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This paper reports physiological and genetic data about the type strain Gordonia cholesterolivorans, a strain
that is able to degrade steroid compounds containing a long carbon side chain such as cholesterol (C27),
cholestenone (C27), ergosterol (C28), and stigmasterol (C29). The length of the carbon side chain appears to be
of great importance for this bacterium, as the strain is unable to grow using steroids with a shorter or
nonaliphatic carbon side chain such as cholic acid (C24), progesterone (C21), testosterone, androsterone,
4-androstene-3,17-dione (all C19), and further steroids. This study also demonstrates that the degradation of
cholesterol is a quite common feature of the genus Gordonia by comparing Gordonia cholesterolivorans with
some other species of this genus (e.g., G. sihwensis, G. hydrophobica, G. australis, and G. neofelifaecis). Pyrose-
quencing of the genome of G. cholesterolivorans led to the identification of two conventional cholesterol oxidase
genes on an 8-kb and a 12.8-kb genomic fragment with genetic organizations that are quite unique as compared
to the genomes of other cholesterol-degrading bacteria sequenced so far. The identified two putative cholesterol
oxidases of G. cholesterolivorans are both intracellularly acting enzymes of the class I type. Whereas one of these
two cholesterol oxidases (ChoOx-1) shows high identity with an oxidoreductase of the opportunistic pathogen
G. bronchialis and is not transcribed during growth with cholesterol, the other one (ChoOx-2) appears
phylogenetically closer to cholesterol oxidases from members of the genus Rhodococcus and is transcribed
constitutively. By using targeted gene disruption, a G. cholesterolivorans ChoOx-2 gene mutant strain that was
unable to grow with steroids was obtained.

Gordoniae appear to be widely distributed in nature, and
strains have been isolated from environments such as soil,
wastewater, estuary sand, mangrove rhizosphere, oil-producing
wells, sewage sludge, and activated sludge foam (1, 8), as well
as from clinical samples (1, 2). The isolation of strains of the
genus Gordonia with special metabolic abilities has in-
creased the potential for its application to biodegradation
and bioremediation (1). Some isolates are able to partially
or totally degrade xenobiotic contaminants or macromole-
cules, such as rubber, (di)benzothiophene, 3-ethyl- and
3-methylpyridine, and alkanes (17, 20, 21, 22). Further stud-
ies expanded the metabolic potential of the genus Gordonia,
as some isolated strains metabolize butyl benzyl phthalates
(e.g., Gordonia sp. strain MTCC 4818) (6) and even hazard-
ous nitro compounds like the explosive RDX (also known as
hexogen [hexahydro-1,3,5-trinitro-1,3,5-triazine]), which are
known to be recalcitrant to bacterial degradation (e.g., Gor-
donia sp. strain KTR9) (11, 31). All of these data show the
richness of metabolic activities of gordoniae and widen our
view about the possible environmental and industrial appli-
cation of these bacteria.

The ability to degrade steroid compounds such as choles-
terol by members of the genera Rhodococcus, Mycobacterium,
Streptomyces, Brevibacterium, and some further Gram-positive

genera as well as some Gram-negative genera such as Pseu-
domonas, Comamonas, Burkholderia, and Chromobacterium is
well documented (7, 9, 19, 27, 32, 33), but the degradation of
cholesterol by a member of the genus Gordonia was reported
only recently (8). We present in this study the potential of
Gordonia cholesterolivorans to use cholesterol as the only car-
bon and energy source for growth and to degrade other steroid
compounds with long carbon side chains (�C27). Additionally,
we show that the pyrosequenced genome of G. cholesteroliv-
orans contains two putative genes that code for conventional
intracellularly acting cholesterol oxidases, both genes located
in unique genetic organizations when compared with the ge-
nomes of other cholesterol-degrading bacteria. A mutation in
one of these two cholesterol oxidase genes disables the strain
to use steroids as a growth substrate.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. Gordonia cholesterolivorans
strain Chol-3T (CECT 7408T � DSM 45229T � CIP 110048T � JCM 16227T �
BCRC 16892T) was isolated from a sewage sludge sample (8) and was routinely
grown in minimal medium (medium 457 of the DSMZ, Braunschweig, Germany)
with cholesterol as the only carbon and energy source under aerobic conditions
at 30°C in a rotary shaker (250 rpm) for 1 to 3 days. For comparative studies,
strains of Gordonia sihwensis, Gordonia hydrophobica, and Gordonia australis
were obtained from the DSMZ (Braunschweig, Germany; deposit numbers DSM
44576T, DSM 44015T, and DSM 44454, respectively), whereas Rhodococcus equi
(strain 916/22), Rhodococcus ruber (strain Chol-4), and Rhodococcus erythropolis
(strain 3014) were obtained from the Spanish CECT (Colección Española de
Cultivos Tipo, Valencia, Spain) under the deposit numbers 4443, 7469, and 3014,
respectively. Gordonia neofelifaecis was from the ARS Culture Collection
(NRRL; United States) under the deposit number NRRL B-59395.

