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Rickettsia prowazekii, the causative agent of epidemic typhus, is an obligately intracytoplasmic bacterium, a
lifestyle that imposes significant barriers to genetic manipulation. The key to understanding how this unique
bacterium evades host immunity is the mutagenesis of selected genes hypothesized to be involved in virulence.
The R. prowazekii pld gene, encoding a protein with phospholipase D activity, has been associated with
phagosomal escape. To demonstrate the feasibility of site-directed knockout mutagenesis of rickettsial genes
and to generate a nonrevertible vaccine strain, we utilized homologous recombination to generate a p/d mutant
of the virulent R. prowazekii strain Madrid Evir. Using linear DNA for transformation, a double-crossover event
resulted in the replacement of the rickettsial wild-type gene with a partially deleted pld gene. Linear DNA was
used to prevent potentially revertible single-crossover events resulting in plasmid insertion. Southern blot and
PCR analyses were used to confirm the presence of the desired mutation and to demonstrate clonality. While
no phenotypic differences were observed between the mutant and wild-type strains when grown in tissue
culture, the pld mutant exhibited attenuated virulence in the guinea pig model. In addition, animals immunized
with the mutant strain were protected against subsequent challenge with the virulent Breinl strain, suggesting
that this transformant could serve as a nonrevertible, attenuated vaccine strain. This study demonstrates the
feasibility of generating site-directed rickettsial gene mutants, providing a new tool for understanding rick-

ettsial biology and furthering advances in the prevention of epidemic typhus.

Epidemic typhus, caused by Rickettsia prowazekii, is an infa-
mous disease in human history that continues to affect popu-
lations subjected to nonhygienic, louse vector-infested condi-
tions that unfortunately continue to threaten much of the
world’s population. Recent outbreaks of epidemic typhus un-
derscore the continued menace that this disease maintains (11,
12, 18). In the United States, R. prowazekii infection of humans
has been associated with the existence of a zoonotic reservoir,
the flying squirrel (4, 16), and serological surveys have identi-
fied individuals with antibodies reactive with R. prowazekii in
the homeless population in Houston, Texas (14). In addition,
R. prowazekii has been designated a category B select agent,
raising additional concerns regarding its use as an agent of
bioterrorism. Regrettably, a safe and effective vaccine is not
currently available.

Although the attenuated Madrid E strain of R. prowazekii
has been used as a live vaccine and was shown to provide good
protection (6), it unfortunately also demonstrated the ability to
revert to virulence (2). However, the protection that was af-
forded by the Madrid E strain suggests that a nonrevertible,
avirulent strain of R. prowazekii would be a safe and effective
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vaccine against this deadly infectious agent. Several genes have
been associated with virulence either by a gene sequence dif-
ference observed between the avirulent and virulent strains or
by analysis of gene activities in a surrogate bacterial model (21,
24). One such rickettsial gene, the R. prowazekii pld (Rp819)
gene, encodes a protein with homology to the phospholipase D
(PLD) family of proteins. This protein has been shown to
exhibit PLD activity and has a conserved secretion signal, sug-
gesting that the encoded protein could be exposed at the host-
pathogen interface (15). Interestingly, Whitworth et al. dem-
onstrated that expression of the rickettsial pld gene in
Salmonella enterica serovar Typhimurium allowed the salmo-
nellae to escape from the phagosome (21). This activity sug-
gests an important role for PLD in rickettsial intracellular
growth and identifies this protein as a possible virulence factor
for R. prowazekii.

R. prowazekii is a bacterial pathogen that grows only within
the cytosol of eukaryotic host cells. The obligately intracellular
nature of R. prowazekii greatly diminishes the ability to genet-
ically manipulate the rickettsiae and obtain cloned mutants
that can be exploited as probes of rickettsial physiology and
metabolism or, in the case of virulence genes, as potential live
vaccines. While random transposon mutagenesis has been suc-
cessfully performed in several rickettsial species (3, 7, 8) and
homologous recombination has been used to insert a specific
antibiotic resistance mutation as well as an entire plasmid into
the R. prowazekii genome (9, 10), to the best of our knowledge,
a directed knockout of a rickettsial gene has not been reported.
In this study, we targeted the pld gene for knockout in order to
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FIG. 1. (A) Physical map of pMW1628 and gene maps of the pld locus of the wild-type Evir strain (top) and the Apld mutant (bottom).
Restriction sites and primer locations are indicated. (B) PCR analysis of the Apld mutant. Chromosomal primers DW1194 and DW1195 were used
with template DNAs isolated from R. prowazekii. Lane 1, Apld template DNA product (2,860 bp); lane 2, wild-type template DNA product (2,326
bp). Size markers (M) are indicated in kilobase pairs. (C) Hybridization of a specific pld gene probe (lane 1, 622 bp covering the entire open reading
frame of the gene) to R. prowazekii chromosomal DNA digested with Pstl. Lane 2, DNA isolated from the Apld mutant strain; lane 3, DNA isolated

from the wild-type Evir strain. Molecular size markers (M) are indicated.

evaluate its role in rickettsial intracellular growth and virulence
as well as to assess the potential role of a p/d mutant as a live
vaccine strain.

