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Here we present the first oligonucleotide DNA microarray analysis of global gene expression changes in the
obligate intracytoplasmic pathogen Rickettsia prowazekii using temperature upshift as a model stress condition,
and we describe a methodology for isolating highly purified rickettsial RNA. In toto, 23 transcripts were
significantly increased by temperature upshift (=2.0-fold; P < 0.05), and no transcripts demonstrated repro-
ducible decreases. Array results for three heat shock-inducible mRNAs were confirmed using quantitative

reverse transcription-PCR.

Rickettsia prowazekii is the etiological agent of epidemic
typhus fever in humans and a Centers for Disease Control-
designated select agent. R. prowazekii resides exclusively within
the cytosol of eukaryotic cells unbounded by a host-derived
membrane vesicle (for a review, see reference 13). In vivo, R.
prowazekii infects gut epithelial cells of the louse vector, Pe-
diculus humanus corporis, and (primarily) endothelial cells of
the human host. Flying squirrels have been identified as a
nonhuman reservoir for R. prowazekii, and individuals with
recrudescent Brill-Zinsser disease serve as human reservoirs
for this pathogen (6, 26). Circumstances in which humans are
forced to live in confined, filthy conditions hold the potential
for reemergent outbreaks of this pathogen (22, 24). Despite its
small genome size (only 835 putative open reading frames
[ORFs]) (1) and growth in a metabolite-replete, stable envi-
ronment, R. prowazekii has maintained regulation of both en-
zyme function and gene expression (7-10, 17, 18), indicating
that rickettsiae sense changes in their environment and can
respond accordingly.

To date, R. prowazekii has proven recalcitrant to classical
bacterial genetics techniques (4, 15, 19-21, 23, 25); thus, the
use of gene knockouts and reporter fusions is not a viable
strategy for studying global regulation. Further, the use of
microarrays to assess global changes in rickettsial gene expres-
sion has been limited to a single, recent study comparing the
Shelia Smith and Iowa strains of R. rickettsii (11). This study
reported that only four genes significantly differed in expres-
sion levels between the two strains. In the present study, we
have employed DNA oligonucleotide microarrays to perform
the first high-throughput analyses of global R. prowazekii gene
expression in response to temperature upshift as a model en-
vironmental stress. We present a method of isolating highly
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enriched R. prowazekii total RNA away from contaminating
host cell nucleic acids for DNA microarray analysis of all 835
putative R. prowazekii ORFs and demonstrate that R
prowazekii reprograms gene expression in response to temper-
ature upshift.

R. prowazekii infection of L929 mouse fibroblast cells and
RNA isolation. Analyses of obligate intracellular organisms are
complicated by the need to isolate the bacteria away from
contaminating host cells and their constituents. In a total RNA
extraction of rickettsia-infected host cells, the rickettsial RNA
makes up less than 10% of the total based on TRNA (see Fig.
S1A in the supplemental material). We reasoned that remov-
ing host cell contaminating RNA would reduce background
during array hybridization and analysis in addition to allowing
the use of minimal amounts of RNA to keep cDNA synthesis
and labeling both efficient and cost effective. Therefore, we
have optimized a technique using differential centrifugation to
produce high-quality rickettsial RNA suitable for microarray
analysis. It is likely that this technique will be easily adapted for
use on other obligate intracellular organisms.

