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The anaerobe Bacteroides fragilis is a highly aerotolerant, opportunistic pathogen that is an important component of the human
intestinal microbiota. Aerotolerance has been linked to a robust oxidative stress response, which in turn is necessary for maxi-
mal virulence in a mouse intra-abdominal abscess model. During oxidative stress, there is a dynamic change in gene expression
that encompasses a third of the genome, but there is a paucity of information on factors that control this response. A large num-
ber of transcription regulators, including about 14 extracytoplasmic function (ECF) sigma factors, are affected by oxidative
stress, and one of these, EcfO, was used as a model of ECF sigma factor activity during stress. Genetic and biochemical experi-
ments showed that EcfO was located in an operon with a structurally unique anti-sigma factor, Reo. Cells deleted for EcfO were
impaired during exposure to oxygen or other forms of oxidative stress, whereas reo mutants were more resistant to stress. Pro-
tein-protein interaction experiments demonstrated that Reo directly interacts with and regulates the activity of EcfO. Expression
microarray and chromatin affinity precipitation assays were used to identify target genes regulated by EcfO, and an EcfO recog-
nition sequence was identified. The results revealed that EcfO controls a regulon of novel lipoproteins whose distribution in na-
ture is restricted to members of the Bacteroidetes phylum.

The obligate anaerobe Bacteroides fragilis is an indigenous in-
habitant of the gastrointestinal tract of humans, where it con-

tributes to normal host function, but it is also a significant oppor-
tunistic pathogen (1–3). B. fragilis is the anaerobe most frequently
isolated from clinical specimens, and it is usually associated with
peritonitis, intra-abdominal abscess, and bacteremia. Infection
generally occurs when organisms are translocated from the gut as
a result of some underlying disease, surgery, or trauma (4, 5).
Thus, during the course of infection, B. fragilis must adapt from
the anaerobic, highly reducing colon to a new, more oxidizing
environment. The significance of this adaptation was shown pre-
viously when we demonstrated that resistance to oxidative stress is
required for full virulence in a mouse abscess model (6).

B. fragilis is highly aerotolerant, being able to survive about 3
days in the presence of atmospheric levels of oxygen. A number of
studies have shown that aerotolerance is linked to a comprehen-
sive oxidative stress response (OSR) that is similar in scope to that
seen in many facultative or aerobic organisms. During the initial
stages of the OSR, a LysR family regulator, OxyR, controls the
induction of genes for detoxification enzymes such as catalase,
Dps, thioredoxin (Trx) peroxidase, and alkyl hydroperoxide re-
ductase (7, 8). If the stress is not corrected, there is a truly global
transcriptional response that modulates the expression of more
than 1,000 genes coding for a wide range of cellular functions,
including central metabolism, carbohydrate utilization, biosyn-
thesis, and energy generation (6, 9, 10). This response to more
prolonged stress may be important during the transition from the
anaerobic colonic environment, but little is known about how it is
regulated.

Among the B. fragilis genes affected by aerobic exposure were a
large number of transcriptional regulators, including 14 extracy-
toplasmic function (ECF) sigma factors (see the supplemental
material in reference6). ECF sigma factors are known to transmit
changes in environmental signals to specific responses in gene
expression. Upon induction, they bind to core RNA polymerase
and alter promoter selectivity, thus allowing differential gene ex-

pression in response to changes in the environment. There are a
number of examples in which ECF sigma factors modulate re-
sponses to oxidative stress. In Mycobacterium tuberculosis, both �E

and �H play a role in protection against oxidative stress induced by
a range of compounds such as H2O2, cumene hydroperoxide,
plumbagin, and diamide (11–13). In the alphaproteobacterium
Caulobacter crescentus, �T plays a role in both H2O2 stress and
osmotic stress, and �F controls the stationary-phase expression of
a regulon including msrA and sodA, which help protect against
oxidative stress (14, 15). In both of these examples, the ECF sigma
factors appear to contribute to multiple-stress resistance, indicat-
ing broad overlapping functions in the regulons of many of these
stress responses.

Several mechanisms by which the activities of ECF sigma fac-
tors are regulated have been described. In most cases, a general
mode of control involves specific anti-sigma factors, which func-
tion as negative regulators by sequestering the sigma factors, pre-
venting both binding to DNA and associations with core RNA
polymerase under noninducing conditions (16). Upon the per-
ception of an inducing signal, anti-sigma factor regulation is mit-
igated by diverse mechanisms, which include but are not limited
to intramembrane proteolysis (17), sigma factor mimicry/partner
switching by an anti-anti-sigma factor (18), redox-mediated con-
formational switching (19), and the export of the anti-sigma fac-
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tor (20). Most ECF sigma factor genes are located in the same
operon as their cognate anti-sigma factor.

In this report, one of the aerobically induced sigma factors,
EcfO (Ecf sigma factor in oxidative stress), and its anti-sigma fac-
tor, Reo (regulator of EcfO), were used as a model to study the role
of these regulators in the oxidative stress response of B. fragilis. We
show that the deletion of EcfO affects sensitivity to several oxida-
tive stressors and the ability to survive aerobic exposure. We also
show with genetic and biochemical experiments that Reo interacts
with and regulates the activity of EcfO. Data from expression mi-
croarray and real-time PCR experiments using ecfO and reo mu-
tants defined a set of novel target genes which are unique to Bac-
teroides and are regulated by EcfO. Chromatin affinity
precipitation (ChAP) assays of EcfO in combination with real-
time PCR (ChAP-RT) were used to distinguish direct promoter
targets of EcfO from its secondary downstream targets. We hope
to gain a better understanding of how EcfO regulates its targets
under different growth conditions and the role of this regulon in
resistance to oxidative stress.

MATERIALS AND METHODS
Strains, plasmids, and growth media. Relevant characteristics of the bac-
terial strains and plasmids used in this study are described in Table 1.
Bacteroides strains were routinely grown in an anaerobic chamber at 37°C
in TYG (tryptone, yeast extract, and glucose) medium (27). For some
experiments, maltose replaced glucose as the carbon source (TYM me-
dium). Rifampin (20 �g ml�1), gentamicin (50 �g ml�1), tetracycline (5
�g ml�1), and erythromycin (5 �g ml�1) were added to the medium
when required. Escherichia coli strains were routinely grown in LB me-
dium containing the following antibiotics when needed: ampicillin (100
�g ml�1), carbenicillin (50 �g ml�1), spectinomycin (50 �g ml�1), and
kanamycin (35 �g ml�1).

