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Rickettsia prowazekii, the causative agent of epidemic typhus, is an obligate intracellular parasitic bacterium
that grows directly within the cytoplasm of the eucaryotic host cell. The absence of techniques for genetic ma-
nipulation hampers the study of this organism’s unique biology and pathogenic mechanisms. To establish the
feasibility of genetic manipulation in this organism, we identified a specific mutation in the rickettsial rpoB
gene that confers resistance to rifampin and used it to demonstrate allelic exchange in R. prowazekii. Compar-
ison of the rpoB sequences from the rifampin-sensitive (Rif*) Madrid E strain and a rifampin-resistant (Rif")
mutant identified a single point mutation that results in an arginine-to-lysine change at position 546 of the
R. prowazekii RNA polymerase 3 subunit. A plasmid containing this mutation and two additional silent mu-
tations created in codons flanking the Lys-546 codon was introduced into the Rif® Madrid E strain of R. pro-
wazekii by electroporation, and in the presence of rifampin, resistant rickettsiae were selected. Transformation,
via homologous recombination, was demonstrated by DNA sequencing of PCR products containing the three
mutations in the Rif" region of rickettsial rpoB. This is the first successful demonstration of genetic transfor-
mation of Rickettsia prowazekii and represents the initial step in the establishment of a genetic system in this

obligate intracellular pathogen.

Members of the genus Rickettsia are unique bacterial patho-
gens that grow only within the cytoplasm or nucleoplasm of
eucaryotic host cells (for a review, see reference 35). In this
respect they differ from the other obligate intracellular bacte-
ria of the genera Chlamydia, Coxiella, and Ehrlichia, which re-
main within intracytoplasmic vesicles. While they are restricted
to this obligate intracytoplasmic existence, the rickettsiae are
able to grow in an assortment of animal hosts, ranging from
arthropods to humans. Arthropods serve as vectors for trans-
mission of these bacteria to a variety of mammalian hosts,
and for some species the arthropod can transmit the rick-
ettsiae transovarially from generation to generation. While
Rocky Mountain spotted fever and epidemic and endemic
typhus, caused by Rickettsia rickettsii, Rickettsia prowazekii, and
Rickettsia typhi, respectively, are the most well known of the
rickettsial diseases, a variety of spotted fevers and rickettsial
species are found worldwide (21).

The rickettsiae are well adapted for intracytoplasmic growth.
They enter the cell by a process of induced phagocytosis and
rapidly escape from the phagosome into the host cytoplasm by
a process involving a phospholipase A2 activity (29, 37). Once
in the cytoplasm, the rickettsiae are able to exploit the high-
energy compounds found there by using specialized transport
systems (35). Notable among these is an ATP/ADP translocase
that can exchange rickettsial ADP for host ATP (34). However,
the rickettsiae are not strict energy parasites and can generate
ATP via an intact trichloroacetic acid cycle and oxidative phos-
phorylation (32, 35). Although the host cell cytoplasm is obvi-
ously a rich environment for an organism with such specialized
transport systems, R. prowazekii maintains a relatively slow 8-
to 12-h replication time (35). Such slow growth may maximize
the number of rickettsiae produced within a host cell (36).
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Since the ability of R. prowazekii to invade, grow within, and
ultimately destroy a host cell is the basis of its pathogenicity, an
understanding of rickettsial intracytoplasmic growth mecha-
nisms is crucial. Unfortunately, the lack of rickettsial mutants
and a genetic system for manipulation of these novel parasitic
bacteria has frustrated attempts to expand studies of its unique
biology and mechanisms of pathogenesis.

Genetic analysis of R. prowazekii has been restricted to the
isolation and characterization of rickettsial genes in Esche-
richia coli (1, 2,9, 11, 16, 17, 33, 39-41), phylogenetic analyses
based on selected gene sequences (22, 31), analysis of genome
size by pulsed-field gel electrophoresis (12), and transcrip-
tional analysis of selected R. prowazekii genes (7, 8, 20, 24). In
addition, the R. prowazekii genome, with a size of 1,100 kb, is
currently being sequenced. An initial report describing the se-
quence of 200 kb has been published (3). Despite these signif-
icant accomplishments, direct genetic manipulation of rickett-
sial genes has not been reported for any rickettsial species.