1929 mouse fibroblast cells were infected with R. prowazekii
(Madrid E strain) at a multiplicity of infection of 50 (to give 5
to 10 rickettsiae per cell and >95% of the total cells infected),
as previously described (3). After 48 h of growth, a condition
that routinely yielded approximately 200 to 300 rickettsiae per
infected cell, one-half of the flasks were transferred to 42°C for
30 min. Infected L cells (1,850 cm?) from both the control
(34°C) and heat shock (42°C) conditions were harvested by
trypsin treatment and collected by centrifugation. Trypsiniza-
tion and all subsequent steps were performed in the presence
of a 20% (vol/vol) concentration of DNA/RNA Protect (Sierra
Diagnostics, California) to preserve nucleic acid integrity. We
tested various reagents that are used to preserve RNA integrity
and determined that the DNA/RNA Protect reagent from Si-
erra Diagnostics proved optimal for use with rickettsiae, pre-
sumably due to a lower level of viscosity allowing for efficient
recovery of bacteria during the centrifugation steps of the
protocol. The rickettsia-infected L-cell pellets from each con-
dition were suspended in 1 ml of SPGMg-Sierra (sucrose, 0.281
M; KH,PO,, 3.76 mM; K,HPO,, 7.1 mM; glutamic acid, 5
mM; MgCl,, 10 mM; pH 7.0) (5, 27), which contains 20%
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(vol/vol) Sierra DNA/RNA Protect. Rickettsiae were released
by ballistic shearing using a Mini-Beadbeater blender (BioSpec
Products, Oklahoma) to deliver a 5-s pulse, followed by incu-
bation on ice for 20 s (repeated three times). The lysate was
removed, and the beads were washed three times with SPGMg-
Sierra, resulting in approximately 4 ml of lysate. L-cell debris
was removed by centrifugation (5 min, 1,150 X g, 24°C), the
supernatant transferred to a 30-ml Corex tube, and rickettsiae
collected by centrifugation (15 min, 9,600 X g, 4°C). The su-
pernatant was discarded, and 0.1 ml of SPGMg-Sierra was
added to the rickettsial pellet, which was mulled with a pestle.
A 1-ml volume of RNA Wiz (Ambion) was added and the
suspension mixed. Total RNA was extracted as per the man-
ufacturer’s directions, but in lieu of the final precipitation step,
a 0.56 volume of 100% ethanol was added slowly with thorough
mixing prior to application onto a Qiagen RNeasy mini-spin
column. Following an on-column DNase I (Qiagen) digestion
step (as per the manufacturer’s directions), total RNA was
eluted from the column twice (final volume of 60 pl) in RNase-
free water containing 0.1 mM EDTA (pH 8.0). After release of
the rickettsiae by ballistic shearing and differential centrifuga-
tion, the rickettsial rRNA constituted ~38% of the total RNA
in the sample (see Fig. S1B in the supplemental material).

We have successfully employed two methods to substantially
reduce the levels of contaminating host RNA from the prep-
aration prior to microarray analyses. The first involved the use
of Ambion’s MICROBERrrich technology. Host RNA levels
were quantified, and the sample was prepared and processed
as per the manufacturer’s directions, resulting in the removal
of ~90% of the remaining eukaryotic rRNA (see Fig. S1C in
the supplemental material). Alternatively, rickettsiae can be
further purified after isolation by ballistic shearing and differ-
ential centrifugation, described above. Instead of the RNA
isolation procedure and MICROBERrich steps, the rickettsial
pellet collected from the high-speed spin step was suspended
(mulled and homogenized) in 3 ml of SPG-Sierra (containing
no MgCl,). The sample was layered over 30 ml of SPG-Sierra
containing 25% Renograffin (14) in an Oakridge centrifuge
tube. Centrifugation was carried out at 26,000 X g, 60 min, 4°C.
The resulting cell pellet was washed once in SPG-Sierra and
RNA isolated as described above. This step yields rickettsial
RNA of comparable purity to that of the MICROBERwrich-
purified sample (compare Fig. S1C and D in the supplemental
material). For the array experiments presented here, only total
rickettsial RNA prepared using the MICROBEnrich method
was used.

R. prowazekii ORF DNA microarray analyses. One of the
hallmarks of a typhus infection is the presentation of fever in
the infected individual. Furthermore, analysis of the R.
prowazekii genome suggested the presence of two sigma factor
subunits of the RNA polymerase (1). The first is a verified
homologue of the vegetative sigma factor, o (2, 16), and the
second is annotated as a homologue of the heat shock sigma
factor, o™, Finally, there is evidence that R. prowazekii is able
to adapt and grow at 40°C in cell culture model systems (12).
Based on these observations, we rationalized that R. prowazekii
might modulate gene expression in response to temperature
upshift, making this an ideal condition to standardize analyses
of global transcriptional control in this obligate intracellular
pathogen. Purified rickettsial RNA (2 pg) from 34°C and 42°C
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heat shock samples was analyzed on an oligonucleotide DNA
microarray as described in the text of the supplemental mate-
rial. Details on array construction and validation are also de-
scribed in the text of the supplemental material (also see Fig S2
in the supplemental material).

