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Anaerobic benzene oxidation coupled to the reduction of Fe(III) was studied in Ferroglobus placidus in order
to learn more about how such a stable molecule could be metabolized under strict anaerobic conditions. F.
placidus conserved energy to support growth at 85°C in a medium with benzene provided as the sole electron
donor and Fe(III) as the sole electron acceptor. The stoichiometry of benzene loss and Fe(III) reduction, as well
as the conversion of [**C]benzene to ['*C]carbon dioxide, was consistent with complete oxidation of benzene
to carbon dioxide with electron transfer to Fe(III). Benzoate, but not phenol or toluene, accumulated at low
levels during benzene metabolism, and ['*C]benzoate was produced from ['*C]benzene. Analysis of gene
transcript levels revealed increased expression of genes encoding enzymes for anaerobic benzoate degradation
during growth on benzene versus growth on acetate, but genes involved in phenol degradation were not
upregulated during growth on benzene. A gene for a putative carboxylase that was more highly expressed in
benzene- than in benzoate-grown cells was identified. These results suggest that benzene is carboxylated to
benzoate and that phenol is not an important intermediate in the benzene metabolism of F. placidus. This is
the first demonstration of a microorganism in pure culture that can grow on benzene under strict anaerobic
conditions and for which there is strong evidence for degradation of benzene via clearly defined anaerobic
metabolic pathways. Thus, F. placidus provides a much-needed pure culture model for further studies on the

anaerobic activation of benzene in microorganisms.

The anaerobic degradation of benzene is of interest because
of its environmental significance (25, 38, 63) and because the
mechanisms for the initial metabolic attack on such a stable
molecule are expected to be novel (14, 22, 63, 66). The lack of
pure cultures in which it can definitely be stated that benzene
is metabolized without molecular oxygen has greatly stymied
the study of this process.

The only previously described pure cultures suggested to
anaerobically degrade benzene have used nitrate or chlorate as
an electron acceptor (21, 32, 62). Anaerobic benzene degrada-
tion has been studied in detail in one of these organisms,
Dechloromonas aromatica (15, 16, 21, 55). One of the most
surprising findings in the study of D. aromatica is that it lacks
all of the otherwise highly conserved genes involved in the
anaerobic degradation of monoaromatic compounds (55), such
as benzoate and phenol, which are otherwise found in all
Bacteria (13) and Archaea (30) that can metabolize these com-
pounds. In addition, it appears that oxygen incorporated into
the benzene ring does not come from water as would be ex-
pected for anaerobic benzene degradation (15). These results
have lead to the suggestion that D. aromatica might activate
benzene with oxygen produced intracellularly during growth
on nitrate (55, 63).
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However, benzene is clearly degraded under anoxic condi-
tions in natural communities and enrichment cultures. Ben-
zene was anaerobically degraded in sediments coupled to the
reduction of Fe(IlI) (4, 10, 43, 44, 53), Mn(IV) (61), sulfate (3,
20, 23, 27, 34, 35, 40, 64), carbon dioxide (17, 65), and graphite
electrodes (67). Enrichment cultures capable of anaerobic ox-
idation of benzene with either sulfate (1, 7, 18, 19, 49-51),
carbon dioxide (26, 54, 59), or Fe(III) (11, 31, 37, 53) as the
electron acceptor have been described. A number of different
species appear to be involved in benzene degradation in these
enrichment cultures. For example, different species of Gram-
positive bacteria and Delta- and/or Epsilonproteobacteria have
been associated with benzene degradation in sulfate-reducing
(1, 52), Fe(III)-reducing (37), and methanogenic (60) enrich-
ments. Archaeal species have also been detected in sulfate-
reducing enrichments (7).