MATERIALS AND METHODS

Bacterial strains, host cell lines, and culture conditions. R. prowazekii strain
Madrid Evir, a virulent revertant of the attenuated Madrid E strain (2), was
propagated in and purified from the yolk sacs of embryonated chicken eggs, as
previously described (22). Purified rickettsiaec were stored frozen in a sucrose-
phosphate-glutamate-magnesium buffer solution (0.218 M sucrose, 3.76 mM
KH,PO,, 7.1 mM K,HPO,, 4.9 mM potassium glutamate, and 10 mM MgCl,).
Murine fibroblast L1929 cells were cultured at 34°C with 5% CO, in modified
Eagle’s medium (Mediatech, Inc., Herndon, VA) supplemented with 10% heat-
inactivated newborn calf serum (HyClone Laboratories, Logan, UT) and 2 mM
glutamine (Mediatech, Inc.). For selection of R. prowazekii rifampin (rifampi-
cin)-resistant mutants, rifampin was added to a final concentration of 200 ng/ml.
Escherichia coli strain XL1-Blue (Stratagene, La Jolla, CA) (5) was grown in
Luria-Bertani medium (1). For the selection of antibiotic-resistant E. coli trans-
formants, ampicillin and rifampin both were used at a concentration of 50 pg/ml.
A murine macrophagelike cell line (RAW264.7) (13), obtained from the Amer-
ican Type Culture Collection (ATCC TIB-71), was cultured at 34°C with 5% CO,
in Dulbecco’s modification of Eagle’s medium (Mediatech, Inc.) supplemented
with 10% newborn calf serum (HyClone Laboratories).

Plasmid construction. The pld gene, along with flanking regions (Fig. 1A), was
PCR amplified from an R. prowazekii chromosomal DNA template using primers
DW998 (5'-AATGTTAGCATGAATTGAGAG-3") and DW999 (5'-TGGGTG
GTATGTTTCTTGC-3'). The resulting 2,164-bp fragment was inserted into the
EcoRV site of pBluescript SKII+ (Stratagene), generating plasmid pMW1625. A
93-bp internal fragment of pld contained in pMW1625 was deleted by digestion
with restriction enzymes Bsgl and BseRI, followed by treatment with the End-It
repair kit (Epicentre, Madison, WI) to generate blunt ends. A PCR-generated
fragment, containing the rpsL promoter-R. prowazekii arr-2 (rpsL"-arr-2g,,) ri-
fampin resistance cassette (8), was ligated to the linear plasmid, generating
plasmid pMW1628 (Fig. 1A). For transforming DNA, a 2,698-bp PCR fragment
was generated using primer pair DW998/DW999 and designated Apld (Fig. 1A).
The PCR fragment was gel purified using a Geneclean II kit (MP Biomedicals,
Solon, OH), and 10 to 20 pg was used for transformations.

R. prowazekii transformation. Purified rickettsiae were prepared for transfor-
mation and electroporated, as previously described (7, 8, 10). Following electro-
poration in the presence of the Apld PCR fragment, the rickettsiae were allowed
to infect 1.929 cells (~4 X 107), and the cells were planted into three T185 cm?
flasks. Twenty-four hours postinfection, the medium was replaced with medium
containing the antibiotic rifampin (200 ng/ml). Medium was replaced with fresh
antibiotic-containing medium every 4 to 7 days to ensure continued antibiotic
selection. Culture expansion resulted in six T185 cm? flasks at day 9, following
electroporation. Cells were harvested, and an aliquot was planted into five
96-well plates at approximately 3,000 cells per well. At day 13, each well was
duplicated, and fresh rifampin-containing medium was added. DNA was har-
vested from the duplicate plates at day 15 using the Wizard SV 96 genomic DNA
purification system (Promega, Madison, WI), and samples were assayed for the
presence of the rpsL"-arr-2y,, cassette by PCR analysis using primers DW316 and
3'arr2 (8). Wells containing rpsL"-arr-2p,, cells were expanded to 12-well plates
and cultured until sufficient numbers of rickettsiae could be detected microscop-
ically. Uninfected 1929 cells were added to the cultures as needed to provide
host cells for the growing rickettsial population. Chromosomal primers, located
outside of the recombination site and therefore not found within the transform-
ing DNA, were designated DW1194 (5'-TCTTAATACTAACAATTATTGAC-
3") and DW1195 (5'-GGGTTAATCCTGATACCTC-3"). These primers amplify
a 2,326-base-pair fragment when wild-type R. prowazekii genomic DNA is used as
template (Fig. 1A). In contrast, a pld mutant resulting from recombination would
be predicted to generate a 2,860-base-pair fragment (Fig. 1A).