Stock solutions of cholesterol (7 mM), cholestenone (7 mM), ergosterol (5
mM), stigmasterol (3 mM), diosgenin (3 mM), testosterone, androsterone, de-
hydroepi-androsterone, 4-androstene-3,17-dione (AD), 1,4-androstadiene-3,17-
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dione (ADD), progesterone, pregnenolone, �-estradiol, cholic acid, and deoxy-
cholic acid (all 10 mM) were prepared by dissolving the steroids in 16.4 mM
methyl-�-cyclodextrin (CD) to form inclusion complexes following a modifica-
tion of a method described by Klein et al. (18). Stock solutions with the concen-
trations mentioned above in parenthesis were produced by dissolving the corre-
sponding steroid initially in 500 �l of a 2:1 (vol/vol) 2-propanol-chloroform
mixture that was subsequently added in 50-�l aliquots to a warm 9% (wt/vol)
solution of CD in phosphate-buffered saline (PBS) while stirring at 80°C until the
complete dissolution of the steroid. The final concentration of each steroid in the
culture minimal medium for growth experiments was 1 mM for stigmasterol and
diosgenin and 1.5 mM for all other steroids. Minimal medium with CD only (16.4
mM) served as the control. Tween 20 (0.05% [vol/vol]) was added to the culture
minimal medium to avoid cell agglomeration, which was frequently observed for
some of the strains used in this study. For the growth experiments, all steroid
assays were inoculated with Luria-Bertani (LB)-pregrown cultures to an initial
absorbance of 0.05 (A600). The bacterial cells were washed two times with
minimal medium prior to inoculation.

To confirm the mineralization of cholesterol (C27) in growth yield experiments
by biomass and CFU determination, octanoic acid (C8), butyric acid (C4), and
particularly acetic acid (C2) were used as growth substrates (all at 1.5 mM) for G.
cholesterolivorans in minimal medium. Bacterial biomass of G. cholesterolivorans
was collected from 100-ml culture volumes by centrifugation in 50-ml plastic
tubes, subsequently allowed to dry completely for 3 days at 55°C, and finally
weighed with a precision balance. CFU were counted by diluting 10-�l samples
from the above-mentioned 100-ml cultures at different absorbance values (A600)
during growth, and the microorganisms were plated on Luria-Bertani (LB) agar
plates.

Liquid chromatography/mass spectrometry (LC/MS) analysis of cholesterol
degradation and intermediate production. (i) Chemicals. Acetonitrile, isopro-
panol, and water of high-performance liquid chromatography (HPLC) quality
were purchased from Scharlau (Sentmenat, Spain). The standards of cholesterol
and 4-cholesten-3-one were purchased from Sigma (Steinheim, Germany) and
Fluka (Steinheim, Germany), respectively. Chloroform was purchased from
Merck (Darmstadt, Germany).

Optimization of the interface parameters was performed on standard solutions
of cholesterol and cholestenone in cyclodextrine at 6.8 and 7.0 mM, respectively.
Calibration standards from 34 �M to 1.52 mM for cholesterol and from 0.375 to
70.0 �M for cholestenone were prepared by diluting stock dilutions in distillated
water. Pregnenolone (5-pregnen-3�-ol-20-one; Fluka, Steinheim, Germany) was
used as the internal standard (20 mg/ml chloroform). Every 2-ml sample was
spiked with 100 �l of this solution as well as at every point of the calibration
curves.

(ii) Sample preparation. Two-milliliter portions of bacterial culture spiked
with the internal standard were extracted two times using 2 ml of chloroform
each time. The combined chloroform fractions were evaporated to dryness under
a nitrogen stream and the residue was dissolved in 400 �l of acetonitrile for
subsequent chromatographic analysis.

(iii) LC/MS. LC/MS experiments were performed with a Surveyor Plus LC
system, which consists of an analytical pump and autosampler, coupled to an
LXQ ion trap mass spectrometer equipped with an atmospheric pressure chem-
ical ionization (APCI) source (Thermo Electron, San Jose, CA). The Xcalibur
software suite was used for data processing and instrument control (Thermo
Fisher Scientific, San Jose, CA). A Tracer Excel 120 ODS-B C18 column (4.6
mm � 150 mm, particle size 5 �m; Teknokroma, Barcelona, Spain) was used
for the chromatographic separation. Mobile phases consisted of (A) aceto-
nitrile/water (90/10) and (B) acetonitrile/isopropanol (85/15), and the flow
rate was 1.0 ml/min. The elution gradient was as follows: 100% A for 5 min,
increasing to 100% B over 35 min and holding for 7 min. The HPLC column
was re-equilibrated for 8 min at initial conditions. The valve was set to direct
LC flow to the mass spectrometer from 2 to 45 min, with the remaining LC
eluent diverted to waste. The mass spectrometer was operated in the positive
ion mode, and the interface parameters were optimized by using direct
infusion. The following APCI inlet conditions were used: capillary tempera-
ture of 275°C, 425°C for gas temperature in the vaporizer, capillary voltage of
39 V, corona discharge needle voltage of 6.00 kV, source current of 6.00 �A,
and 15 eV for the collision-induced dissociation. High-purity nitrogen was
used as nebulizer, sheath, and auxiliary gas. MS analysis was performed in full
scan by scanning from m/z 100 to m/z 1,500. The quantification was performed
from the ions obtained in full scan from the parent mass of cholesterol and
cholestenone (m/z 369.4 and m/z 385.4, respectively) by using the internal
standard method. The cholesterol precursor, at m/z 369.4, is due to the
dehydration of the cholesterol molecule. The specificity was obtained by
following the specific fragmentations of both compounds.

Enzymatic assay of extracellular cholesterol oxidase activity with whole bac-
terial cells. Cholesterol oxidase indicator plates were prepared as previously
described by Fernández de las Heras et al. (10) by using agar and minimal
medium with cholesterol dissolved in CD; plates contained 0.1 mg/ml o-
dianisidine and 1 U/ml peroxidase. Extracellular cholesterol oxidase activity
is indicated by the production of brown color in the agar medium around the
colonies.