Multiple pathways for anaerobic benzene degradation have
been proposed, and different microorganisms may employ al-
ternate pathways (22, 46). In early studies with methanogenic
benzene-degrading enrichment cultures, phenol and cyclo-
hexanone were detected as intermediates, leading to the sug-
gestion that first benzene was hydroxylated to phenol and then
the ring was reduced to produce cyclohexanone (26). Detec-
tion of phenol in sulfate-reducing enrichments also supported
the hydroxylation pathway (12). However, the potential for
abiotic production of phenol from benzene during sampling
has demonstrated that evidence beyond mere detection of phe-
nol may be required before phenol can be designated an in-
termediate (1, 36). Production of [**CJtoluene and [**C]ben-
zoate in methanogenic and nitrate-reducing enrichments
metabolizing ['*C]benzene suggested that benzene was initially
methylated, followed by transformation of toluene to benzoate
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(59). It has also been proposed that benzene may be directly
carboxylated to benzoate, based on the production of benzoate
in enrichment cultures (1, 36), and a putative carboxylase was
detected in protein extracts from an Fe(III)-reducing enrich-
ment culture during growth on benzene but not phenol or
benzoate (2).

The vast majority of studies on the anaerobic degradation of
aromatic compounds have focused on mesophilic bacteria.
However, it was previously demonstrated that the hyperther-
mophilic archaeon Ferroglobus placidus is able to anaerobically
oxidize benzoate and phenol with Fe(III) as the electron ac-
ceptor (30, 58). The F. placidus genes for benzoate and phenol
metabolism are homologous to those found in mesophilic bac-
teria, many of the genes are arranged in clusters similar to
those found in bacteria, and the expression of the appropriate
genes is specifically increased during growth on benzoate or
phenol (30). A unique feature of benzoate metabolism in F.
placidus is that it appears to use a ATP-consuming class I
benzoyl coenzyme A (benzoyl-CoA) reductase, similar to those
found in facultative bacteria, rather than the ATP-independent
class II benzoyl-CoA reductase found in all other strict anaer-
obes (30).

Here we report that F. placidus is capable of anaerobic
growth on benzene with Fe(III) serving as the electron accep-
tor. Gene expression patterns and metabolite data suggest that
benzene is converted directly to benzoate and that phenol is
not an important intermediate. This study also identifies a
putative carboxylase protein involved in benzene activation
that is homologous to a protein identified by proteomic and
genomic analysis of benzene degradation in an Fe(III)-reduc-
ing enrichment culture (2).

MATERIALS AND METHODS

Growth of Ferroglobus placidus. Ferroglobus placidus strain AEDII12DO DSM
10642 was obtained from the type culture collection of the Deutsche Sammlung
von Mikroorganismen and Zelkuturen (DSMZ), Braunschweig, Germany. Strict
anaerobic culturing and sampling techniques were used throughout (6, 48). The
growth medium was prepared as previously described (30, 57) with slight alter-
ations that included additional selenate and tungstate (Na,SeO, was 30 pg/liter
and Na,WO, was 40 pg/liter), 1 g/liter MgCl,, and 0.23 g/liter CaCl,. Cells were
grown with either Fe(III) citrate (56 mM) or amorphous Fe(III) oxyhydroxide
(100 mmol/liter) as an electron acceptor, and electron donors were supplied from
stock solutions to provide a final concentration of 10 mM acetate, 0.5 mM
phenol, 1 mM benzoate, or 2 mM benzene. All incubations were under N,-CO,
(80:20) at 85°C in the dark.

In order to adapt F. placidus for growth on benzene, it was initially grown in
the presence of benzene with hydrogen added to provide an initial partial pres-
sure of 101 kPa. Following growth in this medium, the culture was propagated in
medium without hydrogen.

Analytical techniques. Cell numbers were determined with epifluorescence
microscopy as previously described (28, 41). Culture samples were anaerobically
removed and fixed with glutaraldehyde (final concentration, 2.5%). The iron
minerals were dissolved with an acidic oxalate solution (28 g/liter ammonium
oxalate and 15 g/liter oxalic acid) for 1 h. The cells were treated with an acridine
orange solution (final concentration of 0.01%) and collected on a Nuclepore
membrane filter (0.2-wm pore diameter, GTBP; Millipore). These filters were
then observed under oil immersion with a Nikon Eclipse E600 epifluorescence
microscope.

Fe(IIT) reduction was monitored by measuring the formation of Fe(II) in the
medium over time as previously described (41, 42).

Benzene and toluene concentrations were quantified with a gas chromato-
graph (Perkin-Elmer Clarus 600 gas chromatograph) equipped with a flame
ionization detector. The hydrocarbons were separated on a Supelco Vocol fused-
silica capillary column (no. 24154) held at 50°C for 0.5 min, followed by an
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increase to 200°C at a rate of 10°C/min. The concentration of benzene in the
aqueous phase was calculated with Henry’s law constants for 85°C.

