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The Bartonella quintana Extracytoplasmic Function Sigma Factor
RpoE Has a Role in Bacterial Adaptation to the Arthropod Vector
Environment

Stephanie Abromaitis,* Jane E. Koehler

Microbial Pathogenesis and Host Defense Program and Division of Infectious Diseases, Department of Medicine, University of California at San Francisco, San Francisco,
California, USA

Bartonella quintana is a vector-borne bacterial pathogen that causes fatal disease in humans. During the infectious cycle, B.
quintana transitions from the hemin-restricted human bloodstream to the hemin-rich body louse vector. Because extracytoplas-
mic function (ECF) sigma factors often regulate adaptation to environmental changes, we hypothesized that a previously un-
studied B. quintana ECF sigma factor, RpoE, is involved in the transition from the human host to the body louse vector. The
genomic context of B. quintana rpoE identified it as a member of the ECF15 family of sigma factors found only in alphaproteo-
bacteria. ECF15 sigma factors are believed to be the master regulators of the general stress response in alphaproteobacteria. In
this study, we examined the B. quintana RpoE response to two stressors that are encountered in the body louse vector environ-
ment, a decreased temperature and an increased hemin concentration. We determined that the expression of rpoE is significantly
upregulated at the body louse (28°C) versus the human host (37°C) temperature. rpoE expression also was upregulated when B.
quintana was exposed to high hemin concentrations. In vitro and in vivo analyses demonstrated that RpoE function is regulated
by a mechanism involving the anti-sigma factor NepR and the response regulator PhyR. The �rpoE �nepR mutant strain of B.
quintana established that RpoE-mediated transcription is important in mediating the tolerance of B. quintana to high hemin
concentrations. We present the first analysis of an ECF15 sigma factor in a vector-borne human pathogen and conclude that
RpoE has a role in the adaptation of B. quintana to the hemin-rich arthropod vector environment.

The Gram-negative bacterial pathogen Bartonella quintana was
first identified during World War I as the causative agent of

trench fever, a 5-day relapsing fever (1). In the last 2 decades, there
has been a resurgence of B. quintana infections, with the most
severe illness occurring among immunocompromised individuals
(2). B. quintana infection can cause relapsing fever, endocarditis,
and vascular proliferative lesions (3). Vasculoproliferative B.
quintana infection is usually progressive and can be fatal unless
correctly diagnosed and treated with antibiotic therapy (4). An-
other manifestation of B. quintana infection is persistent blood-
stream infection, which occurs in both immunocompromised
and immunocompetent people (5, 6).

Bartonella is an arthropod vector-borne bacterium. The vector
for B. quintana is the human body louse Pediculus humanus hu-
manus. In a recent analysis, 33.3% of the body lice recovered from
infested homeless individuals in California were PCR positive for
B. quintana, underscoring the high prevalence of this potentially
fatal bacterium in the human environment (7). B. quintana colo-
nizes the louse alimentary tract and can attach to the apical surface
of gut epithelial cells (8). The louse excretes B. quintana in its feces
during feeding, and feces containing B. quintana are inoculated
into the louse bite when the human scratches the bite. B. quintana
forms a biofilm-like structure in the louse feces, allowing pro-
longed bacterial survival within the fecal environment (9).

During the infectious cycle, B. quintana alternates between two
niches, the bloodstream of the human host (37°C) and the gut of
the body louse vector (28°C) (10). To maintain the transmission
cycle, B. quintana must survive and proliferate within these two
different environments. The adaptive mechanisms utilized by
Bartonella during the transition between the host and vector are
unknown. In addition to temperature, a major environmental dif-

ference between the host and vector niches is the ambient hemin
concentration; the bloodstream is severely hemin restricted, and
the body louse gut is hemin rich. Hemin and hemoglobin are the
only iron sources that Bartonella can utilize (11), making the ac-
quisition and metabolism of these nutrients essential for Barto-
nella survival. However, hemin can produce reactive oxygen mol-
ecules that are potentially toxic (12). Bartonella is unique in its
ability to survive exposure to hemin concentrations that are typi-
cally bactericidal (�1 mM) (11, 13, 14). For example, the growth
of Staphylococcus aureus is severely limited in 10 to 20 �M hemin
(15, 16) and the growth of Neisseria meningitidis is inhibited by
�0.2 mM hemin (17). Bartonella produces a family of hemin
binding proteins (Hbp) that are responsive to temperature, hemin
concentration, and oxidative stress (18, 19). Additionally, Barto-
nella contains a genomic locus that encodes hemin utilization
(Hut) proteins involved in hemin sensing, degradation, and stor-
age (20). It is believed that both Hbp and Hut proteins have a role
in the unique ability of Bartonella to survive in a wide range of
hemin concentrations (18–21).
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Many bacteria adapt to environmental changes by expressing
different sigma factors. Bacterial sigma factors mediate shifts in
gene expression by conferring promoter recognition specification
on RNA polymerase (22). Thus, the expression of different sigma
factors allows a bacterium to coordinate the transcription of spe-
cific sets of genes as a regulon. On the basis of sequence homology,
the B. quintana genome encodes four sigma factors (23), none of
which have been studied. The four B. quintana sigma factors be-
long to the �70 family: RpoD (�70, �D), RpoH1 (�32, �H), RpoH2
(�32, �F), and RpoE (�24, �E). Bartonella RpoE was annotated as
SigH in the original genome sequence (23); however, in an earlier
publication it was referred to as RpoE (24). We have adopted the
RpoE nomenclature because, in general, sigma factors from
Gram-negative bacteria are given the designation rpo (for RNA
polymerase subunit), whereas sigma factors from Gram-positive
bacteria are typically given the sig designation (25).

The Bartonella alternative sigma factor RpoE is annotated as an
extracytoplasmic function (ECF) sigma factor. ECF sigma factors
typically sense and respond to changes in the extracellular envi-
ronment, including oxidative stress, misfolded proteins, and
changes in temperature, pressure, or nutrient concentration (26,
27). The ECF sigma factor family is the largest and most divergent
of the bacterial sigma factor families (25). Over 40 distinct groups
of ECF sigma factors have been identified (28). By sequence ho-
mology and genomic context, Bartonella RpoE appears to be a
member of the sigma factor group designated ECF15, which is
found only in alphaproteobacteria (28). The ECF15 sigma factor
mediates the general stress response (GSR) in alphaproteobacteria
(29). The GSR allows bacteria to respond to a wide variety of stress
conditions in a nonspecific manner (29). The ECF15 group is
characterized by the conserved genomic context of the sigma fac-
tor, with an anti-sigma factor and a unique response regulator
found in close proximity (28). The involvement of the ECF15-
associated response regulator in the alphaproteobacterial GSR was
first described in 2006, for Methylobacterium extorquens (30).
Members of this newly recognized ECF15 sigma factor group have
been studied subsequently in the nonpathogenic alphaproteobac-
teria Bradyrhizobium (31), Sinorhizobium (32), Caulobacter (33–
35), and Sphingomonas (36, 37). In these organisms, the associated
anti-sigma factor is named NepR, except for that of Sinorhizo-
bium, which is called RsiA1 (32).

In the above-mentioned alphaproteobacteria, there is a re-
sponse regulator found in close genomic proximity to the ECF15
sigma factor that functions as an anti-anti-sigma factor (28). The
response regulator is named PhyR, corresponding to the name
established in the initial studies in Methylobacterium (30, 38).
PhyR response regulators contain an ECF sigma factor-like do-
main and function as an anti-anti-sigma factor by binding to the
anti-sigma factor NepR, thus disrupting the NepR-RpoE interac-
tion (33, 38). There is typically a sensor histidine kinase gene in
close genomic proximity to the gene for either the ECF15 sigma
factor or PhyR (29). It has been demonstrated in Caulobacter that
the sensor histidine kinase (PhyK) phosphorylates the response
regulator PhyR (35). Phosphorylation triggers the conformational
change that allows PhyR to interact with NepR (33, 34). It also was
shown that the putative histidine kinase in Sphingomonas, PhyP, is
a phosphatase that functions to maintain PhyR in an unphosphor-
ylated state (37).

