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The interaction between Bacillus anthracis and the mammalian phagocyte is one of the central stages in the
progression of inhalational anthrax, and it is commonly believed that the host cell plays a key role in
facilitating germination and dissemination of inhaled B. anthracis spores. Given this, a detailed definition of
the survival strategies used by B. anthracis within the phagocyte is critical for our understanding of anthrax.
In this study, we report the first genome-wide analysis of B. anthracis gene expression during infection of host
phagocytes. We developed a technique for specific isolation of bacterial RNA from within infected murine
macrophages, and we used custom B. anthracis microarrays to characterize the expression patterns occurring
within intracellular bacteria throughout infection of the host phagocyte. We found that B. anthracis adapts very
quickly to the intracellular environment, and our analyses identified metabolic pathways that appear to be
important to the bacterium during intracellular growth, as well as individual genes that show significant
induction in vivo. We used quantitative reverse transcription-PCR to verify that the expression trends that we
observed by microarray analysis were valid, and we chose one gene (GBAA1941, encoding a putative tran-
scriptional regulator) for further characterization. A deletion strain missing this gene showed no phenotype in
vitro but was significantly attenuated in a mouse model of inhalational anthrax, suggesting that the microarray
data described here provide not only the first comprehensive view of how B. anthracis survives within the host

cell but also a number of promising leads for further research in anthrax.

Bacillus anthracis, the causative agent of anthrax, has come
under increased scrutiny in recent years because of its potential
role as a bioweapon (35). In the environment, B. anthracis
exists primarily as a metabolically dormant endospore, and in
this morphology the bacterium is both highly infectious and
resistant to a wide range of harsh conditions (42). When the
spores are inhaled, they reach the alveolar spaces of the lung,
where they are efficiently taken up by resident phagocytes (5, 9,
48). It is commonly believed that the host cells then migrate
across the alveolocapillary barrier, transporting the intracellu-
lar bacteria into the lymphatic system (26, 40). During this
time, the bacteria germinate, transforming from spores into
vegetative bacilli, which begin to replicate within the phago-
cytes (15, 50). Eventually, the bacteria kill the phagocytes and
escape into the extracellular environment, and the resulting
sepsis ultimately leads to death of the host (23, 24, 43, 52, 57).

Since the progression of anthrax is typically quite rapid once
the systemic phase of the infection begins (16, 24), successful
intervention depends on early diagnosis and treatment. Given
this fact, it is particularly important from a therapeutic stand-
point that the early events in anthrax are well understood.
Most of these events occur within the context of the host
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phagocyte, and in recent years a number of studies have fo-
cused on the interaction between B. anthracis and the host cell
(9, 13, 40, 45, 46, 53). Although considerable progress has been
made in understanding the host side of this interaction, rela-
tively little is known about how B. anthracis survives within the
phagocyte and establishes a productive infection.

In this study, we sought to approach these problems in a
global way and establish a knowledge base that would allow us
to begin to understand the pathogenic strategies employed by
B. anthracis within the host. With these goals in mind, we used
DNA microarrays to perform whole-genome transcriptional
profiling of bacteria isolated from within murine macrophages
at various time points during infection. We characterized the
gene expression patterns occurring within B. anthracis through-
out its entire interaction with the host cell, from uptake and
germination through the death of the macrophage and escape
of the bacteria. Our analyses identified several pathways and
functions that appear to be important for bacterial survival
within the host cell and thus may be useful targets in future
drug development efforts. We also identified a large number of
B. anthracis genes (both well studied and previously uncharac-
terized) that are highly induced during growth within the host
cell and appear to be possibly virulence related. One unchar-
acterized gene, a putative transcriptional regulator belonging
the MarR family, was chosen for further study, and we found
that although a deletion strain missing this locus had no dis-
cernible phenotype in vitro, it was significantly attenuated in
terms of its ability to cause disease in a mouse model of
inhalational anthrax. Overall, our data provide global insights
into how B. anthracis adapts to the environment within the
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macrophage, as well as a variety of promising new leads for
further research in anthrax.