The barriers that must be overcome in order to establish a
genetic transfer system in these obligate intracellular bacteria
are significant. First, since these organisms grow only in the
cytoplasm of a eucaryotic host cell, any manipulations designed
to introduce DNA into the rickettsial cell must not prevent the
organism from reinfecting a host cell. Second, unlike the oth-
er obligate intracellular bacteria, the Chlamydia and Coxiella,
which have recently been transformed (27, 28), rickettsial spe-
cies do not exhibit developmental stages and thus the produc-
tion of more stable extracellular forms. Third, few rickettsial
mutants have been identified that could be used for selection in
a rickettsial system. Finally, the absence of identified rickettsial
plasmids and bacteriophage limits the genetic systems avail-
able for manipulation. However, the recA gene of R. prowazekii
has been identified, suggesting that standard homologous re-
combination systems should be operable in this organism (11).
In addition, with the demonstration that R. prowazekii is ex-
tremely sensitive to rifampin (38) and the subsequent isolation
of a rifampin-resistant mutant of R. prowazekii (5), a selectable
phenotype has been identified that can be used to examine
gene transfer in this organism. Rifampin binds to RNA poly-
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TABLE 1. E. coli strains, plasmids, and oligonucleotides

Strain, plasmid, or
oligonucleotide

Description

Source and/or
reference

Strains
R. prowazekii
Madrid E
Erif*1

Rifampin sensitive
Rifampin resistant

E. coli
JM109°
lacl"ZAM15]
ES1301 mutS1

endAl recAI gyrA96 thi hsdR17 (ry~ my ") relAl supE44 N~ A(lac-proAB) [F' traD36 proA™B™

lacZ53 mutS201::Tn5 thyA36 rha-5 metBI deoC IN(rrnD-rrnE)

(10)
N. Balayeva (5)

Promega (42)

Promega

XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F' proAB lacl"ZAM15 Tnl0 (Tet")] Stratagene (6)
Plasmids
pAlter-1 Amp® Tet" Promega
pBluescript II SK+  Amp*® Stratagene
pMOB Amp” Gold BioTechnology (26)°
pMW489 pBR322 with inserted 6.0-kb R. prowazekii HindIII fragment containing the sdhA gene This study
pMWI75 pBluescript with inserted PCR fragment from Rif" rickettsia (DW89 and DW71), Amp* This study
pMW9I82 pBluescript with inserted PCR fragment from Rif" rickettsia (DW83 and DW92), Amp" This study
pMW1000 pBluescript with inserted PCR fragment from Rif*® rickettsia (DW83 and DW92), Amp* This study
pMW1004 pBluescript with inserted PCR fragment from Rif* rickettsia (DW89 and DW71), Amp" This study
pMW1022 pAlter-1 with inserted PCR fragment from Rif" rickettsia (DW289 and DW260), Amp® Tet" This study
pMW1025 pMW1022 mutagenized with DW298, ampicillin repair and tetracycline knockout oligos, This study
Amp" Tet®
pMW1027 pMOB with inserted 1.4-kb SacI-BamHI fragment from pMW1025 This study
Deoxyoligonu-
cleotides™
DW71 GCYTGNCKYTGCATRTT DNAgency
DWS83 GATACCGTAATGCCTCATG DNAgency
DWS86 ACTCTTCTATCGACTCTC DNAgency
DW89 TATTAAGAGTGCATAGAGCC DNAgency
DW92 CAACAAGACAAATTATGTACAAC DNAgency
DW249 CTGTACTAGGACCATCAGC USA Biopolymer Laboratory
DW260 CAAGCACCGAAGCACCAG USA Biopolymer Laboratory
DW288 TTTGGGATATAGACGAAGAT Iowa State Sequencing Facility
DW289 TTACTGAAAGCAGGACAAAA Towa State Sequencing Facility
DW298 GCCCAAGGGCAGAAAGTTTTCTTTTATGAGTAAT Oligo’s Etc.