DNA preparation, sequencing, and in silico analysis. Manipulation of genomic
DNA as well as chromosomal DNA extraction from G. cholesterolivorans was
carried out according to standard protocols (29), and the extracted DNA was
purified three times to achieve the highest purity and quality for subsequent
sequencing of the complete genome. The pyrosequencing of the genomic DNA
was done by LifeSequencing (Valencia, Spain) using the Roche 454 GS-FLX
system. Putative signal peptides in proteins were predicted by the program
SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP/) using neural networks and
hidden Markov models trained on Gram-positive bacteria. Putative promoters
were analyzed by using the Neural Network Promoter Prediction (NNPP), Prom-
scan, and BPROM programs (http://www.fruitfly.org/seq_tools/promoter.html,
http://molbiol-tools.ca/promscan/, and http://linux1.softberry.com/berry.phtml,
respectively), in all cases with a score value of �80%.

RT-PCR experiments to study the transcription of the two putative cholesterol
oxidase genes. For reverse transcriptase PCR (RT-PCR) analyses, cultures were
incubated in 250-ml Erlenmeyer flasks containing 50 ml of minimal medium with
cholesterol (1.5 mM, dissolved in CD), octanoic acid (3 mM), or citrate (10 mM).
Cells were harvested in mid-exponential growth phase (A600 � 0.5 to 0.7) after
the addition of 5 ml of a 9:1 (vol/vol) mixture of ethanol-phenol and further
centrifugation at 5,000 rpm at 4°C for 15 min. Afterwards, cells were stabilized by
addition of RNA Protect bacteria reagent (Qiagen) following the manufacturer’s
instructions. Pellets were kept at �80°C until use. Frozen pellets (equivalent to
15 to 20 ml of culture) were disrupted in 1.5 ml of 0.5% (wt/vol) SDS, 5 mM
EDTA by incubating for 5 min at 80°C. Thereafter, total RNA was prepared with
the RNeasy minikit (Qiagen) by following the manufacturer’s indications by
using enzymatic lysis with lysozyme (15 mg/ml) and digestion with proteinase K
(3 mg/ml). After this, each 0.5 to 1 �g of RNA was treated three times with 5 U
of Turbo RNase-free DNase (Ambion) in a 100-�l volume for 2 h at 37°C until
no traces of DNA were detected by control PCR. RNA samples were precipi-
tated with 0.12 volumes of 5 M NH4Ac, 0.02 volumes of glycogen (5 mg/ml), and
1 volume of isopropanol; washed twice with 70% ethanol; and dissolved in water.
cDNA was synthesized using 6 �g of random primers (Roche) per 10 �g of RNA.
The reaction mixture was incubated with 400 U of SuperScript II reverse trans-
criptase (Invitrogen) for 2 h at 42°C. The resulting cDNA was treated with 2 �l
of RNase A (10 mg/ml) and 2 U of RNase H for 30 min at 37°C, purified using
the UltraClean PCR cleanup kit (MoBio), and recovered in a volume of 50 �l of
10 mM Tris, pH 8.0. The cDNA was then used as the template for PCRs (25-�l
final volume). Controls without reverse transcriptase were used to detect any
contamination of undigested DNA in the RNA preparations. Primers and con-
ditions applied for this experiment are summarized in Table S3 in the supple-
mental material.

Mutagenesis of the ChoOx-2 gene of G. cholesterolivorans by targeted gene
disruption. In order to knock out the constitutively expressed cholesterol oxidase
(ChoOx) of G. cholesterolivorans, the corresponding ChoOx-2 gene was mutated
by disrupting the corresponding open reading frame (ORF) and introducing an
apramycin resistance cassette by a single recombination event. A 3.4-kb XbaI-
EcoRI PCR amplicon obtained from chromosomal DNA of G. cholesterolivorans
and containing the complete tetR and ChoOx-2 ORFs, as well as the truncated
supA ORF (see Fig. 3), was BamHI digested and ligated with a BamHI-digested
apramycin cassette (1,385 bp) obtained from the vector pIJ773. The resulting
4.8-kb DNA construct was then ligated into the XbaI-EcoRI-digested plasmid
pBluescript KS, a nonreplicative vector in G. cholesterolivorans, which subse-
quently was introduced into electrocompetent cells of G. cholesterolivorans by
electroporation. The selection of positive clones was performed by growing the
transformed cells on LB plates containing apramycin (200 �g/ml) at 30°C for 5
to 6 days. The correct position of the apramycin cassette within the ChoOx-2
gene was confirmed by PCR using a set of primers (binding inside and outside
the ChoOx-2 ORF) using chromosomal DNA isolated from a mutant strain,
TE-2. Primers and conditions applied for this experiment are summarized in
Table S3 in the supplemental material.

