inhibition affects the conversion of some PAH
substrates via disparate mechanisms. Deveryshetty and Phale (57)
demonstrated competitive inhibition of 1-hydroxy-2-naphthoic
acid dioxygenase by a stereoisomeric compound, 3-hydroxy-2-
naphthoic acid. An alternative mechanism, oxidative (suicide) in-
activation of extradiol dioxygenases, has been demonstrated with
suboptimal substrates, and the level of inhibition depended on the
sequence variation of catabolic enzymes (68). Similar mechanisms
may cause enzyme inhibition and concomitant diminished growth/
degradation if the alternative pathway intermediates of antago-
nized mixture catabolism interfere at enzyme active sites. Because
enzyme inhibition and metabolite toxicity are known in aromatic
degradation, they comprise reasonable hypotheses for future work
about the mechanisms of antagonism through enzyme cross talk
and the appearance of new disruptive pathways. Indeed, similar
mechanisms may affect organisms like czh-101 and JS19b1 in
their inability to degrade PHE and PYR, respectively. For example,
if PHE enzymes in JS19b1 are aversely induced by PYR, the result-
ing metabolites may induce toxicity or simply fail to feed the or-
ganism by unproductive obstruction of active sites.

Knowledge about antagonistic interactions in PAH mixture
degradation must have a large impact on studies of bioremedia-
tion strains and risk assessment of contaminated sites. First, sup-
port in this work for the occurrence of antagonistic phenomena in
taxonomically diverse Mycobacterium species indicates that mod-
eling studies must consider this property to be distinct from that
of PAH substrate range. The presence of catabolic genes or the
ability to degrade single chemicals may not predict bioremedia-
tion potential. In addition, risk assessment may be improved by
accounting for the toxicity of mixture-produced intermediates in
addition to those produced by the degradation of single PAHs.
Further work on the underlying causes of antagonism may pro-
vide the means to improve risk assessment and promote in situ
degradation.
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