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Sphingomonas wittichii RW1 is a bacterium of interest due to its ability to degrade polychlorinated dioxins, which represent priority
pollutants in the USA and worldwide. Although its genome has been fully sequenced, many questions exist regarding changes
in protein expression of S. wittichii RW1 in response to dioxin metabolism. We used difference gel electrophoresis (DIGE) and
matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) to identify proteomic changes induced by growth on
dibenzofuran, a surrogate for dioxin, as compared to acetate. Approximately 10% of the entire putative proteome of RW1 could
be observed. Several components of the dioxin and dibenzofuran degradation pathway were shown to be upregulated, thereby
highlighting the utility of using proteomic analyses for studying bioremediation agents. This is the first global protein analysis of a
microorganism capable of utilizing the carbon backbone of both polychlorinated dioxins and dibenzofurans as the sole source for

carbon and energy.

1. Introduction

Dioxins are some of the most widely studied and prevalent
anthropogenic environmental pollutants. Common sources
include backyard burning, incineration of plastics, and chlo-
rine bleaching of pulp in paper mills [1]. Documented health
effects include acute and chronic effects, including chloracne,
various types of cancers, reproductive diseases, circulatory
and respiratory diseases, and diabetes [2]. The traditional
approach to environmental remediation includes a host of
physical and chemical methods, depending on the charac-
teristics of the polluted site and the extent of contamination
present [3]. Bioremediation, which is the use of biogenic
materials and organisms for environmental cleanup, has
also been proposed, including phytoremediation using plants
[4] and microbial degradation using primarily bacteria and
fungi [5]. Bioremediation is an attractive strategy, as it can

destroy the pollutant rather than transferring it from one
environmental compartment to another. It also can be less
expensive than physical strategies [6]. Common bioremedia-
tion strategies include the addition of nutrients, degradative
microorganisms, or both.

Sphingomonas wittichii RW1 is a microorganism of great
interest to the bioremediation community for its ability to
biotransform a large number of toxic polychlorinated dioxins
and to utilize both nonchlorinated dibenzo-p-dioxin and
nonchlorinated dibenzofuran as a growth substrate and sole
source of carbon and energy [5].

One of the major challenges in bioaugmentation strate-
gies relying on the addition of nonnative microbes is to
ensure their viability and degradative activity toward the
target compounds. Monitoring bioremediation is critical to
ensure the efficacy of the process and the reduction of con-
taminant mass to acceptable levels. Traditionally, the most
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important characteristics investigated for microorganisms
used in bioremediation were their ability to transform the
substrate, the rate of substrate removal, and the resulting
metabolites [6-9]. To optimize the bacterial degradation
of pollutants, it is important to understand how these
organisms function during growth on recalcitrant substrates
and which factors influence their degradative abilities. This
includes analyzing not only the degradative pathways [10—
12], but also the peripheral processes and mechanisms that
are involved in taxis (i.e., directed motion in a chemical
gradient), uptake, and transport during exposures to spe-
cific substrates. Analysis of DNA and RNA [13] can shed
light on an organism’s metabolic potential; however, these
measurements poorly correlate to actual protein expression
profiles [14]. Therefore, global analyses of protein expression
profiles may be a more informative tool for understanding
the physiological mechanisms of biodegradation. In addition
to identifying important degradative enzymes in a variety of
important microbes [15-17], proteomic studies have opened
the door to a better understanding of system-wide changes in
response to differing substrates [18].

The imperative to perform proteomic analyses is partic-
ularly true for S. wittichii RW1 because the enzymes in the
dioxin degradation pathway are encoded on different loci
throughout the genome [19], certain elements in the pathway
are located on a plasmid [20], and there may be alternative
pathways at work [21]. The present study builds on previous
work [22] and utilized difference gel eletrophoresis (DIGE)
coupled with mass spectrometry (MS) to exploit recently
gathered RW1 genome data [23]. When used together, these
tools yield information on the response of cells of S. wittichii
RWT1 to dioxin exposure and the bacterium’s degradative
activity toward this recalcitrant compound.

The aim of this study was to investigate system-wide
changes in protein expression during growth on dibenzofu-
ran, a nontoxic surrogate for dibenzo-p-dioxin, as compared
to nonselective growth media. Acetate was selected as the
nonselective alternate substrate, as growth on this compound
was observed to influence expression of select proteins,
including the dioxin dioxygenase [24]. Thus, any changes
measured in response to cells grown on dibenzofuran should
represent cell-wide effects related specifically to the growth
substrate and not to unanticipated extraneous effects. This
work constitutes the first global assessment of protein
expression by S. wittichii RW1.

