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We investigated the response of the hydrocarbon-degrading Mycobacterium vanbaalenii PYR-1 to crude oil from the BP Deep-
water Horizon (DWH) spill, using substrate depletion, genomic, and proteome analyses. M. vanbaalenii PYR-1 cultures were
incubated with BP DWH crude oil, and proteomes and degradation of alkanes and polycyclic aromatic hydrocarbons (PAHs)
were analyzed at four time points over 30 days. Gas chromatography-mass spectrometry (GC-MS) analysis showed a chain
length-dependent pattern of alkane degradation, with C,, and C,; being degraded at the highest rate, although alkanes up to C,4
were degraded. Whereas phenanthrene and pyrene were completely degraded, a significantly smaller amount of fluoranthene
was degraded. Proteome analysis identified 3,948 proteins, with 876 and 1,859 proteins up- and downregulated, respectively. We
observed dynamic changes in protein expression during BP crude oil incubation, including transcriptional factors and trans-
porters potentially involved in adaptation to crude oil. The proteome also provided a molecular basis for the metabolism of the
aliphatic and aromatic hydrocarbon components in the BP DWH crude oil, which included upregulation of AlkB alkane hydrox-
ylase and an expression pattern of PAH-metabolizing enzymes different from those in previous proteome expression studies of
strain PYR-1 incubated with pure or mixed PAHs, particularly the ring-hydroxylating oxygenase (RHO) responsible for the ini-
tial oxidation of aromatic hydrocarbons. Based on these results, a comprehensive cellular response of M. vanbaalenii PYR-1 to

BP crude oil was proposed. This study increases our fundamental understanding of the impact of crude oil on the cellular re-
sponse of bacteria and provides data needed for development of practical bioremediation applications.

pills of crude oil, a highly complex mixture mostly composed

of diverse hydrocarbon fractions, have acute and long-term
adverse ecological impacts on marine and terrestrial systems that
the oil contaminates (1-4). Many studies have investigated bacte-
rial responses to these organic contaminants, since bacterial cata-
bolic activities represent one of the primary processes by which
crude oil hydrocarbons are eliminated from the environment (5,
6). Extensive studies have been conducted to elucidate bacterial
mechanisms of crude oil hydrocarbon degradation, such as met-
abolic pathways and their biochemical and genetic bases (5-9).
However, these studies have mostly focused on the degradation of
individual hydrocarbon components of crude oil, such as alkanes
or certain types of aromatic hydrocarbons, whereas little is known
about the fate of each of the crude oil hydrocarbon components,
the mechanism of its degradation, and how its metabolism is as-
sociated with other cellular activities, such as central carbon me-
tabolism, in a complex crude oil. Considering the components of
a crude oil, such as that spilled in 2010 by the Deepwater Horizon
(DWH) blowout in the Gulf of Mexico, it is highly unlikely that
total degradation of crude oil hydrocarbons occurs by the same
mechanism as pure-hydrocarbon degradation. Moreover, expo-
sure to crude oil and degradation of crude oil compounds triggers
not only metabolic reactions, but also overall organism-wide re-
actions, on which limited information is available. In recent years,
activities of microorganisms and their metabolism with respect to
crude oil and its components have been investigated at the level of
microbial consortia or microbial communities (10, 11). For exam-
ple, several research teams have used large-scale high-throughput
approaches to perform a comprehensive analysis of the responses
of microbial communities and their biodegradative potential in
the Gulf of Mexico ecosystem with respect to the DWH oil spill
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(12-17). However, although these functional-genomics studies
provide new insights into the activities of the microorganisms,
revealing an overall view of the metabolic and ecological reactions
of the microbial community to crude oil, few detailed descriptions
of the activity of each bacterial species that responds to the input of
crude oil are available. To gain a better understanding of the po-
tential role that a bacterium plays, it is also essential to elucidate
mechanisms and features controlling the biology of individual
microorganisms during crude oil degradation, such as the expres-
sion and succession of key catabolic enzymes and overall cellular
physiological changes.

Mycobacterium vanbaalenii PYR-1 (18, 19), an isolate from an
oil-contaminated estuary of the Gulf of Mexico, Redfish Bay, near
Aransas Pass, TX (20), has been extensively studied to elucidate
the mechanisms of hydrocarbon degradation. The bacterium has
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a versatile metabolic ability to degrade a wide range of hydrocar-
bon components of crude oil, including high-molecular-weight
(HMW) polycyclic aromatic hydrocarbons (PAHs) with four or
more fused benzene rings, such as pyrene and fluoranthene, and
aliphatic hydrocarbons, such as dodecane and hexadecane (21—
30). According to previous metabolic, genetic, biochemical, and
functional-genomics studies, the biological properties of the
bacterium, such as catabolic activity, cellular structures, and
ecophysiology, are suitable for the degradation or transformation
of various organic pollutants in the environment (31).

It is important to understand how life forms respond to crude
oil to assess its impact on environmental health. In this study, we
investigated the dynamics of the microbial response by M. van-
baalenii PYR-1 to exposure to BP crude oil. From a metabolic and
ecophysiological standpoint, the bacterium is a relevant biological
system to comprehensively study the response to crude oil, which
would reveal not only the mechanism involved in the degradation
of crude oil hydrocarbons, but also other intrinsic biological reac-
tions in the cellular response to crude oil. We used a combination
of chemical and molecular approaches in which cells of M. van-
baalenii PYR-1 were incubated with BP crude oil and degradation
of selected aliphatic and aromatic hydrocarbons in the oil were
examined. We then analyzed profiles of protein expression during
culture incubation of the bacterium with the BP crude oil, using a
high-throughput whole-cell proteome analysis. We observed a ge-
nome-wide complex cellular response of M. vanbaalenii PYR-1 to
the BP crude oil, which dynamically changed during the time of
exposure. This study has not only increased the overall under-
standing of the biological impact of crude oil on a microbial sys-
tem in the environment, but also yielded important insights into
microbial behavior with respect to crude oil exposure. This
knowledge may be helpful for advancing practical biotechnologi-
cal applications.

MATERIALS AND METHODS

Bacterial strain, media, and culture conditions. M. vanbaalenii PYR-1
was maintained at 30°C in Luria-Bertani (LB) medium or Middlebrook
7H10 medium supplemented with oleic acid-albumin-dextrose-catalase
(OADC) enrichment (Remel, Lenexa, KS). The same media were solidi-
fied with 1.5% agar to make plates. For incubation of bacterial cells with
BP crude oil, supplemented minimal medium (SMM) (32), with or with-
out glucose, was used with slight modifications. DWH-sourced light Lou-
isiana BP crude oil (collected from Deepwater Horizon MC252 on 10 June
2010 with sample identifier [ID] SOB-20100610-26) was obtained from
the Gulf Coast Seafood Laboratory, Center for Food Safety and Applied
Nutrition, FDA, and was added directly to bacterial culture flasks.