The data presented in Table 1 represent a compilation of the
technical replicates for each biological replicate. Only genes
that displayed a =2.0-fold (P < 0.05) change for all oligonu-
cleotide probes in all four biological replicates are reported. In
addition, an overall average induction ratio was calculated
using all data from all biological replicates and the P value
from the ¢ test reported. In toto, the data illustrate that 23
rickettsial genes were induced =2.0-fold after 30 min of incu-
bation at 42°C. In one preliminary experiment, we examined
gene regulation at 15 min (one biological replicate only; data
not shown) but ultimately determined that 30 min of incuba-
tion at 42°C was the shortest time tested that gave consistent,
reproducible results. It is entirely possible that extended incu-
bation at elevated temperatures could reveal additional genes
or temporally regulated subsets of extreme heat shock genes.
Finally, it is interesting to note that no genes with significant
downregulation are reported. Our analyses revealed that there
were some genes in some experiments that showed downregu-
lation, but overall, there was no reproducibility between all
four biological replicates (data not shown). Again, it is possible
that extending the challenge past 30 min might reveal tran-
scripts that are degraded/downregulated.

Overall, 57% of the genes reported as significantly upregu-
lated in this study are annotated homologues of known heat-
shock-inducible genes. As interpolated from Table 1, 26% of
the heat-shock-induced genes were putative proteases and
30% were putative chaperones. In addition, the two R.
prowazekii ORFs annotated as heat shock genes hsp22
(RP273) and hsp90 (RP840) were induced by temperature
upshift. A protective role for the remaining 43% of the heat-
shock-induced R. prowazekii genes is not intuitively obvious
based on their annotated functions. This subset of genes may
play a heretofore-unknown role in the R. prowazekii response
to elevated temperatures. Alternatively, these genes may show
an inadvertent induction based upon their proximity to known
heat shock genes. Thirty-five percent of the R. prowazekii heat
shock genes have no known role in heat stress responses but lie
immediately downstream of heat shock genes expected to play
a protective role. As shown in Table 1 (right column), there are
two distinct patterns evident. The first pattern consists of three
loci (i.e., groups of successive genes that are all heat shock
induced) where the genes with predicted roles in heat stress
demonstrate the highest levels of induction and the genes with
unknown roles lie distal and show lower induction ratios (rem-
iniscent of a polar effect if these genes are indeed transcribed
as an operon). The second pattern consists of two loci where
genes with predicted heat stress roles and those without pre-
dicted roles display very similar induction ratios. Nine percent
of the R. prowazekii heat-shock-induced genes reported here
have no known role in heat stress response and are not prox-
imal to genes with predicted heat stress function.

Real-time qRT-PCR. To validate the results generated by
microarray analysis, we assayed the levels of mRNA corre-
sponding to the R. prowazekii ORFs that demonstrated low,
medium, and high induction (RP044, RP626, and RP629) us-
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R. PROWAZEKII HEAT SHOCK TRANSCRIPTOME

TABLE 1. Heat shock induction ratios from four independent biological replicates®

Induction ratio

Annotation

Biological
replicate 1

Biological
replicate 2

Biological
replicate 3

Biological
replicate 4

Average induction
ratio

RP gene
RP036
RP043

245 l
RP044
RP147

ARP182
8
RP183

466
RP184

123
RP185
RP213
RP273
RP319

Nested
3

RP320

660
Y RP321
RP450

532
VY RP451
ARP626

21
RP627
RP629

135
RP630

15

YRP631
RP740

RP840
163 l
RP841

clpB (ATPase chaperonin
involved in protein turnover)

ftsH (cell division protein)

Succinate dehydrogenase
catalytic subunit

Hypothetical (predicted
integral membrane protein,
interaction with FtsH)

recN (DNA repair protein)

Hypothetical (predicted
lipoprotein, DNA uptake,
ComL homologue)

dnaJ (molecular chaperone)

dnaK (molecular chaperone)
S-Adenosylmethionine:tRNA
ribosyltransferase-isomerase

hsp22 (small molecular weight
chaperonin)

ATP-dependent protease
peptidase subunit
ATP-dependent protease ATP-
binding subunit

Lipid-A-disaccharide synthase

lon (ATP-dependent protease)

sca3 (cell surface antigen)

groEL (chaperonin)

groES (co-chaperonin)

grpE (adenine nucleotide
exchange factor of DnaK)

perM (putative permease
homologue)

Hypothetical (DnaA
homologue with a predicted
ATPase domain)

tlyC (hemolysin C)
Heat shock protein 90 (HSP90
family chaperone)

5-Aminolevulinate synthase
(heme biosynthesis)