2. Materials and Methods

2.1. Culture Maintenance. Cultures of S. wittichii strain RW1
(100mL to 1.0L) were grown to mid log phase at 30°C in
M9 phosphate-buffered minimal medium (pH 7.05) supple-
mented with either dibenzofuran crystals or 50 mM acetate
as growth substrates. Saturated dibenzofuran medium con-
tained approximately 3—5 mg/L of the selective growth sub-
strate in the dissolved phase. Cells were grown overnight on
dibenzofuran and acetate as sole carbon sources to an optical
density of 0.4-0.6 absorbance units (Aseonm). Following
biomass processing, protein levels in the samples were on
the order of 75-200ug/mL. Protein concentrations were
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normalized prior to analysis by concentration and resuspen-
sion in DIGE sample preparation buffer. Culture purity was
confirmed by the streak plate method using Luria Bertani
medium supplemented with 1.5% agar.

2.2. Protein Extraction and Cleanup. Cultures were cen-
trifuged at 3,000-5,000 xg for 10 minutes at 4°C. Harvested
biomass was washed, spun again, and the resultant pellet sus-
pended in a small volume of 100 mM ammonium bicarbon-
ate (pH ~7.0). This microbial suspension was then sonicated
under cooling with ice, using a microtip sonicator (Fisher
Scientific, Pittsburgh, PA, USA) in a sequence of three 10-
second bursts delivered in thirty-second intervals. The son-
icated cells were then immediately centrifuged at 10,000 xg
for 10 minutes at 4°C. The supernatant was collected and
the protein purified by trichloroacetic acid (TCA)/acetone
precipitation. Briefly, 8 parts of 10% TCA in acetone (—20°C)
were added per volume of supernatant and, following mixing
on a vortex, the resultant dilution was incubated at —20°C
overnight. Following centrifugation (10,000 xg, 10 minutes,
4°C), harvested biomass was washed in cold acetone for 10
minutes at —20°C. Following a subsequent centrifugation,
the pellet was resuspended in sample preparation buffer (7 M
urea, 2M thiourea, 2% CHAPS, 0.2% DTT, 0.02% bro-
mophenol blue) and stored at —20°C until analyzed. Protein
concentrations were measured using the bicinchoninic acid
assay (Pierce, Rockford, IL, USA) following dilution to
reduce the concentration of interfering agents.

2.3. DIGE Labeling. Twenty-five ug of crude cell lysates of
RW1 biological replicates grown on dibenzofuran (n = 3)
and acetate (n = 3) were labeled using Cy dyes (GE Health-
care) as described elsewhere [25]. Briefly, samples were
adjusted to 1 yg/uL using sample preparation buffer and the
pH checked. Subsequently, 0.25uL of 1pmol/uLCy dyes
were added to samples for 30 minutes in the dark on ice. To
stop the labeling reaction, 0.5 uL of 10 mM lysine was added
to the samples, which were mixed and incubated on ice for
10 minutes prior to storage at —20°C until analysis.

2.4. 2D-DIGE. Unless stated otherwise, all procedures were
carried out in the dark or minimal light to protect the
integrity of the fluorescent dyes. Samples were randomized
to reduce the effect of dye bias and in-gel variations. A global
pool consisting of fractions of each sample was labeled as
outlined above using Cy 2 and added to each sample as an
internal standard. One Cy-3- and one Cy-5-labeled sample
were added to each gel, as defined by the experimental ran-
domizing procedures. To each sample, an additional 175 ug
of unlabeled sample were added; the volume was increased to
a total of 450 L using sample preparation buffer. The reduc-
ing agent DTT (dithiothreitol; 1.3 mg per tube) and IPG
(immobilized pH gradient) buffer (0.5%) were added, and
the samples incubated and mixed in the dark at room tem-
perature for approximately 1h. Samples were then applied
to 24 cm pH 4-7 IPG strips (GE Healthcare) and focused
for 60 kVh using the following protocol: 12 h rehydration at
30V; 1h step and hold at 500 V; 7 hour gradient to 1,000 V;
step and hold at 1,000 V for 1 hour; gradient to 8,000V for
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3 h; step and hold at 8,000 V until 60 kVh. Strips were then
reduced and equilibrated using 10 mg/mL DTT (15 min)
followed by 25mg/mL iodoacetamide (15min). The IPG
strips were overlaid on 24 x 26 cm 8-16% gradient Tris-HCl
pH 8.8 precast gels (NextGen Sciences, Ann Arbor, MI, USA)
cast between low-fluorescing glass plates. Approximately
I mL of agarose was applied to fix the gels and a Cy-2-
labeled molecular weight marker was applied adjacent to the
acidic side of the strip. The gels were then run 1-2W per
gel overnight (~22-24 hours) at 20°C until the marker dye
ran off the gel. Gels were then imaged with a Typhoon 9400
scanner and processed using DeCyder v6.5 (GE Healthcare)
BVA batch processor tool. Gels were poststained using a silver
stain as described previously [26]. Images were uploaded to
DeCyder (version 6.5) and spurious image objects (water
spots, streaks, and mismatches) were identified and excluded
from further analysis. Following allocation of changed pro-
teins, individual spots were manually inspected and excluded
from analysis if they fell outside acceptable parameters for
peak height, area, and slope.