Experimental design and procedures. (i) Utilization of crude oil
components for bacterial growth. Colonies of the bacterium grown on
Middlebrook 7H10 agar plates were precultured in a flask containing 100
ml of LB medium with shaking at 200 rpm for approximately a week. The
primary culture was then washed twice with 100 ml SMM and resus-
pended in SMM to obtain secondary cultures with a final optical density at
600 nm (ODyy,) of 0.05, which were further incubated with the addition
of 1 and 2% crude oil. Foam plugs were used for flask stoppers after
consideration of ventilation during the period of incubation and nonvola-
tility of HMW PAHs and n-alkanes (C, 5 and above). For growth compar-
ison, the same bacterial culture was also grown with and without glucose.
Cell growth was determined by measuring the increase in ODy, with a
Synergy 2 microplate reader (BioTek Instruments, Winooski, VT). Each
kinetic value for optical density is the mean of the results of triplicate
independent experiments.
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(ii) Degradation test of BP crude oil components. Cells of M. van-
baalenii PYR-1, precultured for a week in a flask containing SMM supple-
mented with 1% glucose, were resuspended in 650 ml of the same medium
at a concentration equivalent to 0.4 optical-density unit at 600 nm.
Twenty milliliters of the cell suspension was then transferred to 125-ml
flasks. We prepared 32 flasks, each containing 20 ml of cell suspension, for
a 30-day time course crude oil biodegradation experiment. To 20 of the
culture flasks, 1% BP crude oil was added and incubated at 30°C with
shaking at 200 rpm. The other 12 flasks were used as control samples,
which were subjected to the same incubation conditions except that the
flasks were autoclaved at 125°C for 15 min and then 1% BP crude oil was
added. We collected culture flasks at 0, 3, 6, and 30 days. Control samples
for chemical analysis at time point 0 were collected right after the BP crude
oil was added to the culture, and abiotic control samples were collected at
the same time point, except for day 0. The control sample for proteome
analysis was taken just before crude oil addition. The culture flasks were
stored at —70°C until they were analyzed.

Analytical methods. (i) Chemicals. Standard chemicals and internal
standards are listed in Table S1 in the supplemental material. Solvents
were purchased from Sigma-Aldrich (St. Louis, MO) and were of the
highest purity available.

(ii) Extraction of samples. Samples were extracted by combining 15
ml of a sample (mixed until homogeneous) and 15 ml of methylene chlo-
ride in a 60-ml glass bottle and rotating it end over end for 30 min. The
extract was then sonicated for 15 min and rotated end over end for an
additional 60 min. The phases were allowed to separate, and the methyl-
ene chloride extract was divided into two fractions; two-thirds was used
for the PAH analysis, and one-third was used for the alkane analysis. The
methylene chloride was evaporated to dryness at ~30°C under nitrogen.
The residue was then reconstituted in 200 pl of the appropriate internal-
standard solution in methylene chloride.

(iii) Analysis of n-alkanes. Solvent standards of n-pentacosane, n-do-
decane, n-tetradecane, n-hexadecane, n-octadecane, n-eicosane, n-heni-
cosane, n-docosane, n-tricosane, n-tetracosane, n-pentacosane, n-hexa-
cosane, n-heptacosane, n-octacosane, and pentacosane-Dj, were
prepared in methylene chloride at 125 pg/ml. The retention times of these
prepared alkane standards were used to analyze alkanes in the BP crude
oil. Two hundred microliters of sample was combined with 200 pl of
methylene chloride containing the internal standard pentacosane-Dg, at
125 pg/ml. The resulting solution was analyzed with an Agilent 6890 gas
chromatography-mass spectrometry (GC-MS) instrument equipped with
a capillary column (DB-17MS; 60 by 0.25 mm; 0.25-pm film thickness;
Agilent Technologies, Santa Clara, CA). One microliter of sample (split
1:5) was injected on the system. The system was programmed as follows:
injector, 280°C; detector, 320°C; auxiliary, 250°C; quadrupole, 150°C;
oven started at 40°C and increased at 5°C/min to 320°C and held for 24
min. The mass spectrometer was set in the EI+ mode and scanned from
40 to 400 atomic mass units (amu). Extracted ion chromatograms for the
alkanes were used for integration. The analyte and internal-standard
peaks were integrated, and the response ratio (the analyte peak area di-
vided by the internal-standard peak area) was calculated. The response
ratio for each analyte at day 0 was set to 100%, and all subsequent time
points were reported as a percentage of that of day 0.

(iv) Analysis of PAH compounds. Solvent standards of phenan-
threne, fluoranthrene, pyrene, and benzo[a]pyrene were prepared in
methylene chloride at 150, 100, 20, and 5 pg/ml, respectively. The solvent
standards contained the equivalent deuterated internal standards
(phenanthrene-D,, fluoranthene-D, , pyrene-D, ,, and benzo[a]pyrene-
D,,) at 150, 2, 2, and 10.5 pg/ml, respectively, and were used to confirm
retention. Two hundred microliters of sample was combined with 200 .l
of methylene chloride containing the appropriate PAH deuterated inter-
nal standard (phenanthrene, fluoranthrene, pyrene, or benzo[a]pyrene,
at 75,4, 4,and 1 pg/ml, respectively). The resulting solution was analyzed
with an Agilent 6890 GC-MS instrument under the same conditions as for
the alkanes. The mass spectrometer was set in the EI+ mode and scanned
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from 150 to 300 amu. Extracted ion chromatograms for phenanthrene,
fluoranthrene, pyrene, and benzo[a]pyrene were used for integration.
The analyte and internal-standard peaks were integrated, and the re-
sponse ratio (the analyte peak area divided by the internal-standard peak
area) was calculated. The response ratio for each analyte at day 0 was set to
100%, and all subsequent time points were reported as a percentage of that
of day 0.

Proteome analysis. (i) Sample preparation. The whole-cell proteome
of M. vanbaalenii PYR-1 treated with 1% BP crude oil was analyzed as
described in our previous studies (33—35). Briefly, proteins of bacterial
cells at each time point were extracted using glass bead homogenization.
Cell lysates were trichloroacetic acid precipitated and quantified using a
Qubit fluorometer (Invitrogen, Carlsbad, CA), and 20 g of each lysate
was loaded onto a 4 to 12% SDS-PAGE gel (Invitrogen). The gel was
excised into 40 segments per lane, and gel slices were processed using a
robot, ProGest (DigiLab, Marlborough, MA), with the following proto-
col. Initially, the gels were washed with 25 mM ammonium bicarbonate,
followed by acetonitrile. Reduction was performed with 10 mM dithio-
threitol at 60°C, followed by alkylation with 50 mM iodoacetamide at
room temperature. Digestion was performed with trypsin at 37°C for 4 h,
and after quenching with formic acid, the supernatant was analyzed di-
rectly without further processing.