“ E. coli strains supplied with Altered Sites II in vitro mutagenesis system (Promega).

? Gold BioTechnology, St. Louis, Mo.
< All sequences are written 5'—3".

4 DNAgency, Aston, Pa.; USA Biopolymer Laboratory, Mobile, Ala.; Iowa State Sequencing Facility, Ames, Iowa; Oligo’s Etc., Wilsonville, Oreg.

merase and prevents transcription of the DNA (14, 30). Mu-
tations that confer resistance to rifampin have been character-
ized in many bacteria, and most occur in the $ subunit of RNA
polymerase, the product of the rpoB gene (15, 23). To deter-
mine the feasibility of gene transfer in R. prowazekii, we iden-
tified a specific mutation in the R. prowazekii rpoB gene that
confers resistance to rifampin and used this marker to estab-
lish, by using electroporation, the successful transformation of
R. prowazekii by allelic exchange.

MATERIALS AND METHODS

Bacterial strains, plasmids, and oligonucleotides. Bacterial strains, plasmids,
and oligonucleotides used in this study are listed in Table 1. E. coli strains were
grown on Luria-Bertani medium by standard techniques (4), and when required,
the antibiotics ampicillin and tetracycline were added to a final concentration of
50 and 12.5 pg/ml, respectively. R. prowazekii Madrid E strain seed pool passage
282 was used for infecting mouse fibroblast 1929 cells. Rickettsia-infected L.929
cells were grown in an atmosphere of 5% CO, at 34°C in modified Eagle’s
medium (MEM) supplemented with 10% newborn-calf serum (Sigma, St. Louis,
Mo.) and 1 mM L-glutamine (Sigma). For selection, rifampin (Sigma) was added
to supplemented MEM at a final concentration of 200 ng/ml. Rickettsial growth
was followed by microscopic examination of Gimenez-stained (13) infected cells
growing on glass coverslips.

DNA techniques. All DNA manipulations were performed by using standard
techniques (4). Plasmid DNA was purified from E. coli by using the PERFECT-
prep or pZ523 plasmid purification columns purchased from 5 Prime—3 Prime,
Inc. (Boulder, Colo.). Chromosomal DNA was isolated by the method of Mar-
mur (18). Restriction enzymes were obtained from Life Technologies (Gaithers-
burg, Md.) and New England Biolabs (Beverly, Mass.) and used according to the
manufacturer’s instructions. PCR amplifications of 100 pl of total volume con-
taining 100 ng of template and a primer concentration of 1 uM were performed
on a model 9600 thermal cycler (Perkin-Elmer Cetus, Norwalk, Conn.). PCR
amplifications of rickettsial rpoB fragments were performed with the oligonucle-
otide primers listed in Table 1 and either Vent DNA polymerase (New England
Biolabs) or AmpliTaq DNA polymerase and the GeneAmp PCR reagent kit
purchased from Perkin-Elmer. A three-step cycle of 94°C for 1 min, 45 to 52°C
for 1 to 2 min, and 72°C for 2 min was repeated for 25 to 30 cycles. A single 7-min
extension at 72°C was included in the final cycle. For DNA sequencing, the PCR
products obtained were purified using a GeneClean II kit (Bio 101, La Jolla,
Calif.), sequenced directly or after ligation into the HinclII site of pBluescript II
SK+ (Stratagene, La Jolla, Calif.) and subsequent transformation into E. coli
XL1-blue. Manual DNA sequencing was accomplished using the T7 Sequenase
version 2.0 kit or the Thermo Sequenase cycle sequencing kit (Amersham Life
Science, Inc., Cleveland, Ohio). Automated sequencing was performed at the
University of South Alabama Biopolymer Center or at the DNA Sequencing
Facility at Iowa State University (Ames, Iowa). For site-specific mutagenesis,
PCR products were cloned into the Smal site of pAlter-1 (Promega, Madison,
Wis.), and mutations were introduced by using the Altered Sites II in vitro
mutagenesis system (Promega). Probes for use in Southern hybridizations (25)
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were 2P labeled using the Multiprime DNA labelling system (Amersham) and
[«-*?P]dATP (3,000 Ci/mmol; ICN, Irvine, Calif.).