2.5. Gel Picking and Protein Digestion. Pick lists were gener-
ated by selecting proteins whose expression was statistically
changed in the two growth conditions (P < 0.05) following
digital image analysis using DeCyder, and the corresponding
spots were automatically picked using an Ettan Spot Picker
(GE Healthcare) with Ettan Spot Pick Software v.1.1. Spots
were delivered in 100 mM ammonium bicarbonate to a 96-
well plate and digested using established protocols. Briefly,
gel pieces were sequentially dried using three exchanges
of 100% acetonitrile followed by a 10-minute SpeedVac
(Savant) drying. Gel pieces were rehydrated in 40uL of
10ng/uL trypsin in 100mM NH4HCO; on ice for 45
minutes. The supernatant was removed and replaced with
100 mM NH4HCO; and digested at 37°C overnight. Pep-
tides were then extracted using 50% acetonitrile/0.1% TFA
(trifluoroacetic acid) for 30 minutes at 37°C. The peptides
were microextracted using Omix Cyg tips (Varian, Palo Alto,
CA, USA) following the manufacturer’s instructions and
then deposited on a stainless-steel target plate in a matrix
consisting of 10 mg/mL 2,5-dihydroxybenzoic acid.

2.6. MS and Database Searching. Mass spectra were acquired
using a Voyager DE-STR matrix-assisted laser desorp-
tion/ionization time-of-flight MS (Applied Biosystems, Fos-
ter City, CA, USA) in positive reflector mode with delayed
extraction using the following parameters: laser energy, 1400
arbitrary units; mass range, 500-5,000 Da; 120 nsec delay,
100 laser shots per spectrum. External calibration was con-
ducted using a standard peptide mixture (bradykinin, insulin
B chain, P14R, and ACTH), and internal calibration was car-
ried out using trypsin autolysis peaks. Data were processed
in Data Explorer v1.1 (Applied Biosystems, Foster City, CA,
USA) using noise reduction (2 standard deviations) and peak
deisotoping. Peak masses were searched using the Mascot
online search engine (http://www.matrixscience.com/) with
the following settings: database, NCBI entire database (5.6
million entries); no missed cleavages; monoisotopic peaks;
no fixed modifications; variable modification of methionine
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FIGURE 1: A representative 2D-DIGE gel of RW1 showing the
contrast in protein expression between cells grown on acetate
and dibenzofuran. Proteins that are expressed equally for the
two conditions are marked with an orange arrow; differentially

expressed proteins are shown with green (higher on acetate) or red
(higher on dibenzofuran) arrows.

oxidation; error tolerance of 150 ppm. Protein identifications
were mapped back to the gel using DeCyder v6.5. Database
and literature searches were used to further characterize and
classify the proteins identified by MALDI-TOF MS. Where
ambiguous names were encountered, BLASTp searches [27]
were used to identify homologous proteins from orthologous
species.

3. Results

Image analysis of 24 cm 2D-DIGE gels loaded with protein
of S. wittichii RW1 cells grown on either dibenzofuran or
acetate revealed 937 unique spots. Differential in-gel analysis
of individual gels determined gel-specific parameters for
selection criteria and allowed visual examination of changes
between growth on the two substrates (Figure 1). Of the
937 identified spots, 595 were matched between all the gels
used to statistically compare the quantitative abundance of
proteins. Statistical analysis compared triplicate biological
observations for each condition, normalized to the internal
pooled standard (Figure 2).