Nucleotide sequence accession numbers. The GenBank/EMBL/DDBJ acces-
sion numbers for the nucleotide sequences of the two 8,013-bp and 12,796-bp
genomic fragments of G. cholesterolivorans strain Chol-3T (including the two
putative cholesterol oxidases ChoOx-1 and ChoOx-2) are GU320250 and
GU320251, respectively.
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RESULTS

Growth studies with cholesterol and other steroids. A set of
steroid compounds was added from sterile stock solutions (dis-
solved in CD) to the culture minimal medium in order to
determine the spectrum of substrates used by G. cholesteroliv-
orans for cell growth. Bacterial growth was never observed in
control assays that contained CD as the only carbon source,
thereby clearly showing that growth depended on the presence
of the steroid compound in the minimal medium. As presented
in Fig. 1A, G. cholesterolivorans grows rapidly with cholesterol
(cholest-5-en-3�-ol) and cholestenone (cholest-4-en-3-one)
and more slowly with ergosterol and stigmasterol as the only
carbon and energy sources. In the exponential growth phase,
the corresponding growth rates (�) were calculated to be 0.07,
0.063, 0.033, and 0.012 h�1, respectively. Exponential growth
with cholesterol and its first degradation product, chole-
stenone, was finished after 30 to 36 h, whereas exponential
growth with ergosterol and stigmasterol finished later, after 80
and 168 h, respectively. G. cholesterolivorans does not grow
with diosgenin (C27), a steroid compound with a long carbon
side chain such as cholesterol, but forms a fifth ring. The
following steroid compounds with short or no carbon side
chains were also not used as growth substrates by G. choles-
terolivorans: testosterone, androsterone, dehydroepiandro-

sterone, 4-androstene-3,17-dione (AD), 1,4-androstadiene-
3,17-dione (ADD), progesterone, pregnenolone, �-estradiol,
cholic acid, and deoxycholic acid.

In comparative growth studies on cholesterol with some
other members of the genera Gordonia and Rhodococcus, G.
cholesterolivorans showed faster growth than G. sihwensis, G.
hydrophobica, G. australis, and G. neofelifaecis (Fig. 1B). R.
equi, depictured in this figure as a representative for the genus
Rhodococcus, showed the slowest growth with cholesterol as
the only carbon and energy source and did not reach the
maximum absorbance value achieved by the Gordonia species.
Growth that was similar to or smaller than that for R. equi was
also observed for R. ruber strain Chol-4 (9), R. erythropolis
strain CECT 3014 (10), and R. jostii strain RHA1 (data not
shown). In the exponential growth phase, the corresponding
growth rates (�) were calculated to be 0.07, 0.05, 0.041, 0.039,
0.035, and 0.029 h�1 for G. cholesterolivorans, G. sihwensis, G.
hydrophobica, G. australis, G. neofelifaecis, and R. equi, respec-
tively. In the cultures with G. cholesterolivorans, no lag phase
was observed, whereas G. hydrophobica, G. australis, G. neofe-
lifaecis, and all rhodococci presented as a minimum a 1-day lag
phase. All Gordonia species tested in this study attained nearly
the same maximum absorbance value, thereby demonstrating
that the degradation of cholesterol may be a characteristic to
many, if not all, members of this genus.

Growth yield experiments to demonstrate cholesterol min-
eralization by G. cholesterolivorans. To test if cholesterol was
mineralized by G. cholesterolivorans, the three growth param-
eters dry cell weight, CFU, and maximum absorbance (A600)
were determined and compared for the growth substrates ace-
tic acid (C2), butyric acid (C4), octanoic acid (C8), and choles-
terol (C27), all at 1.5 mM with respect to the carbon atom
concentration of the compounds. The cell dry weights of 1 liter
of triplicate cultures at their corresponding maximum absor-
bances were 3.9 mg/liter (C2), 8.2 mg/liter (C4), 19 mg/liter
(C8), and 71 mg/liter (C27), with a standard deviation in all
cases of about �10% of the mean values. This reflects a narrow
range of obtained dry cell weight of 2.0 to 2.6 mg/liter per
carbon atom for the four substrates used. The yields of CFU
per 0.1 absorbance unit per carbon atom were determined to
be 3.95 � 106 (C2), 4.25 � 106 (C4), 4.16 � 106 (C8), and
4.15 � 106 (C27); thus, it was unequivocally demonstrated that
all the substrates, including acetic acid, which could be de-
graded to CO2 only under the aerobic conditions used in this
study, were mineralized during growth.

Identification of cholesterol degradation products by LC/
MS. In order to investigate the effectiveness of cholesterol
degradation and possible intermediate accumulation, a grow-
ing culture of G. cholesterolivorans with cholesterol as the sub-
strate was analyzed at fixed time intervals and steroid com-
pounds in the culture liquid were determined by LC/MS.
Cholesterol was almost completely consumed after 1 day of
incubation (Fig. 2). Only trace amounts were detected after
24 h, and no cholesterol was measurable after 30 h. The max-
imum concentration of the first intermediate accumulated dur-
ing cholesterol degradation, cholestenone, was 70 �M (less
than 5% of the initially supplied cholesterol concentration),
thus indicating that cholesterol is degraded with high efficiency
by this type strain. During cholesterol degradation, three fur-
ther intermediate compounds were identified by their charac-

FIG. 1. (A) Time course of growth of G. cholesterolivorans in min-
imal medium with long carbon side chain-containing steroids as the
only carbon source (cholesterol, 1.5 mM [F]; cholestenone, 1.5 mM
[f]; ergosterol, 1.5 mM [}]; stigmasterol, 1 mM [Œ]). (B) Time course
of growth of G. cholesterolivorans (F), G. sihwensis (f), G. hydropho-
bica (}), G. australis (Œ), G. neofelifaecis (�), and Rhodococcus equi
(�) in minimal medium with cholesterol (1.5 mM). The absorbance
data are the means of the values from triplicate incubations. The
standard deviation was always within �5% of the mean values.
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teristic mass spectrum, namely, 26-hydroxycholest-4-en-3-one
(m/z 401), 26-hydroxycholesta-1,4-dien-3-one (m/z 399), and
cholest-4-en-3-one-26-oic acid (m/z 415) in parallel to cholest-
4-en-3-one. Their concentrations increased during the first
12 h of incubation but then rapidly decreased over the next
12 h. All identified intermediates during cholesterol degrada-
tion give evidence that oxidation of the alcohol group at C-3 on
the steroid nucleus as well as C-26 hydroxylation of the carbon
side chain have occurred. The cholesterol-to-cholestenone
transformation strongly suggests the implication of a choles-
terol oxidase activity.