Electron microscopy. RAW264.7 cells, cultured as monolayers in 6-well plates,
were infected with rickettsiae harvested from 1.929 mouse fibroblast cells by
ballistic shearing. 1.929 cell lysates were centrifuged at 200 X g for 5 min. The
supernatant (1 ml) was added to each well of the plate, with the plate being
maintained at 4°C on ice. The plates were then centrifuged at 200 X g for 1 h at
4°C. The medium was aspirated from the plates, and the monolayers were
washed three times with ice-cold phosphate-buffered saline. Medium prewarmed
to 37°C was added to the wells, and the plates were incubated at 37°C. At
selected time points (10, 30, 45, and 60 min), the samples were fixed for electron
microscopy in Ito’s fixation solution. The samples were thin sectioned and ob-
served by electron microscopy. Twenty electron micrographs were obtained for
each sample, and the number of rickettsiae inside a vacuole rather than in the
cytosol was determined by two of the investigators, without knowledge of which
strain was being analyzed.
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Animal experiments. The R. prowazekii Apld mutant was evaluated for viru-
lence in guinea pigs. Male Hartley strain guinea pigs (200 g) were purchased
from Charles River Laboratories (Wilmington, MA) and housed in the animal
biosafety level 3 laboratory at the University of Texas Medical Branch. All
animal studies were conducted in accordance with the Institutional Animal Care
and Use Committee Guidelines. Rickettsial strains were cultured in 1929 cells
and stored at —80°C. The 50% tissue culture infective dose of the rickettsial
samples was determined using the frozen stocks. Rickettsial strains were inocu-
lated intraperitoneally into three animals per time point, and temperature and
body weight were measured daily for 10 to 13 days postinoculation. To determine
significance, an unpaired, one-tailed Student’s ¢ test was performed for pairwise
comparisons between the Apld mutant and the control and between the wild type
and the control. P values less than 0.05 were considered significant. Guinea pigs
were bled via the toenail on days 4 and 7 and by heart puncture on the day of
sacrifice. DNA was extracted from blood samples using the DNeasy blood and
tissue kit (Qiagen, Valencia, CA) and used as a template in nested PCR with
17-kDa gene-specific primers (20).

RESULTS

pld mutant isolation. In initial transformation experiments
with circular plasmid DNA, we often obtained single cross-
overs that resulted in insertion of the entire plasmid into the
genome (data not shown). These single-crossover events re-
sulted in transformants that were rifampin resistant and posi-
tive for our screening target gene rpsL"-arr-2,,, complicating
the search for the desired double-crossover mutants. To force
double crossovers and obtain replacement of the wild-type pld
gene with a partially deleted p/d mutant, a PCR-amplified
linear fragment was used in the transformation. In addition to
restricting recombination to events that generate the desired
mutant, linear DNA may provide a more efficient substrate for
rickettsial recombination. Identification and isolation of an R.
prowazekii pld mutant employed a PCR-based screening ap-
proach coupled with limiting dilution. To demonstrate the
presence of the desired mutant, populations were screened by
PCR to detect size differences at the pld gene locus. Based on
genome sequence information, primer pair DW1194/DW1195
amplifies a 2,326-bp fragment from the wild-type Madrid Evir
strain. In contrast, the desired mutant containing a partial
deletion of the pld gene and the insertion of the rifampin-
resistant cassette would generate a 2,860-bp fragment. As seen
in Fig. 1B, lane 1, DNA isolated from the clonal transformant
population generated a DNA fragment of the predicted size
(2,860 bp) for a pld replacement mutant. A 2,326-bp product
indicating the presence of wild-type rickettsiae was not de-
tected, supporting the clonality of the transformant popula-
tion. The R. prowazekii Madrid Evir pld mutant was also ana-
lyzed for the presence of Apld by Southern blotting (17). A
622-bp pld-specific probe generated using primers DW1266A
(5'-ATGAAGAGCAAAAATAATAAATTTATAGC-3")  and
DWI1267A (5'-TATACTAAAAATGTACTGCATTACTCG-
3") that recognizes both wild-type and mutant pld sequences
was used for hybridization. This probe hybridized to an ex-
pected 2,222-bp Pstl fragment of wild-type chromosomal DNA
(Fig. 1C, lane 3). However, only the single predicted 2,756-bp
PstI fragment representing a partial deletion and insertion of
the rifampin resistance cassette was detected in the cloned
transformant (Fig. 1C, lane 2), confirming the clonality of the
pld mutant. The sequence of the R. prowazekii pld region of the
Apld strain, showing the location of the deletion and rpsL”-arr-
2y, insertion, is shown in Fig. S1 in the supplemental material.