MATERIALS AND METHODS

Bacterial and murine cell cultures. All work described in this report was done
using the Sterne 34F, strain (pXO1" pXO2™) of B. anthracis. This strain was
chosen because the B. anthracis poly-p-glutamic acid capsule, produced by en-
zymes encoded in the pXO2 plasmid, is not known to play a major role in
virulence until the later stages of anthrax (when it becomes a major factor in
facilitating systemic spread of the bacilli) (17). The capsule’s role during the early
stages of infection, including the initial interaction with the host macrophage,
remains uncertain (20), and thus the Sterne strain is commonly used to study
these early interactions because unlike pXO1* pXO2™" strains, it does not
require a BSL3 environment. Initial spore stocks were prepared as follows. A
single B. anthracis culture was grown overnight at 37°C, and then 1 ml was used
to inoculate 500 ml of modified G medium [0.2% yeast extract with a final amino
acid concentration of roughly 14 mM, 0.17 mM CaCl,, 2.87 mM K,HPO,, 0.81
mM MgSO,, 0.24 mM MnSO,, 17 uM ZnCl,, 20 pM CuSOy,, 1.8 pM FeCls, and
15.5 mM (NH,) ,SO,, adjusted to pH 7.2] as described previously (15, 29, 36).
Bacterial growth was measured by spectrophotometry at 600 nm. Progress
through sporulation was monitored microscopically by scoring for the presence
of phase-bright spores and by measuring the percentage of cells in a culture that
were capable of surviving an extended heat treatment (65°C for 30 min). Spores
were purified as described previously (38). The resulting spore stock was >99%
pure when it was assayed by heat sensitivity assays, and it contained no appre-
ciable vegetative debris when it was examined microscopically. The murine
macrophage-like RAW 264.7 cell line (ATCC TIB-71) was maintained in Dul-
becco’s modified Eagle’s medium with 10% fetal bovine serum (Gibco-BRL) at
37°C with 5% CO, in a humidified incubator. In all experiments, RAW 264.7
cells were passaged fewer than 10 times prior to infection.

Infection conditions. Infections were done as described by Bergman et al. (7).
Briefly, 24 h prior to infection, RAW 264.7 cells were counted and switched from
Dulbecco’s modified Eagle’s medium-10% fetal bovine serum to minimal essen-
tial medium with 10% horse serum, as this combination has been shown to
inhibit outgrowth of extracellular spores. Cells were seeded at a concentration of
3 X 107 cells per 30 ml of medium in 150-cm? cell culture flasks and cultured
overnight at 37°C. Infections were begun by removing the medium and adding 15
ml (0.5 volume) of fresh minimal essential medium-10% horse serum containing
B. anthracis Sterne 34F, spores at a multiplicity of infection of 10:1. Infections
were monitored microscopically and progressed as described previously (7).

RNA extraction. In the initial experiments, total RNA (including both eukary-
otic and prokaryotic RNA species) was extracted from infected macrophages by
scraping the cells, centrifuging the preparation for 3 min at 2,500 X g, and then
proceeding as described previously (6). Briefly, the cell pellet (containing both
macrophages and bacteria) was incubated in boiling lysis buffer (2% sodium
dodecyl sulfate, 16 mM EDTA [pH 8.0], 20 mM NaCl) for 3 min. Following lysis,
the mixture was extracted successively in phenol (65°C, twice), phenol (22°C), a
25:24:1 mixture of phenol, CHCl;, and isoamyl alcohol, and finally CHCl;-
isoamyl alcohol (24:1). RNA was then precipitated by addition of 2.5 volumes of
100% ethanol and incubation at —20°C. Pellets were washed with 70% ethanol
and resuspended in 200 pl H,O. The resulting RNA was further purified using
an RNeasy kit (QIAGEN), and concentrations were measured by UV spectro-
photometry. RNA quality was assessed by measuring the ratio of absorbance at
260 nm to absorbance at 280 nm, as well as by visualization with an Agilent 2100
Bioanalyzer or in denaturing agarose gels. Gels were also used to monitor the
levels of contaminating murine RNA.