Construction of mutants. The construction of the ecfO deletion mu-
tant was carried out by allelic exchange using the positive-selection vector
pYT102, as described previously (22). Briefly, PCR (see Table S1 in the
supplemental material for primers) was used to amplify regions upstream
and downstream of the EcfO gene to create a 237-bp in-frame deletion
lacking codons 45 to 123, and this was cloned into pYT102. The plasmid
was mobilized into B. fragilis ADB77 (isogenic with 638R), and following

confirmation of the double-crossover allelic exchange, the mutant strain
was reverted back to thymine prototrophy (22). In experiments described
below, the DNA sequence that encompassed the ecfO gene fragment with
the in-frame deletion was cloned as a negative control, and it is designated
the �ecfO mutant when associated with a plasmid construct.

The reo mutant was created by using a similar strategy, except that the
deleted portion of the gene was replaced by a tetracycline resistance cas-
sette (tetQ), and the suicide vector used was pFD516 (23). In this case,
double-crossover mutations were identified by screening for tetracycline-
resistant, erythromycin-sensitive colonies. Evidence for the mutations
was shown by the analysis of PCR products using genomic DNA and
cDNA templates from these strains.

Three additional reo mutations were constructed for protein-protein
interaction studies: Reo-�TM was a deletion of the first 78 amino acids;
Reo-N1-TM contained only the first 48 amino acids of Reo; and Reo-
N1�TM contained the first 78 amino acids of Reo, including the trans-
membrane domain. These proteins were cloned into pGEX4T-1 and
pET32a for in-frame expression with N-terminal tags, glutathione
S-transferase (GST), and Trx-6�His, respectively.

Oxidative stress sensitivity assays. For disk diffusion assays over-
night, anaerobic cultures (0.1 ml) were spread onto TYG plates without
cysteine. A sterile 6-mm filter disk was placed onto the center of each plate,
and 10 �l of the stressing agent was added to the disk (28). Following
overnight incubation, the diameters of the zones of growth inhibition
were measured for triplicate experiments.

Another assay was used to measure recovery after aerobic stress. Cul-
tures grown overnight were removed from the anaerobic chamber and
serially diluted in sterile phosphate-buffered saline (PBS), and 5 �l of each
dilution was spotted onto multiple TYG plates lacking cysteine. The plates
were incubated under aerobic conditions at 37°C and then moved to
anaerobic conditions after different exposure times to allow for the recov-
ery of cells.

Protein expression and purification. The overexpression of proteins
in E. coli was conducted by using pGEX4T-1 for the isopropyl-�-D-thio-
galactopyranoside (IPTG)-inducible expression of N-terminally GST-
tagged proteins or pET32a for the IPTG-inducible expression of N-termi-
nal thioredoxin-His-tagged proteins. Proteins were routinely expressed in
BL21(DE3) cells (Promega) by the induction of mid-log-phase cells with
1 mM IPTG for 3 h. Cells were extracted in extraction buffer (5 M NaCl, 50
mM NaH2PO4 [pH 8.0]) containing 1� protease inhibitor cocktail (cat-
alog number P8465; Sigma), 0.5% Triton X-100, and 1 mM phenylmeth-

TABLE 1 Plasmids and bacterial strains used in this study

Strain or plasmid Descriptiona Reference(s) or source

Strains
638Rb B. fragilis clinical isolate; Rfr Gmr 21
ABD77 B. fragilis TM4000 (638R) thyA; Rfr Gmr Tpr 22
IB524 ABD77 ecfO thyA�; Rfr Gmr This study
IB525 638R reo::tetQ; Tcr Rfr Gmr This study
IB526 IB524 ecfO reo::tetQ; Tcr Rfr This study

Plasmids
pFD516 Bacteroides suicide vector, 7.7 kb; (Spr) Emr 23
pFD340 Bacteroides constitutive expression vector, 8.8 kb; (Apr) Emr 24
pFD1146 Bacteroides IPTG-inducible expression vector, 9.4 kb; (Spr) Emr 25
pHT1146 His-tagged vector derived from pFD1146, 9,906 kb; (Spr) Emr This studyc

pFD1045 Bacteroides maltose-inducible expression vector containing the osuA promoter, 7.4 kb; (Apr) Emr 26, this studyc

pHT1045 His-tagged vector, derived from pFD1045, 7.9 kb; (Apr) Emr This studyc

pGEX4T-1 E. coli GST expression vector expressing glutathione S-transferase, 4.9 kb; (Apr) GE Healthcare
pET32a(�) E. coli His-tagged expression vector containing a thioredoxin tag, 5.9 kb; (Apr) Novagen

a Antibiotic resistance markers in parentheses are expressed in E. coli strains, and antibiotic resistance markers without parentheses are expressed in Bacteroides strains. Rfr, rifampin
resistance; Emr, erythromycin resistance; Tcr, tetracycline resistance; Gmr, gentamicin resistance; Spr, spectinomycin resistance; Apr, ampicillin resistance.
b NCBI accession number FQ312004.
c See the supplemental material for additional details.
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ylsulfonyl fluoride (PMSF). Cells were lysed by a French press, and after
centrifugation at 27,000 � g for 20 min at 4°C, the soluble supernatant was
used for affinity purification.

Two systems were used for the inducible expression of His-tagged
proteins in B. fragilis: plasmid pHT1045, for maltose-inducible expres-
sion, or plasmid pHT1146, for IPTG-inducible expression (Table 1; see
also Fig. S1 and S2 and procedures in the supplemental material for de-
tailed descriptions of plasmids used for the expression of His-tagged pro-
teins in B. fragilis).

In vitro protein-protein interaction assays. In vitro protein-protein
interaction experiments, or pulldown assays, were performed between
GST-bound proteins and His-tagged proteins. All GST-tagged and His-
tagged proteins were readily purified from the soluble fraction of the cell
lysate and were not found in inclusion bodies. For purification, the GST-
tagged proteins were affinity bound to glutathione-Sepharose 4B resin,
and the Trx-His-tagged proteins were eluted in imidazole elution buffer
after binding on Ni-nitrilotriacetic acid (NTA) resin (Qiagen, Valencia,
CA). All of the affinity-tagged proteins were stable upon isolation, as
shown by SDS-PAGE analysis. Following the quantification of protein,
between 1:1 and 4:1 molar equivalents of GST-tagged protein (bound to
glutathione-Sepharose resin) and the His-tagged partner protein, respec-
tively, were incubated in the presence of 10% glycerol and protein extraction
buffer at 4°C overnight with gentle shaking. Controls were included to ex-
clude nonspecific interactions with the affinity tags. The unbound fraction
was removed, and the resin was washed in extraction buffer containing 0.1%
Triton X. The proteins were eluted at 95°C for 5 min with 300 �l elution
buffer and 300 �l of 2� SDS loading buffer. Bound and unbound proteins
were analyzed by Coomassie staining and Western blotting with mouse
monoclonal antibody to the His tag (ABM, Inc., Richmond, Canada).