The goals of this study were to identify the genomic compo-
nents and functional interactions of the B. quintana ECF15 tran-

scription regulatory system and to determine the role of RpoE-
mediated transcription in the B. quintana infectious cycle. We
demonstrated that the expression of the B. quintana sigma factor
rpoE is significantly upregulated under low-temperature and
high-hemin conditions that recapitulate the body louse environ-
ment. We further determined that RpoE-mediated transcription
has a role in mediating B. quintana tolerance to toxic hemin con-
centrations. B. quintana RpoE is the first ECF15 group sigma fac-
tor found to be involved in adaptation to arthropod vector con-
ditions; thus, our work has identified a novel adaptation of the
alphaproteobacterial GSR ECF15 class of sigma factors. Addition-
ally, our data provide the first detailed study of the role of an
ECF15 sigma factor in a bacterium pathogenic to humans.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Wild-type B. quintana strain
JK31 was isolated from a B. quintana-infected individual (39). Low-pas-
sage B. quintana strains were used for all experiments. B. quintana strains
from frozen stock were streaked onto fresh chocolate agar plates (40) and
grown for 6 to 7 days in candle extinction jars at 35°C prior to passage and
use in experiments. The liquid Bartonella medium used in some experi-
ments, M199S, consists of M199 medium supplemented with 20% fetal
bovine serum, glutamine, and sodium pyruvate (40). Escherichia coli
strains were grown at 37°C on Luria-Bertani medium. When required,
kanamycin was used at a final concentration of 50 �g ml�1, ampicillin was
used at 100 �g ml�1, cefazolin was used at 20 �g ml�1, and nalidixic acid
was used at 2 �g ml�1. For sacB negative selection, a sterile filtered sucrose
solution was added to chocolate agar to give a final concentration of 5%.
The strains and plasmids used in this study are listed in Table 1.

Bartonella RNA, cDNA, and genomic DNA preparation. For RNA
isolation, B. quintana were harvested from confluent plates into 1 ml stop
solution (M199, 45% ethanol, 5% water-saturated phenol) to prevent
RNA degradation (41). Bacteria were then pelleted by centrifugation at
4,000 � g at 4°C. The bacterial pellet was stored at �80°C until RNA
isolation. Bacterial cells were lysed by incubation in fresh lysozyme (0.4
mg ml�1) in 10 mM Tris and 1 mM EDTA for 5 min at room temperature.
The RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA) in
accordance with the manufacturer’s instructions. Total RNA was RQ1
DNase (Promega, Madison, WI) treated for 2 h and then further purified
with the RNeasy Mini Kit (Qiagen, Valencia, CA). A second RQ1 DNase
treatment and RNA cleanup were performed to ensure complete DNA
removal. cDNA was generated from 0.5 �g of total RNA with random
hexamer primers (Invitrogen) and SuperScript III (Invitrogen) by follow-
ing the manufacturer’s instructions. Reverse transcription reactions with-
out Superscript III were performed as negative controls and to evaluate
DNase treatment efficiency. B. quintana genomic DNA was isolated with
Qiagen Puregene Core Kit B by following the manufacturer’s instructions.

Quantitative analysis of B. quintana gene expression. The relative
abundance of specific mRNA sequences was ascertained by reverse trans-
criptase quantitative PCR (RT-qPCR) with an MX3000P machine (Strat-
agene/Agilent Technologies, Santa Clara, CA). cDNA was diluted 1:10 for
use in reaction mixtures. The reaction mixture included 10 �l of SYBR
Fast qPCR master mix (Kapa Biosystems, Woburn, MA), 0.4 �l of ROX
low (Kapa Biosystems), 7.6 �l of template, and 2 �l of 1 pmol �l�1

primer. The reaction conditions were 95°C for 10 min and 40 cycles of
95°C for 15 s and 60°C for 60 s, with the standard dissociation protocol.
Threshold fluorescence was determined during the geometric phase of
logarithmic gene amplification; from this the quantification cycle (Cq)
was set. Standard curves for each primer set were generated by plotting log
genomic DNA versus the Cq. These plots were used to ensure that equiv-
alent reaction efficiency was obtained with all primer sets. The primers
used are listed in Table S1 in the supplemental material. The relative levels
of gene transcripts in samples were determined by converting the tran-
script level into a genomic copy number by using standard curves. This
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value was divided by the genomic copy number of the constitutively ex-
pressed B. quintana reference gene purA (adenylosuccinate synthetase) to
obtain a relative level of transcription for each gene. Data from three
independent experiments were used for statistical analysis by Student’s t
test and to determine average gene transcription values.

Mapping of the transcriptional start site (TSS) by 5= random ampli-
fication of cDNA ends (RACE). 5= RACE was performed as described by
Frohman et al. (42). RNA was purified as described above. cDNA was
generated from 5 �g of RNA, but gene-specific primers (GSP1) were used
in place of random hexamers. All of the primers used for 5= RACE are
listed in Table S1 in the supplemental material. cDNA was treated with
RNase H (Invitrogen) and then purified with Qiagen PCR purification
columns. A poly(A) tail was added to the 3= end of the purified cDNA with
terminal transferase (Roche, Indianapolis, IN). Tailed cDNA was used as
the template for PCR with the GSP2 primer and the oligo(dT) anchor
primer. This PCR product was then used as the template for a nested PCR
with the GSP3 primer and the PCR anchor primer. Products were sepa-
rated on 2% agarose gels, and bands of interest were excised and cloned
into the pCR2.1-TOPO vector (Invitrogen). Resultant bacterial colonies
containing plasmids with the appropriate insert size were selected, and the
insert was sequenced.

Overproduction and purification of B. quintana proteins from E.
coli. GFP with a C-terminal FLAG tag was PCR amplified from the pANT4
vector (43) with the primers listed in Table S1 in the supplemental mate-
rial. The PCR product was ligated into the pCR2.1-TOPO-TA vector,
which was then digested with XbaI and XhoI, and the insert was ligated
into the pET-22b(�) vector (Novagen, Madison, WI). B. quintana wild-
type strain JK31 genomic DNA was used as the template for PCR ampli-
fication of rpoE (BQ10960), nepR (BQ10970), and phyR (BQ10980); the
primers used are listed in Table S1. The PCR products were ligated into the
pCR2.1-TOPO-TA vector (Invitrogen). The rpoE-containing TOPO-TA
vector was digested with NdeI and EcoRI. The digestion product was
ligated into the pET-28a(�) vector (Novagen) to generate RpoE with an
N-terminal 6�His tag. The nepR-containing TOPO-TA vector was di-

gested with HindIII and EcoRI. The digestion product was ligated into the
pMAL-c2x vector (New England BioLabs, Ipswich, MA) to generate NepR
with an N-terminal maltose binding protein (MBP) tag. The phyR-con-
taining TOPO-TA vector was digested with EcoRI and PstI. The digestion
product was ligated into the pMAL-c2x vector to generate PhyR with an
N-terminal MBP tag. All vectors were transformed into E. coli BL21(DE3).

For recombinant protein expression and purification, overnight cul-
tures were diluted 1:40 and grown with shaking at 37°C for 1.5 h. Protein
expression was induced by the addition of isopropyl-�-D-thiogalactopy-
ranoside (IPTG) at a final concentration of 0.2 mM. Following induction,
cells were grown at 30°C for 3 h, harvested, and stored at �20°C until
purification.

To purify His-tagged RpoE and MBP-tagged NepR or PhyR, the cell
pellet from 1 liter of bacteria was suspended in 20 ml of 4°C-chilled No-
vagen His-Bind buffer supplemented with 100 �g ml�1 lysozyme and
protease inhibitor cocktail [PIC; 100� PIC is 20 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride, 1 mg ml�1 leupeptin, 0.36 mg
ml�1 E-64 protease inhibitor, and 5.6 mg ml�1 benzamidine] or in 18 ml
4°C-chilled MBP buffer (20 mM Tris HCl [pH 7.4], 200 mM NaCl, 1 mM
EDTA, 1 mM sodium azide) supplemented with 100 �g ml�1 lysozyme
and PIC. The resuspended pellet was incubated for 15 min on ice, and
0.1% Sarkosyl was added. Cells were lysed by sonication and then centri-
fuged for 20 min at 9,000 � g at 4°C. The supernatant was passed through
a 0.2-�m filter and then applied to a Novagen His-Bind column or a
column containing Amylose Resin (New England BioLabs). Proteins were
purified in accordance with the manufacturer’s instructions. Following
purification, elution buffer was exchanged by dialysis against 20 mM Tris
HCl (pH 8.0) containing 10% glycerol.