Electroporation. R. prowazekii cells for electroporation were harvested from
three 162-cm? tissue culture flasks containing confluent monolayers of infected
1929 cells (100% infected, approximately 200 to 300 rickettsiae/cell) as follows.
The infected 1929 cells were released from each flask surface with 5 ml of
trypsin-EDTA (Sigma), diluted in 10 ml of supplemented MEM, and centrifuged
in a clinical centrifuge at approximately 1,200 X g for 5 min at room temperature.
The pellet from each flask was suspended in 3 ml of cold sucrose-phosphate-
glutamic acid-Mg (220 mM sucrose, 3.8 mM KH,PO,, 8 mM K,HPO,, 5 mM
potassium glutamate, 10 mM MgCl,), and the cell suspension was transferred to
a precooled 15-ml conical centrifuge tube containing 2 g of 3-mm glass beads
(Kimble Glass, Inc., Vineland, N.J.) and vortexed vigorously for 30 s in order to
lyse the 1929 cells. Vortexing was repeated two times with 30-s intervals of
incubation on ice between each 30-s vortex. The three lysates, one from each of
the original flasks, were combined into a single, precooled 50-ml conical centri-
fuge tube and centrifuged at approximately 1,200 X g in a clinical centrifuge to
remove unbroken 1929 cells and cellular debris. The supernatant, containing
released R. prowazekii cells, was transferred to an Oakridge tube, and the rick-
ettsiae were collected by centrifugation at 10,000 rpm for 10 min at 4°C by using
a JA-20 rotor and a Beckman J2-21 refrigerated centrifuge (Beckman Instru-
ments, Inc., Palo Alto, Calif.). The rickettsial pellet was washed twice with 5 ml
of cold 250 mM sucrose and finally suspended in 200 pl of 250 mM sucrose
(approximately 3 X 10'° bacterial cells per ml). A 50-ul sample of this rickettsial
suspension was mixed with 1 to 20 pg of DNA and then transferred to a 0.1-cm
gap electroporation cuvette (BTX Electronic Genetics, San Diego, Calif.) and
chilled on ice for 10 min. The cuvette was placed in a BTX Electro Cell Manip-
ulator (ECM 600) and electroporated (field strength = 17 kV/cm, pulse time =
4 to 5 ms, resistance = 129 (), capacitance = 50 wF). Immediately following
electroporation, the rickettsiae were diluted into 1 ml of Hanks balanced salt
solution (Sigma) supplemented with 5 mM glutamic acid and 0.1% gelatin, mixed
with approximately 3 X 107 1929 cells and incubated at 34°C for 1 h with
continuous shaking. The infected 1929 cells were harvested by centrifugation at
approximately 1,200 X g, washed with 5 ml of supplemented MEM, suspended in
35 ml of supplemented MEM, and planted into two 162-cm? flasks and one dish
containing glass coverslips. For selection, rifampin was added to the flasks 24 h
following infection to a final concentration of 200 ng/ml. The rifampin-containing
medium was changed every 2 to 3 days in order to ensure continuous selection.
Growth was followed by observation of Gimenez-stained cells from coverslips.

Nucleotide sequence accession number. The sequence of the R. prowazekii
rpoB gene is available in GenBank under accession no. AF034531.