Cultures of F. placidus with insoluble Fe(III) as an electron acceptor were
amended with 1 uCi of [ring-UI-'*C]benzene (75 mCi/mmol; Moravek Biochem-
icals, Brea, CA). Aqueous stock solutions of ['*C]benzene were prepared as
previously described (4). Production of '*CO, in the headspace was monitored
using gas chromatography coupled with a gas proportional counter detector (39).

Concentrations of benzoate were determined with high-performance liquid
chromatography (HPLC) (Agilent 1100 HPLC series) with an Altima HP C;g HL
column. The eluent consisted of methanol (MeOH)-H,O (60:40) and 0.1%
H,PO,, and the compounds were detected at an absorbance of 280 nm. The
detection limit for benzoate with this system was 0.5 wM.

For thin-layer chromatography, cultures grown with insoluble Fe(III) as an
electron donor were amended with 1 pCi of [ring-UI-'*C]benzene, as described
above. After 27 days of incubation, when benzene was being actively metabo-
lized, 0.25-ml aliquots were extracted and centrifuged at 16,100 X g for 5 min to
separate the solid Fe(III). The supernatant was filtered with a 0.2-pm filter, and
30 wl of the supernatant was loaded on Whatman flexible plates (250-pm layer
Al/Sil G/UV), 1 pl at a time, with drying in between applications. The solvent mix
was benzene-dioxane-acetic acid (8:1:1) (9), and 3 pl of 7.68-uCi/ml stock
[**C]phenol and 8.6-wCi/ml stock ['*C]benzoate were used as standards. The
plates were exposed to a phosphor screen (Molecular Dynamics) for 3 days and
digitized with a Typhoon 9210 scanner (Amersham).

Extraction of RNA from samples. RNA was extracted from triplicate cultures
during exponential growth. Cells were pelleted by centrifugation at 3,000 X g for
15 min at 4°C. Pellets were then immediately frozen in liquid nitrogen and stored
at —80°C. RNA was extracted from these pellets as previously described (30). All
extracted RNA samples had A,4/4,5, ratios of 1.8 to 2.0, indicating that they
were of high purity (5). In order to ensure that RNA samples were not contam-
inated with DNA, PCR amplification with primers targeting the 16S rRNA gene
was conducted on RNA samples that had not undergone reverse transcription.

Microarray analysis. Whole-genome microarray hybridizations were carried
out by Roche NimbleGen, Inc. RNA was amplified with the TransPlex whole-
transcriptome amplification kit (Sigma) prior to transcriptomic analyses. Tripli-
cate biological and technical replicates were conducted for all microarray anal-
yses. All cDNA samples were chemically labeled with Cy3 and hybridized to
oligonucleotide microarrays that were designed based on the first draft of the F.
placidus genome sequence (accession number NC_013849) obtained from the
DOE Joint Genome Institute (JGI) website (www.jgi.doe.gov).

Results from microarray hybridizations were analyzed with the software Array
4 Star (DNASTAR). P values were determined with Student ¢ test analysis. A
gene was considered differentially expressed only if the P value was less than or
equal to 0.01.

Testing and design of primers for qRT-PCR. Genome sequence data obtained
from the DOE Joint Genome Institute (JGI) website (www.jgi.doe.gov) were
used to design quantitative reverse transcription-PCR (qRT-PCR) primers. All
qRT-PCR primers were designed according to the manufacturer’s specifications
(amplicon size, 100 to 200 bp), and representative products from each of these
primer sets were verified by sequencing clone libraries. All of the primer pairs
used in this study were previously described elsewhere (30).

PCR amplification parameters and clone library construction. A DuraScript
enhanced avian RT single-strand synthesis kit (Sigma) was used to generate
c¢DNA as previously described (29). For clone library construction, PCR products
were purified with a gel extraction kit (Qiagen), and clone libraries were con-
structed with a TOPO TA cloning kit, version M (Invitrogen, Carlsbad, CA),
according to the manufacturer’s instructions. One hundred plasmid inserts from
each clone library were sequenced with the M13F primer at the University of
Massachusetts Sequencing Facility.