(ii) MS analysis. Gel digests were analyzed by nano-liquid chromatog-
raphy-tandem MS (LC-MS-MS) with a Waters NanoAcquity high-
performance liquid chromatography (HPLC) system interfaced with a
ThermoFisher Q Exactive mass spectrometer. Peptides were loaded on a
trapping column and eluted over a 75-pum analytical column at 350 nl/
min; both columns were packed with Jupiter Proteo resin (Phenomenex,
Torrance, CA). The mass spectrometer was operated in a data-dependent
mode, with MS and MS-MS performed in the Orbitrap at 70,000-FWHM
(full width at half maximum) resolution and 17,500-FWHM resolution,
respectively. The 15 most abundant ions were selected for MS-MS.

(iii) Data processing. Data were searched using a local copy of Mascot
with the following parameters: enzyme, trypsin; database, custom M. van-
baalenii (concatenated forward and reverse plus common contaminants);
fixed modification, carbamidomethyl (C); variable modifications, oxida-
tion (M), acetyl (protein N-term), deamidation (NQ), and pyro-Glu (N-
term Q); mass values, monoisotopic; peptide mass tolerance, 10 ppm;
fragment mass tolerance, 0.020 Da; maximum missed cleavages, 2. Mascot
DAT files were parsed into the Scaffold software for validation, filtering,
and creating a nonredundant list for each sample. The data were filtered at
a 1% protein and peptide false-discovery rate (FDR), requiring at least two
unique peptides per protein. The proteins that were significantly differ-
ently expressed were determined on the basis of the following criteria: (i)
the protein was detected as a binary difference, and there were at least 5
spectral counts (SpC) in the unique sample; and (ii) the protein was de-
tected with a 2-fold (up or down) or more change based on dividing the
normalized spectral abundance factor (NSAF) values, and there were at
least 5 SpCin the higher sample. The quality and quantity of the proteome
results were also evaluated with the previous proteomic data for M. van-
baalenii PYR-1. (For detailed information on proteomics and statistical
analysis, see the paper by Kweon et al. [35].) In this study, protein abun-
dance was used as a proxy for enzyme activity.

RESULTS AND DISCUSSION

Biodegradation of hydrocarbon components in BP crude oil.
Although M. vanbaalenii PYR-1 has been shown to have versatile
ability to degrade a wide range of hydrocarbons, including n-al-
kanes and PAHs (21-30, 36-38), no investigation has shown
whether the bacterium can utilize these hydrocarbons as nutrients
for growth when they occur in crude oil. A series of culture exper-
iments were conducted to understand the metabolic behavior of
M. vanbaalenii PYR-1 toward BP crude oil. We initially examined
whether M. vanbaalenii PYR-1 can grow with BP crude oil as a sole
carbon and energy source. As shown in Fig. 1A, during 14 days of

July 2015 Volume 81 Number 13

Applied and Environmental Microbiology

Response of M. vanbaalenii to BP Crude Oil

2
(A) ¢
~ 16
3
8 —=— SMM only
= 1.2 —e—SMM Glc 0.5%
£ —— SMM BP crude oil 1%
3 —e— SMM BP crude oil 2%
2 08 [
(2]
3 i
O 04
OI
0 2 4 6 8 10 12 14
(B) | ——c12
100 —=—C13
80 } —A—C16
—e—C20
60 ——C24
= —=-C25
S 40}
e —A—C28
[
L 2}
©
e
S 0 . . . . .
=)
Q
o
g
= 10
S —e—>hn
© 80f —&—Pyr
60 } i —A—Fla
40 f
20 |
0 . : . —
0 5 10 15 20 25 30
Time (days)

FIG 1 Growth of M. vanbaalenii PYR-1 in SMM supplemented with 1 or 2%
BP crude oil, as well as cultures with no BP crude oil, with or without 0.5%
glucose over a 14-day period (A) and biodegradation of n-alkanes (B) and
PAHs (C) in liquid cultures of M. vanbaalenii PYR-1 incubated with BP crude
oil.

incubation, an increase in the turbidity of minimal media with 1 to
2% BP crude oil during the incubation period was observed,
which clearly indicates that the bacterium was able to utilize nu-
trients available in the BP crude oil. We conducted another culture
experiment to assess the capacity of M. vanbaalenii PYR-1 to bio-
degrade BP crude oil components. During a 30-day incubation of
the bacterium with BP crude oil, quadruplicate samples from bac-
terial cultures and abiotic controls were collected for analysis at
four time points, days 0, 3, 6, and 30. We then extracted the entire
flask contents and identified selected BP crude oil hydrocarbons
via GC-MS analysis.

(i) Selective biodegradation of crude oil n-alkanes by M. van-
baalenii PYR-1. We first obtained a GC-MS chromatographic
profile for aliphatic hydrocarbons from the culture extract of M.
vanbaalenii PYR-1 grown in a slightly modified supplemented
minimal medium (34) containing 1% BP crude oil, which identi-
fied 17 peaks for the straight-chain alkanes, ranging from C,, to
C,s. As shown in Fig. 1B (see Fig. S1A in the supplemental mate-
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rial), the degradation profiles at day 30 showed that decreases in
the amount of aliphatic hydrocarbons had occurred for all the
alkanes detected during the incubation with BP crude oil. This
result is consistent with early studies with this and other strains of
environmental mycobacteria on biodegradation of alkanes (36,
39-41). Among these identified alkanes, we selected 7 com-
pounds, dodecane (C,,), tridecane (C, ), hexadecane (C,), ico-
sane (C,,), tetracosane (C,,), pentacosane (C,s), and octacosane
(C,g), to monitor differences in degradation by the bacterium
with time during incubation with BP crude oil. The amounts of
hydrocarbons for controls were calculated from the initial amount
of hydrocarbon at time zero, which was further normalized by
subtraction of the amount of abiotically removed analytes from
that found in the culture at the same time point with dead cells of
M. vanbaalenii PYR-1. As shown in Fig. 1B (see Data Set S1 in the
supplemental material), M. vanbaalenii PYR-1 eliminated the n-
alkanes contained in the BP crude oil at different rates and to
different extents. Compared to other aliphatic hydrocarbons, C,,
and C,; were degraded most rapidly, with the greatest degradation
extents being 62% and 68%, respectively. Although degradation
of the other five aliphatic hydrocarbons was observed, the extent
of their degradation remained at 20 to 30% after the 30-day incu-
bation, with C,4 the lowest (18%). These results indicate that M.
vanbaalenii PYR-1 better degraded medium-chain alkanes (C,,
and C,3) in BP crude oil, showing a relatively narrow substrate
specificity of n-alkane degradation pathways. This trend of alkane
degradation is also typical of most mycobacteria that metabolize
alkanes (42). As discussed below, the chain length dependence
that we observed in the degradation of BP crude oil alkanes by M.
vanbaalenii PYR-1 is well explained by the protein expression pro-
file and substrate specificity of the n-alkane-degrading enzymes.