Phylogenetic assessment and sequence analysis of the two
identified putative conventional cholesterol oxidases of G. cho-
lesterolivorans. In two chromosomal regions of the pyrose-
quenced genome of G. cholesterolivorans, we identified two
putative cholesterol oxidase genes that show identities with
well-described cholesterol oxidases or flavin adenine dinucle-
otide (FAD)-dependent oxidoreductases of other members of
the suborder Corynebacterineae (data not shown graphically).
The most closely related genes range from 68 to 79% identity
at the nucleotide level. Phylogenetically, one cholesterol oxi-
dase gene of G. cholesterolivorans (called the ChoOx-1 gene;
1,731 nucleotides [nt]) lies in a monophyletic clade together
with a similar gene of G. bronchialis (Gbro_1728, a FAD-
dependent oxidoreductase), an opportunistic pathogen, and
showed the highest identity of 79%. The identity values of the
ChoOx-1 gene compared to other cho genes of phylogeneti-
cally related bacteria (e.g., Mycobacterium, Corynebacterium)
range between 68 and 73%. The other cholesterol oxidase gene
of G. cholesterolivorans (called the ChoOx-2 gene; 1,776 nt) is
more related to similar genes of members of the genus Rho-
dococcus, with the highest identity value of 75% to R. erythro-
polis, R. opacus, and R. jostii. The identities of the ChoOx-2
gene to other cho genes of phylogenetically related bacteria
(e.g., Mycobacterium smegmatis, M. vanbaalenii) also range be-
tween 68 and 73%. The identity values at the amino acid level
are shown in Tables S1 and S2 in the supplemental material.

A comparison of the amino acid sequences of the two pu-
tative cholesterol oxidases of G. cholesterolivorans with those of
similar enzymes from other Gram-positive bacteria is pre-
sented in Fig. S1 in the supplemental material. With more than
67% of nucleotide G�C content, both highly conserved pri-

mary sequences showed many regions of complete identity as
compared to other well-described cholesterol oxidases, and
some specific characteristics led us to classify both enzymes
into the class I group of conventional cholesterol oxidases.
Both proteins possess the typical four conserved consensus
regions that are important in interactions with the FAD cofac-
tor (GSGFGG, E, GAGVGGGS, and VVDGAAVSANLG),
in which the underlined four amino acids (see Fig. S1) make
the actual hydrogen bonding contact to the cofactor. Addition-
ally, both proteins also contained the three residues implicated
as playing a role in cholesterol oxidation (Glu354, His482, and
Asn525; the numbering of residues in Fig. S1 corresponds to
the Gcho2 sequence). Furthermore, both proteins lack a signal
peptide amino acid sequence and thus appear to be intracel-
lularly acting enzymes.

In silico analysis and genetic organization of ORFs in the
identified 8-kb and 12.8-kb chromosomal regions of G. choles-
terolivorans. The two identified putative cholesterol oxidase
genes of G. cholesterolivorans are located in different chromo-
somal regions, deposited in GenBank as 8-kb and 12.8-kb
nucleotide fragments (Fig. 3A and B, respectively). All iden-
tified genes in both fragments are highly conserved, with nu-
cleotide G�C contents ranging from 63 to 70%, and are sum-
marized in Tables S1 and S2 in the supplemental material. The
protein ChoOx-1 of G. cholesterolivorans (576 amino acids
[aa]) shows the highest identity of 81% with a FAD-dependent
oxidoreductase from G. bronchialis and much lower identity
values (�66%) with corresponding enzymes of the genera My-
cobacterium and Rhodococcus. In contrast, the protein
ChoOx-2 of G. cholesterolivorans (591 aa) shows higher iden-
tity with corresponding proteins of Rhodococcus and Mycobac-
terium species (71 to 74%) than with those of G. bronchialis
(65%). Interestingly, this cholesterol oxidase gene (ChoOx-2
gene) is located adjacent to an supAB-mceABCDEF gene clus-
ter. The genetic organization of both cho genes of G. choles-
terolivorans within the identified chromosomal regions is dif-
ferent in comparison with what is seen for phylogenetically
related bacteria (Fig. 3).

Extracellular cholesterol oxidase activity of whole cells of G.
cholesterolivorans. The use of peroxidase indicator test plates
allowed us to search for the presence of extracellular choles-
terol oxidase activity in our isolate and in two Rhodococcus
control strains (R. erythropolis CECT 3014 and R. ruber CECT
7469; Fig. 4). Both Rhodococcus strains produced brown color
when growing on these test plates, confirming that they possess
an extracellular cholesterol oxidase activity that obviously is
lacking in G. cholesterolivorans. These findings confirm that the
two identified putative cholesterol oxidases of G. cholesteroliv-
orans are both nonsecretory proteins, as predicted by the pro-
gram SignalP 3.0.