Quantification of gene expression by quantitative RT-PCR. Once the appro-
priate cDNA fragments were generated by RT-PCR, quantitative PCR amplifi-
cation and detection were performed with the 7500 real-time PCR system (Ap-
plied Biosystems). Optimal quantitative RT-PCR conditions were determined
using the manufacturer’s guidelines. Each PCR mixture consisted of a total
volume of 25 pl and contained 1.5 pl of the appropriate primers (stock concen-
trations, 15 uM) and 12.5 ul of Power SYBR green PCR master mix (Applied
Biosystems). Standard curves covering 8 orders of magnitude were constructed
with serial dilutions of known amounts of purified cDNA quantified with a
NanoDrop ND-1000 spectrophotometer at an absorbance of 260 nm.

The housekeeping gene gyrA, which codes for the alpha subunit of DNA
topoisomerase, was used as an external control. This gene was selected because
it appears to be constitutively expressed by F. placidus species under a variety of
growth conditions (30), and it was not differentially expressed in any of the
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FIG. 1. Growth of and Fe(III) reduction by Ferroglobus placidus under anaerobic conditions with benzene as the sole electron donor and Fe(I1I)
oxide as the sole electron acceptor. A relatively high concentration of benzene (ca. 2 mM) was provided to permit maximum cell growth with the
Fe(III) available. Results are the means and standard deviations from three replicate cultures.

microarray experiments. This gene has also been used as an external control for
studies with other organisms (56).

Microarray data accession numbers. A complete record of all oligonucleotide
sequences used and raw and statistically treated data files is available in the
NCBI Gene Expression Omnibus database (GEO data series numbers
GSE30798 [benzene versus acetate], GSE30801 [benzene versus benzoate], and
GSE30799 [benzene versus phenol]).

RESULTS AND DISCUSSION

Growth and stoichiometry of benzene degradation. Cultures
of F. placidus that had been propagated for more than a year
through 15 sequential transfers with benzene as the sole elec-
tron donor grew without a detectable lag phase in medium with
benzene provided as the sole electron donor and Fe(III) oxide
as the sole electron acceptor (Fig. 1). It was previously re-
ported that F. placidus could not grow on benzene (58). The
success in growing F. placidus on benzene in the studies re-
ported here may be attributed to slight changes in the medium
composition and/or the initial culturing of F. placidus in the
presence of hydrogen and benzene, with hydrogen potentially
providing energy to permit adaptation for growth on benzene.
Additional nutritional studies might indicate whether any of
the medium modifications were significant, which could pro-
vide further insight into the biochemistry of benzene metabo-
lism.

During growth on benzene, the increase in cell numbers
tracked well with the accumulation of Fe(II) from Fe(III)
reduction (Fig. 1). There was no increase in Fe(II) or cell
numbers in controls without benzene. There was some loss of
benzene over time in controls without cells, which was attrib-
uted to adsorption of benzene in the butyl rubber stoppers that
were used to seal the tubes. However, there was substantially
more benzene loss in the presence of cells (Fig. 1). Given that
most of the carbon and electron flow during the oxidation of
organic compounds coupled to Fe(III) reduction goes toward
respiration (45), the additional loss of benzene in the presence
of cells (0.66 £ 0.03 mM) and the accumulation of Fe(II)
(23.33 = 1.62 mM) over time were close to those expected for

the stoichiometry of the reaction: C;H, + 30Fe** + 12H,0 —
6CO, + 30Fe** + 30H".

Benzene metabolism stopped after Fe(III) was depleted as
an electron acceptor (Fig. 1). Although 100 mmol/liter of
Fe(IIT) oxide was initially provided, typically only one-third of
this Fe(III) is available for reduction because the Fe(II) pro-
duced combines with the remaining Fe(III) to produce mag-
netite, which is not a suitable electron acceptor (33, 42). In
order to further evaluate anaerobic benzene oxidation, the
cells were cultured with lower concentrations of benzene to
favor a more complete utilization of the added benzene and
['*C]benzene was added to facilitate direct monitoring of ben-
zene oxidation (Fig. 2).