RESULTS

Isolation and sequencing of the R. prowazekii rpoB gene. One
of the few mutants of R. prowazekii that has been identified is
one that exhibits resistance to rifampin (5). This mutant, unlike
the Madrid E parent strain, which is sensitive to extremely low
levels of rifampin (20 ng/ml), is able to grow in the presence of
200 ng of rifampin per ml, suggesting that this antimicrobial
agent could provide the selection needed for genetic transfer
experiments. The molecular basis for this resistance in R. pro-
wazekii was hypothesized to be an altered RNA polymerase,
since rifampin could inhibit rickettsial RNA polymerase puri-
fied from the rifampin-sensitive Madrid E strain but not that
purified from the resistant mutant in in vitro assays (10a).
Since rifampin resistance in bacteria usually results from mu-
tations within the rpoB gene encoding the 3 subunit of RNA
polymerase (23), we focused our efforts on identifying an rpoB
mutation associated with the resistant phenotype. Character-
ization of such a mutation would identify a DNA fragment with
a selectable marker for use in transformation experiments.

Isolation of the rpoB genes from the rifampin-sensitive and
rifampin-resistant R. prowazekii strains was accomplished by
using a PCR approach. The 3’ end of the R. prowazekii rpoB
gene had previously been isolated in our laboratory as one of
several linked genes identified in three overlapping recombi-
nant plasmids (Fig. 1A). Sequence immediately upstream of
the rpoB start codon was kindly provided by Siv Andersson
prior to publication of a rickettsial genome survey (3). Primers
(DW89 and DW92) generated based upon these sequences,
when used in a PCR, amplified a predicted fragment of ap-
proximately 4.2 kb that contained the entire rickettsial rpoB
gene (data not shown). However, repeated attempts to clone

J. BACTERIOL.

this fragment into E. coli were unsuccessful. To overcome this
problem, two overlapping fragments encompassing the entire
rpoB gene were generated by using primers DW89 and DW83
in conjunction with DW71 and DW92 (Fig. 1A). DW71, which
was synthesized prior to our obtaining the complete rpoB se-
quence, is a degenerate primer to the conserved amino acid
sequence, NMQRQA, while DW83 was obtained from DNA
sequence contained in pMW975. The resulting clones have an
overlapping region of 617 bp and together cover the entire
rpoB gene from 71 bases upstream of the start codon to 34
bases downstream of the stop codon. To ensure fidelity of the
PCR and accuracy of the sequence, two independently gener-
ated PCR fragments were cloned for both the sensitive and
resistant strains, and sequence was obtained for both strands.
Comparison of the rifampin-sensitive and rifampin-resistant
rpoB sequences revealed only one difference. The sequence of
this region of the R. prowazekii rpoB gene from the rifampin-
sensitive Madrid E strain is presented in Fig. 1B. The single
difference, a mutation of G to A at position 1727 that results in
a change of lysine to arginine at residue 546 within the trans-
lated protein, is indicated. This putative rifampin resistance
mutation is located within a highly conserved region of the 8
subunit where most of the mutations characterized in other
bacteria have been found. Indeed, mutation at this codon has
been shown to confer rifampin resistance in E. coli (23). How-
ever, the rickettsial mutation is unique since none of the E. coli
mutations resulted in the substitution of lysine for arginine at
this conserved site.

Electroporation of R. prowazekii. The first step in achieving
R. prowazekii transformation was to identify conditions that
would permit extracellular DNA to gain entrance into the
rickettsial cell. Due to the efficiency and broad applicability of
electroporation (19), we chose this method for our studies.
Electroporation of R. prowazekii cells was tested at field
strengths of 9 to 20 kV/cm. There was no decrease in viability
at any of these field strengths, and when plasmid DNA (pBlue-
script II SK+) was added, no difference in the uptake of the
DNA was noted at the different field strengths (data not
shown). Except where indicated, a field strength of 17 kV/cm
was chosen as the standard field strength for the electropora-
tions conducted in this study. To confirm that DNA was en-
tering the rickettsial cells, rickettsiae were electroporated in
the presence of pBluescript II SK+ plasmid and intracellular
plasmid detected by Southern hybridization. To ensure that
extracellular plasmid was not detected, the rickettsiae were
harvested and treated with RQ1 DNase (Promega) prior to
lysis of the bacterial cells. The DNA was extracted and di-
gested with HindIIl, and the fragments were separated by
agarose gel electrophoresis, transferred to a nylon membrane,
and probed with labeled pMW489 (a recombinant plasmid
consisting of pBR322 and a 6.0-kb R. prowazekii HindIII frag-
ment containing the sdhA gene). As shown in Fig. 2A, electro-
poration allowed the plasmid DNA to enter a DNase-resistant
site at detectable levels.