Reverse transcriptase PCR study of the two putative cho-
lesterol oxidase genes. RT-PCR studies from RNA of G. cho-
lesterolivorans grown with citrate (control), octanoic acid (simu-
lating the carbon side chain of cholesterol), and cholesterol were
carried out to investigate if these two putative cholesterol oxidase
genes are induced in the presence of cholesterol or a long-chain
carbon acid, such as octanoic acid (Fig. 5). The results unequiv-
ocally demonstrated that the transcription of the ChoOx-1 gene
was not induced in the presence of the tested growth substrates,

FIG. 2. Time course of the degradation of cholesterol during
growth of G. cholesterolivorans in minimal medium and formation of
intermediate compounds identified by LC/MS. Symbols: F, choles-
terol; f, cholestenone; Œ, 26-hydroxycholest-4-en-3-one; }, 26-hy-
droxycholesta-1,4-dien-3-one; and �, cholest-4-en-3-one-26-oic acid.
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whereas the ChoOx-2 gene appeared to be transcribed constitu-
tively under the conditions used in our assays.

In silico analysis of the promoter region upstream of the
ChoOx-2 gene of G. cholesterolivorans. The results of the in silico
analysis show that putative promoter signals (i.e., the �10 and
�35 regions) are identifiable in the 232-bp upstream region of the
putative cholesterol oxidase ChoOx-2 of G. cholesterolivorans
(Fig. 6). The ChoOx-2 gene (G�C content, 67.7%) is preceded
by a potential Shine-Dalgarno (SD) nucleotide sequence
(GGAGA-N5-atg) that shows high similarity to the consensus SD
nucleotide sequence (GGAGG) deduced from similar genes
found in the closely related genus Rhodococcus.

A long distance exists between the transcription and trans-
lation start signals of the ChoOx-2 gene, suggesting a long
leader sequence in its mRNA. Interestingly, in this region
appear several reverted repeats and a sequence homologous to
the binding site of OmpR, a transcriptional regulatory protein
affecting outer membrane protein synthesis.

Construction and physiological behavior of a G. cholester-
olivorans ChoOx-2 gene disruption mutant. The targeted dis-
ruption of the ChoOx-2 gene ORF within the chromosomal
DNA was done by introducing an apramycin resistance cas-
sette; after one positive clone (called mutant strain TE-2) was
obtained, the correct position of the apramycin resistance cas-
sette was confirmed by different PCR studies with a set of
specific primers that bind around and within the ChoOx-2-
apramycin gene. The mutant strain TE-2 was unable to grow
on any of the four steroid compounds, in contrast to the wild-
type strain. The disruption of this putative cholesterol oxidase
gene was enough to completely block the capacity of steroid
degradation by G. cholesterolivorans.

DISCUSSION

This study provides experimental evidence that the degra-
dation of steroid compounds with long carbon side chains, such

FIG. 3. Schemes of the genetic organizations of an 8-kb genomic region (accession number GU320250) with the putative cholesterol oxidase
ChoOx-1 gene (A) and a 12.8-kb genomic region (accession number GU320251) with the putative cholesterol oxidase ChoOx-2 gene of G.
cholesterolivorans (B), and comparison of both sequences with similar regions of other phylogenetically related Gram-positive bacteria. The locus
tags of the genes within their corresponding genomes of the strains are as follows: (from left to right for panel A) Gbro_1725 to Gbro_1729,
RHA1_ro06198 to RHA1_ro06203, ROP_62580 to ROP_62630, nfa8940 to nfa8980, and Mvan_1510 to Mvan_1517, and (from left to right for
panel B) Gbro_3954 to Gbro_3944, RHA1_ro04694 to RHA1_ro04704, ROP_47930 to ROP_48030, nfa5330 to nfa5430, and Mvan_0359 to
Mvan_0370. White arrows without further description are hypothetical proteins with functions that are unknown so far. The sizes of the genes of
G. cholesterolivorans are given in Tables S1 and S2 in the supplemental material. SDR, short-chain dehydrogenase/reductase.
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as cholesterol, cholestenone, ergosterol, and stigmasterol (all
�C27), is a specific characteristic of this type strain and that the
degradation of at least cholesterol seems to be a common
feature of many, if not all, members of the genus Gordonia.

From all the bacteria tested in this study, G. cholesterolivorans
was the fastest strain when growing with cholesterol. An alkyl
side chain that is longer by one or two additional carbon atoms
(as in the case of ergosterol and stigmasterol) obviously decel-
erates the degradation of these compounds. The mineraliza-
tion of cholesterol by G. cholesterolivorans was demonstrated
by comparison of biomass yields with substrates such as acetic
acid and occurs rapidly without the accumulation of significant
concentrations of intermediates. Cholestenone, the well-
known first degradation product after the enzymatic action of
a cholesterol oxidase, accumulated to a concentration of less
than 5% of the initial cholesterol concentration and thereafter
was degraded rapidly. All identified intermediates during cho-
lesterol degradation give evidence that oxidation and isomer-
ization reactions on the steroid nucleus as well as C-26 hy-
droxylation of the carbon side chain have occurred, which is in
agreement with previously reported findings (3, 7, 24, 27, 28,
33). The length of the carbon side chain seems to be important
for the initiation of steroid degradation by this actinomycete,
as we have demonstrated that steroids with a short or no
carbon side chain were not used as the growth substrate. This
stands in clear contrast to other actinomycetes like Rhodococ-
cus ruber strain Chol-4 (9), a strain able to degrade at least 13
different steroid compounds with long, short, or no carbon side
chains. Whereas Rhodococcus ruber strain Chol-4, for example,
uses testosterone and its two degradation intermediates AD
and ADD, G. cholesterolivorans does not use AD and ADD,
which also may be intermediates of the cholesterol degradation
pathway. This led us to conclude either that cholesterol deg-
radation by our isolate is carried out by a so-far-unknown
degradation pathway and not via AD and ADD as reported for
other bacterial species (12) or that these steroids simply are
not transported into the cells, thus avoiding their degradation.
The latter hypothesis would mean that the transport of steroid
compounds into the cells of G. cholesterolivorans is very spe-
cialized and that the length of the alkyl side chain is important
for that. Indeed, the importance of this side chain has been
established for the uptake of some steroids by the mce4 trans-
port system in the phylogenetically related bacterium R. jostii
strain RHA1 (25).