(ii) Global biodegradation of crude oil PAHs by M. vanbaale-
nii PYR-1. Biodegradation of four PAHs, phenanthrene, pyrene,
fluoranthene, and benzo[a]pyrene, was also monitored by mea-
suring the amounts of residual PAHs (Fig. 1C; see Fig. S1B in the
supplemental material). The amounts of the four PAHs from
dead-cell controls stayed almost the same throughout the incuba-
tion period, which indicated no significant abiotic degradation. As
shown in Fig. 1C (see Data Set S1 in the supplemental material),
the GC-MS analysis showed that the bacterium completely de-
graded phenanthrene and pyrene. Fluoranthene was also de-
graded by approximately 31.2% after 30 days of incubation. As a
whole, this metabolic capability of M. vanbaalenii PYR-1 is con-
sistent with the results from our prior studies, except for the me-
tabolism of fluoranthene. In our previous biodegradation experi-
ments, M. vanbaalenii PYR-1 always degraded more than 95% of
these three PAHs (phenanthrene, pyrene, and fluoranthene) when
cultured with single PAH substrates or mixtures of PAHs (33-35,
43-45). Benzo[a]pyrene was not detected in any experimental
samples. As discussed below in detail, at the level of PAH metab-
olism, our proteome analysis revealed that this metabolic disparity
from our previous studies in the degradation of the HMW PAH
fluoranthene was most likely to have been caused by a differential
protein expression pattern, especially of the ring-hydroxylating
oxygenase (RHO) systems responsible for the initial hydroxyla-
tion of PAH substrates in the ring cleavage process (RCP) func-
tional modules (33, 35).

Proteomic insights into the global cellular response to BP
crude oil. To understand the global cellular response of M. van-
baalenii PYR-1 to BP crude oil, we conducted a whole-cell pro-
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teome analysis of the bacterium during culture incubation. We
also wanted to examine the mechanistic basis of metabolic activity
for the degradation of BP crude oil at the level of genome-wide
protein expression. For the proteomic response to be consistent
with the degradation of BP crude oil, we used bacterial cultures
from the same batches used for the chemical analysis at the same 4
time points, days 0, 3, 6, and 30.

(i) Top-down view of the proteomic data. We identified 3,482,
3,358, 3,352, and 2,887 proteins from culture samples from days 0,
3,6, and 30, respectively, which add up to 3,948 unique proteins in
total (Fig. 2; see Data Set S2 in the supplemental material). As
shown in Fig. 2A, cluster analysis of the proteomic data set re-
vealed apparent correlations between the profiles of protein ex-
pression with respect to crude oil exposure time, indicating the
reliability of the proteome results. We identified 2,528 proteins as
commonly shared between controls and three other samples,
while other proteins were identified either in control (day 0) or
crude-oil-exposed (Fig. 2B; see Data Set S2 in the supplemental
material) samples. Generally, most of these identified proteins
showed similar proportions of clusters of orthologous group
(COQG) distribution with protein-coding genes (46) based on the
genome of M. vanbaalenii PYR-1 (Table 1; see Fig. S2 in the sup-
plemental material).

Treatment with BP crude oil had a dynamic effect on the global
expression of proteins in M. vanbaalenii PYR-1. We compared the
differentially regulated proteins using the criterion of 2-fold
change in abundance of expression from day 0. As shown in Fig. S3
and Data Sets S3 and S4 in the supplemental material, 406, 418,
and 417 proteins were >2-fold upregulated (651 proteins in total,
as shown in Fig. S3A in the supplemental material) and 821, 826,
and 1,135 proteins were >2-fold downregulated (1,374 proteins
in total, as shown in Fig. S3B in the supplemental material) on
days 3, 6, and 30, respectively. Among them, 209 and 549 proteins
were commonly up- and downregulated, respectively, at all time
points upon BP crude oil treatment. As revealed in the functional
analysis of the differentially expressed proteins based on COG
categories (Fig. 3; see Fig. S3 in the supplemental material), the
overall COG percentage of most of these up- or downregulated
proteins in most cases showed a distribution similar to that in the
whole proteome, indicating that BP crude oil induced a global
cellular response throughout the COG categories. However, some
of the COG categories showed more or fewer than the expected
proportional number of proteins. For example, the numbers of
upregulated proteins belonging to categories Q (secondary-me-
tabolite biosynthesis, transport, and catabolism) and I (lipid
transport and metabolism) were higher than proportional num-
bers of genome-encoded proteins. This indicated that there was a
need for upregulation of proteins associated with the COG cate-
gories, since many catabolic proteins involved in the degradation
of hydrocarbons belong to these categories. As shown in Fig. S4 in
the supplemental material, various metabolic pathways were en-
riched from both up- and downregulated proteins, indicating
complex biological processes occurring during BP crude oil incu-
bation. Finally, the proteomic data were further analyzed in terms
of the time-dependent effects of BP crude oil on the molecular
response of the bacterium using the short time series expression
miner (STEM) software (see Fig. S5 and Data Set S2 in the supple-
mental material) (47).

(ii) Enzymes responsible for selective degradation of BP
crude oil n-alkanes by M. vanbaalenii PYR-1. Aerobic degrada-
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FIG 2 Summary of proteins identified in the proteome study. (A) Cluster analysis of proteomic data sets showing the correlation between protein expression
profiles and treatment time. D, day(s). (B) Venn diagram showing the numbers of proteins identified in controls (day 0) and in samples at three later time points.