In later experiments, the procedure described above was modified to include
a differential lysis step so that the amount of contaminating eukaryotic RNA was
minimized. In these cases, at the appropriate time point culture flasks containing
infected macrophages were decanted, and the culture medium was replaced with
a 4% solution of saponin (Sigma) in sterile phosphate-buffered saline. The cells
were incubated with gentle rocking at room temperature for ~3 min, during
which the cellular monolayer could easily be seen sloughing from the surface of
the culture flask. Following this incubation, the solution was transferred to a
centrifuge tube and spun at a very low speed (100 X g) for 1 min to pellet the
bacteria (these parameters were sufficient to yield a sizable pellet while keeping
much of the eukaryotic cell debris in the supernatant). After this, RNA isolation
proceeded as described above, beginning with the incubation in boiling lysis
buffer. Finally, in all but the initial experiments, further enrichment of bacterial
RNA in mixed samples was done using a MicrobEnrich kit (Ambion) according
to the manufacturer’s instructions.

Control experiments verified that incubation in 4% saponin for 3 to 5 min did
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not affect the viability of B. anthracis spores or vegetative cells (data not shown).
In addition, when comparing the transcriptional profiles of RNA samples iso-
lated before and after incubation in saponin, we found that these incubation
conditions caused no appreciable change in bacterial gene expression (expression
of ~0.1% of all genes changed by a statistically significant measure [data not
shown]). This is consistent with studies of other bacterial pathogens, where
saponin has also been used to specifically lyse host cells and has been shown to
have no noticeable effect on bacterial gene expression (18).

Microarray design. The B. anthracis microarray used in this study was devel-
oped based on the Affymetrix GeneChip platform. The arrays contained 25-mer
probes corresponding to each of the 5,815 open reading frames in the B. anthra-
cis Ames Ancestor sequence (GB accession numbers NC_007530, NC_007322,
and NC_007322, corresponding to the chromosome, pXO1, and pXO?2, respec-
tively) at a density of 18 probes per gene. Further details, as well as probe
sequences, are available upon request. The arrays were described recently in a
comprehensive study of the complete B. anthracis life cycle in vitro (6), and
during the course of that study data obtained from these arrays were validated by
comparison to quantitative reverse transcription (RT)-PCR data, as well as to
microarray data generated using other array systems. In all cases the data re-
sulting from the GeneChips described here were consistent with data generated
using other methods.

Microarray sample processing and data collection. RNA samples were reverse
transcribed, and the corresponding cDNA samples were purified, fragmented,
and labeled according to Affymetrix-recommended protocols (available at http:
/www.affymetrix.com/support/downloads/manuals/expression_s3_manual.pdf) at
the UM Comprehensive Cancer Center Microarray Core Facility. Hybridization
to the B. anthracis GeneChips and scanning of the arrays were also done ac-
cording to standard Affymetrix protocols. At this point, several quality control
steps were performed in order to ensure that the raw data were of sufficient
quality to proceed. First, the distributions of perfect match probe intensities for
each chip were compared, since the robust multichip average procedure used for
normalization and background correction over multiple chips is based on the
assumption that these distributions are very similar. Once this assumption was
verified, a plot of average probe intensity versus position within a gene was
generated for each sample. This plot shows whether there is a systematic skew
within a given data set toward probes that lie near the end of each gene, which
would indicate a high level of RNA degradation or a problem with the RT step.
Once we verified that all the samples showed similar 5'-3" profiles, we used the
robust multichip average method to subtract the background, normalize the data,
and compute a single probe set summary for each gene (8, 32, 33). Principal-
component analysis verified that biological replicates were very similar to each
other and formed relatively tight clusters (data not shown).

Data analysis. Statistical analysis of microarray data, including sample dis-
tance calculations, matrix construction, and significance analysis of microarrays
(SAM), was done using the TM4 suite of programs (http://www.tm4.org/ [51]),
the Analyze-It statistical software package (Analyze-It Software, Ltd., Leeds,
United Kingdom) for Microsoft Excel (Microsoft, Redmond, WA), and the
Prism 4 statistical software package (GraphPad Software, San Diego, CA). Note
that in all cases, SAM was done with the following criteria for differentially
expressed genes: a false discovery rate (FDR) of <0.001 and >2.00-fold expres-
sion change (with the aim of combining a relatively permissive fold change cutoff
with a reasonably strict FDR in attempting to minimize both false positives and
false negatives). Pathway analysis of array data was done using the EASE algo-
rithm (30) as implemented within the TM4-MeV program, as well as a set of GO
and TIGRFAM tables compiled from the TIGR Comprehensive Microbial Re-
source (http://www.tigr.org/CMR/). The significance of overrepresentations was
assessed using the Fisher exact text.