To purify FLAG-tagged green fluorescent protein (GFP), the cell pellet
from 600 ml of bacteria was suspended in 5 ml of 4°C-chilled CelLytic B
solution (Sigma, St. Louis, MO) supplemented with 100 �g ml�1 ly-
sozyme and PIC. Cells were incubated in this solution for 10 min at 4°C
with vigorous shaking and then centrifuged for 10 min at 10,000 � g at
4°C. The supernatant was passed through a 0.2-�m filter and then loaded

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Description Source or reference

B. quintana strains
JK31 (wild type) Human isolate from a patient with bacillary angiomatosis 39
	rpoE 	nepR mutant JK31 background with rpoE and nepR deleted This study
nepR* mutant JK31 background containing plasmid pANT4	gfp-nepR This study

E. coli strains
TOP10 Cloning strain Invitrogen
BL21(DE3) Expression strain Invitrogen
S17-1 Strain for biparental conjugation 71

Plasmids
pCR2.1-TOPO-TA Cloning vector Invitrogen
pET-22b(�) Vector used for expression of gfp in E. coli Novagen
pET-28a(�) Vector used for expression of B. quintana rpoE in E. coli Novagen
pMAL-c2x Vector used for expression of B. quintana nepR and phyR in E. coli New England Biolabs
pET22-GFP-FLAG pET-22b(�) vector containing gfp with a C-terminal FLAG tag This study
pET28-His-RpoE pET-28a(�) vector containing rpoE with an N-terminal His tag This study
pMAL-MBP-NepR pMAL-c2x vector containing nepR with an N-terminal MBP tag This study
pMAL-MBP-PhyR pMAL-c2x vector containing phyR with an N-terminal MBP tag This study
pANT3 Vector containing gfp without a promoter 43
pANT3-pRpoE-GFP pANT3 vector containing the rpoE operon promoter region fused to GFP This study
pANT3-pPhyR-GFP pANT3 vector containing the phyR operon promoter region fused to GFP This study
pANT4 Vector containing GFP under the control of the Ptac promoter 43
pANT4	gfp pANT4 vector in which gfp has been deleted This study
pANT4	gfp-nepR-FLAG pANT4	gfp vector containing nepR with a C-terminal FLAG tag under the

control of the Ptac promoter
This study
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onto a column containing anti-FLAG M2 affinity gel resin (Sigma).
FLAG-tagged protein was purified in accordance with the manufacturer’s
instructions. Following purification, elution buffer was exchanged by di-
alysis against 20 mM Tris HCl (pH 8.0) containing 10% glycerol.

In vitro transcription analysis. Overlap PCR (43) was used to gener-
ate fusion products of gfp with the rpoE operon promoter and the phyR
operon promoter. The promoters were amplified from B. quintana
genomic DNA with the primers listed in Table S1 in the supplemental
material. gfp was amplified from the pANT4 plasmid (43) with the prim-
ers listed in Table S1. PCR products were purified and ligated by overlap
PCR. The resultant promoter-gfp fusion products were gel extracted and
ligated into pCR2.1-TOPO-TA. The TOPO vectors containing the pro-
moter-gfp fusion products were digested with NotI and BamHI, and the
digestion products were ligated into a NotI- and BamHI-digested pANT3
vector (43). The resultant recombinant plasmids and pANT3, which con-
tains promoterless gfp, were used as the templates for in vitro transcription
assays.

Ten pmol of purified recombinant RpoE protein, with or without 20
pmol of purified recombinant NepR, was incubated for 30 min at 32°C in
transcription buffer (40 mM Tris [pH 7.9], 10 mM MgCl2, 0.6 mM EDTA,
0.4 mM potassium phosphate, 1.5 mM dithiothreitol [DTT], 0.25 mg
ml�1 bovine serum albumin, 20% glycerol) (44, 45). Next, 1.8 pmol of E.
coli core RNA polymerase (Epicentre, Madison, WI) was added and the
reaction mixtures were incubated for 10 min at 32°C. Following that in-
cubation, 40 U of RNasin (Promega) and 50 fmol of template DNA (pu-
rified plasmid containing the promoter-gfp fusion or purified pANT3)
were added to each reaction mixture. The reaction mixtures were incu-
bated for an additional 10 min at 32°C to allow RNA polymerase binding
to template DNA. Transcription was initiated by the addition of 300 �M
nucleoside triphosphates. After 2 min at 32°C, 50 �g ml�1 heparin was
added to prevent reinitiation. Reaction mixtures were incubated for a final
30 min at 32°C.

Following transcription, reaction mixtures were treated with 5 U of
RQ1 DNase (Promega) for 4 h at 37°C. RNA was then purified with the
Qiagen RNeasy Mini Kit and eluted in a final volume of 40 �l. Reverse
transcription of 2 �l of RNA was carried out as described above. GFP
transcription was quantified by RT-qPCR as described above, with the
primers listed in Table S1 in the supplemental material. cDNA was diluted
1:200 prior to use in RT-qPCR. The relative level of transcription was
determined by converting the transcript level into a copy number by using
a standard curve. This value was then compared to reaction mixtures
containing the plasmid encoding a promoterless gfp gene (pANT3) as the
template. Data from three independent experiments were used for statis-
tical analysis by Student’s t test and to determine average gene transcrip-
tion values.

Generation of B. quintana �rpoE �nepR null mutant and nepR
overexpression strains. The 	rpoE 	nepR mutant strain used in this
study was generated by targeted allelic replacement. The genomic regions
upstream and downstream of the rpoE and nepR genes were amplified
with the primers listed in Table S1 in the supplemental material. These
two products were then used as the template in an overlap PCR that
generated a genomic fragment with an in-frame deletion of the coding
sequence of rpoE and nepR. The 	rpoE 	nepR mutant deletion strain was
constructed by a previously described two-step sacB-mediated mutagen-
esis method (46).

NepR was amplified from wild-type B. quintana genomic DNA to
generate a NepR overexpression strain with the primers listed in Table S1
in the supplemental material. An N-terminal Shine-Dalgarno sequence
and a C-terminal FLAG tag were added during PCR amplification. The
PCR products were ligated into pCR2.1-TOPO-TA (Invitrogen). The
TOPO-TA vector was then digested with SphI and BamHI, and the diges-
tion product was ligated into the SphI- and BamHI-digested pANT4	gfp
vector. The resultant vector was transformed into E. coli S17-1, and bipa-
rental conjugation with wild-type B. quintana was performed. Kanr colo-

nies were screened by immunoblotting with anti-FLAG antibody (Sigma)
to confirm the expression of the recombinant protein.

B. quintana RpoE protein binding analyses. For analysis of binding
interactions, 250 pmol of purified 6�His-RpoE was incubated with 500
pmol of purified MBP-NepR or 500 pmol of purified GFP-FLAG for 10
min at room temperature and then for 20 min at 4°C to allow interaction.
When PhyR was analyzed, 250 pmol of purified 6�His-RpoE was incu-
bated with 500 pmol of purified MBP-NepR, with or without 500 pmol
MBP-PhyR, for 30 min at room temperature to allow interaction. When
included for phosphorylation, lithium potassium acetyl phosphate
(Sigma) was present at a final concentration of 25 mM (47). Protein in-
teractions were performed in interaction buffer (Novagen His-Bind buf-
fer supplemented with 50 mM KCl, 5 mM MgCl2, and 1 mM DTT).
Following incubation, 200 �l of charged His-Bind resin was added and the
reaction mixtures were incubated for 30 min. Unbound protein was
removed in accordance with the manufacturer’s protocol for small-
scale purification. Eluted proteins were assessed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), followed by
silver staining.

Quantification of B. quintana tolerance during exposure to high he-
min concentrations. To evaluate the 	rpoE 	nepR mutant strain for a
growth defect, B. quintana wild-type or 	rpoE 	nepR mutant bacteria
were grown on chocolate agar plates and the growth of the two strains was
compared by plating serial dilutions. The B. quintana strains were har-
vested, pelleted, and washed three times in phosphate-buffered saline
(PBS), and the bacterial pellet was resuspended in M199S medium. to a
final optical density at 600 nm (OD600) of 1. Serial dilutions of the bacte-
rial suspension were prepared, and 8 �l of each dilution were spotted onto
chocolate agar plates. Duplicate sets of plates were prepared and grown in
candle extinction jars, one set at 37°C and the other at 28°C.