To assess plasmid stability, R. prowazekii cells were electro-
porated in the presence of pMOB plasmid (26), chosen for its
small size, and the rickettsiae were then allowed to infect 1.929
cells prior to harvesting at selected times after infection. Once
again, intracellular plasmid was detected by hybridization as
described above. The results of this experiment (Fig. 2B) dem-
onstrated that small amounts of plasmid DNA could be
detected for at least 48 h after electroporation. The small
amounts of plasmid detected and the decrease over time indi-
cate that much of the plasmid DNA is degraded and that the
plasmid is not replicating (Fig. 2B). These data indicate that
the E. coli ColEl-specific origin found on pMOB does not
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FIG. 1. (A) Schematic map of the R. prowazekii rpoB gene region. The orientation of transcription is indicated by arrows. Plasmids containing the rickettsial
fragments are indicated by horizontal lines. The lengths of the lines indicate the corresponding segment of the gene map contained within the recombinant plasmid.
DW89, DW71, DW83, and DW92 mark the positions of the specific oligonucleotides used to amplify the inserts of the indicated plasmids. E, EcoRI; H, HindIII; P,
PstI; X, Xbal. (B) Nucleotide sequence of the 5 half of the R. prowazekii rpoB gene. The DNA sequence of the noncoding strand is shown. The predicted amino acid
sequence is given in the single-letter code. The putative Shine-Dalgarno-like sequence is doubly underlined. Relevant oligonucleotide sequences discussed in the text
are indicated, and the direction of DNA synthesis is indicated by arrows. Mutations are indicated at the appropriate positions above and below the sequence.

function in R. prowazekii. In contrast, the increase in the num-
ber of rickettsiae, as evidenced by the increased sdhA signal,
can easily be detected.

Construction of the transforming DNA. To prepare a trans-
forming DNA molecule that would permit us to differentiate a
transformant from a spontaneously occurring rifampin-resis-
tant mutant, a marked fragment of the resistance gene was
engineered. We first amplified a 1,390-bp fragment of the
rifampin-resistant 7poB gene, by using primers DW289 and
DW260 (Fig. 1B) to place the Lys-546 mutation at the center
of this DNA fragment. The fragment was cloned into the
pAlter-1 vector, and two silent mutations were generated, one
on either side of the Rif" mutation (Fig. 1). The fragment was
then excised from pAlter-1 and inserted into pMOB. The rick-
ettsial insert of the pMOB-based clone was sequenced and

shown to be identical to the original rpoB Rif" gene sequence
with the exception of the two modified bases. This plasmid,
designated pMW1027, was used in the transformation experi-
ments.