tion of alkanes is generally initiated with hydroxylation of a ter-
minal methyl group, producing alcohols, which is followed by
further oxidation to aldehydes and then to fatty acids (48). Several
types of alkane hydroxylases with different substrate specificities
function in the initial hydroxylation of alkane molecules (48). The
M. vanbaalenii PYR-1 genome has two genes encoding a mem-
brane-bound AlkB alkane monooxygenase (Mvan_1742 and
Mvan_3100), and our proteome analysis confirmed that only one
AlkB alkane monooxygenase (Mvan_1742) was upregulated. The
gene encoding this monooxygenase enzyme (Mvan_1742) consti-
tutes an alkB gene cluster with other genes, including two rubre-
doxins (Mvan_1743 and Mvan_1744) and a TetR-type transcrip-
tional regulator, AIkU (Mvan_1745), which is known to activate
expression of alkB (49, 50). As shown in Data Set S3 in the sup-
plemental material, all the proteins in this gene cluster were up-
regulated together, suggesting their functional interaction for al-
kane hydroxylation. In addition, three putative alcohol
dehydrogenases (Mvan_0013, Mvan_0443, and Mvan_5164) and
an aldehyde dehydrogenase (Mvan_0352), which are potentially
involved in the next two consecutive steps, respectively, in the
degradation of alkanes, also showed patterns of upregulation
(STEM patterns 17 to 21), although they are positioned distant
from each other in the genome of M. vanbaalenii PYR-1. Func-
tional interaction of the series of these enzymes completes the
transformation of alkane substrates to the corresponding fatty ac-
ids (48). Interestingly, two rubredoxin genes (Mvan_1743 and
Mvan_1744) in a row are located immediately downstream of the
alkane hydroxylase gene in the alkB cluster, but none of the rubre-
doxin reductase genes are located close to the alkB cluster in the
genome of M. vanbaalenii PYR-1. The rubredoxin gene
(Mvan_1743) was upregulated, indicating its functional contribu-
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tion to electron transfer from rubredoxin reductase(s) to AIkB
hydroxylase during terminal hydroxylation of alkanes. We ob-
served expression of the genes encoding ferredoxin (Mvan_0299,
Mvan_0485, Mvan_0549, Mvan_0681, Mvan_1767, Mvan_3180,
Mvan_4520, Mvan_5031, and Mvan_5309) and ferredoxin reduc-
tase (Mvan_0399, Mvan_0400, Mvan_0467, Mvan_1216,
Mvan_1290, Mvan_2039, and Mvan_3857), with different regu-
lation patterns, suggesting their potential functional contribution
as an electron transfer chain between NAD(P)H and oxygenase
components. In this alkB gene cluster, a membrane protein
(Mvan_1740) similar to an alkane transporter reported previously
(49-51) was also expressed. An additional transporter protein,
Mvan_5005, highly similar to the ABC-type lipid transporter and
additionally proposed to be involved in alkane transport (50), also
had an elevated level of expression. Interestingly, we identified
expression of 34 (out of 50 genes) cytochrome P450 oxygenase
(CYP) enzymes, 8 of which were upregulated at the protein level,
and their involvement in the oxidation of aliphatic hydrocarbons
cannot be excluded.

The fatty acids produced from alkane oxidation are further
degraded via B-oxidation to acetyl-coenzyme A (CoA), which
enters the tricarboxylic acid (TCA) cycle or glyoxylate bypass
(40). M. vanbaalenii PYR-1 is highly enriched with genes involved
in the multistep B-oxidation, and we found that all the necessary
proteins were identified as expressed, with some of them being
upregulated (see Data Set S3 in the supplemental material). They
included fatty acid-CoA ligase (FadD; Mvan_0131), acyl-CoA de-
hydrogenase (FadE; Mvan_1974), enoyl-CoA hydratase/isomer-
ase (EchA; Mvan_4579), 3-hydroxyacyl-CoA dehydrogenase
(FadB; Mvan_4577), and 3-ketoacyl-CoA thiolase (FadA;
Mvan_5067).
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FIG 3 Comparative analysis of distributions among differently regulated pro-
teins based on COGs as grouped in Fig. S3 in the supplemental material (see
Data Sets S3 and S4 in the supplemental material). ISP, information storage
and processing; CPS, cellular processes and signaling; Met, metabolism; PC,
poorly characterized. COG category descriptions are provided in Table 1.

(iii) Proteins responsible for PAH metabolism. To under-
stand the metabolic response involved in the degradation of BP
crude oil PAHs, we investigated proteomic data from the perspec-
tive of a PAH metabolic network (PAH-MN). According to the
PAH-MN that we previously proposed (33), PAH substrates are
degraded by going through a set of interconnected functional pro-
cesses or modules, termed RCPs, side chain processes (SCPs), and
central aromatic processes (CAPs). As shown in Fig. 4, we identi-
fied, out of 202 genes initially proposed to be involved in the
PAH-MN (33, 52), 163 genes as expressed. Among them, we
found that 116 enzymes were up- or downregulated at each time
point, which indicates a dynamic metabolic response in the deg-
radation of PAHs (Fig. 4; see Fig. S6 in the supplemental material).
Those 163 proteins were functionally diverse, being widely dis-
tributed among the three functional modules of the PAH-MN in
M. vanbaalenii PYR-1; 70 proteins belonged to the functional
module RCP, followed by 73 and 20 enzymes involved in the SCP
and CAP, respectively (Fig. 4). As shown in Fig. S6 in the supple-
mental material, generally, the expression of the PAH-degrading
proteins was dependent on functional modules of the PAH-MN.
In addition, enzymes responsible for the RCP were more tightly
regulated during the incubation period with BP crude oil, which is
consistent with our previous results for M. vanbaalenii PYR-1 in-
cubated with single or mixed PAHs (33, 34).

An RHO-centric functional map of the PAH-MN for BP
crude oil. Although the RCP is a nonproductive process to gener-
ate metabolites only for entering the SCP or CAP, this functional
module is a crucial stage that determines the substrate range and
pathways in the PAH-MN (33-35). In particular, RHOs are the
first-step enzyme of RCP modules, and their highly complex epi-
static interaction and pleiotropic activity govern the pathway and
rate of degradation in the PAH-MN (33-35, 37, 53, 54). Among
the 70 expressed RCP enzymes, 9 RHOs (out of 21 genome-pre-
dicted RHOs) were expressed upon exposure to BP crude oil, sim-
ilar to previous proteome studies, in which about 10 RHO systems
respond dynamically to pure or mixed PAH substrates (33-35, 44,
45, 55). However, consistent with the different metabolic patterns
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FIG 4 Heat map presentation of the 163 expressed proteins involved in PAH
degradation based on the functional modules of the PAH-MN.