In stoichiometry studies (Fig. 2A) only initial and final time
points were used to prevent loss of benzene from repeated
headspace sampling. The consumption of benzene in the cul-
tures beyond that lost in the controls without cells (103.7 *
10.35 pM [mean * standard deviation; n = 3]) and the pro-
duction of Fe(II) (2.7 = 1.1 mM) compared favorably with the
3.1 mM Fe(II) expected from complete benzene oxidation. A
total of 60.83% =+ 11.76% of the added ['*C]benzene was
recovered as '*CO, which was consistent with loss of
52.12% = 5.39% of the initial benzene that could be attributed
to microbial activity in the culture. In a study designed to track
benzene oxidation over time, there was a steady production of
4CO, from ["*C]benzene over time and a maximum of
81.2% = 14.0% of the added ['*C]benzene was recovered as
14C0, (Fig. 2B), providing further proof that F. placidus ef-
fectively oxidized benzene to carbon dioxide.

Production of benzoate from benzene. Benzoate, but not
phenol, was detected with high-performance liquid chromatog-
raphy while F. placidus was growing with benzene as the sole
electron donor (Fig. 3A). Up to 10.5 pM benzoate was de-
tected in F. placidus cultures grown with benzene, whereas
benzoate was below the detection limit in sterile and killed
controls. No toluene was detected with gas chromatography
(detection limit, approximately 10 ppb). Thin-layer chromatog-
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FIG. 2. Metabolism of benzene at low benzene concentrations. (A) Initial and final (29 days of incubation) concentrations of benzene, Fe(II),
and '*CO, in benzene-Fe(III) oxide cultures amended with ['*C]benzene. (B) Conversion of ['*C]benzene to '*CO, in cultures with a relatively
low concentration of benzene (200 wM) and a high electron acceptor concentration [S6 mM Fe(Ill) citrate] to promote maximum benzene

utilization. The data points represent the means and standard deviations from three replicate cultures.

raphy analysis of filtrates from cultures actively metabolizing
[**C]benzene also detected [**C]benzoate (Fig. 3B).
Transcriptomic analysis indicative of benzene metabolism
to benzoate. Three different whole-genome DNA microarray
studies were analyzed to gain insight into benzene metabolism
by F. placidus: benzene versus acetate, benzene versus benzo-
ate, and benzene versus phenol (see Tables S1 to S3 in the
supplemental material). The number of genes that exhibited at
least a 2-fold change in expression (P value cutoff = 0.01) was
relatively high for all comparisons (benzene versus acetate, 209
upregulated and 188 downregulated; benzene versus benzoate,
77 upregulated and 977 downregulated; benzene versus phe-
nol, 151 upregulated and 138 downregulated). Unfortunately,
it was not possible to grow F. placidus in chemostats to control

for factors such as different growth rates on the various sub-
strates in batch culture, and it is expected that many of the
changes in gene expression were related to the use of batch
cultures. Therefore, analysis of the microarray results focused
on genes thought to be involved in the anaerobic degradation
of aromatic compounds.

The microarray analysis of gene transcript levels in cells
grown on benzene versus cells grown on acetate (Table 1; see
Table S1 in the supplemental material) demonstrated a wide-
spread increase in transcript abundance for genes that are
homologous to genes that are known to encode proteins in-
volved in anaerobic benzoate degradation in other microor-
ganisms and were previously reported to be specifically up-
regulated in F. placidus cells metabolizing benzoate (30). More
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FIG. 3. Detection of benzoate during growth on benzene with Fe(III) oxide as the electron acceptor. (A) High-pressure liquid chromatography
analysis. Benzoate levels were below the HPLC detection limit in killed controls or controls with no cells. Results are the means and standard
deviations from triplicate cultures. (B) Production of ["*C]benzoate from [**C]benzene detected with thin-layer chromatography.
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TABLE 1. Genes encoding proteins from the benzoate-CoA ligation pathway that were upregulated according to microarray and qRT-PCR
analyses during growth on 1 mM benzene (experimental condition) and 10 mM acetate or 1 mM benzoate (control conditions)
provided as the electron donor and Fe(III) citrate (55 mM) provided as the electron acceptor

Fold change (mean = SD)”