Subcellular fractionation. Cytoplasmic and membrane fractions
were prepared, as described previously (29), from log-phase cultures
grown in 300 ml of TYG medium. Cells were lysed by a French press, and
cellular debris was removed by low-speed centrifugation. The membrane
fraction in the supernatant was separated from the cytoplasmic fraction
by ultracentrifugation in a 70.1 fixed-angle Ti rotor at 55,000 � g for 2 h at
4°C. His-tagged proteins present in the fractions were concentrated on
Ni-NTA columns and eluted in comparable volumes. His-tagged proteins
in the membrane pellets were suspended in denaturing 6 M guanidine
HCl-phosphate buffer containing 0.5 M NaCl, purified under denaturing
buffered conditions on Ni-NTA columns, and eluted under native condi-
tions after washing with native phosphate wash buffers containing 20 mM
imidazole.

Chromatin affinity purification. Chromatin immunoprecipitation
and affinity purification assays using affinity-tagged proteins were de-
scribed previously and were optimized for B. fragilis, as follows (30–32). A
maltose-inducible plasmid expressing the His-tagged EcfO protein was
mobilized into either the ecfO or ecfO reo mutant. For use as a negative
control, a plasmid containing the ecfO gene fragment with the 237-bp
deletion was mobilized into the ecfO reo mutant. These strains were grown
in TYG medium containing 0.25% glucose and 5 �g ml�1 erythromycin.
To induce protein expression, a culture grown overnight was diluted
1:100 into 500 ml of prewarmed TYM medium and incubated for about 8
h until the log phase. Chloramphenicol was added to a final concentration
of 100 �g ml�1, and an aliquot of 25 ml was collected for RNA prepara-
tion. In the remaining culture, protein-DNA complexes were cross-linked
by the addition of formaldehyde to a final concentration of 1% and incu-
bated on ice with periodic shaking for 30 min. The reaction was quenched
with glycine at a final concentration of 125 mM at room temperature for
5 min. The cells were collected at 8,000 rpm for 5 min and washed twice in
PBS buffer (1.36 mM NaCl, 27 �M KCl, 17.6 �M KH2PO4, 100 �M
Na2HPO4 [pH 7.4]).

Cells were lysed in 20 ml of native extraction buffer (5 M NaCl, 50 mM
NaH2PO4 [pH 8.0]) containing 1� protease inhibitor cocktail (Sigma-
Aldrich, Inc., St. Louis, MO), 1 mM PMSF, 1 mg ml�1 lysozyme, and
RNase A (EMD-Millipore [Novagen], Billerica, MA). After incubation at

room temperature for 20 min, cells were sonicated in a 50-ml tube on ice
using the large tip of a Branson 450 sonifier (output 5, 90% duty cycle) 7
times with 30 1-s pulses, with 2 min between each time. Triton was added
to 1%, and three more rounds of sonication were performed. The DNA
fragment size range was verified by analysis on a 1% agarose gel, and
samples containing fragments of between 200 bp and 2,000 bp were used
for affinity purification.

The sheared lysate was centrifuged at 27,000 � g at 4°C for 20 min to
remove unbroken cells and cell debris. The supernatant was filtered and
incubated with 500 �l of preequilibrated Ni-NTA beads overnight at 4°C
with gentle shaking. A sample of unbound lysate was collected and treated
in exactly the same way as for the downstream eluted protein. The beads
were washed three times with extraction buffer, once in extraction buffer
containing 1% Triton, and three times in extraction buffer containing 10
mM imidazole. Bound protein was eluted twice with 400 �l of phosphate
buffer at pH 8.0 containing 500 mM imidazole, 1% SDS, and 10 mM
dithiothreitol (DTT). Fifty microliters of 5 M NaCl and 1 �l of RNase A
were added, and the samples were un-cross-linked at 65°C overnight. The
samples were centrifuged at 27,000 � g at 4°C, sodium acetate was added
to the supernatant to a final concentration of 0.3 M, and the DNA was
ethanol precipitated. The DNA pellet was suspended in 50 mM Tris buffer
containing 25 mM EDTA at pH 7.5 and treated with 5 �l of 20 mg ml�1

proteinase K at 55°C for 1 h. After 5 �l of 3 M sodium acetate was added,
the Qiagen PCR cleanup kit was used to obtain a clean DNA preparation.
A 1:10-diluted aliquot of the preparation was used for real-time quanti-
tative PCR (qPCR) to verify the enrichment of control genes.

RNA isolation and qRT-PCR analysis. RNA isolation was carried by
out using the hot-phenol method, as described previously (33). The sam-
ples were treated three times with Turbo DNA-free DNase and passed on
a silica column (Invitrogen, Carlsbad, CA). Twenty micrograms of RNA
was used for first-strand cDNA synthesis in a reaction mixture with 13 ng
�l�1 random hexamers, 0.5 mM deoxynucleoside triphosphates
(dNTPs), 1� first-strand buffer, and 1 �l Superscript II RNase H-reverse
transcriptase I (Invitrogen, Carlsbad, CA).

A cDNA preparation containing 2 ng/�l was used for the quantitative
reverse transcriptase PCR (qRT-PCR) reactions. The qPCRs for each
primer set were performed on serial dilutions of a template plasmid as a
PCR standard. The copy number for each standard was estimated accord-
ing to Avogadro calculations, based on the length of the DNA fragment
and its concentration in the sample: [copy number per/g] � [6.022E�23
(number/mole)]/[fragment length (bp) � 650 (g/mole)].

The reaction mixture contained 12.5 �l of 2� iQ SYBR green Supermix,
1.5 �l of 5 mM forward primer, 1.5 �l of 5 mM reverse primer, 4.5 �l H2O,
and 5 �l of cDNA template (diluted to about 2 ng �l�1 RNA) per well. All
samples were run in triplicate, and DNase-cleaned RNA (diluted to the same
starting quantity) was run as a control for genomic DNA contamination. In
cases where a standard was absent, the relative expression level was deter-
mined by the Pfaffl method (34), using 16S RNA as a reference.

Expression microarrays. Second-strand cDNA for expression mi-
croarray analysis was prepared as follows: 30 �l of second-strand reaction
buffer, 3 �l of 10 mM dNTP, 1 �l of 10 U �l�1 E. coli DNA ligase, 4 �l of
10 U �l�1 E. coli DNA polymerase, 1 �l of 2 U �l�1 E. coli RNase H, and
water were added to the product of the first-strand cDNA synthesis reac-
tion mixture described above to a final volume of 150 �l. After 2 h of
incubation at 16°C, 2 �l (10 units) of T4 DNA polymerase was added, and
the mixture was further incubated at 16°C for 5 min. The reaction was
stopped by the addition of 10 �l of 0.5 M EDTA to the mixture. RNA
digestion was carried out by the addition of 1 �l of 10 mg ml�1 RNase A.
Double-stranded cDNA was cleaned up by extraction with phenol-chlo-
roform-isoamyl alcohol (25:24:1) and ethanol precipitation in the pres-
ence of 0.75 M ammonium acetate. One microgram of purified double-
stranded cDNA was used for labeling with cy3 and expression array
hybridization. A 365,000-molecular-weight (385K) high-density-oligo-
nucleotide whole-genome expression array (Roche/NimbleGen Systems,
Inc., Madison, WI) with 5 technical replicates of each probe per slide was
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designed for B. fragilis 638R using the genome sequence and open reading
frame (ORF) predictions. Labeling, hybridization, and processing of the
arrays were performed at the Florida State University Roche/NimbleGen
Microarray Facility.