Quantitative RT-PCR. Quantitative RT-PCR was performed as described
previously (44). Briefly, “in vitro” RNA was collected as described previously (6)
from a log-phase culture at an optical density at 600 nm of ~0.3 growing with
rapid shaking in modified G medium, and “in vivo” RNA was collected using
essentially the same procedure from infected macrophages 4 h postinfection
(without the differential lysis or MicrobEnrich steps described above). cDNA was
prepared from each RNA sample using random primers and Invitrogen Super-
Script II reverse transcriptase. RT-PCRs were performed in duplicate in a 384-
well plate at the University of Michigan Comprehensive Cancer Center cDNA
Core Facility using an ABI Prism 7900 HT SDS with the SDS Software version
2.0 sequence detection system, an annealing temperature of 56.4°C, and exten-
sion at 72°C for 1 min for 35 cycles. Primer sequences are available upon request
and were designed to amplify a 160- to 180-bp product in each case. The
amplification efficiencies were roughly equivalent across all primer sets. Control
reactions were performed to verify that there was no genomic DNA contamina-
tion (that is, the threshold cycle [C] for detection in the control without RT was
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at least four cycles above the C in the test reaction). Normalization of C-values
was done relative to the signal obtained from reactions amplifying a portion of
the GBAA2365 transcript; the expression level of this gene has been shown
previously to vary less than twofold across the entire B. anthracis life cycle (6),
and the microarray experiments described in this study suggested that its expres-
sion levels are very similar (within 10%) during growth in vitro and in vivo. After
normalization, the fold change between “in vivo” and “in vitro” was calculated as
follows: 2Xcinel = Xedmino)Statistical analyses, including Deming linear regression,
were done using the Prism 4 statistical software package (GraphPad).

Construction of a B. anthracis AGBAA1941 deletion strain. The AGBAA1941
mutant used in this work has a markerless, in-frame deletion in which 384 of 444
bp (86.5%) of the gene has been deleted. The mutant allele contains the pre-
dicted initial 10 codons of the gene (including the initiation codon), a short insert
sequence containing three stop codons, and the recognition sequence for two
restriction endonucleases, BamHI and Smal (insert sequence, TAATAGTGAG
GATCCCCCGGG), followed by the predicted terminal 10 codons (including the
stop codon). Standard PCR methods (primer sequences available upon request)
were used to generate a DNA fragment that contained this sequence flanked
upstream and downstream by approximately 500 bp of sequence homologous to
the region of the B. anthracis chromosome containing GBAA1941. This con-
struct was cloned using a pCR8/GW/TOPO TA cloning kit (Invitrogen) accord-
ing the manufacturer’s instructions, and the DNA sequence was verified by
sequencing at the University of Michigan Medical School DNA Sequencing Core
Facility. The construct was then moved into the allelic exchange vector pBKJ258
(34, 37), and the integrated mutant allele was isolated on the chromosome using
methods described previously (34). It should be noted that this mutant is other-
wise isogenic to the starting wild-type strain. PCR (using primers that anneal
outside the sequence used in construction of the mutant) was used to show that
the region contained the predicted 363-bp deletion and that the pXO1 plasmid
was intact in the isolated mutant.

Intratracheal inoculation of DBA/2 mice. Mouse infection was done essentially
as described previously (21). Briefly, DBA/2 mice were anesthetized by intraper-
itoneal injection of ketamine (2.5 mg/mouse) and xylazine (0.1 mg/mouse), and
a small incision was made through the skin over the trachea. A 30-gauge needle
was inserted into the trachea, and a 30-ul inoculum containing 1.5 X 10* B.
anthracis 34F, or AGBAA1941 endospores suspended in deionized, distilled
water was dispensed into the lungs. Following inoculation, the skin was closed
with cyanoacrylate adhesive. Aliquots of the inoculum were plated before and
after inoculation to monitor the number of CFU delivered. All mouse experi-
ments were done using protocols approved by the University of Michigan Com-
mittee on the Use and Care of Animals. Postmortem necropsies were performed
on representative mice in order to verify that B. anthracis was the only species
detected in blood or lung samples, and PCR was used to verify that the pXO1
plasmid had not been lost during the course of passaging in the mouse. Survival
curves were visualized using the Kaplan-Meier survival analysis method imple-
mented within the Prism 4 software package (GraphPad), and curves were
compared using the log rank test implemented within that program.