Crude cell lysates from S. wittichii RW1 grown on
dibenzofuran showed that, of all proteins observed, 22
proteins were modulated in response to changes in culture
conditions. These candidate biomarkers of metabolic activity
and phenotype were observed in at least 6 of 9 DIGE images
and were modulated as follows: 16 showed an apparent
increase and 6 an apparent decrease (Figure2). These
proteins, along with 22 proteins selected due to their high
abundance in both growth conditions, were further analyzed
and identified using mass spectrometry (Figure 3). A Mascot
search of the entire NCBI database using mass spectral data
generated by peptide mass fingerprinting identified 23 of the
44 proteins (52%). All protein identifications corresponded
to the genome of S. wittichii strain RW1. Among the 16
proteins upregulated during growth on dibenzofuran, 7
were successfully identified (Table 1). Among the 6 proteins
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FIGURE 2: Statistics and spot information for three representative spots from DIGE analysis of the RW1 crude cell proteome. Following visual
examination of the spot characteristics and matching parameters, spots were identified as increased ((a), gi| 148555952 glyoxalase/bleomycin
resistance protein/dioxygenase), decreased ((b), unidentified protein), or unchanged ((c), gi|148553776 OmpA/MotB domain protein).

downregulated during growth on dibenzofuran, 3 were

= ] — successfully identified (Table 2). An additional 13 proteins
o - e were identified whose expression level remained unchanged
S regardless of culture conditions (Table 3).

N A oy D R Of the 7 identified proteins increased during growth on
e ..937-‘- i, ez dibenzofuran, 2 were directly related to the dibenzofuran

o B0 b i degradation pathway (Figure 4); the others were involved in
® o ooy e downstream metabolic processes (catechol 1,2-dioxygenase,
Wi, o B ) e adenosylhomocysteinase), cell growth (elongation factor
e BT & .- Ts), and cell protection (cold shock DNA-binding domain
- e T protein, alkyl hydroperoxide reductase). The three identified

s o .l > - proteins whose expression was decreased (fumarylacetoac-
i . - = etate hydrolase, TonB-dependent receptor, and acyl-CoA
* e " 0 dehydrogenase) are involved in biosynthesis, catabolism, and

FIGURE 3: A scanned and cropped 24 cm gel showing annotations
for spots selected for further analysis. The spots were selected due
to (i) their relative increase or decrease during growth on the
selected substrate or (ii) their high abundance in both samples.
The spot numbers are identifiers for the quantitative information
and identity; identified spots are marked with an orange flag (see
Tables 1-3). The approximate pH range (horizontal) is 4-7, and the
approximate molecular weight (vertical) is 110 kDa to 10 kDa.

transport. The unchanged proteins represented basic cell
functions, although biosynthesis, catabolism, and transport
proteins dominated the identities. The alpha subunit of the
dioxin dioxygenase, the first step in the dioxin degradation
pathway, was also identified as unchanged.

4. Discussion

DIGE and 2D electrophoresis are an accepted strategy
for mining microbial proteomes for biomarkers related to
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TaBLE 1: Proteins identified as being increased in S. wittichii RW1 during growth on dibenzofuran when compared to growth on acetate.
The spots were identified on a minimum of 6 gel images.

Master number®  Protein accession® Gene locus Protein name Average ratio® t-testd
919 148556489 Swit 3587 Alkyl hydrop.erolxide reductase/thio-specific 152 0.099
antioxidant/Mal allergen
922 148553900 Swit_0977 Catechol 1,2-dioxygenase 1.8 0.078
921 148555809 Swit_2901 Putative cold shock DNA-binding domain 1.89 0.078
539 148555586 Swit_2674 Adenosylhomocysteinase 1.97 0.062
418 148553385 Swit_0461 Elongation factor Ts 2.10 0.05
934 115279619 Swit_3055 Meta-cleavage pathway hydrolase 2.54 0.055
603 148555952 Swit 3046 Glyoxalase/bleomycin resistance protein/ 388 0.031
dioxygenase

‘Arbitrary identifier for spot location (see Figure 2).

bNCBI gi| number.

¢Using internal standard as 1.0, >1 is an increase and <1 is a decrease in abundance.
dStudent’s t-test comparing spot intensity for acetate versus dibenzofuran grown cells.

TaBLE 2: Proteins identified as decreased in S. wittichii RW1 during growth on dibenzofuran as compared to acetate. The spots were identified
on a minimum of 6 gel images.