In order to elucidate the EcfO regulon, three independent cultures of
the ecfO mutant plus the empty vector and four independent cultures of
the reo mutant containing pFD1146-ecfO were started from single colo-
nies and grown overnight in the absence of IPTG. These cultures were
then diluted in TYG medium containing 1 mM IPTG and grown to the
mid-logarithmic phase for RNA isolation and microarray analysis, as de-
scribed above. The raw microarray expression data were normalized to-
gether by using the robust multiarray average (RMA) algorithm, as im-
plemented in Roche DEVA 1.1 software. The normalized data were
analyzed by using ArrayStar software (Dnastar, Inc., Madison, WI). Dur-
ing the course of these experiments, several of the cultures exhibited ran-
dom phase variation of the capsule polysaccharide loci for polysaccharide
A (PSA), PSF, and PSG, as described previously (35–37). In order to better
visualize the EcfO regulon, the expression values for these capsule operons
were removed from the ArrayStar expression analysis. However, the com-
plete set of microarray expression data have been deposited in the NCBI
Gene Expression Omnibus, and the top 100 induced genes also are shown
in Table S2 in the supplemental material. Preliminary microarray expres-
sion data with different strains or plasmid expression systems (see Table
S3 in the supplemental material) did not show obvious capsule phase
variation.

5= RACE mapping. The 5= ends of mRNA were mapped by 5= rapid
amplification of cDNA ends (RACE), using commercial reagents (Invit-
rogen, Carlsbad, CA) and primers described in Table S1 in the supple-
mental material. Primers 1335-GSP1.1 and sigOD-GSP2.2were used to
generate the first-strand cDNA. Primers sigOD-RT2 and sigOD-GSP2.2
were used for nested PCR in combination with the RACE abridged anchor
primer to amplify RACE products for EcfO. Primers 1335-GSP2 and
1335-GSP2.2 were used in combination with the RACE abridged anchor
primer to amplify RACE products for BF638R_1335. The PCR products
were cloned into pGEM-T, and at least 4 colonies from each were se-
quenced to determine the transcription initiation sites.

Microarray data accession numbers. Microarray expression data de-
scribed in the text and in the supplemental material have been deposited
in the NCBI Gene Expression Omnibus database under accession num-
bers GSE39231 and GSE35536.

RESULTS
ECF sigma factors in Bacteroides fragilis. The genome sequence
of B. fragilis revealed 43 predicted ECF sigma factors; 1 primary
sigma factor, �70; and 1 RpoN-like sigma factor, �54 (38). A pri-
mary sequence alignment and phylogenetic analyses of the ECF
sigma factors showed significant structural diversity (see Fig. S3 in
the supplemental material). These proteins were spread over 6 of
the 	40 major conserved ECF families described previously by
Staron et al. (39), and we also noted that 6 of these sigma factors
either were previously ungrouped or were assigned to one of the
minor ECF families. More than half (25/43) of the B. fragilis ECF
sigma factors belonged to the ECF10 group, which has been asso-
ciated with the uptake and metabolism of complex carbohydrates
(39). ECF10 family members in Bacteroides thetaiotaomicron have
been shown to participate in trans-envelope signaling cascades,
which modulate both polysaccharide metabolism and capsule
biosynthesis (40).

In a previous microarray study, the expressions of 14 of the
ECF sigma factors genes or their associated anti-sigma factors
were modulated during exposure to oxygen (see the supplemental
material in reference 6). The affected genes are representative of
most of the B. fragilis ECF sigma factor families probably reflecting
diversity in sensory perception and target response genes (see Fig.
S3 in the supplemental material). Five of these genes coded for
ECF sigma factors that were induced 3- to 8-fold by oxygen, and
one of these ECF sigma factors, EcfO, is associated with the ECF21
family, which has not been previously investigated for any other
organism (39). The ecfO gene was induced 3.4-fold after exposure
to air, and interestingly, it was located in close proximity to oxyR,
which encodes a key regulator of the OSR. These observations
suggested that EcfO might be important for the B. fragilis oxida-
tive stress response.

The ecfO gene is cotranscribed with BF638R_1337, located
downstream and encoding a putative anti-sigma factor, Reo (Fig.
1; see also Fig. S4 in the supplemental material). The BF638R_1335
gene is divergently transcribed from the ecfO promoter region,

FIG 1 Genetic organization and nucleotide sequence of the ecfO locus. (A) The dashed lines below the arrows show the regions either deleted (�) or deleted and
replaced with the tetQ gene (
). The unmarked deletion of ecfO lacks amino acids 45 to 123. The reo mutation was generated by replacing nearly the entire gene
(after amino acid 15) with a tetracycline cassette. (B) The transcription initiation sites, shown by the bent arrows, for BF638R_1335 and for the ecfO-reo operon
were mapped by using a standard 5= RACE protocol. The conserved EcfO binding sites (Fig. 7) are boxed and in boldface type. Primer binding sites in the region
used for either RACE mapping or ChAP-RT analysis are shown as dashed arrows, and the N-terminal portions of the coding sequences for the genes are indicated.
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and it is adjacent to but transcribed in the opposite direction of
oxyR (Fig. 1). BF638R_1335 is a conserved protein in Bacteroides
but is of unknown function. The C terminus of the pflA gene is
located 237 bp downstream of reo and is transcribed in the oppo-
site orientation.

The EcfO mutant has a defective response to oxidative stress.
It was suspected that EcfO has a role in the OSR since its transcrip-
tion level increased during exposure to air (6). To test this, the
viability of the ecfO mutant was determined in disk diffusion as-
says with the oxidative stress agents cumene hydroperoxide, di-
amide, phenazine methosulfate, and menadione. As shown in Fig.
2A, the absence of EcfO reduced the ability of B. fragilis to defend
itself against oxidative stress, as demonstrated by the significantly
larger inhibition zones in the disk diffusion assays for three of the
stressing agents tested. In contrast, a reo mutant was more resis-
tant to stress than the wild type, with significantly smaller inhibi-
tion zones for each of the oxidative stressors, especially menadi-
one, which had an extremely reduced zone of inhibition. Based on
these results, we hypothesized that Reo is an anti-sigma factor
which inhibits EcfO activity.