To evaluate the tolerance of B. quintana to a high hemin concentration
(10 mM), the B. quintana wild-type and isogenic mutant (	rpoE 	nepR)
strains were plated on minimal medium plates that do not support Bar-
tonella growth, with hemin supplied via saturated disks placed on the agar.
This assay was selected for our analysis of bacterial hemin tolerance on
solid medium because the more restrictive growth conditions allowed us
to observe hemin-specific growth phenotypes that could not be observed
on permissive chocolate agar medium. Minimal medium plates were pre-
pared with Brucella broth (BD Biosciences, San Diego, CA) and Bacto agar
(BD Biosciences) (18). An 80-�l volume of a B. quintana suspension with
an OD600 of 1 was spread onto each plate. Dilutions of each bacterial
suspension also were plated on chocolate agar to enumerate CFU and to
ensure that an equivalent number of each B. quintana strain was used.

For hemin solution preparation, hemin chloride powder (Sigma) was
washed with 0.1 N HCl three times to remove any iron contamination.
The hemin chloride was then suspended in 0.1 N NaOH and filtered to
remove hemin chloride that had not solubilized. The concentration of the
resultant solution was determined by measuring the OD572; a 1 mM he-
min solution has an OD572 of 5.5 (48). The hemin solution was then
adjusted to the appropriate concentration, and the pH was adjusted to the
pH of M199S medium (�8.5). Hemin solutions were stored in the dark at
�20°C and used within 1 week of preparation. A sterile 0.7-mm Whatman
paper disk was placed on the center of each plate, and 8 �l of hemin
solution or M199 control medium was applied to the disk. Plates were
grown in candle extinction jars at 37°C for 14 days or at 28°C for 28 days.
The distance from the edge of the disk to the leading edge of the zone of
bacterial growth was measured. Three plates were analyzed per strain in
each experiment, and statistical analysis by Student’s t test was based on
averaged data from three independent experiments.

A second method used to analyze B. quintana tolerance to exposure to
high hemin concentrations was based on the hemin tolerance assay de-
scribed by Roden et al. (21). For this assay, wild-type or 	rpoE 	nepR
mutant B. quintana was grown on chocolate agar plates at 37 or 28°C. The
bacteria were harvested, pelleted, and washed three times in PBS. The
bacterial pellet was resuspended in M199S medium to a final OD600 of 1.
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A 20-�l volume of 500, 250, or 50 mM hemin was added to 1 ml of the
bacterial suspension to generate a solution with a final hemin concentra-
tion of 10, 5, or 1 mM. All of the hemin solutions were pH balanced prior
to addition to the bacterial suspension, and a pH-balanced control solu-
tion was added to bacteria for the 0 mM control cultures. Bacteria were
grown for 24 h at 37 or 28°C. After incubation, the bacteria were pelleted
and washed three times with M199S medium. Following the final wash,
the bacteria were resuspended in 1 ml of M199S medium. Serial dilutions
of the bacterial suspension were prepared and plated to enumerate the
CFU. Percent survival was determined by comparing the B. quintana
grown in hemin-containing medium with the B. quintana grown in the 0
mM hemin medium. Data from three independent experiments were
used for statistical analysis by Student’s t test.

Quantification and visualization of hemin binding by B. quintana.
To quantify hemin binding by B. quintana bacteria, a modification of the
hemin binding assay described by Minnick et al. (49) and Roden et al. (21)
was used. Bacteria were harvested from chocolate agar plates grown at 37
or 28°C and then washed three times with PBS. The pelleted bacteria were
then resuspended in PBS and adjusted to an OD600 of 1. Hemin was added
to the bacterial suspensions, and the mixture was incubated for 1 h at 37 or
28°C. During incubation, bacterial suspensions were mixed every 15 min.
Following the 1 h of incubation, cells were pelleted by centrifugation for 2
min at 16,000 � g. The supernatant was removed and centrifuged again to
remove any remaining bacteria. The amount of hemin present after cen-
trifugation was quantified by measuring the absorbance of the superna-
tant at 400 nm (21, 49). The amount of hemin bound by B. quintana was
calculated and compared to that in an identical control reaction mixture
without bacteria. A saturation plot for hemin binding was generated. Data
from three independent experiments were used for statistical analysis by
Student’s t test and for nonlinear regression analysis to determine the
association constant (Ka) and maximum binding (Bmax). Nonlinear re-
gression analysis was done with GraphPad Prism software.

To visually evaluate hemin binding, B. quintana strains were incubated in
a 1 mM hemin solution for 1 h as described above. Following incubation, the
bacteria were pelleted and washed three times with PBS. Control assays were
performed without bacteria. The washed bacterial pellet was resuspended in
100 �l CelLytic B cell lysis solution (Sigma) and incubated for 15 min at room
temperature. Serial 1:4 dilutions of the bacteria were prepared, and 4 �l of
each dilution was spotted onto a nitrocellulose membrane. The membrane
was dried, and hemin was then visualized by the addition of luminol-based
chemiluminescence reagent and film exposure.

RESULTS
The homology and genomic context of B. quintana RpoE
(BQ10960) define it as a member of the ECF15 sigma factor fam-
ily. From our results and on the basis of the genomic context, the
B. quintana BQ10960 protein (RpoE) is an ECF sigma factor and a
member of the ECF15 group (Fig. 1A) (28). ECF15 sigma factors

are cotranscribed with a small, soluble anti-sigma factor that lacks
sequence homology to other RpoE anti-sigma factors (28).
BQ10970 (Fig. 1A) is a 67-amino-acid protein with no predicted
signal sequence or transmembrane domains, and it lacks homol-
ogy to any proteins of known function. The small size (7.8 kDa),
amino acid sequence, and genomic placement of BQ10970 suggest
that it is an anti-sigma factor with functional homology to the
NepR proteins identified for other alphaproteobacteria. PhyR, a
response regulator that functions as an anti-anti-sigma factor, is
typically found in close proximity to ECF15 sigma factors (28).
We determined that BQ10980 is a putative response regulator
with a high degree of homology to the four previously studied
PhyR proteins (see Fig. S1 in the supplemental material) (31–33,
35, 38). BQ10980 has a C-terminal receiver domain and an N-ter-
minal domain that has sequence similarity to ECF15 sigma fac-
tors; this domain structure is found in all of the PhyR response
regulators studied (28). Additionally, previous genomic analysis
of alphaproteobacteria performed by Starón and Mascher identi-
fied Bartonella species as containing a potential phyR locus with an
associated ECF15 sigma factor and a NepR anti-sigma factor (29).

Frequently, one or more histidine kinase-encoding genes are
found in the direct vicinity of the gene for an ECF15 sigma factor
(28). The sequences and structures of histidine kinase-encoding
genes in genomic proximity to ECF15 sigma factor-encoding
genes are highly variable (28). The B. quintana genome contains a
gene that encodes a putative histidine kinase (BQ10950) upstream
of rpoE (Fig. 1A). We also identified a histidine kinase (BQ10990)
gene that is downstream of that for the B. quintana response reg-
ulator (BQ10980) (Fig. 1A). BQ10950 is predicted to be periplas-
mic, whereas BQ10990 is predicted to be cytoplasmic. We found
that both B. quintana histidine kinases have structural homology
to Caulobacter PhyK and Sphingomonas PhyP. Structural analysis
was performed with the SMART database (http://smart.embl
-heidelberg.de/). The presence of two histidine kinase genes in
close genomic proximity to the gene for B. quintana RpoE is
unique among the ECF15 family sigma factors studied (31–33, 35,
37, 38). We used RT-PCR to define the structure of the rpoE
operon and the BQ10980 (phyR) operon (Fig. 1B). As predicted,
the genes for BQ10950, BQ10960 (rpoE), and BQ10970 (nepR) are
cotranscribed as an operon; similarly, the genes for BQ10980
(phyR) and BQ10990 are cotranscribed as an operon (Fig. 1B).

Expression of rpoE is significantly upregulated in B. quin-
tana after exposure to vector-specific conditions of low temper-
ature (28°C) or high hemin concentrations. Because B. quintana

FIG 1 B. quintana RpoE (BQ10960) is an alphaproteobacterial ECF15 sigma factor. (A) The genomic context of the gene for RpoE (BQ10960) is shown. On the
basis of homology, the gene name(s), predicted function, and predicted molecular mass are indicated below each open reading frame. (B) The operon structure
was determined by RT-PCR analysis of cDNA amplified from B. quintana with the primers (P1 to P4) depicted as small arrows in panel A. cDNA was generated
from B. quintana RNA with (lane 1) or without (lane 2) RT, from genomic DNA with RT (lane 3), and with RT with H2O as the template (lane 4).
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lives in two very different environments, the body louse vector and
the human host, we sought to determine if RpoE is involved in
directing bacterial transcription in these two environments. The
expression of the alternative sigma factor gene rpoE and the
housekeeping sigma factor gene rpoD was analyzed by RT-qPCR
in bacteria grown at a temperature corresponding to the louse
vector (28°C) or the human host (37°C), with two different
growth media: solid chocolate agar and M199S liquid medium.