Transformation of R. prowazekii to rifampin resistance. The
Madrid E strain of R. prowazekii was electroporated in the
presence of 20 wg of pMW1027, and the rickettsiae were al-
lowed to infect 1929 cells. Twenty-four hours after infection,
100% of the 1.929 cells were infected with R. prowazekii and
each cell contained approximately 50 to 70 rickettsiae. Ri-
fampin (200 ng/ml) was added, and incubation was continued.
Rickettsiae were rapidly cleared from the host cells following
rifampin addition. At 7 days postinfection, rickettsiae could
not be detected on the stained coverslips. In the cultures of
R. prowazekii electroporated with pMW1027, rickettsial growth
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FIG. 2. Detection of plasmid DNA in electroporated rickettsiae. The sdhA
gene and pBluescript I SK+ (pSK) and pMOB plasmids are indicated. Numbers
are sizes in kilobases. (A) Autoradiograph of DNA extracted from DNase-
treated R. prowazekii cells immediately following electroporation, digested with
Hindlll, and probed with pMW489, a plasmid containing the R. prowazekii sdhA
gene on a 6.0-kb HindIII fragment. Lanes 1 and 3, R. prowazekii cells electro-
porated in the presence of 1 pg of pBluescript II SK+ plasmid; lanes 2 and 4,
R. prowazekii cells mixed with 1 pg of pBluescript II SK+ plasmid but not
electroporated. (B) Detection of electroporated DNA after infection of host
cells. R. prowazekii cells were electroporated with 10 pg of pMOB and the
electroporated rickettsiaec were allowed to infect 1929 cells. At 1 h (lane 1) and
48 h (lane 2) after infection, the rickettsiae were harvested and treated with
DNase. After inactivating the DNase, rickettsial DNA was extracted, digested
with HindlIl, and probed with pMW489.
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was again detected at 11 days postinfection, with approxi-
mately 1% of the host cells containing 200 to 300 rickettsiae/
cell. These culture flasks were incubated for three more days
before harvesting the rickettsiae, at which time approximately
20% of the host cells were infected. A control culture infected
with rickettsiae electroporated with pMOB alone showed no
evidence of rickettsial growth until 18 days postinfection. This
culture was continued to 24 days postinfection before harvest-
ing, at which time 15% of the host cells were infected with
approximately 200 to 300 rickettsiae/cell. The rickettsiae were
harvested from these cultures, and chromosomal DNA was
isolated for use as template DNA in a PCR.

Due to the difficulty associated with isolating individual Rif"
clones by plaque purification or limited dilution techniques, we
chose to identify the presence of Rif" transformants by DNA
sequencing of PCR products. In order to determine the level of
detection by using this method, we mixed two template DNAs
differing at a single base at varying ratios and sequenced the
mixture. The results (Fig. 3A) reveal that a mutation account-
ing for no more than 10% of the total template DNA in the
sequencing reaction could be easily detected.

To ensure that we would not amplify any clones that were gen-
erated over the course of these studies, new primers (DW288
and DW249) (Fig. 1B), whose sequences have never been pres-
ent on the same plasmid construct, were chosen. Thus, amplifi-
cation would be specific for chromosomal DNA. Using these
primers, a 2.1-kb fragment was amplified by using template
DNA obtained from both the pMW1027-electroporated rick-
ettsiae and the control pMOB-electroporated rickettsiae.
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FIG. 3. (A) Sequencing reactions (only C and T lanes are shown) comparing different ratios of templates that differ in sequence at one position. The template
present at the indicated percentages contains two C residues. (B) DNA sequence of PCR products from Rif* and Rif" rickettsiae. The mutations described in the text
are indicated on the right. Asterisks identify the sequence residues of the minor background Rif" population.
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Direct sequencing of these PCR fragments revealed the
presence of the Rif* G-to-A mutation in both the experi-
mental (pMW1027) and control (pMOB) fragments (Fig. 3B).
The presence of this mutation in the pMOB electroporated
cells, an independently isolated, spontaneously occurring Rif"
mutant, supported our initial hypothesis that this site is
important in rifampin resistance. More importantly, the two
nonselected mutations were present only in the PCR prod-
uct amplified from template DNA isolated from the rickettsiae
electroporated with pMW1027 (Fig. 3B). While it is possible to
detect a minor population which had not undergone allelic ex-
change, represented by the bands marked with asterisks in Fig.
3B, the intensities of these bands in comparison to the major
band at each site indicates that transformants greatly outnum-
ber spontaneous mutants. This background population of ri-
fampin-resistant rickettsiae that does not contain the G-to-A
mutation at position 1727 presumably results from spontane-
ous mutations at other sites within rpoB. A repeat experiment
achieved a comparable percentage of transformants, illustrat-
ing that transformation occurs at a frequency higher than the
spontaneous mutation rate. These data demonstrate the suc-
cessful introduction of DNA into this obligate intracellular
parasite and subsequent recombination of this DNA into the
rickettsial genome, presumably by homologous recombination
mechanisms.