To test aerotolerance, wild-type (638R) and ecfO and reo mu-
tant cultures were grown to the mid-log phase in an anaerobic
chamber, serially diluted, and spotted onto TYG plates. After ex-
posure to air at 37°C for different time points, the plates were
transferred into the anaerobic chamber for outgrowth and recov-
ery. The results showed that the survival of the different mutants
in air reflected the results that we observed with the disk diffusion
assays; that is, the EcfO-deficient mutant was more sensitive to

extended aerobic exposure than the wild-type cells (Fig. 2B). The
Reo mutant had a survival profile similar to that of the parent and
was somewhat more resistant to this stress.

Complementation of the ecfO mutation restores resistance
to oxidative stress. An experiment was designed to determine if
the loss of EcfO could be complemented by introducing the gene
under the control of an inducible promoter (Fig. 2C). For this
work, ecfO containing a dual N-terminal/C-terminal His tag was
cloned into the maltose-inducible vector pHT1045 and trans-
ferred into the ecfO mutant. The ecfO(pHT1045-ecfO) cells were
grown overnight in glucose medium and then subcultured in me-
dium containing either maltose (inducing) or glucose. At the mid-
log phase, cells were serially diluted and spotted onto maltose-
containing stress plates. To ameliorate the oxidative stress
conditions, the stress plates contained 0.3 �M cumene or 5 �M
diamide and were exposed to air prior to anaerobic recovery. We
hypothesized that cells grown in the presence of glucose would
have little or no available EcfO at the time of stress but that when
induced with maltose, the excess EcfO would have stimulated an
effective defense response. Results showed that with a minimal
aerobic stress of 1 h of air exposure, there was little difference in
survival, but cells preinduced for EcfO and exposed to air for 24 h
showed about a 10-fold difference in survival compared to cells
from the noninducing glucose medium. It can be concluded that
EcfO induced under these conditions is sufficient to complement
the phenotype of the ecfO mutation. In addition, the data indicate
that the dual-His-tagged EcfO protein was functional in B. fragilis.

The N terminus of Reo interacts with EcfO. It is common that

FIG 2 Phenotypic analysis of ecfO mutants reveals sensitivity to oxidative stress. (A) The growth inhibition zones of the wild type (BF638R) and the ecfO and reo
mutants were compared in disk diffusion assays with different oxidative stress agents. Compared to the wild type, the two-tailed t test statistics are as follows: P
values of �0.01 (*), P values of �0.005 (**), and P values of �0.0001 (***). Men, menadione; CHP, cumene hydroperoxide; PMS, phenazine methosulfate
(PMS). (B) Aerobic exposure stress tests comparing wild-type strain BF638R to the ecfO and reo mutants incubated in air for different times. The log dilution is
shown at the top, and the incubation times are on the side. (C) Preinduction of plasmid-encoded, His-tagged EcfO in the ecfO background mutant complemented
the ecfO mutant phenotype. ecfO(pHT1045-ecfO) cells were grown in glucose-repressing (�) or maltose-inducing (�) medium for 6 h to induce the expression
of His-tagged EcfO, and serial dilutions (shown at the top) were then spotted onto TYM agar plates containing cumene hydroperoxide or diamide. The plates
were exposed to air at 37°C for 1 or 24 h, and cell survival was then determined after anaerobic incubation to allow for the rescue of cells.
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ECF sigma factors are regulated by an anti-sigma factor located
within the same genetic locus and are either cotranscribed or di-
vergently transcribed from the sigma factor gene. The reo gene is
in an operon with ecfO, and the phenotype of a reo mutant sug-
gested that it may regulate EcfO activity. Reo was annotated as a
hypothetical protein with no conserved anti-sigma factor do-
mains, but it is predicted to have a single transmembrane region
(amino acids [aa] 49 to 71). To test if Reo is an anti-sigma factor
for EcfO, we constructed EcfO and Reo fusion proteins with af-
finity tags for thioredoxin (Trx)-His and GST, respectively, and
then tested if they were able to physically interact by affinity pull-
down assays. Each interaction assay included a purified Trx-His
tag in the binding reaction mixture to exclude nonspecific inter-
actions due to the affinity tag. Purified GST-tagged proteins were
bound to glutathione-Sepharose resin and incubated with equiv-
alent amounts of Trx-His-tagged proteins. After incubation,
washing, and elution, protein profiles of fractions bound or un-
bound to the glutathione beads were compared by Coomassie
staining and Western blotting. As observed by Western blotting
(Fig. 3), the GST controls did not bind to EcfO, nor did EcfO form
dimers with itself. The full-length Reo protein was able to bind to
EcfO, depleting it from the unbound fraction. Interestingly, when
the N terminus of Reo was deleted, the mutated protein (Reo-
�TM, with an N-terminal deletion of aa 1 to 73) lost its EcfO
binding activity. This finding suggests that Reo possesses a cyto-
plasmic sigma factor binding domain linked by a trans-membrane
domain to a periplasmic sensor domain.

Further evidence that the N-terminal amino acids of Reo are
sufficient to interact with EcfO was obtained by pulldown exper-
iments using the Reo N1-TM protein, which contains just the first
48 aa of Reo (Fig. 4A, lane 2). The GST fusion to these amino acids
was sufficient to pull down EcfO from the soluble protein suspen-
sion, and the presence of the trans-membrane domain did not
interfere with this interaction (Fig. 4A, lane 3). A negative control

containing only GST did not interact with EcfO. Another ex-
periment was designed to determine if mutated EcfO contain-
ing an in-frame deletion of aa 44 to 123 (�EcfO) was able to
bind to the N terminus of Reo (Fig. 4B). The �ecfO mutation
from the strain IB524 chromosome was used as a template to
generate this deleted protein construct. Unlike the wild-type
protein, the �EcfO protein was unable to bind to the GST-
bound N terminus of Reo.

FIG 3 Western blot probed with anti-His tag antibody used to test for EcfO-
Reo interactions and map the Reo interaction domain. GST-tagged proteins
were affinity bound to glutathione-Sepharose resin and incubated with puri-
fied Trx-His-tagged EcfO (38.7 kDa). The Trx-His protein (20.3 kDa) was also
included in each experiment as a negative control. Following incubation, the
unbound fraction was collected, and the resin was washed. The pulled-down
proteins (bound fraction) were then eluted from the Sepharose beads. His-
tagged proteins collected in the unbound and bound fractions were detected
by Western blotting using a mouse monoclonal antibody to the His tag.