There was no significant difference in rpoD transcription at the
two temperatures (Fig. 2A). However, the transcription of rpoE was
significantly upregulated at 28°C compared with that at 37°C on solid
chocolate agar (Fig. 2A). This suggested that RpoE is involved in di-
recting transcription after exposure to the body louse temperature
of 28°C. Interestingly, we observed a difference in the upregulation of
rpoE at 28°C versus 37°C, depending on the medium type. Growth of
B. quintana in M199S liquid medium without added hemin demon-
strated no significant difference between the levels of rpoE expression
at 28 and 37°C (Fig. 2B), in contrast to the significant upregulation of
rpoE observed on solid chocolate agar medium at 28°C compared
with 37°C (Fig. 2A). These two complex, undefined medium types
are very different in composition and have different abilities to sup-
port B. quintana growth. This suggests that M199S medium (which
has a bovine serum component) could present unique stressors that
trigger the Bartonella GSR at 37°C, thus increasing the basal level of
rpoE transcription and abrogating the difference between 28 and
37°C observed on solid agar.

When B. quintana colonizes the alimentary tract of the body
louse, the bacterium is exposed to potentially toxic concentrations
of hemin following the ingestion of a blood meal by the body louse

(50). We therefore tested if rpoE transcription is responsive to
changes in the hemin concentration. B. quintana was grown in
M199S liquid medium supplemented with 0, 1, or 5 mM hemin
for 24 h at 37 or 28°C, and rpoE transcription was quantified (Fig.
2B). In M199S medium, the transcription of rpoE was further
upregulated in response to an increased hemin concentration
(Fig. 2B), suggesting that RpoE has a role in the adaptation of B.
quintana to life within the hemin-rich body louse gut. These data
demonstrated that rpoE is highly transcribed under conditions
mimicking those found in the body louse vector.

B. quintana RpoE positively regulates the transcription of
the rpoE and phyR operons. Many ECF sigma factors positively
regulate their own transcription, which creates a positive feedback
loop and amplification of the sigma factor-directed transcrip-
tional changes (25). To determine if B. quintana RpoE positively
regulates its own transcription, we first identified the TSS of the
rpoE operon by 5= RACE (Fig. 3A). We then performed in vitro
transcription analysis by using the upstream region identified as
the rpoE operon promoter fused to a promoterless GFP gene.
When purified recombinant RpoE protein was added to E. coli
RNA polymerase holoenzyme, significantly more gfp was tran-
scribed than in the absence of RpoE (P 
 0.05) (Fig. 3B). From
these data, we concluded that RpoE directs the transcription of the
rpoE operon. In Bradyrhizobium and Caulobacter, the transcrip-
tion of phyR is positively regulated by the ECF15 sigma factor (31,
33). To test if the B. quintana phyR operon is similarly RpoE re-
sponsive, we first identified the TSS of the phyR operon by 5=
RACE (Fig. 3A). Next, in vitro transcription analysis was per-
formed, which demonstrated that B. quintana RpoE directs the
transcription of the phyR operon (Fig. 3C).

A comparison of the identified B. quintana ECF15 promoter
consensus with the three ECF15 promoters that have been exper-
imentally verified in other alphaproteobacteria is shown in Fig. 3D
(31, 38, 51). The canonical motif of ECF15 sigma factor promoters
is AAC-N17-18-GTT (28). In our analysis of the B. quintana rpoE
operon and the phyR operon, the �35 promoter elements we
identified contained the AAC motif present in the canonical motif
of ECF15 sigma factor promoters (28) (Fig. 3D). However, the
�10 elements we identified lack a G residue associated with the TT
motif. A secondary TSS was identified for the phyR operon. This
secondary site was located 137 bp upstream of the ATG codon
and yielded the �10 element CCATAT and the �35 element
TTCATT. The identified �10 and �35 elements for this second-
ary TSS did not have any homology to either the �35 or the �10
consensus element of the ECF15 sigma factor (whereas the other
phyR binding site had homology to the canonical �35 binding
consensus), suggesting that this secondary phyR promoter func-
tions independently of rpoE. To test for RpoE-independent tran-
scription of the phyR operon, we sought to generate a strain of B.
quintana in which rpoE is deleted. We were unable to delete only
rpoE from the B. quintana genome, despite numerous attempts.
However, simultaneous deletion of rpoE and nepR produced via-
ble mutant bacteria. RT-qPCR was used to determine if phyR was
transcribed in the 	rpoE 	nepR mutant strain. In the 	rpoE
	nepR mutant strain, phyR was transcribed; however, the level of
transcription was significantly lower (P � 0.01) than that ob-
served in wild-type B. quintana (Fig. 4). This result confirmed the
presence of an RpoE-independent promoter.

The protein BQ10970, a NepR homolog, is the anti-sigma
factor for B. quintana RpoE. RT-PCR analysis demonstrated that

FIG 2 Transcription of B. quintana rpoE is increased at 28°C and in response
to high hemin concentrations. (A) Relative rpoD or rpoE transcript levels in
bacteria grown on chocolate agar plates at 37°C (black) or 28°C (gray) nor-
malized to the constitutively expressed B. quintana reference gene purA. The
37°C values were set to 1 for comparison. (B) Relative rpoE transcript levels in
bacteria grown for 24 h at 37 or 28°C in M199S medium supplemented with 0
mM (black), 1 mM (white), or 5 mM (gray) hemin. Transcript levels were
normalized to B. quintana purA. Error bars indicate standard errors of the
means. *, P 
 0.05; **, P 
 0.01 (Student’s t test).
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rpoE is in an operon with the genes for BQ10950 and BQ10970
(Fig. 1). The small size and genomic context of BQ10970 sug-
gested that it is an anti-sigma factor. In other alphaproteobacteria,
the ECF15 sigma factor directly binds an anti-sigma factor, NepR.
This binding sterically inhibits the interaction between the RNA
polymerase core and the sigma factor (31, 32, 35, 37, 38). We
tested for a direct interaction between B. quintana RpoE and
BQ10970 with purified, recombinant, tagged versions of
BQ10970, the putative anti-sigma factor, and RpoE. Purified
6�His-tagged RpoE was incubated with purified MBP-BQ10970
or the control protein GFP-FLAG. MBP-BQ10970 coeluted with
6�His-RpoE (Fig. 5), which demonstrated that BQ10970 binds

directly to RpoE and likely is a NepR anti-sigma factor for B.
quintana RpoE.

To further establish that BQ10970 functions as an anti-sigma
factor, in vitro transcription analysis was performed with the rpoE
operon promoter-gfp fusion construct described above. The addi-
tion of purified MBP-BQ10970 significantly reduced the RpoE-
mediated transcription of gfp (P 
 0.05) (Fig. 6A). The phyR
operon promoter-gfp fusion construct also was analyzed by this
assay. Similar to what was observed for the rpoE operon, the ad-
dition of BQ10970 significantly reduced the RpoE-mediated tran-
scription of gfp (P 
 0.05) from the phyR promoter operon con-
struct (Fig. 6B). Additionally, when BQ10970 was overexpressed

FIG 3 B. quintana RpoE positively regulates the transcription of the rpoE operon and the phyR operon. (A) The TSS of the rpoE operon and that of the phyR
operon were determined by 5= RACE. Each TSS is marked by an arrow. The �10 and �35 elements for each promoter are underlined. The initial gene in each
operon is depicted as an open arrow with the open reading frame name. (B, C) Relative gfp transcript level produced in in vitro transcription assays containing
E. coli core RNA polymerase without RpoE (black) or with RpoE (gray). The ratio of transcript produced with a plasmid containing gfp fused to the rpoE operon
(B) or phyR operon (C) promoter versus a plasmid containing gfp without a promoter is shown. Error bars indicate standard errors of the means. *, P 
 0.05
(Student’s t test). (D) The �10 and �35 elements identified by 5= RACE show homology to proposed ECF15 sigma factor consensus sequences of other
alphaproteobacterial genera. The region of strong homology in the �35 element of each B. quintana (BQ) promoter is underlined.