To assess virulence of the pld mutant, two model systems

INFECT. IMMUN.

were employed. First, growth of the mutant in the macro-
phagelike RAW264.7 cell line was examined. Studies have
demonstrated that the virulent Breinl strain of R. prowazekii
can persist and grow in this phagocytic cell line, while the
avirulent Madrid E strain cannot (19). Interestingly, the pld
mutant strain was able to grow in the RAW264.7 cell line.
Dramatic growth differences between the mutant and the wild-
type virulent strain were not detected using either direct visual
counting or quantitative PCR to determine rickettsial load
(data not shown), indicating that the genetic mutations respon-
sible for the attenuated phenotype in the Madrid E strain and
Apld are different. We also examined whether the rickettsial
strains could be distinguished by temporal differences in their
ability to escape the phagosome. Analysis of electron micro-
graphs (data not shown) at 10, 30, 45, and 60 min following
infection revealed no significant differences between the Ma-
drid Evir, Madrid E, or the pld mutant strains in their ability to
escape the phagosome. All of the rickettsiae were found in the
cytosol at the later time points. Only at 10 min could some of
the rickettsiae be found in vacuoles, and the numbers of those
inside vacuoles versus those released into the cytosol were
indistinguishable among the three strains. However, distinct
phenotypic differences were observed using the guinea pig
model for assessment of rickettsial virulence.

Initially, guinea pigs were inoculated with high doses (1 X
10° rickettsiae/guinea pig) of either R. prowazekii strain Madrid
Evir or the Apld mutant. Sham-infected animals were included
as controls. At these high doses of rickettsiae, both the wild
type and Apld mutant caused fever in guinea pigs (data not
shown). However, body weight loss was more severe and pro-
longed in guinea pigs infected with the wild-type strain, sug-
gesting that the Apld mutant may be less virulent. The increase
in body temperature in these initial experiments was likely due
to a host response to such a large rickettsial inoculum. To test
this hypothesis, inoculations were performed using a lower
dose of rickettsiae (1 X 10° rickettsiae per guinea pig). The
wild-type Madrid Evir strain caused fever beginning at day 5
and peaking at day 9 to 10, while animals inoculated with the
Apld mutant remained afebrile (Fig. 2A). Analysis of the body
weight change also revealed a difference between the disease
caused by wild-type R. prowazekii and the Apld mutant (Fig.
2B). Animals infected with the wild-type strain ceased to gain
weight after day 5, while the animals infected with the Apld
mutant continued to gain weight at a rate similar to that of the
control animals. Rickettsial DNA was detected in the blood of
guinea pigs obtained on day 7 after inoculation with both R.
prowazekii strain Madrid Evir and the Apld mutant, confirming
that the guinea pigs were infected.

To assess whether exposure to the Apld mutant strain of R.
prowazekii could confer protective immunity, guinea pigs pre-
viously inoculated with the high dose of mutant rickettsiae
were challenged with 1 X 10 rickettsiae of the virulent Breinl
strain of R. prowazekii 5 weeks after the initial inoculation.
Guinea pigs immunized with the Apld mutant strain did not
develop fever or undergo a weight change when challenged
(Fig. 3). The level of protection was similar to that seen when
the animals were immunized with the wild-type Madrid Evir
strain. In contrast, animals inoculated with saline exhibited
increased body temperature and failed to gain weight following
challenge. These results indicate that inoculation with the Apld
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FIG. 2. Body temperature (A) and body weight (B) changes for guinea pigs inoculated intraperitoneally with 1 X 10° rickettsiae. Since 1.929
cells were used to propagate the rickettsiae, one set of animals was inoculated only with host cells as a control (). Animals were inoculated with
either the Evir strain (A) or the Apld mutant ([]). The asterisks denote significance at P values of <0.05.

mutant conferred effective immune protection against virulent
R. prowazekii in the guinea pig model.