FIG 4 Identification of Reo and EcfO interaction domains. (A) Coomassie-
stained SDS-PAGE gels confirming the EcfO interaction domain of Reo. The
following GST-tagged proteins were used: GST-Reo-N1-TM is the N-terminal
48 amino acids of Reo without a transmembrane domain, and GST-Reo-
N2�TM is the N-terminal 78 amino acids of Reo with a transmembrane
domain. GST alone was used as a negative control. GST-tagged proteins were
affinity purified and incubated with affinity-purified Trx-His-tagged EcfO.
Unbound proteins (Trx-6�His tagged) in the flowthrough and proteins
eluted after pulldowns were visualized by Coomassie staining. (B) Coomassie-
stained SDS-PAGE gels mapping the Reo interaction domain in EcfO. GST-
tagged proteins (Reo-N1-TM and GST, as a negative control) were affinity
purified and incubated with purified Trx-6�His-EcfO or the deletion deriva-
tive Trx-6�His-�EcfO, derived from strain IB524. Unbound proteins (Trx-
6�His tagged) in the flowthrough and proteins in the bound fraction eluted
after pulldowns were visualized by Coomassie staining.
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Reo and EcfO interact on the cytoplasmic membrane. Evi-
dence for in vivo interactions was obtained from an experiment
designed to identify the subcellular localization of EcfO and to
infer the localization of Reo. A maltose-inducible His-tagged EcfO
protein was introduced on a plasmid into two stains, either the
ecfO mutant or the ecfO reo double mutant. Cultures were grown
anaerobically in maltose-containing medium, and membrane and
cytoplasmic fractions were then isolated. We predicted that if Reo
was localized to the membrane, the overexpression of EcfO would
result in it being found in both the membrane and the cytoplasm
fractions. In contrast, we expected to see only a cytoplasmic local-
ization of EcfO in the Reo mutant. As shown in Fig. 5, EcfO was
enriched in the expected fractions for both strains. It is notable
that the membrane fraction for the ecfO reo(pHT1045-ecfO) mu-
tant was intentionally overloaded relative to the cytoplasmic frac-
tion, but this resulted in only a weak signal for EcfO in the mem-
brane.

Expression arrays reveal that EcfO regulates a discrete set of
target genes. Expression microarrays were used to help identify
genes activated downstream of EcfO. The experimental strategy
was designed to induce EcfO expression in the absence of its in-
hibitor Reo. To implement this strategy, the ecfO gene was placed
under the control of an IPTG-inducible promoter and then ex-
pressed under anaerobic conditions in the reo mutant back-
ground. RNA obtained from these strains was compared to that of
the ecfO mutant containing the empty vector. Genome expression
levels were visualized by scatter plots of the log2-normalized data,
and the results showed that there was a tight correlation (R �
0.95) between the two data sets, except for one clearly distinct set
of induced genes in the EcfO overexpression strain (Fig. 6). There
were eight genes induced by 9-fold or more, and this set included
the ecfO gene, which was induced 11-fold (Table 2). As expected,
the expression level for the reo gene was considerably repressed,
and the low background of reo expression that was observed was
due to the presence of the intact N terminus of the gene in the reo
mutant (Fig. 1 and Table 2). Six of the induced genes code for
novel lipoproteins of unknown function which are related only to

other proteins of Bacteroidetes lineage, and the seventh is a radical
S-adenosylmethionine (SAM) superfamily member. Three of the
encoded lipoproteins (BF638R_0588, BF638R_0743, and
BF638R_1335) are similar to NigD, a protein associated with the
Prevotella nigrescens bacteriocin nigrescin (41, 42). The results
from these microarray experiments were in close agreement with
data from preliminary microarray experiments using either a
maltose-inducible ecfO construct or a constitutively expressed
ecfO construct. These earlier data showed that among the most
highly expressed genes was the same set of novel lipoprotein and
radical SAM genes as seen with the IPTG-inducible system shown
here (NCBI Gene Expression Omnibus accession number
GSE35536) (see Table S3 in the supplemental material).

The EcfO regulon is comprised of 7 direct target operons.
The sequences upstream of each putative EcfO regulon gene were
examined in search of an EcfO consensus promoter recognition
motif. The transcription start sites for ecfO and BF638R_1335 were
mapped by using 5= RACE. The sites were located 18 and 53 bp
upstream of the EcfO and BF638R_1335 translation start sites,
respectively. A comparison of these two divergent promoters to
those of the other regulon genes identified in the expression mi-
croarrays revealed conservation, and a consensus promoter rec-
ognition sequence emerged. Strongly conserved �10- and �35-
like regions were observed in the upstream noncoding regions of
BF638R_4448, BF638R_0743, BF638R_2513, and BF638R_2785
and within the BF638R_2478 gene (Fig. 7). All of these except the
latter were identified by expression microarray data as being reg-
ulated by EcfO.

We designed a chromatin affinity purification (ChAP) experi-
ment to address whether EcfO can be enriched in vivo at the pro-
moters of the target genes. This method has not been used previ-
ously for B. fragilis and was adapted from methods described
previously (30, 43). Because of the absence of specific antibodies
to EcfO, we used an affinity-tagged approach with pHT1045-ecfO
(dually His tagged), which was expressed in either the ecfO or the
ecfO reo mutant (31, 32). Based on results from the complemen-
tation experiment (Fig. 2C), it was clear that the dual His tag did

FIG 5 Dynamic localization of EcfO in the membrane and cytoplasm in the
presence of a membrane-associated anti-sigma factor. The subcellular local-
ization of EcfO was investigated by using affinity-tagged EcfO expressed in
either the ecfO mutant or the ecfO reo double mutant. Cells were grown anaer-
obically to the mid-logarithmic phase in TYM medium to induce pHT1045-
ecfO expression and then fractionated into cytoplasmic and membrane frac-
tions. Following affinity purification of His-tagged EcfO and Western blotting
with anti-His tag antibodies (top), EcfO was observed in both the cytoplasmic
and membrane fractions. In the absence of its anti-sigma factor Reo, EcfO
remained predominantly free in the cytoplasm. Coomassie-stained gels (bot-
tom) show the total protein loaded in the 26- to 34-kDa range that corresponds
to His-tagged EcfO. Cyto, cytoplasmic fraction; Mem, membrane fraction;
mw, molecular weight marker (in thousands).

FIG 6 Scatter plot of genome expression values comparing the ecfO mutant to
the reo mutant containing ecfO in an IPTG-inducible plasmid. The RMA-
normalized log2 expression values from at least 3 independent experiments
comparing IPTG-induced pFD1146-ecfO in the reo mutant background to the
ecfO mutant with an empty vector control were averaged and plotted by using
ArrayStar software. The EcfO regulon of induced genes is circled, and an arrow
indicates the repressed expression of the reo gene.
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not interfere significantly with the function of EcfO. As a negative
control, we used the ecfO reo double mutant strain, carrying the
same vector but containing the �ecfO gene with the in-frame de-
letion. From these same experimental samples, we also prepared
RNA in order to correlate the gene expression profiles to the chro-
matin enrichment profiles. After the amplification of ChAP and
unbound DNA, enrichment at the BF638R_1335 ecfO promoter
region was examined by using qPCR. The results in Fig. 8 show
that samples containing His-tagged EcfO pulled down between 1
� 106 and 6 � 106 copies of the promoter fragment per ng of total
DNA, representing a 10- to 20-fold enrichment of the promoter
region in the ChAP samples compared to the negative controls. In
contrast, there was no change between samples in the unbound
fractions. 16S rRNA was not enriched in either the unbound DNA
fraction or the ChAP DNA fractions (Fig. 8). These ratios reflected
the enrichments observed prior to DNA amplification (data not
shown) and in three other independent experiments, including
two with IPTG-inducible pHT1146-ecfO.