FIG 4 Transcription of phyR is significantly decreased in the B. quintana
	rpoE 	nepR mutant strain, but phyR transcript is still present. The presence
of phyR transcript in the 	rpoE 	nepR mutant strain demonstrates that phyR is
transcribed in both an RpoE-independent and an RpoE-dependent manner.
The transcript amount was normalized to the constitutively expressed B. quin-
tana reference gene purA. Error bars indicate standard errors of the means. *,
P � 0.01 (Student’s t test) compared to wild-type B. quintana.

FIG 5 B. quintana RpoE binds directly to the nepR homolog BQ10970. Puri-
fied 6�His-RpoE (250 pmol) was incubated with 500 pmol of purified MBP-
BQ10970 or 500 pmol of purified GFP-FLAG. The protein mixture was then
applied to Ni-nitrilotriacetic acid resin. The resin was washed to remove un-
bound proteins, and RpoE and any interacting proteins were eluted with No-
vagen Elute buffer. The unbound and eluted proteins were separated by SDS-
PAGE, and the gel was silver stained. MBP-BQ10970 coeluted with His-RpoE,
but GFP-FLAG did not. Control assays with His-RpoE, MBP-BQ10970, and
GFP-FLAG alone were also included. The molecular mass of each protein is
indicated below the gene construct name.
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in B. quintana (Fig. 7A), the transcription of rpoE and phyR was
significantly decreased (P 
 0.05) (Fig. 7B). From these in vitro
and in vivo experiments, we concluded that BQ10970 inhibits
RpoE function and thus functions as an anti-sigma factor. Because
of the observed functional and genomic similarities of B. quintana
BQ10970 and the Methylobacterium anti-sigma factor NepR (38),
we named the protein BQ10970 NepR.

RpoE function is positively regulated by the response regu-
lator PhyR. Directly downstream of the RpoE operon is the PhyR
operon. In other alphaproteobacteria, PhyR functions as an anti-
anti-sigma factor by disrupting the interaction between the ECF
sigma factor and the anti-sigma factor NepR (31–33, 38). PhyR
function is phosphorylation dependent (33, 38). To test for a sim-
ilar function of B. quintana PhyR, we constructed an E. coli strain
expressing MBP-tagged B. quintana PhyR for use in interaction
assays. Phosphorylation-dependent disruption of the RpoE-NepR
interaction by B. quintana PhyR was analyzed with purified re-
combinant proteins. Addition of MBP-PhyR inhibited the bind-
ing interaction between 6�His-RpoE and MBP-NepR only when
the PhyR protein was phosphorylated by the addition of acetyl
phosphate (Fig. 8). From these data, we concluded that B. quin-
tana PhyR functions as an anti-anti-sigma factor in a phosphory-
lation-dependent manner.

B. quintana RpoE confers increased tolerance to high hemin
concentrations. In initial experiments, we determined that rpoE
transcription is increased when B. quintana is grown at a temper-
ature that corresponds to the hemin-rich body louse vector niche,
compared to the temperature that corresponds to the hemin-de-

pleted human bloodstream (Fig. 2A). rpoE transcription also was
upregulated when bacteria were exposed to high concentrations of
hemin (Fig. 2B). These observations led us to hypothesize that
RpoE-mediated transcription is important for bacterial adapta-
tion and survival within the hemin-toxic body louse gut. To test
this hypothesis, we used the isogenic B. quintana 	rpoE 	nepR
mutant strain. We first tested the 	rpoE 	nepR mutant strain for
a growth defect at 37 and 28°C by plating serial dilutions of the
	rpoE 	nepR mutant strain and the wild-type strain on chocolate
agar plates. No growth defect of the 	rpoE 	nepR mutant strain
was observed at either temperature on chocolate agar (Fig. 9).

The role of RpoE in B. quintana tolerance to a high-hemin
environment was evaluated by plating B. quintana strains on
plates with minimal medium agar lacking hemin; this agar does
not support B. quintana growth. A suspension of wild-type or
	rpoE 	nepR mutant B. quintana was spread evenly over the sur-
faces of separate minimal medium agar plates. Then hemin, an
essential iron source for B. quintana, was supplied by placing he-
min-saturated disks on the B. quintana-inoculated agar. The he-
min from each disk diffuses on the surface of the agar, establishing
a hemin concentration gradient and rescuing bacterial growth
when the hemin reaches a concentration sufficient to support B.
quintana growth. As hemin continues to diffuse into the agar, the
zone immediately around the disk gradually achieves higher con-
centrations of hemin, and if a B. quintana strain is more sensitive
to these higher concentrations of hemin, growth will be abolished
in this zone closest to the disk. This assay permits testing for inhi-

FIG 6 BQ10970 functions as the NepR anti-sigma factor for B. quintana
RpoE. The relative gfp transcript levels produced in in vitro transcription assays
with the rpoE operon promoter-gfp fusion construct (A) and the phyR operon
promoter-gfp fusion construct (B) as the templates are shown. Assays included
E. coli core RNA polymerase with (�RpoE) or without (�RpoE) purified
recombinant B. quintana RpoE, with (�BQ10970) or without (�BQ10970)
purified recombinant BQ10970. The ratio of the transcript produced from a
plasmid containing gfp fused to the rpoE operon promoter or phyR operon
promoter to that produced from a plasmid containing gfp without a promoter
was determined. The ratio of the sample without addition of RpoE and
BQ10970 was set to 1 for comparison. Error bars indicate standard errors of the
means. *, P 
 0.05 (Student’s t test).

FIG 7 The B. quintana nepR* mutant strain overexpresses BQ10970 (nepR)
and has decreased rpoE and phyR expression. (A) The relative BQ10970 tran-
script levels in wild-type B. quintana (gray) and a B. quintana mutant that
overexpresses BQ10970 (black) grown at 28 or 37°C was determined by RT-
qPCR. (B) The rpoE or phyR transcript levels produced in wild-type B. quin-
tana (gray) and B. quintana that contained a plasmid expressing BQ10970
under the control of a constitutively active promoter (black) were determined by
RT-qPCR. Bacteria grown at 28°C on chocolate agar plates were used for the
analysis. Transcript levels were normalized to the B. quintana purA reference gene.
Error bars indicate standard errors of the means. *, P 
 0.05 (Student’s t test).
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bition of growth due to high hemin concentrations in different B.
quintana mutants, by testing for the appearance of a zone of
growth inhibition when toxic hemin concentrations accumulate
immediately surrounding the disk. Minimal medium is used for
this analysis because it allows a direct correlation between the
bacterial growth observed and the hemin concentration provided
from the disk. The plates were incubated at 37°C (for 7 days) or
28°C (for 21 days). At both temperatures, the growth of the wild-
type strain was not inhibited by 10 mM hemin and no zone of
growth inhibition was observed around the hemin-impregnated
disk (Table 2). At 37°C, the 	rpoE 	nepR mutant strain displayed
a decreased ability to tolerate high hemin concentrations, and a
zone of growth inhibition was observed around the hemin-im-
pregnated disk (Table 2). At 28°C, the 	rpoE 	nepR mutant strain
grew very poorly on the minimal medium agar, with few or no
colonies observed. These results demonstrated that RpoE- and/or
NepR-mediated transcription is necessary for B. quintana adapta-
tion to growth in high-hemin environments and that this require-
ment is greater at 28°C (body louse temperature).

A second method also was used to analyze the hemin sensitivity
of the 	rpoE 	nepR mutant strain. Wild-type or 	rpoE 	nepR
mutant B. quintana harvested from chocolate agar plates was cul-
tivated in M199S liquid medium containing 0, 1, 5, or 10 mM

hemin and grown for 24 h at 37 or 28°C. The ability of each strain
to tolerate exposure to high hemin concentrations was evaluated
by determining the percentage of B. quintana that survived follow-
ing growth in M199S medium supplemented with hemin. At
37°C, the 	rpoE 	nepR mutant strain had a survival defect com-
pared with wild-type B. quintana after cultivation in liquid me-
dium supplemented with 5 mM hemin (Fig. 10A). Both the wild-
type and 	rpoE 	nepR mutant strains tolerated high hemin
concentrations better at 28°C than at 37°C (Fig. 10). At 28°C, the
	rpoE 	nepR mutant strain was significantly more sensitive than
the wild-type strain to all three of the hemin concentrations tested
(Fig. 10B). From these experiments, we concluded that the dele-
tion of rpoE and nepR decreases the ability of B. quintana to sur-
vive exposure to high concentrations of hemin in liquid medium.