Gene ID Gene annotation Gene name Benzene vs acetate Benzene vs benzoate
Microarray qRT-PCR Microarray qRT-PCR
Ferp_1031 Didehydro-pimeloyl-CoA hydratase dph 3.72 6.80 = 2.35 ND 1.22 +£0.32
Ferp_1035 Cyclohex-1-ene-1-carboxyl-CoA hydratase badK1 ND 2.11 = 0.98 ND 1.35 = 0.55
Ferp_1040 2-Ketocyclohexanecarboxyl-CoA hydrolase badl ND 2.75 = 1.35 ND 1.24 = 0.64
Ferp_1041 2-Hydroxy-glutaryl-CoA reductase, component A hgdC 2.38 4.15 = 1.65 —2.61 —3.17 =153
Ferp_1042 2-Hydroxy-glutaryl-CoA reductase, component D hgdA 2.42 9.30 = 3.27 ND 1.01 = 0.80
Ferp_1043 2-Hydroxy-glutaryl-CoA reductase, component D hgdB ND 2.25 £ 0.76 ND 1.26 = 0.88
Ferp_1044 Benzoate-CoA ligase bcll 3.01 732+ 2.16 ND 1.99 = 0.23
Ferp_1180 Ferredoxin fdx 3.54 11.80 = 2.34 ND 1.75 = 0.57
Ferp_1184 Benzoyl-CoA reductase, gamma subunit bzdN 3.83 532+3.12 ND 1.44 = 0.49
Ferp_1185 Benzoyl-CoA reductase, beta subunit bzdO 2.01 5.23 =296 ND 1.23 = 0.21
Ferp_1186 Benzoyl-CoA reductase, delta subunit bzdP 3.62 9.81 = 3.75 ND 1.96 = 0.35
Ferp_1187 Benzoyl-CoA reductase, alpha subunit bzdQ ND 227 +1.18 ND 1.89 = 0.77
Ferp_1233 2-Hydroxycyclohexanecarboxyl-CoA dehydrogenase badH 2.62 5.65 =233 ND 1.76 = 0.50
Ferp_1543 Carboxylase-like protein ppcX1 ND 0.96 = 0.32 ND 1.24 =045
Ferp_1566 Pimeloyl-CoA dehydrogenase (large subunit) pimC ND 241 =131 ND 1.11 = 0.62
Ferp_1579 Pimeloyl-CoA dehydrogenase (small subunit) pimD ND 225+ 1.77 —2.14 —4.77+2.11
Ferp_1630 Carboxylase UbiD-like protein ppeX2 2.98 5.63 = 1.46 2.53 5.65 = 2.15

“ Results were obtained from triplicate biological and technical replicates. A negative sign represents a negative fold change in expression. ND, no difference in gene

expression.

quantitative analysis of transcript levels confirmed this finding
(Fig. 4).

For example, the gene encoding benzoate-CoA ligase, the
enzyme responsible for benzoate activation to benzoyl-CoA,
was significantly upregulated during growth on benzene com-
pared to growth on acetate. There are 12 genes in the F.
placidus genome annotated as AMP-dependent synthetase/
ligase genes (30), and two of these genes, Ferp 1044 and
Ferp_1228, were upregulated 3- and 2.6-fold, respectively, dur-
ing growth on benzene compared to growth on acetate (Table
1; see Table S1 in the supplemental material). These same
genes were significantly upregulated in previous transcriptomic
studies comparing benzoate- and acetate-grown cells (30).
Ferp_1044 is the most likely candidate for benzoate-CoA li-
gase because it is clustered with other genes associated with
benzoate metabolism and was the most highly upregulated
candidate gene during growth on benzoate (30).

Other genes further down the benzoate pathway were also
significantly upregulated in benzene- versus acetate-grown
cells. For example, all of the genes encoding subunits of ben-
zoyl-CoA reductase (BzdNOPQ), the enzyme responsible for
the ring reduction of benzoate, as well as enzymes involved in
the formation of 3-hydroxypimeloyl-CoA, were upregulated in
benzene-grown cells compared to acetate-grown cells (Table 1
and Fig. 4).

These results indicated that benzoate was an intermediate in
benzene metabolism. Transcript abundances for genes in-
volved in benzoate metabolism are comparable in benzene-
and benzoate-grown cells (Table 1; see Table S2 in the sup-
plemental material), further supporting this conclusion.