Amplified DNA was used in a ChAP/qPCR assay to quantify
EcfO enrichment at the promoter sites of other predicted target
genes. The relative fold gene expression and the corresponding
enrichment of EcfO at the promoters were confirmed by qRT-
PCR estimations of copy number(Tables 3 and 4). There was a
close correlation between the PCR data for both the ChAP and
gene expression experiments. As a negative control, BF638R_2478
showed neither an enrichment of EcfO nor an increased accumu-
lation of transcript. It was also observed that the presence of the
EcfO inhibitor Reo reduced the overall promoter enrichment and
gene expression by over 2-fold. The promoter sites of several other

genes, including three ECF sigma factors, were also tested and
showed no enrichment by EcfO-ChAP (data not shown).

DISCUSSION

B. fragilis encodes a large number of sensory signaling systems,
which include two-component system regulators and ECF sigma
factors. These systems are critical for survival in their normal but
ever-changing intestinal environment and for adaption to ex-
traintestinal sites as an opportunistic pathogen. In the related or-
ganism B. thetaiotaomicron, about half of the ECF sigma factors
are associated with polysaccharide utilization loci, and they regu-
late the use of both host- and dietary-derived polysaccharides
(40). Likewise, in B. fragilis, 58% of ECF sigma factors may be
involved with polysaccharide utilization based on their similarity

TABLE 2 Genes induced following ectopic expression of ecfO in an reo null mutant

Gene Function or domain Fold inductiona

BFR638R_0588 NigD family lipoprotein with secretion signal sequence 112
BFR638R_1335 NigD family lipoprotein with secretion signal sequence 29
BFR638R_4448 Putative lipoprotein, radical SAM/lipoprotein system 25
BFR638R_4447 Radical SAM family lipoprotein 20
BFR638R_0743 NigD family lipoprotein with secretion signal sequence 18
BFR638R_2785 Lipoprotein with possible secretion signal sequence 9
BFR638R_2513 Lipoprotein with secretion signal sequence 9
ecfO ECF sigma factor 11
reo Anti-sigma factor 0.04b

a Fold induction was determined from the normalized log2 expression data averaged from all experiments. The normalized microarray expression data are available from the NCBI
Gene Expression Omnibus under accession number GSE39231. The values represent the averages from at least 3 independent biological replicates, each with five technical
replicates.
b There was some low-level expression observed for the reo gene due to mRNA from the 5= end of the mutated �reo gene which was detected by microarray probes.

FIG 7 Logo of the promoter recognition sequence of EcfO. Based on the data
from expression and ChAP experiments defining the EcfO regulon (Tables 2 to
4), the target promoter sequences were aligned, and a consensus promoter was
identified by using CLC Main Workbench v6.5 software.

FIG 8 Affinity enrichment of EcfO at the divergent target promoters of
BF638R_1335 and ecfO. Maltose-inducible His-tagged EcfO (pHT1045-ecfO)
was expressed in the background strain of the ecfO deletion mutant (IB524)
(lanes 3 and 6) or the ecfO reo double mutant (IB526) (lanes 2 and 5). For a
negative control, the ecfO gene fragment containing the 237-bp internal dele-
tion was expressed from pHT1045 in IB526 (lanes 1 and 4). After chromatin
affinity precipitation (ChAP) and DNA amplification of unbound and affini-
ty-purified (ChAP) DNA, qPCR was used to determine the fold enrichment of
EcfO at the divergent BF638R_1335-ecfO promoter region in the samples. The
DNA copy number is �105 ng�1 of DNA template after EcfO-ChAP. The 16S
rRNA locus was used as a negative control to demonstrate the lack of enrich-
ment.
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to those in B. thetaiotaomicron and their resemblance to the ECF10
sigma factor family (see Fig. S3 in the supplemental material) (39).
In contrast, EcfO is a member of an uncharacterized ECF sigma
factor family, ECF21. Furthermore, EcfO was of interest because
its gene was induced by aerobic exposure, and it is located adjacent
to the gene for a key regulator of oxidative stress, OxyR. B. fragilis
OxyR has been implicated in the rapid induction of catalase, alkyl-
hydroperoxide reductase, Dps, and thioredoxin peroxidase,
which are the first responders to oxidative stress (6, 8). The ex-
pression of these enzymes provides rapid protection from free
radical damage, but little is known about the mechanisms that
control other facets of the OSR and which may be necessary for
prolonged protection or recovery from stress. A number of ECF
sigma factors will likely play a role in the OSR, and in this report,
we demonstrate a link between EcfO activity and protection
against prolonged oxidative stress.

The ecfO mutant demonstrated greater sensitivity than the wild
type to redox cycling agents and organic peroxides (Fig. 2A), and
this phenotype was consistent with its proposed role as an oxida-
tive stress response regulator. Extended aerobic exposure, which
may induce a wide range of stresses, also caused a greater inhibi-
tion of the mutant than the parent strain. The protection afforded
by EcfO against such a variety of oxidative stress agents suggests
that this regulator likely does not control a specific response to
reactive oxygen species (ROS) but may in fact be induced by the
downstream toxic effects of this stress. This is supported by the
observation that the defect in the aerobic survival of the ecfO mu-
tant did not manifest until about 48 h of exposure (Fig. 2B). It will
be interesting to determine if other stresses will induce the EcfO
protective response. The maltose-inducible complementation of
the ecfO mutant stress phenotype supported the importance of
EcfO in the response to oxidative stress conditions.

Reo is proposed to be a negative regulator, anti-sigma factor,
for EcfO. The reo null mutation would remove the inhibition of
EcfO, which would lead to significantly higher levels of EcfO and
the accumulation of the target response gene products prior to
induction by any stress. This explains the exceptional ability of the

reo mutant to respond to oxidative stress. The response to mena-
dione, cumene hydroperoxide, phenazine methosulfate, and di-
amide stress was better than that of the wild-type strain, quite
comparable to the overexpression of EcfO (Fig. 2A and data not
shown). The role of anti-sigma factors as principal regulators of
sigma factor activity has been comprehensively reviewed, and a
general trend in membrane-bound anti-sigma factors is that the
N-terminal cytoplasmic domain interacts with the cognate sigma
factor (16, 44, 45). The mechanism that regulates EcfO activity
shares some characteristics with these systems. The N-terminal 48
amino acids of Reo which interact with EcfO (Fig. 4) have weakly
conserved identity to the anti-sigma K factor RSK of Mycobacte-
rium tuberculosis, which negatively regulates the activity of sigma
factor K (46). There is also a trans-membrane domain between
amino acid residues 49 and 71, and at the C-terminal end, there is
an outer membrane protein �-barrel domain with a partial con-
servation of porin proteins and OmpA. This arrangement has not
been described previously for an anti-sigma factor, and it is likely
that Reo is sensing some signal in the outer membrane which it
then transmits to the N terminus, resulting in the release of EcfO.
The nature of the signal and the role of the �-barrel domain are
unknown.