of the PAH substrates in this study, the profile in the expression of
RHO enzymes with respect to BP crude oil was different from
those of previous PAH studies. The most notable difference was a
lack of upregulation of three type V RHO enzymes, PhtAaAb,
NidAB, and NidA3B3, in BP crude oil (56). These three type V
oxygenase enzymes use phthalate, pyrene, and fluoranthene, re-
spectively, for their preferred substrates and are mainly involved
in the initial hydroxylation of the respective aromatic hydrocar-
bons (33-35, 44, 45, 55). On the other hand, another type VRHO,
Mvan_0546 (PdoA2), and a type X RHO, Mvan_4415, which are
mainly involved in the initial oxidation of low-molecular-weight
(LMW) PAHs with three or fewer fused benzene rings, such as
phenanthrene, fluorene, anthracene, and biphenyl, were consis-
tently upregulated across the incubation period (33-35, 44, 45).
To enzymatically understand the different metabolic behavior of
M. vanbaalenii PYR-1 toward the PAH substrates in BP crude oil,
we reconstructed an RHO-centric functional map of the
PAH-MN with pleiotropic and epistatic numerical scores of the
expressed RHO enzymes, as proposed previously (35). As shown
in Fig. 5, the pleiotropic activity and epistatic interactions of the
expressed RHO systems in response to BP crude oil describe the
observed metabolic feature: a significant decrease in the degrada-
tion of the HMW PAH fluoranthene in BP crude oil compared to
pure- or mixed-PAH incubation. Among several possible factors
involved in the discrepancy in the metabolism of crude oil PAHs,
in particular, lack of upregulation of the two type V Nid systems
(NidAB and NidA3B3) appeared to have directly affected the me-
tabolism of BP crude oil HMW PAHs, such as pyrene and fluo-
ranthene. On the basis of the numerically calculated relative func-
tional activity (RFA) of RHO systems (35) for the PAH-MN (see
Data Sets S4 and S5 in the supplemental material), among the
9 expressed RHOs, only three RHO systems, PhtAaAb
(Mvan_0463/0464), NidAB (Mvan_0487/0488), and PdoA2B2
(Mvan_0546/0547), showed relatively high RFA scores of >5
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(RFA/100). This clearly indicates that the three RHO systems were
the main oxygenases for the initial ring hydroxylation of PAH
substrates in BP crude oil, and their pleiotropic and epistatic hy-
droxylation activities determined the PAH metabolic quantity
and quality in BP crude oil.

Fluoranthene degradation in BP crude oil. The four-ring
PAH fluoranthene is a good substrate for the PAH-MN in M.
vanbaalenii PYR-1, which is degraded by both mono- and dioxy-
genation reactions through at least four metabolic routes (33-35).
Considering its oxygenation ability toward a series of PAHs (flu-
oranthene, acenaphthene, acenaphthylene, and fluorene) in the
fluoranthene subnetwork of the PAH-MN (33-35), the vertical
epistatic and pleiotropic contributions of the NidA3B3 system to
fluoranthene metabolism are crucial in terms of the metabolic
quantity and quality. This indicates that the pleiotropic and epi-
static functional loss of the type V NidA3B3 system could ad-
versely affect the degradation of fluoranthene, as well as other
PAHs. As revealed in the RHO-centric functional map for pure
fluoranthene (35), the hydroxylation at the C-2,3 positions of flu-
oranthene, leading to the main C-2,3 dioxygenation pathway, is
dependent only on the type V NidA3B3. The lack of epistatic hy-
droxylation of fluoranthene by other RHO systems indicates no
functional redundancy and, finally, no functional robustness of
the hydroxylation step for the functional loss of NidA3B3. Con-
sidering their low substrate acceptance and low product regio-
specificity for the four-ring fluoranthene, functional assistance of
other RHO systems for fluoranthene C-2,3 dioxygenation would
not be significant. In conclusion, no expression of the type V
NidA3B3 in the PAH-MN could have an apparent metabolic im-
pact on fluoranthene degradation in M. vanbaalenii PYR-1, which
is consistent with the metabolic pattern observed in this study.

Pleiotropic responsibility of the type V Pdo system. On the
other hand, phenanthrene and pyrene are the PAH substrates
dioxygenated with the highest epistatic functional redundancy
of RHO systems, including NidAB (Mvan_0487/0488) and
PdoA2B2 (Mvan_0546/0547) systems in the PAH-MN (34, 35).
Therefore, the observed RHO expression profile—upregulation
of the PdoA2B2 system, downregulation of NidAB system, and
lack of expression of NidA3B3—seems least likely to be problem-
atic from the standpoint of degradation of the PAH substrates
phenanthrene and pyrene in M. vanbaalenii PYR-1, which re-
sulted in complete degradation of phenanthrene and pyrene, in
contrast to the significant reduction in the degradation of fluoran-
thene compared with previous fluoranthene biodegradation stud-
ies (33-35, 43—45). In this respect, the epistatic and pleiotropic
responsibility of the type V Pdo system seems to be crucial for
dioxygenation of BP crude oil PAH substrates, including pyrene
and phenanthrene. The type V Pdo system showed the highest
RFA value and functional responsibility for at least 10 ring-hy-
droxylating steps (Fig. 5; see Data Set S5 in the supplemental ma-
terial).

Other enzymes responsible for degradation of BP crude oil.
In addition to RHO enzymes, other proteins belonging to RCP
modules, such as monooxygenase (9 proteins), dihydrodiol dehy-
drogenase (5 proteins), ring cleavage dioxygenase (6 proteins),
and epoxide hydrolase (2 proteins), were also identified as being
expressed in response to BP crude oil. Some of the 34 CYPs could
also be involved in the initial oxidation of PAHs. In particular,
Mvan_5170, encoding CYP150, which was previously implicated
in the degradation of PAHs (57), was expressed. We observed the
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expression of many RCP enzymes, some of which have not been
identified in prior proteome studies, which strongly suggests pos-
sible functional contributions by these enzymes to the degrada-
tion of BP crude oil PAHs.

In the PAH-MN, a side chain is removed from the outputs of
the RCP to produce biological precursors, such as pyruvate and
substrates for another round of RCPs, in the SCP, and protocat-
echuate is metabolically connected to the TCA cycle in the CAP
(33). As observed in our previous proteomic results, M. van-
baalenii PYR-1 relatively loosely regulates PAH-degrading en-
zymes responsible for the SCP and CAP modules. Consistent with
the previous observation, the expression of SCP enzymes was con-
stitutive over the degradation of BP crude oil aromatic hydrocar-
bons. Twenty-eight out of the 72 SCP enzymes were stably ex-
pressed throughout the experiment, which contrasts with 10 RCP
proteins identified as not responsive. Lastly, we identified all the
CAP enzymes, PcaHGBLIJF, involved in the B-ketoadipate path-
way responsible for the degradation of protocatechuate to succi-
nyl-CoA and acetyl-CoA (Fig. 5; see Data Set S4 in the supplemen-
tal material).