DISCUSSION

The cloning of R. prowazekii genes into E. coli has provided
important information on rickettsial gene structure and func-
tion, and the completion of the R. prowazekii genome sequenc-
ing project will identify its genetic capabilities. However, an
ability to manipulate these genes in a rickettsial background is
needed to understand their importance to rickettsial growth
and pathogenicity. In this report we have established that elec-
troporation can be used to introduce DNA into R. prowazekii
cells and that this organism has the capability of incorporating
this DNA, presumably by homologous recombination mecha-
nisms, into its genome.

Introduction of DNA into the rickettsial cells by electropo-
ration could be accomplished at several field strengths ranging
from 9 kV/cm to higher than 17 kV/cm. Interestingly, we could
detect no loss of viability under the conditions used even at the
higher field strengths. Accordingly, since rickettsial cells are
approximately 10 times smaller than E. coli cells, we chose one
of the higher field strengths (17 kV/cm) for our standard elec-
troporation conditions.

Important to successful rickettsial transformation was the
identification of an appropriate selectable marker. While chlor-
amphenicol and tetracycline would be preferred markers, be-
cause of rickettsial sensitivity to these drugs and the existence
of vectors that contain these resistance genes, these antibiotics
are clinically important in the treatment of rickettsial diseases
and thus are unavailable for genetic studies in these bacteria.
However, the existence of a rifampin-resistant R. prowazekii
mutant, the association of rifampin resistance and mutations
within the rpoB gene in other bacteria, and the sensitivity of
R. prowazekii RNA polymerase to rifampin in vitro (10a) sug-
gested that rifampin would provide an excellent selection for
studies to determine the feasibility of rickettsial gene transfer.

We established the existence of a rifampin resistance muta-
tion within the R. prowazekii rpoB gene, the gene that codes for
the B subunit of DNA-dependent RNA polymerase. This mu-
tation falls within a region of the rickettsial protein that cor-
responds to the rifampin resistance region of E. coli (23).
Surprisingly, the mutation results in a very conservative sub-
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stitution, a lysine for an arginine at residue 546. Although, this
is a frequently mutated codon in other bacteria (23), this spe-
cific amino acid substitution has not been described. During
these studies, we obtained an additional spontaneous rifampin-
resistant R. prowazekii mutant which exhibited the same mu-
tation of Arg to Lys, suggesting that this is a common site for
rickettsial rifampin resistance mutations. However, other mu-
tations may be possible within this region. For example, we
identified a mutation in another independently isolated ri-
fampin-resistant mutant that results in a change of amino acid
533 (Asp—Tyr). Since spontaneous mutants occurred at a de-
tectable frequency, it was necessary to introduce marker mu-
tations that would permit us to differentiate transformants
from these mutants. This was easily accomplished by introduc-
ing silent mutations in codons surrounding the Lys-546 muta-
tion. Because the sensitivity provided by direct sequencing of
PCR products permitted the detection of transformants among
spontaneous mutants, the laborious techniques for isolating
single rickettsial clones were unnecessary for demonstrating
rickettsial transformation. Indeed, by observing the intensities
of the bands on the DNA sequence autoradiographs it was
possible to directly observe that transformants accounted for
the majority of the rifampin-resistant mutants.

In conclusion, this study has established that R. prowazekii
can survive electroporation conditions, that DNA can be trans-
ferred into rickettsial cells during electroporation, that this
DNA can recombine into the rickettsial genome, and that
transformants can be detected over background spontaneous
mutants. While obstacles remain to be overcome before ge-
netic manipulation of rickettsial species becomes common-
place, the success of these experiments is a crucial first step.
Studies can now be directed toward identifying additional se-
lection mechanisms that will permit the genetic manipulation
of any rickettsial gene and the identification of plasmids that
will function in this organism. The successful transformation of
R. prowazekii also provides a model for other bacteria that
cannot be grown outside the eucaryotic host cell. The avail-
ability of genetic tools will finally provide the means for inves-
tigating the unique biological and pathogenic mechanisms of
these obligate intracellular bacteria.
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