The sequencing of the genome of G. cholesterolivorans re-
vealed that this bacterium harbors two putative conventional
cholesterol oxidases that can be assigned to the so-called class
I type of cholesterol oxidases (5, 7). As shown in Fig. S1 in the
supplemental material, both enzymes contain the main char-
acteristic features of the class I type flavoproteins as outlined
recently by Vrielink and Ghisla (33). They contain the typical
consensus sequence of repeating glycine residues (GxGxxGG)
followed by an E (or D) approximately 20 residues further
along the primary amino acid sequence, indicating the pres-
ence of a nucleotide-binding fold (26). Two further regions of
conserved glycines together with the one region mentioned
above allow a close interaction of the cholesterol oxidase pro-
tein main chain to the phosphate oxygen atoms of the cofactor,
therefore facilitating hydrogen bond interactions. In accor-
dance with the findings of Kass and Sampson (13), we propose
that His482 of the Gcho2 cholesterol oxidase could play a role
in substrate orientation. Asn525 of the ChoOx-2 of G. choles-
terolivorans possibly acts to stabilize the reduced cofactor and,
through a movement toward the reduced isoalloxazine ring,

FIG. 5. Transcription studies on the two putative cholesterol oxi-
dase ChoOx-1 (A) and ChoOx-2 (B) genes of G. cholesterolivorans.
Specific RT-PCR products amplified from RNA isolated from cells
grown in minimal medium with citrate (Ci; control), octanoic acid
(C8), and cholesterol (C27). H2O is the control without cDNA. The
RT� assays are controls to exclude any contamination with DNA and
chrD is the assay with chromosomal DNA to verify the functionality of
the PCR primers (see Table S3 in the supplemental material).

FIG. 4. Growth of bacterial strains on cholesterol oxidase indicator
test plates made with minimal medium containing 16.4 mM cyclodex-
trine and 1.5 mM cholesterol. (A) Gordonia cholesterolivorans strain
Chol-3T (CECT 7408). (B) Rhodococcus ruber strain Chol-4 (CECT
7469). (C) Rhodococcus erythropolis strain 3014 (CECT 3014).
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permits access of oxygen to the active site as outlined by Yin
et al. (35). Finally, Glu354 of the cholesterol oxidase ChoOx-2
of our isolate possibly will be involved in the isomerization
reaction as shown by Kass and Sampson for a cholesterol
oxidase of Brevibacterium sterolicum (14).

On the nucleotide level, the ChoOx-1 gene of our isolate
shows the highest phylogenetic relation with a homologous
gene of the opportunistic pathogen G. bronchialis (30, 34).
Both genes lay in a monophyletic clade in a phylogenetic tree
(data not presented), possibly indicating a new branching of a
different, but for the genus Gordonia characteristic, evolved
subtype of cholesterol oxidases. The other putative cholesterol
oxidase gene of G. cholesterolivorans (the ChoOx-2 gene) is
phylogenetically more related to similar genes of the genus
Rhodococcus than it is to similar genes of G. bronchialis. Using
extracellular cholesterol oxidases of R. equi (CAC44897), R.
jostii RHA1 (ABG95663), and G. bronchialis (YP_003273533;
Gbro_2398) as model proteins in a BLAST search against the
almost completely sequenced genome of G. cholesterolivorans,
we have not found high similarity with these proteins in this
bacterium. The identity values were always lower than 28%
when compared to the two identified putative cholesterol oxi-
dases of G. cholesterolivorans that do not possess a signal pep-
tide. As demonstrated by experiments with indicator agar
plates, we can postulate that our isolate does not possess a
cholesterol oxidase acting outside the cell.

The genetic organization of the two putative cholesterol
oxidases of G. cholesterolivorans shows for both a unique fea-
ture (Fig. 3). As in G. bronchialis, R. jostii, and R. opacus, the
ChoOx-1 gene is located adjacent to a pair of genes coding for
IMP dehydrogenases (IMPDH), but in our isolate some other
genes occur in between, particularly, a cytochrome P450-en-
coding gene and a TetR family transcriptional regulator-en-
coding gene. In the genome of M. vanbaalenii, a TetR protein
can also be found adjacent to a cholesterol oxidase gene, but its
transcription direction is opposite to that found in our isolate.
The importance and functionality of the TetR and cytochrome
P450 protein of the 8-kb genomic DNA fragment will be the
subject of further studies. More interestingly, the ChoOx-2
gene is located adjacent to a gene cluster containing the genes
supAB-mceABCDEF. As reported recently by Mohn et al. (25),
actinobacterial mce systems can function as steroid transport-
ers. These authors provide evidence that the mce4 gene cluster