Master number® Protein accession® Gene locus Protein name Average ratio© t-test 4
821 148551036 Swit_5089 Fumarylacetoacetate hydrolase -1.99 0.063
470 148553574 Swit_0650 Acyl-CoA dehydrogenase domain -1.74 0.031
161 148550568 Swit_5129 TonB-dependent receptor —-1.59 0.086

‘Arbitrary identifier for spot location (see Figure 2).

PNCBI gi| number.

¢Using internal standard as 1.0, >1 is an increase and <1 is a decrease in abundance.
dStudent’s t-test comparing spot intensity for acetate versus dibenzofuran grown cells.

TaBLE 3: Highly abundant proteins identified as unchanged in S. wittichii RW1 during growth on dibenzofuran or acetate. The spots were
identified on a minimum of 6 gel images.

Master number® Protein accession® Gene locus Protein name Average ratio®  t-testd
916 148556048 Swit_3144 TonB-dependent receptor -1.33 0.23
929 148553835 Swit_0912 4-Oxalocrotonate decarboxylase -1.26 0.25
256 148556278 Swit_3376 Chaperonin GroEL -1.21 0.5
453 148553821 Swit_0898  Phenylpropionate dioxygenase, ferredoxin reductase subunit -1.17 0.5
741 148553833 Swit_0910 Alpha/beta hydrolase fold -1.08 0.9
933 148555961 Swit_3055 Meta-cleavage product hydrolase -1.03 0.85
932 148553776 Swit_0853 OmpA/MotB domain -1.00 0.93
749 148553834 Swit_0911 4-Oxalocrotonate decarboxylase 1.09 0.3
927 148555704 Swit_2794 Opacity protein and related surface antigen-like protein 1.09 0.82
648 148550878 Swit_4921 3-Keto-5-aminohexanoate cleavage enzyme 1.15 0.45
177 148555643 Swit_2731 Aconitate hydratase 1 1.23 0.44
479 148550877 Swit_4920 FAD-dependent pyridine nucleotide-disulphide oxidoreductase 1.57 0.5
937 148550856 Swit_4897 Dioxin dioxygenase, alpha subunit 1.59 0.38

‘Arbitrary identifier for spot location (see Figure 2).

PNCBI gi| number.

¢Using internal standard as 1.0, >1 is an increase and <1 is a decrease in abundance.
dStudent’s t-test comparing spot intensity for acetate versus dibenzofuran grown cells.

a number of processes [28-30]. The complete protein resolved on a large (24 cm) 2-dimensional gel and matched
content of S. wittichii RW1 consists of approximately 5,000  between the three biological replicates, representing approx-
putative proteins from the bacterial chromosome and two  imately 10% of the entire protein content. Of these 500
megaplasmids. Using simple extraction and purification  proteins, 22 were found to be regulated in response to growth
techniques followed by DIGE, over 500 protein spots were  condition changes.
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Only one study has examined transcriptomic data from
S. wittichii RW1 [31]. This study examined the effect of
solute perturbation on RW1 grown on salicylate. Of the
genes they identified as being changed in their experiments,
only two overlapped with the proteins identified in our
study: Swit_3144 (TonB-dependent receptor, downregulated)
and Swit_3376 (Chaperonin GroEL, upregulated). Both of
these gene levels responded to short-term perturbation with
PEG8000 but not sodium chloride in the transcriptomic
study and were unchanged in our study.

In our study, we also identified a number of proteins that
are related to dioxin/dibenzofuran degradation (e.g., dioxin
dioxygenase, meta-cleavage product hydrolase, and 2,3-
dihydroxybiphenyl 1,2-dioxygenase). Other proteins were
identified that showed increases in abundance but whose
role was not directly related to the dibenzofuran degradation
pathway. The increase in the presence of antioxidants such
as alkyl hydroperoxide reductase suggests that there is an
increasing stress upon the bacterial cell during growth
on dibenzofuran, perhaps due to a change in catabolism
resulting in an increase in endogenous peroxide generation
[32]. Increases in a cold-shock DNA-binding protein may be
further evidence of an increased cellular stress [33]. However,
proteins of the cold shock family and related ones are also
known to have transport and protein processing roles [34].

Among the proteins in the dioxin degradation pathway,
the most prominent on the gel was the meta-cleavage
product hydrolase. This identification was produced from
two adjacent spots, likely representing an artifact due to
the protein’s extremely high expression or a reflection of
the presence of multiple isoforms or a modified enzyme.
S. wittichii RW1 has three known isoforms of this meta-
cleavage product hydrolase [21]. The one identified in the
present study is the product of the Swit_3055 locus, a
gene also known as DxnB2 [21]. Its identification in this
study corroborates previous findings [21]. Unlike the dioxin
dioxygenase, this gene is found on the chromosome.