6.4

3.1

4.1

2.1

2.4

2.0

8.7

9.3

2.1

3.5

29

2.7

3.1

2.7

2.2

9.0

15.4

2.9

2.5

2.3

2.7

3.6

32

10.8

6.2

5.7

2.0

2.4

2.5

9.5

14.0

33

6.7

4.7

4.0

35

6.1

2.2

11.1

5.1

4.7

4.6

5.3

11.6

44

52

3.6

4.1

2.1

2.2

6.8

7.6

2.0

2.9

2.4

29

2.4

35

2.1

9.3

10.2

2.4

29

33

2.7

4.6

29

10.1

6.7

5.4

2.0

23

2.3

11.3

32

6.3

43

43

34

6.4

2.3

15.7

4.6

4.1

42

4.9

8.8

3.7

6.4 (P<1.3E-14)
4.5 (P <2.2E-08)
]NOA
4.7 (P < 2.7E-10)
2.0 (P <1.2E-10)
2.2 (P<6.1E-08)

Lo
2.3 (P < 1.3E-09)

8.7 (P<3.7E-12)
Hi
10.9 (P < 2.5E-14)
2.6 (P < 5.3E-06)
4.4 (P <5.9E-10)
3.5(P<2.5E-07) —
3.4 (P<22E-09) [Noa

3.0 (P < 3.0E-08) —

4.2 (P<2.3E-08) — Hi

2.2 (P<6.8E-08) — Lo

10.8 (P < 7.3E-24)

15.6 (P < 1.2E-05)

3.6 (P < 8.5E-09)

3.5(P< LIE-06) |noa

3.6 (P < 1.3E-04)

3.7 (P <2.6E-07)

5.9 (P<1.3E-09) — Hi
Iy

3.6 (P < 4.9E-08)

“ Only genes that displayed a =2.0-fold heat shock induction in all four experiments are shown (P = 0.05). With the exception of RP627,
every gene upregulated by heat shock was probed with two 70-mer oligonucleotides (in triplicate on the array). Data from all four biological
replicates (two oligonucleotide probes from replicate, dye swap arrays) were combined and the overall induction ratio calculated and analyzed
by a two-tailed ¢ test. The overall average induction from these four experiments is shown to the right along with the P value. Arrows to the
left of the table denote polarity, with a downward-facing arrow representing the positive-sense strand. The intergenic spacing in base pairs is
given. Arrows to the right of the table denote groupings of interest, where “Hi — Lo” indicates that the induction ratios decrease in a polar
fashion. “No A” denotes no change in the induction ratio for any gene in the given cluster. The color scheme groups genes with a (putative)
common function: blue, protein turnover; light purple, cell division; green, molecular chaperonins; red, metabolism; orange, structural
proteins; black, no apparent grouping.
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ing the Cepheid Smart Cycler real-time RT-PCR platform as
previously described (3). The RNA used in these experiments
came from the same control and heat shock samples that were
used for microarray analysis. Separate reverse transcription
(RT) reaction mixtures containing rickettsial RNA and reverse
primers specific for the RP044, RP626, and RP629 ORFs were
prepared (see Table S1 in the supplemental material). In all
RT reaction mixtures, RNA loading was normalized such that
250 ng of 16S rRNA (based on the Agilent bioanalysis) was
added. In all cases, control RT reactions containing no Super-
script II reverse transcriptase were run to confirm the absence
of contaminating DNA. These samples showed reaction pro-
files similar to primer controls where no template was added.
The quantitative RT-PCR (qRT-PCR) results (using RNA
from biological replicates 3 and 4) confirmed the overall in-
duction trends determined by microarray analyses, although
the absolute induction values differed slightly (see Fig. S3 in
the supplemental material).

In conclusion, we have presented an efficient methodology
for the isolation of highly purified RNA from the obligate
intracytoplasmic pathogen R. prowazekii. This methodology
was used to assay rickettsial gene regulation in response to
temperature upshift by microarray hybridization. We have de-
termined that rickettsiae alter the expression of a regulon of 23
genes presumably involved in repair of protein damage elicited
by the temperature upshift. This report is the first microarray
analysis of R. prowazekii using a model stress response, and the
RNA isolation method described here should be useful for
studies of other obligate intracellular organisms.

Microarray data accession number. The complete microar-
ray data set generated in this study is deposited for public
access in the Gene Expression Omnibus (http://www.ncbi.nlm
.nih.gov/geo/) under accession number GSE12377.
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