of R. jostii RHA1 was upregulated 4.0-fold during growth with
cholesterol and that the uptake was an ATP-dependent pro-
cess. They also showed that this uptake system was essential for
the use of sitosterol, cholestanol, and cholestanone as growth
substrates. This study, along with earlier suggestions by other
authors, indicates that mce loci encode a novel type of ABC
transporter system (4) and may also be functional in G. cho-
lesterolivorans. Until now, mce loci were found almost exclu-
sively in mycolic bacteria such as members of the genera No-
cardia, Mycobacterium, and Rhodococcus. To this list we can
add now the genus Gordonia, as the genome of G. cholester-
olivorans reveals four mce gene clusters. The presence of a
cholesterol oxidase gene near a gene cluster possibly involved
in the active transport of steroid molecules and perhaps regu-
lated by the same control system suggests that this organization
may entail some evolutionary advantage to G. cholesteroliv-
orans, possibly explaining the very efficient usage of cholesterol
as compared to that seen for the phylogenetically related bac-
teria tested in this study. It should be mentioned here that the
mce cluster of the 12.8-kb genomic DNA fragment of G. cho-
lesterolivorans (Fig. 3B) shows only little similarity with the
mce4 gene cluster of R. jostii strain RHA1 in a direct alignment
of both sequences (data not shown). However, our isolate
contains one mce cluster located at a different site of the
genome that is more similar to the mce4 cluster of strain
RHA1.

Upstream of the ChoOx-2 gene, a divergently transcribed
putative regulatory gene that carries the consensus sequence of
repressor proteins of the TetR family was identified. Members
of this family are generally transcribed divergently from the
genes under their control, which suggests that the TetR protein
possibly acts as a repressor of ChoOx-2 gene expression. In-
deed, it was reported only recently that cholesterol degrada-
tion by some species of the genus Mycobacterium is controlled
by TetR-type transcriptional repressors, which control the
transcription of the whole gene cluster involved in steroid
catabolism (15, 16). The comparison with promoter regions of
two phylogenetically related Rhodococcus species revealed that
the putative promoter region of the ChoOx-2 gene of G. cho-
lesterolivorans shows almost no homology with them. Whereas
both Rhodococcus species show identical patterns concerning
the regulatory elements, such as the �1 site for transcription
and the �10 and �35 boxes, these characteristic elements are

FIG. 6. In silico study of the promoter region upstream of the ChoOx-2 gene of G. cholesterolivorans (Gchol) and comparison with a similar
region of Rhodococcus equi (Requi) and Rhodococcus erythropolis strain SK121 (Reryt). Initiation codons and Shine-Dalgarno sequences as well
as the start codon of the divergently transcribed tetR gene of G. cholesterolivorans are in bold and lowercase letters. Elements (�10 and �35 boxes,
and �1 transcription sites) of putative promoters are boxed. Inverted repeats are underlined and in bold italics. Putative binding sites for the
response regulator OmpR (in the Gchol sequence) and the transcription factor RpoD17 (in the Requi sequence) are double underlined.
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different in the intergenic region of G. cholesterolivorans. Only
the SD nucleotide sequence of our isolate shows high similarity
with the corresponding sequences of the two Rhodococcus
strains used in sequence alignment. The in silico analysis also
identified in the upstream sequence of R. equi a putative tran-
scription factor binding site belonging to the RpoD17 class.
RpoD17 binding sites are a subclass of �70 promoters in which
a nucleotide spacer sequence (in this case 19 nt) separates the
�10 and �35 regions of the promoter. This sequence is absent
from the other two sequences compared here. The long leader
sequence (232 bp) of the mRNA of G. cholesterolivorans con-
tains a putative binding site for the OmpR regulator, a two-
domain response regulator frequently found in Gram-negative
bacteria such as Escherichia coli (23). The presence of several
palindromic motifs in this leader region is also noteworthy.
Palindromic DNA-binding regions are a common feature of
TetR-type regulators, but the 14-bp conserved motifs such as
“TnnAACnnGTTnnA,” as described for mycobacterial kstR
(15), or “AnCAAGnnCTTGnT,” as reported for mycobacte-
rial kstR2 (16), are not detectable in the promoter region
between the tetR and the ChoOx-2 genes of G. cholesteroliv-
orans.

In RT-PCR experiments, it was shown that the putative
cholesterol oxidase ChoOx-1 gene was not induced by choles-
terol nor by the cholesterol alkyl side chain-resembling oc-
tanoic acid. The inducer of this gene, described in G. bron-
chialis as a gene encoding a FAD-dependent oxidoreductase
but possessing all characteristics of a conventional class I
type of cholesterol oxidases (see Fig. S1 in the supplemental
material), is still unknown. On the other side, the putative
cholesterol oxidase ChoOx-2 gene appeared to be tran-
scribed constitutively. Subsequent targeted disruption of the
G. cholesterolivorans ChoOx-2 gene by introduction of an
apramycin resistance cassette resulted in a complete loss of
steroid degradation capability in G. cholesterolivorans. This
could be due either to the direct loss of the functionality of
this specific gene and the lack of its corresponding product,
ChoOx-2, or to the blockage of the transcription of the
adjacent supAB-mceABCDEF gene cluster possibly involved
in steroid uptake, if these genes form a transcription unit
together with the cholesterol oxidase gene. Future RT-PCR
studies and complementation experiments will be carried
out to clarify this point.
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