In contrast, genes that have high homology to genes known
to be involved in anaerobic degradation of phenol in other
microorganisms and that are specifically upregulated during
growth of F. placidus on phenol (30) did not have increased
transcript abundance in benzene- versus acetate-grown cells
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FIG. 4. Transcriptomic analysis of benzene degradation in F. placidus.
The numbers next to the gene designations represent the fold change in
transcript abundance determined with quantitative RT-PCR analyses in ben-
zene- versus acetate-grown cells (red), benzene- versus phenol-grown cells
(green), or benzene- versus benzoate-grown cells (blue). The results are the
means of triplicate determinations from each of three replicate cultures.
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TABLE 2. Genes encoding proteins from the phenol degradation pathway that were downregulated according to microarray and qRT-PCR
analyses during growth on 1 mM benzene (experimental condition) or 0.5 mM phenol (control condition) provided
as the electron donor and Fe(III) citrate (55 mM) provided as the electron acceptor

Fold change (mean = SD) in benzene

Gene ID Gene annotation Gene name vs phenol®
Microarray qRT-PCR
Ferp_0085 Phenylphosphate synthase subunit B ppsB -3.90 —11.7 £3.26
Ferp_0086 Phenylphosphate synthase subunit A PpsA —9.47 -85*+333
Ferp_0089 Phenylphosphate carboxylase subunit beta ppcB —6.17 —7.55 £2.11
Ferp_0090 Dehalogenase domain protein hydrolase —9.68 —-11.31 = 1.32
Ferp_0091 4-Hydroxybenzoate-CoA ligase helA —7.74 —9.88 =225
Ferp_0092 Carboxylase-like ORF 8 ppcY —2.36 —6.35 =145
Ferp_0093 HAD superfamily hydrolase -5.17 —10.32 =3.28
Ferp_0094 Molybdopterin oxidoreductase ND 0.97 = 0.12

“ Results were obtained from triplicate biological and technical replicates. A negative sign represents a negative fold change in expression. ND, no difference in gene

expression.

(Fig. 4; see Table S1 in the supplemental material). The tran-
script abundance of genes from the phenylphosphate/phenyl-
carboxylase pathway, which previous studies have shown to be
involved in anaerobic phenol degradation by F. placidus (30),
was much lower in benzene- than in phenol-grown cells (Fig. 4;
see Table S3 in the supplemental material). For example,
genes from a phenol-specific cluster coding for phenylphos-
phate synthase (ppsAB; Ferp_0085-86), phenylphosphate car-
boxylase (ppcB; Ferp_0089), and 4-hydroxybenzoate-CoA li-
gase (hclA; Ferp_0091) were all significantly downregulated in
benzene-grown cells compared to phenol-grown cells (Table 2,
Fig. 4). These results indicated that phenol is not an interme-
diate in benzene metabolism in F. placidus.

Putative carboxylase protein potentially involved in the ini-
tial activation of benzene. A protein from a Clostridium species
(ORF 138) was proposed to be involved in the carboxylation of
benzene in an anaerobic benzene-degrading, Fe(III)-reducing
enrichment culture based on the increased expression of this
protein in benzene-grown but not in phenol- or benzoate-
grown cultures (2). F. placidus has two genes with homology to
ORF 138, Ferp_0089 and Ferp_1630. Previous studies have
demonstrated that Ferp_0089 (32% identity and 48% similar-
ity to ORF 138) codes for PpcB, a phenolphosphate carboxy-
lase involved in phenol degradation (30). Furthermore, expres-
sion of this gene was not upregulated in benzene- versus
benzoate- or acetate-grown cells, and its expression was down-
regulated in benzene- versus phenol-grown cells (Fig. 4 and
Table 1; see Table S3 in the supplemental material). These
results suggested that Ferp_ 0089 is not involved in benzene
metabolism.