(iv) The global functional metabolic network between the
peripheral hydrocarbon pathways and the central carbon path-
ways. As discussed above, during growth on BP crude oil, M.
vanbaalenii PYR-1 generates several metabolic products con-
nected to the central metabolism, such as pyruvate, acetyl-CoA,
and succinyl-CoA, which are the common intermediates of the
central carbon metabolism. In BP crude oil metabolism, acetyl-
CoA is formed from n-alkane degradation via 3-oxidation and
from the CAP of the PAH-MN during PAH metabolism, while
pyruvate and succinyl-CoA are produced from the SCP and CAP
of the PAH-MN, respectively. The proteomic dynamics in M. van-
baalenii PYR-1 showed that these common metabolites bridge the
peripheral hydrocarbon breakdown pathways and the central me-
tabolism. To better understand the connectivity of the peripheral
hydrocarbon pathways and the corresponding response(s) of the
central metabolism, a simplified functional metabolic network
was reconstructed on the basis of the metabolic and proteomic
information (Fig. 6). This functional metabolic network high-
lights activated pathways and therefore provides a degree of func-
tional connectivity and activity among the metabolic routes (Fig.
6). In the functional metabolic network, the two peripheral hy-
drocarbon metabolic pathways, the n-alkane degradation path-
way linked to B-oxidation and the PAH-MN, are activated and
connected with the central carbon metabolism via pyruvate,
acetyl-CoA, and succinyl-CoA. Interestingly, the functional dis-
tribution and regulation of the enzymes responsible for peripheral
hydrocarbon metabolism appeared to have resulted in the periph-
eral pathways functioning in concentrating the flux of metabolic
intermediates to the central metabolism. This observation further
supports our idea about channel management, enhancing input
substrate diversity with the controlled production of limited out-
puts (33). The funnel effects of channel management could de-
crease the epimetabolome (58) and ensure a more efficient carbon
metabolic flow (33). After all, coordinated expression of the
enzymes involved in n-alkane degradation and B-oxidation
and function-dependent regulation of the PAH-degrading en-
zymes funnels the metabolic products of the BP crude oil hy-
drocarbons into the central metabolism. In addition, the cen-
tral metabolism seems to respond in a way to accommodate
channel management of the peripheral hydrocarbon metabo-
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lism. Overall, the functional global network indicates that, in
M. vanbaalenii PYR-1, n-alkanes and PAH substrates in BP crude
oil are ultimately oxidized to CO, and H,O via the TCA cycle and
the respiratory chain and used as a carbon source of biosynthetic
precursors.

Structural view of the global functional metabolic network.
The integrated view of the top-down and enzyme-centric, bot-
tom-up perspective of the functional metabolic network suggests
that global carbon metabolism in M. vanbaalenii PYR-1 is not
randomly connected or activated but rather has a scale-free struc-
ture and behavior with an apparent connection preference. The
scale-free features of the global metabolic network well reflect the
functional interactions, showing apparent movement of carbon
(carbon flux) between the peripheral and central carbon pathways
(Fig. 6). From a structural perspective, acetyl-CoA, pyruvate,
phosphoenolpyruvate (PEP), and succinate showed a hub meta-
bolic feature with a relatively high functional connection, indicat-
ing active metabolic dynamics, that is, relatively high in-and-out
rates. In the functional network, acetyl-CoA showed the highest
degree of functionally activated connection, which is three in and
two out degrees. Before entering the TCA cycle, the carbon skele-
tons of n-alkanes and PAHs were degraded to acetyl groups (C,) of
the hub metabolite, acetyl-CoA. However, the TCA cycle appar-
ently did not accept most of the acetyl-CoA input. While the two
out degrees toward acetoacetyl-CoA and malonyl-CoA were
activated by the upregulation of acetyl-CoA acetyltransferases
(Mvan_5067, Mvan_5222, and Mvan_5259) and carbamoyl-
phosphate synthase (Mvan_4090), respectively, the two out de-
grees of acetyl-CoA toward the TCA cycle (acetyl-CoA + glyoxy-
late—>malate and acetyl-CoA + oxaloacetate—>citrate) were not
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activated. On the other hand, pyruvate seemed to be mainly con-
verted into both acetyl-CoA and PEP. We observed that the three
catalytic enzymes of the pyruvate dehydrogenase complex, pyru-
vate dehydrogenase (Mvan_1408), dihydrolipoyl transacetylase
(Mvan_1409), and dihydrolipoyl dehydrogenase (Mvan_1410),
catalyzing the oxidative decarboxylation of pyruvate to acetyl-
CoA, were upregulated (STEM pattern 21). Two pyruvate diki-
nases (EC 2.7.9.2; Mvan_2632 and Mvan_4106), which produce
PEP from pyruvate, were also upregulated (STEM pattern 21). Since
aPEP carboxylase (Mvan_2707) was also upregulated (STEM pattern
21), the PEP with three active connection degrees could be converted
into oxaloacetate, which is the cosubstrate for a pace-making citrate
synthase in the first step of the TCA cycle. Citrate synthase catalyzes
the condensation of a two-carbon acetate residue from acetyl-CoA
and a four-carbon oxaloacetate molecule to form the six-carbon ci-
trate.

Behavioral perspective of the pace-making enzymes in the
TCA cycle. The overall rate of the TCA cycle is controlled by the
rate of conversion of pyruvate to acetyl-CoA and by the flux
through citrate synthase, isocitrate dehydrogenase, and a-keto-
glutarate dehydrogenase. From the perspective of behavior, the
pace-making enzymes, citrate synthase (Mvan_5022 and Mvan_
5025), isocitrate dehydrogenase (Mvan_3212), and a-ketogluta-
rate dehydrogenase (Mvan_3964 and Mvan_3965), were consti-
tutively expressed with no upregulation under BP crude oil (see
Data Set S2A in the supplemental material). Despite the activation
of the production routes of acetyl-CoA, including the oxidative
decarboxylation by pyruvate dehydrogenase (Mvan_1408, Mvan_
1409, and Mvan_1410), the lack of upregulation of the first step,
citrate synthase (Mvan_5022 and Mvan_5025), is intriguing, since
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the initial citrate condensation would largely determine the over-
all rate of the TCA cycle in BP crude oil hydrocarbon metabolism.
Together with the diversion of acetyl-CoA into acetoacetyl-CoA
or malonyl-CoA, induction of the metabolic route producing ox-
aloacetate from pyruvate via PEP explains that there is no upregu-
lation of the initial pace-making enzyme under BP crude oil me-
tabolism, probably because of a concentration imbalance between
the two substrates of citrate synthase, acetyl-CoA and oxaloace-
tate. This behavioral hypothesis is consistent with the structural
perspective of the functional metabolic network, that is, acetyl-
CoA shows an activated out-connection degree toward
acetoacetyl-CoA and malonyl-CoA, but oxaloacetate has an
activated in-connection degree from PEP. Interestingly, the
enzyme (Mvan_2707) responsible for the replenishment of ox-
aloacetate from PEP showed the same expression pattern
(STEM profile 21) as the two pyruvate dikinases (Mvan_2632
and Mvan_4106), producing PEP from pyruvate. This coordi-
nated expression pattern between the two steps, pyruvate to
PEP and PEP to oxaloacetate, could enhance the replenishment
of oxaloacetate.