The B. quintana �rpoE �nepR mutant strain has a greater
hemin binding capacity than the wild-type strain. The decreased
ability of the 	rpoE 	nepR mutant strain to tolerate high concen-
trations of hemin could be due to increased binding of potentially
toxic hemin. To test this, we evaluated the hemin binding capac-
ities of both the wild-type and 	rpoE 	nepR mutant strains at
both 28 and 37°C (Table 3). A saturation plot for hemin binding

FIG 8 Phosphorylated BQ10980 (PhyR) disrupts the interaction between
RpoE and NepR. Purified 6�His-RpoE (250 pmol) was incubated with 500
pmol of purified MBP-NepR with or without 500 pmol of purified MBP-PhyR.
In the indicated reaction mixtures, MBP-PhyR was phosphorylated by the
addition of acetyl phosphate. The protein mixture was applied to Ni-nitrilo-
triacetic acid resin and washed to remove unbound proteins, and 6�His-RpoE
and any interacting proteins were eluted with Novagen Elute buffer. The un-
bound (top panel) and eluted (bottom panel) proteins were separated by SDS-
PAGE and then silver stained. When phosphorylated MBP-PhyR was present,
MBP-NepR no longer coeluted with 6�His-RpoE (the lane is marked by an
asterisk). The molecular mass of each protein is in parentheses.

FIG 9 Wild-type B. quintana and the 	rpoE 	nepR mutant strain display
similar growth on chocolate agar. Wild-type and 	rpoE 	nepR mutant bacte-
ria grown at 37 or 28°C were harvested into M199S medium and adjusted to an
OD600 of 1. Serial dilutions of the B. quintana suspensions were made, and 8 �l
of the bacterial suspension was spotted onto chocolate agar plates. The plates
were grown for 7 days at 37°C or 14 days at 28°C.

TABLE 2 Inhibition of B. quintana growth by 10 mM hemin

Strain Temp (°C) Growth inhibition zone (mm)a

Wild type 37 0 � 0
	rpoE 	nepR mutant 37 7.17 � 0.25b

Wild type 28 0 � 0
	rpoE 	nepR mutant 28 No measurable growth on plate
a The distance from the edge of the hemin-saturated disc to the start of bacterial growth
was measured.
b P � 0.001 (Student’s t test) compared to the wild type.
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was generated. Transformation of the data produced a linear plot,
indicating that a single class of binding site was present (52–55).
The hemin binding data were subjected to nonlinear regression
analysis to calculate the Ka and Bmax of the B. quintana strains for
hemin (52, 54, 55). The Ka of the 	rpoE 	nepR mutant strain was
greater than that of the wild-type strain at both 37 and 28°C (Table
3). The Bmax of the 	rpoE 	nepR mutant strain was greater than
that of the wild-type strain at both 37 and 28°C; however, this
difference was statistically significant only at 37°C (Table 3). From
this analysis, we concluded that the 	rpoE 	nepR mutant strain is
able to bind greater amounts of hemin than wild-type B. quintana.

Finally, the amount of hemin bound by each strain also was
visualized by exploiting the natural electro-generated chemilumi-
nescent (ECL) behavior of hemin (56, 57). The B. quintana wild-
type and 	rpoE 	nepR mutant strains were incubated in medium
containing 1 mM hemin for 1 h at 37 or 28°C. The bacteria were
then washed, pelleted, and lysed. Dilutions of each strain were
spotted onto nitrocellulose and visualized with a commercial ECL
reagent. Similar to horseradish peroxidase, hemin serves as a cat-

alyst in the chemiluminescence reaction between luminol and
H2O2 (56, 57). The light produced was visualized by exposing film
to the nitrocellulose. At both 37 and 28°C, more light was pro-
duced by the 	rpoE 	nepR mutant strain than by wild-type bac-
teria, indicating that a greater concentration of hemin was associ-
ated with the 	rpoE 	nepR mutant strain (Fig. 11). This increased
hemin binding capacity and accumulation of hemin in the 	rpoE
	nepR mutant strain could contribute to the increased hemin
sensitivity of this strain.

DISCUSSION

The ECF sigma factors in the ECF15 family are found only in
alphaproteobacteria, and they are believed to be responsible for
the GSR in this class of organisms (28). To date, detailed func-
tional and structural analyses of ECF15 sigma factors have been
performed exclusively with nonhuman pathogens (31–38, 51, 58).
We present the first analysis of an ECF15 sigma factor in a human
pathogen, B. quintana. We first identified the genomic compo-
nents and functional interactions of the B. quintana ECF15 tran-
scription regulatory system, rpoE (BQ10960; functions as a sigma
factor), nepR (BQ10970; functions as an anti-sigma factor), and
phyR (BQ10980; functions as an anti-anti-sigma factor). The sub-
sequent focus of this study was to characterize the unique role of
RpoE in two conditions encountered during B. quintana coloni-
zation of its human body louse vector: a decreased temperature
and an increased hemin concentration. Specific environmental
conditions under which ECF15 sigma factor-directed transcrip-
tion has been demonstrated to be important for bacterial survival
include heat, hyperosmotic conditions, nutrient deprivation, des-
iccation, and UV exposure (31, 33, 35, 37, 38, 51). For B. quintana,
we determined that the transcription of the ECF15 sigma factor
RpoE is increased in response to two stressors present in the body
louse vector, a toxic hemin concentration and a decreased tem-
perature. Additionally, we observed decreased survival of B. quin-
tana bacteria lacking RpoE-directed transcription following expo-
sure to toxic hemin concentrations (Fig. 10). Our data suggest that
B. quintana employs the alphaproteobacteria GSR system to sur-
vive the unique stressors present in the body louse vector.

B. quintana RpoE is the first ECF15 sigma factor implicated in

FIG 10 The B. quintana 	rpoE 	nepR mutant strain demonstrates increased
sensitivity to high hemin concentrations. Wild-type (black) and 	rpoE 	nepR
mutant (gray) bacteria were incubated in M199S medium supplemented with
hemin at a final concentration of 0, 1, 5, or 10 mM for 24 h at 37°C (A) or 28°C
(B). Serial dilutions of the bacterial suspensions were plated to enumerate the
B. quintana bacteria that survived the 24 h of incubation. Percent survival was
calculated as the number of B. quintana bacteria that survived in a given con-
centration of hemin divided by the number of bacteria in the control M199S
medium without the addition of supplemental hemin (0 mM). Error bars
indicate standard errors of the means. *, P 
 0.05 (Student’s t test).

TABLE 3 The 	rpoE 	nepR mutant strain demonstrates increased
hemin binding at 37 and 28°C

Strain Temp (°C) Ka (�M) Bmax (�M)

Wild type 37 25.2 � 5.9 8.6 � 1.1
	rpoE 	nepR mutant 37 43.4 � 4.2a 12.6 � 0.5a

Wild type 28 32.5 � 9.1 11.3 � 1.1
	rpoE 	nepR mutant 28 63.9 � 11.0a 18.3 � 4.2
a P 
 0.05 (Student’s t test) compared to wild-type B. quintana analyzed at the same
temperature.

FIG 11 More hemin is associated with B. quintana 	rpoE 	nepR mutant
bacteria than with wild-type bacteria. Wild-type and 	rpoE 	nepR mutant
bacteria were incubated with 1 mM hemin for 1 h at 37 or 28°C. The bacteria
were then lysed and spotted onto a nitrocellulose membrane. The amount of
hemin present was visualized by exposure to a luminol-based chemilumines-
cence reagent. Dilutions of hemin solution were analyzed as controls (top
panel). The data shown are from one representative experiment.
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hemin tolerance. Non-ECF15 sigma factors from other Gram-
negative bacteria are involved in iron sensing, acquisition, and
metabolism. Examples of non-ECF15 sigma factors involved in
iron sensing include E. coli FecI (59), Pseudomonas aeruginosa
PvdS (60), Pseudomonas putida PupI (61), Bordetella avium RhuI
(62), and Bordetella pertussis HurI (63). Activation of transcrip-
tion directed by these ECF sigma factors involves an iron-sensing
outer membrane protein that transmits a signal to an inner mem-
brane protein, which then interacts with the cytoplasmic sigma
factor (26). Bartonella RpoE and its regulators NepR and PhyR are
predicted to be cytoplasmic on the basis of sequence analysis. B.
quintana produces two putative histidine kinases (BQ10950 and
BQ10990) in genomic proximity to phyR that could function to
phosphorylate PhyR and activate the anti-anti-sigma factor func-
tion. Localization algorithms predict that one of these kinases is
localized to the cytosol and the other is localized to the periplasm.
Both of these putative B. quintana histidine kinases are structur-
ally similar to Caulobacter PhyK, which phosphorylates PhyR
(35). It is possible that one or both of these B. quintana kinases are
phosphorylated in response to an outer membrane or cytoplasmic
iron-sensing protein. Alternatively, these B. quintana kinases
could directly sense hemin and autophosphorylate in response to
changes in iron levels, as occurs with the sensor kinase ChrS of
Corynebacterium diphtheriae (64).