In contrast, Ferp_1630, the other ORF 138 homolog (31%
identity and 47% similarity), had increased transcript abun-
dance in benzene- versus acetate- or benzoate-grown cells (Fig.
4 and Table 1). The predicted protein encoded by Ferp_ 1630
shows high homology to UbiD from Escherichia coli (44%
identical and 63% similar), which catalyzes the decarboxylation
of 3-octaprenyl-4-hydroxybenzoic acid into 2-octaprenylphenol
during the biosynthesis of ubiquinone. It is unlikely that the
protein encoded by Ferp 1630 is involved in ubiquinone bio-
synthesis in F. placidus because none of the other genes that
would be required for ubiquinone biosynthesis are present in
the genome. Transcript abundance for Ferp_1630 was higher

in benzene-grown cells than in cells grown on acetate or, more
importantly, benzoate. These results suggest that Ferp_1630
may encode the enzyme responsible for carboxylation of ben-
zene to benzoate.

The gene coding for ORF 138 from the benzene-degrading,
Fe(III)-reducing enrichment culture was located within a clus-
ter of genes containing three other potential carboxylase genes
and a benzoate-CoA ligase gene (2). However, none of the
genes in the proximity of Ferp 1630 are likely to code for
carboxylase proteins, benzoate-CoA ligase proteins, or any
other proteins involved in the metabolism of aromatic com-
pounds. This is in contrast to most of the other genes involved
in anaerobic aromatic degradation in F. placidus, which are
localized within gene clusters. Additional analyses with either
gene deletions or biochemical assays of the purified protein are
warranted to further evaluate the role of the enzyme encoded
by Ferp_1630 in benzene metabolism. However, as of now a
genetic system for F. placidus has not been developed. Bio-
chemical analysis will require strategies to generate much more
biomass of benzene-grown F. placidus than is presently feasible
or successful expression of the enzyme in another host.

Implications. F. placidus is the first microorganism reported
to be able to grow on benzene under strict anoxic conditions in
pure culture and for which there is strong evidence for degra-
dation of benzene via clearly defined anaerobic metabolic
pathways. The accumulation of Fe(II) produced during Fe(I1I)
reduction ensured removal of any trace oxygen contamination,
and unlike with nitrate or chlorate, there is no conceivable
mechanism to produce molecular oxygen from Fe(III) or
Fe(II). Furthermore, F. placidus does not possess genes for the
monooxygenases necessary to catalyze an oxidative attack on
benzene.

The available evidence is consistent with carboxylation of
benzene to benzoate. The upregulation of genes encoding en-
zymes catalyzing anaerobic benzoate degradation, as well as
the accumulation of small amounts of benzoate during ben-
zene metabolism, suggests that benzoate is a key intermediate.
This evidence alone does not rule out other possible interme-
diates as benzoate precursors. However, phenol is not likely to
be an important intermediate because during growth on ben-
zene there was no upregulation of phenol degradation genes
whose expression is induced when F. placidus is metabolizing
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phenol. Furthermore, phenol was not detected as an interme-
diate during growth on benzene. Toluene, a third alternative,
was also not detected during benzene metabolism.

Activation of benzene via carboxylation has been previously
proposed for a benzene-oxidizing, Fe(IlI)-reducing enrich-
ment culture (2, 36). The high similarity of the putative car-
boxylase encoded by the gene Ferp_1630 in F. placidus and the
putative carboxylase proposed to be responsible for benzene
carboxylation in the enrichment culture suggests a similar en-
zymatic strategy. This may not be surprising because even
though F. placidus is a hyperthermophile and phylogenetically
distant, its other genes for the metabolism of aromatic com-
pounds are closely related to those of mesophilic Bacteria (30).
The increased expression of Ferp_1630 during growth on ben-
zene versus growth on benzoate strongly suggests that it is
specifically involved in benzene metabolism. Further study of
the enzyme that Ferp_1630 encodes is warranted.

These studies extend the known metabolic potential of hy-
perthermophilic microorganisms. Aromatic compounds such
as benzene are present in modern hot environments such as
the hydrothermal vent in Vulcano, where F. placidus was first
isolated (47), and could have been abundant components of
organic matter on a hot, early Earth (8, 24). To date, F. placi-
dus is the only hyperthermophile known to anaerobically oxi-
dize aromatic compounds. However, genes from this metabolic
pathway may be used as molecular markers to identify other
hyperthermophiles involved in anaerobic degradation of ben-
zene and other aromatic compounds in situ.
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