Glyoxylate bypass and the CO,-releasing decarboxylation
route in the TCA cycle. In contrast to the lack of upregulation in
the expression of the pace-making enzymes, among the TCA cycle
enzymes, succinyl-CoA synthetase (Mvan_4870) and isocitrate
lyase (Mvan_0801) were upregulated. As shown in the functional
network, all the upregulated enzymes were concentrated in the
steps from the intermediate isocitrate to succinate. In the TCA
cycle, isocitrate seemed to be further metabolized by two path-
ways, the anaplerotic route (glyoxylate bypass) and the CO,-re-
leasing decarboxylation route via a-ketoglutarate and succinyl-
CoA. Isocitrate lyase (Mvan_0801) is a hallmark enzyme for the
glyoxylate bypass, catalyzing the cleavage of isocitrate into one
molecule each of succinate and glyoxylate. However, malate syn-
thase (Mvan_3097), responsible for the condensation of glyoxy-
late with acetyl-CoA to generate the TCA cycle intermediate
malate, showed no change in protein abundance during growth
under BP crude oil. Considering that coordinated induction of
both isocitrate lyase and malate synthase usually ensures maximal
flux through this anaplerotic route, this functional disconnection
suggests that the anaplerotic route via glyoxylate and malate is not
essential. In agreement with this observation, the gluconeogenesis
pathway via oxaloacetate and PEP and several anabolic pathways
initiated from malate, such as cofactors and nucleotide metabo-
lism, were not induced (see Data Set S4 in the supplemental ma-
terial). As explained above, even PEP was used to enhance the
concentration of oxaloacetate by upregulation of the PEP car-
boxylase (EC 4.1.1.31; Mvan_2027). In addition, although the
two CO,-releasing decarboxylation enzymes (isocitrate dehy-
drogenase [Mvan_3212] and a-ketoglutarate dehydrogenase
[Mvan_3954 and Mvan_3965]) were not upregulated, succi-
nyl-CoA synthetase (Mvan_4870) in the CO,-releasing decar-
boxylation route was upregulated. The functional disconnection
of the enzymes for the glyoxylate bypass has also been observed in
other microorganisms (59-63). As shown in Fig. 6, succinyl-CoA
is also produced from the CAP of the PAH-MN, in which the last
enzyme, 3-ketoadipyl-CoA thiolase, produces succinyl-CoA and
acetyl-CoA from B-ketoadipyl-CoA (33, 44, 45).

Coordinated cellular responses of M. vanbaalenii PYR-1 to
BP crude oil. Throughout the incubation of M. vanbaalenii PYR-1
with DWH BP crude oil, the bacterium differentially regulated
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more than 70% (2,735 proteins) of the expressed proteins,
whose functions are distributed throughout the COG catego-
ries. This indicates that the exposure of M. vanbaalenii PYR-1 to
BP crude oil had caused a dynamic, diverse, and complex cel-
lular response. Based on the chemical and proteomic results of
this study, we propose an overview of metabolism and other
cellular adaptive responses in M. vanbaalenii PYR-1, as shown
in Fig. 7.

Initially, adaptive responses of M. vanbaalenii PYR-1 to BP
crude oil are probably triggered by transcriptional regulators.
Hundreds of regulatory proteins are involved with expression of
metabolic enzymes and other global physiological responses of M.
vanbaalenii PYR-1 (see the supplemental material for details).
One of the first cellular actions in response to BP crude oil is
probably the synthesis of biosurfactant (see the supplemental ma-
terial for details). When M. vanbaalenii PYR-1 comes into contact
with droplets of oil, cells of the bacterium produce biosurfactant.
This trehalose-containing glycolipid solubilizes hydrocarbon
fractions of oil, which then are delivered into the cytoplasm
through membrane transporters, initiating degradation of crude
oil hydrocarbons. M. vanbaalenii PYR-1 is able to metabolize both
aliphatic and aromatic hydrocarbons at the same time. Degrada-
tion of alkanes is probably mainly initiated by the AlkB terminal
alkane monooxygenase, which is connected to the B-oxidation of
fatty acid degradation. Although M. vanbaalenii PYR-1 metabo-
lizes a broad range of n-alkanes up to chain length C,g, it has the
highest activity toward medium chain lengths, around C,, to C5.
BP crude oil modified the bacterial regulation of enzymes respon-
sible for PAH degradation, which resulted in less degradation of
fluoranthene but complete degradation of phenanthrene and py-
rene. The aliphatic and aromatic metabolism in M. vanbaalenii
PYR-1 involves a sequence of coordinated reactions whereby the
channel management enhances input substrate diversity with the
controlled production of limited outputs of the peripheral path-
ways, resulting in concentration of the flux of intermediates to the
central metabolism. A suite of transporter proteins involved in
nutrient uptake or solutes are upregulated (see the supplemental
material for details). Expression of transporters associated with
efflux pumps is also upregulated, which is necessary for the efflux
of BP crude oil toxic substances, as well as toxic intermediates
generated from hydrocarbon metabolism (see the supplemental
material for details).

Conclusions. Bacterial metabolism is an organized behavior
by which a bacterium obtains the energy and carbon sources to
live and reproduce (33, 44, 45). Many research endeavors focus on
isolation of oil-consuming microorganisms from oil-contami-
nated environments and evaluation of their efficiencies in the deg-
radation of crude oil (6-8). Due to its exceptional catabolic abili-
ties, M. vanbaalenii PYR-1 has been extensively studied with
respect to metabolism of some of the components of crude oil
hydrocarbons, such as PAHs, and discussions have been ongoing
about its application in bioremediation (36). As revealed in this
study, there was a genome-wide, coordinated cellular response of
M. vanbaalenii PYR-1 to BP crude oil, and metabolic evidence
confirms the potential of bioremediation for marine and terres-
trial systems that the oil has contaminated. However, as revealed
in the observed functional differences of PAH-degrading enzymes
between pure PAHs and BP crude oil, there is still much to learn
about the physiology and biochemistry of oil component biodeg-
radation in vitro, in vivo, in situ, and ex situ. In particular, knowl-
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FIG 7 Overview of metabolism and transport involved in response to BP crude oil by M. vanbaalenii PYR-1.

edge gaps between in vitro and in vivo and between in sifu and ex
situ seriously hinder efforts toward practical bioremediation ap-
plications. More systematic research should be conducted to
bridge the laboratory and the field in the biodegradation of petro-
leum components.
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