Because we observed that the transcription of rpoE is induced
by high concentrations of hemin (Fig. 2), we sought to determine
if the 	rpoE 	nepR mutant strain displays perturbed sensitivity to
high concentrations of hemin. The concentration of free hemin in
the body louse gut following a blood meal has not been deter-
mined. However, it is known that in the adult dog tick (Derma-
centor variabilis), the concentration of hemin in the arthropod gut
lumen ranges from 3 to 12 mM over a period of 1 to 43 days after
tick detachment from the mammalian host (65). Thus, the con-
centrations chosen for our hemin sensitivity assays (1, 5, and 10
mM) should encompass the range of hemin concentrations to
which B. quintana is exposed in the body louse vector. The liquid
culture-based hemin sensitivity assay we used in this study has
previously been used to quantify the sensitivity of Bartonella
henselae to hemin (21). Similar to the findings of Roden et al. for B.
henselae, we observed significantly greater B. quintana survival in
the presence of a high hemin concentration at 28°C than at 37°C
(Fig. 10). In contrast, we found that wild-type B. quintana has
greater tolerance of high levels of hemin than what was observed
previously for B. henselae. The difference in hemin sensitivity be-
tween the two Bartonella species was most prominent at 28°C. The
percent survival of B. quintana following exposure to 5 mM hemin
at 28°C was 62% (Fig. 10), but that of B. henselae was less than 1%
(21). This difference in hemin tolerance could be an evolutionary
adaptation that allows each Bartonella species to adapt to its cog-
nate arthropod vector. The vector for B. henselae is the cat flea, and
the vector for B. quintana is the body louse. The cat flea can survive
for long periods of time without a blood meal, and fleas do not
always remain associated with the host after feeding (66). How-
ever, body lice live near the skin on the inner part of the host’s
clothing and typically require several blood meals per day (67).
This vector feeding pattern results in persistently higher concen-
trations of hemin in the gastrointestinal tract of the body louse
than in that of the cat flea; thus, B. quintana is required to with-
stand higher concentrations of hemin than B. henselae during vec-
tor colonization.

To explore potential mechanisms leading to the increased he-
min sensitivity of the 	rpoE 	nepR mutant strain (Table 2; Fig.
10), bacterial hemin binding was analyzed. The 	rpoE 	nepR mu-
tant strain had greater maximal hemin binding than wild-type B.
quintana (Table 3). Additionally, we observed an increased
amount of hemin associated with the 	rpoE 	nepR mutant strain
at both 37 and 28°C (Fig. 11). The increased hemin binding by the
	rpoE 	nepR mutant strain could directly contribute to the in-
creased hemin sensitivity of this strain. Other potential mecha-
nisms that could result in increased hemin sensitivity include in-
creased sequestration or decreased hemin export or degradation.
It is also possible that RpoE indirectly affects the transcription of
one or more of the five B. quintana hbp genes and/or the hut locus.
The Hbp bind hemin (68) and are directly transcriptionally regu-
lated by Irr and RirA transcription factors (69). Components of
the hut locus are hemin responsive and also are primarily tran-
scriptionally regulated by Irr (20). Future studies of the RpoE
regulon will increase our understanding of hemin-regulatory and
hemin-responsive networks in B. quintana.

In analyzing the functional importance of B. quintana RpoE,
we determined that the deletion of rpoE alone is lethal to B. quin-
tana but the simultaneous deletion of rpoE and the anti-sigma
factor gene nepR produces viable bacteria. We also were unable to
delete nepR alone from B. quintana. Similarly, in Sinorhizobium
meliloti, the deletion of nepR alone (smc01505) is lethal (51). Si-
norhizobium nepR can be disrupted only in the absence of its cog-
nate sigma factor, rpoE2 (51). In both Sinorhizobium and B. quin-
tana, nepR and rpoE/rpoE2 are cotranscribed and nepR directly
precedes the sigma factor gene in the operon (51). Interestingly,
unlike what we observed in B. quintana, in Sinorhizobium, dele-
tion of the ECF15 sigma factor gene rpoE2 alone is not lethal (51).
This difference could occur because Sinorhizobium encodes six
ECF sigma factors that could have redundant functions (70). B.
quintana has a small, compact 1.5-Mb genome (23) and produces
a single ECF sigma factor; thus, it is not surprising that redundant
mechanisms for RpoE and NepR function regulation are absent.

All of the phyR operons that have been studied have an RpoE-
dependent promoter (31, 33, 37), and a second RpoE-indepen-
dent promoter has been identified in only one alphaproteobacte-
rial genus (37). We identified two distinct promoters for the B.
quintana phyR operon, only one of which requires RpoE. The B.
quintana RpoE-responsive promoter contained both �10 and
�35 residues that correspond to the canonical motif for ECF15
sigma factors (28). We confirmed the presence of the second,
RpoE-independent, promoter by analyzing the transcription of
phyR in the 	rpoE 	nepR mutant strain (Fig. 4). There also are two
promoters for the phyR operon in Sphingomonas, and similar to
the situation in B. quintana, one of these promoters functions in
the absence of the ECF15 sigma factor (37). In contrast, in Brady-
rhizobium and Caulobacter, the ECF15 sigma factor is essential for
the expression of phyR (31, 33), which is indicative of a single
RpoE-responsive promoter for the phyR operon. The B. quintana
RpoE-independent phyR operon TSS promoter elements we iden-
tified, �10 CCATAT and �35 TTCATT, lack strong homology to
any characterized binding consensus sequence. This RpoE-inde-
pendent consensus binding sequence and the RpoE binding con-
sensus sequence are both found in the phyR promoter region of B.
henselae, Bartonella grahamii, and Bartonella tribocorum. This
finding suggests that the element that binds this consensus and
allows RpoE-independent phyR operon transcription is conserved
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and functional in all four of these Bartonella species. It will be
important to study this RpoE-independent phyR promoter to
identify additional regulatory mechanisms for controlling the ex-
pression of the phyR operon in B. quintana. This likely will provide
insight into regulation in Sphingomonas and other alphaproteo-
bacteria, as well as in Bartonella species.

ECF15 sigma factors were identified relatively recently (30)
and orchestrate the alphaproteobacterial GSR. Members of each
alphaproteobacterial genus must be able to sense different stres-
sors in their environment to launch the GSR, through PhyR reg-
ulation of RpoE. Both of the niches occupied by B. quintana are
markedly different from the niches/environments occupied by the
other alphaproteobacteria whose ECF15 sigma factors have been
studied (Caulobacter, Sinorhizobium, Bradyrhizobium, and
Methylobacterium). The stressors to which the latter genera re-
spond include heat and osmotic stress, starvation for carbon or
nitrogen, and desiccation (29). In contrast, B. quintana is exposed
to alternating shifts in temperature (37 versus 28°C) and changes
in ambient hemin concentrations (extremely limited versus
toxic). The focus of our study was to evaluate the role of B. quin-
tana RpoE in bacterial adaptation to two stressors that are associ-
ated with the body louse vector niche. Our work demonstrated
that RpoE has a role in conferring the ability of B. quintana to
tolerate the high hemin concentrations present in the vector gut.
Transcriptional modification of hemin uptake and metabolism
genes is likely essential for B. quintana survival during the transition
from the hemin-restricted host bloodstream environment to the he-
min-toxic body louse vector environment. Our observation that the
	rpoE 	nepR mutant strain exhibits decreased survival under the
high hemin conditions found in the body louse vector suggests that
members of the RpoE regulon are important for bacterial survival
within the arthropod. Genes within the RpoE regulon likely include
additional, vector-specific virulence genes and potential targets for
the prevention of transmission to humans. Because vector coloniza-
tion is essential for the infection of humans with B. quintana, target-
ing of the arthropod vector stage would be ideal for interruption of
the body louse-human transmission cycle.
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