The glyoxalase/bleomycin resistance protein/dioxygenase
identified in this study is also annotated as a 2,3-dihydrox-
ybiphenyl-1,2-dioxygenase located on the chromosome at
the Swit_3046 locus. Again, there are multiple isoforms of
this enzyme found both on the chromosome and the
megaplasmids. The KEGG dioxin degradation pathway
identifies Swit 4182 as the dihydroxybiphenyl dioxygenase
involved in biphenyl metabolism and Swit 4902 as the
trihydroxybiphenyl dioxygenase in both dioxin and diben-
zofuran metabolism. These genes have all been annotated
as glyoxalase/bleomycin resistance protein/dioxygenase. The
increased expression in response to dibenzofuran suggests
that the Swit_3046 dioxygenase plays a more important role
in dibenzofuran degradation in vivo.

The high degree of redundancy in the dioxin and
dibenzofuran degradation pathways, that is, the presence
of multiple ring-hydroxylating alpha and beta subunits,
glyoxalase/bleomycin resistance protein/dioxygenases, and
meta-cleavage product hydrolases, remains to be explained.
One possibility is that the various isoforms have different
affinities for chlorinated metabolites that would result from
chlorinated dioxins and furans. Further experiments are

needed to fully distinguish the roles of these enzymes in S.
wittichii RW1 degradation pathways.

Although not directly implicated in dioxin degradation,
the fumarylacetoacetate hydrolase is also of interest because
the gene encoding this protein (Swit_5089) flanks the ferre-
doxin Fdx1 (Swit_5088) that has been identified as part of the
electron supply chain supporting dioxin dioxygenase activity.
Of the multiple isoforms of this enzyme, Fdx1 was found to
function in vitro with the dioxin dioxygenase [35]. The elec-
tron supply chain also contains two isofunctional reductases
[36]. Neither the ferredoxin itself nor the reductases could
be identified. In previous studies, the reductase was present
as a much smaller fraction of the soluble cell proteome than
either the ferredoxin or the dioxin dioxygenase [36], so gel-
based methods may not be sensitive enough to detect this
protein. If transcription of the ferredoxin is linked to the
other genes at that locus, as is predicted [35], the decreased
expression in response to dibenzofuran suggests that another
ferredoxin is more important in the dioxin degradation
pathway in vivo. Further studies are needed to confirm this
hypothesis.

The detection of the dioxin dioxygenase alpha subunit
and related enzymes in both acetate- and dibenzofuran-
grown cells is potentially of importance for the field of
bioremediation because it suggests an avenue of biostimu-
lation. When utilizing S. wittichii RW1 as a bioremediation
agent, it may be possible to induce the expression of the
dioxin degradation pathway using acetate. Induction of the
dioxin degradation pathway has not been observed when S.
wittichii RW1 is grown on glucose or rich medium [22],
and growth in a complex environmental medium (landfill
leachate) was correlated with a decrease in copy number
of the gene encoding the dioxin dioxygenase alpha subunit
[37]. Previous studies using S. wittichii RW1 to transform
chlorinated dioxins in soil or fly ash have observed a
progressive decrease in degradative activity [5] or viable
cells [38, 39], respectively. The addition of acetate may
generate sufficient relevant protein biomass to catalyze the
successful degradation of dioxin and dioxin-like compounds
in environments bioaugmented with S. wittichii RW1.

Proteomic technology has emerged in microbiology
more rapidly than in other fields for several reasons. The rel-
atively small genomes code for relatively limited proteomes
featuring no or very limited posttranslational modifications
compared to higher organisms [40]. Furthermore, microbes
are easily controlled and manipulated in the laboratory,
both during growth and gene expression. These factors
will continue to drive biomarker discovery in microbial
proteomes, including phenotypic biomarkers informing on
the degradative activity of biomass produced for bioaug-
mentation of contaminated environments. Furthermore, the
field of bioremediation can benefit from methods suitable for
monitoring microbial biomarkers in field samples to inform
on progress in site bioremediation. This study highlights
a number of proteins that were changed in response to
dibenzofuran exposure, opens the door to a greater under-
standing of how S. wittichii RW1 performs and regulates the
degradation of dioxins, and suggests ways to enhance the
biodegradation of dioxins.
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