The precise mechanism by which Reo regulates EcfO is still
under investigation, but our results confirm that Reo is a negative
regulator that can physically interact with it using the N-terminal
48 amino acids (Fig. 3 and 4). Furthermore, in the absence of Reo,
EcfO was no longer found to be associated with the membrane
fraction, suggesting that it is more available to initiate transcrip-
tion at its promoter target sites (Fig. 5). Typical mechanisms used
to control regulators of oxidative stress responses often rely on
some form of thiol-based redox switching, and this can include
anti-sigma factors (19, 47). The Streptomyces coelicolor anti-sigma
factor RsrA is responsive to redox changes and was previously
described (19). A Zn(II) ion coordinates cysteine and histidine
residues to form a structural conformation which allows binding
to its sigma factor �A (48). The oxidation of two cysteine residues
leads to disulfide bond formation and the release of Zn with a

TABLE 3 Affinity enrichment of EcfO at promoter binding sites

Straina

Relative fold enrichment at promoters of target genesb

BF638R_16S BF638R_2478 BF638R_4448 BF638R_0588 BF638R_2785 BF638R_0743 BF638R_1335 ecfO

ecfO reo(pHT-�ecfO) 1 1 1 1 1 1 1 1
ecfO reo(pHT-ecfO) 2 1 6 10 6 8 37 37
ecfO(pHT-ecfO) 2 1 2 3 2 2 14 14
a pHT1045-ecfO or pHT1045-�ecfO was harbored in either the ecfO reo double mutant (IB526) or the ecfO mutant (IB524), as indicated.
b qPCR was used to quantify the enrichment of EcfO at target genes after ChAP. The fold enrichment compared to the negative controls is shown based on the copy number per ng
of DNA.

TABLE 4 Regulation of gene expression

Straina

Relative gene expression (copies/ng)b

BF638R_16S BF638R_2478 BF638R_4448 BF638R_0588 BF638R_2785 BF638R_0743 BF638R_1335 ecfO

ecfO reo(pHT-�ecfO) 1 1 1 1 1 1 1 1
ecfO reo(pHT-ecfO) 1 1 19 2,508 307 603 619 86,911
ecfO(pHT-ecfO) 1 1 6 1,302 60 214 212 57,068
a pHT1045-ecfO or pHT1045-�ecfO was harbored in either the ecfO reo double mutant (IB526) or the ecfO mutant (IB524), as indicated.
b qRT-PCR showing EcfO target gene regulation of RNA isolated from the same samples used for ChAP. The gene expression values compared to the negative control are shown
based on copy number per ng of RNA.
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concomitant conformational change releasing �A. Interestingly,
Reo contains two cysteine residues in the C terminus with poten-
tial for disulfide bond formation.

The combined approach of expression microarrays and chro-
matin affinity purification allowed us to establish the direct targets
of EcfO. We first determined a putative regulon using microarray
studies with ectopically induced EcfO, and we then used ChAP/
qPCR to establish a direct interaction with the promoter. The
positive control for chromatin enrichment was the shared ecfO
and BF638R_1335 promoter region. As a negative control, we used
the 16S rRNA gene, and our controls confirmed that EcfO was
enriched neither in unbound DNA fractions nor at the 16S gene
locus (Fig. 8). ChAP/qPCR data and qRT-PCR of the same cul-
tures did verify the 7 transcriptional units of the EcfO regulon
initially predicted from the expression microarray (Tables 3 and
4).

The function of the EcfO regulon is not known, and all of the
direct target genes code for proteins of unknown function. A com-
mon feature of these proteins is that all but one are lipoproteins,
and three (BF638R_0588, BF638R_0743, and BF638R_1335) are
members of the novel NigD superfamily found only in the Bacte-
roidetes. The original NigD homologue was identified in a genetic
locus associated with the production of nigrescin, a bacteriocin
secreted by Prevotella nigrescens (42). The nigD gene was located
adjacent to the bacteriocin gene, and thus, it was proposed that
NigD is a bacteriocin immunity protein. X-ray structures (gener-
ated by the Joint Center For Structural Genomics [JCSG]) for this
protein homologue in Bacteroides vulgatus and Parabacteroides
distasonis are available (Protein Data Bank [PDB] accession num-
bers 3K6O and 3K0Y, respectively), but they have not yet been
associated with any particular function. It seems unlikely that the
NigD homologues described here are related directly to bacterio-
cin immunity, but given the protective function of BF638R_1335
(data not shown), perhaps they play a common role in responding
to specific types of extracytoplasmic stresses caused by the pertur-
bation of the outer membrane structure.

BF638R_4447 is a member of the radical SAM oxidoreductase
superfamily, and BF638R_4448 is a member of the radical SAM
lipoproteins, which are Bacteroides sp.-specific proteins found to
be associated only with radical SAM enzymes. The radical SAM
proteins are a large superfamily containing iron sulfur centers and
with diverse functions, including protein modification and gen-
eral metabolism, such as menaquinone biosynthesis and pyruvate
metabolism. It is possible that these proteins work in concert with
the NigD homologues in a specialized function associated with
protein modifications in response to stress conditions.

EcfO is the first characterized member of the ECF21 family,
and its activity is controlled by an anti-sigma factor with a unique
protein architecture, but overall, it demonstrates classical ECF
sigma factor function. EcfO and Reo have been highly conserved
in Bacteroides species. Interestingly, this conservation includes an
association with a divergently transcribed nigD gene and a genome
location near oxyR (in those Bacteroides species that have an
oxyR). EcfO is required for optimal resistance to oxidative stress,
and it mediates resistance through the regulation of novel target
genes, which likely are associated with the cell envelope. The EcfO
regulon appears to be required as part of a concerted response to
effectively manage stress and assist cells in coping with their
changing environment. It is interesting to note that the EcfO regu-
lon was not previously found to be induced by exposure to 5% O2

(30 min), 100 �M H2O2 (30 min), or air (60 min) (6). We cur-
rently speculate that this regulon may have a greater role during
more extended exposures to oxidative stress (or other stresses),
and a preliminary expression microarray using cultures exposed
to air for 3 h showed a strong induction of the regulon (data not
shown). Future experiments will focus on the identification of the
signal or signals that modulate the activity of Reo and further
elucidate the protective role of this regulon.
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