DISCUSSION

Genetic manipulation of R. prowazekii via transformation
has been reported previously (7-10). However, due to the
obligately intracellular nature of rickettsial growth, genetic ma-
nipulation of this pathogen remains a laborious and time-
consuming undertaking. In this study, we demonstrate that,
despite the challenges involved, it is feasible to target specific
rickettsial genes for mutagenesis. An important variation to
the transformation protocol that leads to successful mutant
isolation was the use of linear DNA in transformations. When
intact plasmids were used as transforming DNA, single-cross-
over events led to the insertion of the entire plasmid into the
rickettsial genome. While this can be an effective mechanism
for generating useful rickettsial mutants or for inserting genes
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into specific locations for complementation studies, the objec-
tive of our experiments was to generate a nonrevertible gene
knockout via gene replacement. Thus, we employed a PCR-
generated linear-transforming DNA in order to force a double-
crossover event, resulting in the desired knockout. As reported
previously (7), one of the more difficult challenges in rickettsial
genetics is the isolation of a pure clone owing to spontaneous
mutations and conferring resistance to rifampin in the popu-
lation under selective pressure. Once again, in the current
study, this was accomplished using limiting dilution.

The pld gene was chosen as the target for this study because
of its potential association with rickettsial virulence. Somewhat
surprising was the fact that no difference in growth between the
Apld mutant and the wild-type virulent strain was detected
within RAW264.7 cells. The ability to grow in this macro-
phagelike cell line has traditionally been used to differentiate
the virulent Breinl strain and the avirulent Madrid E strain
(19). Interestingly, electron microscopic analyses comparing
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FIG. 3. Body temperature (A) and body weight (B) changes for guinea pigs previously inoculated with 1 X 10° rickettsiae and challenged at
5 weeks, following inoculation with 1 X 10 rickettsiae of the virulent Breinl strain of R. prowazekii. The guinea pigs were immunized with the Evir
strain (A) and the Apld mutant ([]) or sham inoculated with saline (<). The asterisk denotes significance at P values of <0.05 for all data points.
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escape from the phagosome during infection revealed no dif-
ferences among the Madrid Evir strain, the Apld mutant, and
the Madrid E strain. In addition to demonstrating that a mu-
tation in the pld gene does not affect phagosomal escape, these
observations also provide evidence that the impairment of the
Madrid E strain to grow in the macrophagelike cell line is not
caused by a failure or delay in escape from the phagosome.
These results support a previous study by Winkler and Daugh-
erty that demonstrated the ability of RAW264.7 cytoplasm to
differentiate between the virulent Breinl strain and the aviru-
lent Madrid E strain (23). While growth of the Ap/d mutant in
this cell line was not noticeably impaired, it was clearly atten-
uated in the guinea pig model used for testing rickettsial
virulence. Obviously, this suggests that additional virulence
factors are involved. Continued studies to characterize the
mechanisms involved in this attenuation are required. Since
the guinea pig is not an ideal animal model for R. prowazekii,
we plan to use the nonhuman primate animal model to test
the virulence of the Apld mutant and its ability to provide
protection.

Enzymatic assays to compare PLD activity between the wild
type and the Apld mutant have been complicated by assay
sensitivity and possible contamination with host-derived phos-
pholipases. To confirm that the Apld mutation is responsible
for the observed phenotype, a complementation experiment is
appropriate. However, the lack of established rickettsial plas-
mid vector systems precludes a simple plasmid transformation
with a wild-type pld gene. Another option is the single-cross-
over insertion of a plasmid containing a wild-type gene or the
introduction of the wild-type gene via a transposon that ex-
presses a functional PLD. The feasibility of this approach has
been shown with the glitA gene, encoding citrate synthase
where a wild-type copy of the gene was inserted at the gltA site
(9). However, although feasible, this experiment faces the
same isolation, cloning, and interpretation challenges that
were faced in isolating the original clone. This prevents a
timely analysis of complementation. Despite the challenges
involved, this study describes the first site-directed, nonrevert-
ible knockout, generating a potential live vaccine candidate for
epidemic typhus. In addition, the ability to target selected
rickettsial genes for knockout provides a new tool for dissect-
ing rickettsial biology.
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