Data and reagent availability. All microarray data described in this study are
freely available from the NIAID Administrative Resource for Biodefense Pro-
teomics Research Programs (http://www.proteomicsresource.org) or from the
ArrayExpress database (http://www.ebi.ac.uk/arrayexpress) (accession number
E-MEXP-1036). The custom B. anthracis microarrays can be purchased (for
research purposes) from Affymetrix with permission from the developers; further
information can be obtained by contacting us.

RESULTS AND DISCUSSION

In order to better understand the ways in which B. anthracis
interacts with the host phagocyte during infection, we used
DNA microarrays to characterize B. anthracis gene expression
on a global scale at various points throughout infection of
phagocytes. To do this, we took advantage of a widely used
model infection system in which the Sterne 34F, strain of B.
anthracis is used to infect the murine RAW 264.7 macrophage-
like cell line. A recent study by our group defined the timing of
infection for this system in some detail, and all infections in the
current study were done as described by Bergman et al. (7).
Briefly, when spores were added to the macrophage culture,
they were efficiently phagocytosed, and germinating bacterial

INFECT. IMMUN.

@==Murine 28S rRNA

B anthracis 23S TRNA

@==Murine 18S rRNA
== . anthracis 16S rIRNA

FIG. 1. Gel electrophoresis of RNA samples isolated from B. an-
thracis-infected RAW 264.7 cells. Lane A contained a typical sample of
total RNA isolated from an infected culture using a simple extraction
procedure, and only the eukaryotic 28S and 18S rRNA species are
visible (arrows indicate eukaryotic [28S and 18S] and prokaryotic [23S
and 16S] rRNA bands). Lane B contained a sample prepared using the
differential lysis-based protocol described in the text, and both eukary-
otic and prokaryotic rRNA bands are visible. Lane C contained RNA
prepared like that in lane B and further purified using the Microb-
Enrich kit (Ambien) to remove eukaryotic RNA. All lanes contained
equivalent amounts of RNA (roughly 5 pg).

cells were visualized within macrophages roughly 1 h after
inoculation. After 3 h bacterial replication could be observed,
and after 6 h further growth had occurred and the majority of
the macrophages were dead or dying. As we noted in our
previous study, the medium used in these experiments (mini-
mal essential medium plus 10% horse serum) did not support
growth of B. anthracis, and extracellular vegetative cells were
not observed until late in the experiment (between 5 and 6 h
postinfection), when they could be seen in and around dying
macrophages (7).

Purification of B. anthracis RNA from within infected mac-
rophages. Although total RNA could be easily isolated from
infected macrophages using a simple extraction procedure (es-
sentially harvesting the macrophages by scraping and centri-
fuging and then proceeding as described previously [6]), we
found that mixed samples prepared in this way generally con-
tained overwhelming amounts of contaminating murine RNA
(Fig. 1, lane A, where only the eukaryotic rRNA bands are
visible). This level of contamination made microarray analysis
of the bacterial component impossible due to the extremely
high background (E. C. Anderson and N. H. Bergman, unpub-
lished data), so we explored different ways of isolating RNA
from infected cells such that the contaminating murine com-
ponent would be minimized. Our main strategy in overcoming
this obstacle exploited the observation that under most condi-
tions, macrophages lyse much more readily than B. anthracis
cells. In pilot experiments we found that a short (3-min) incu-
bation in a solution of saponin (4% in sterile phosphate-buff-
ered saline) efficiently lysed the macrophages and released the
intracellular bacteria, and control experiments showed that
these conditions did not affect bacterial viability or gene ex-
pression (see Materials and Methods). Based on these prelim-
inary results, we added a differential lysis step to our standard
RNA extraction protocol, such that infected macrophages
were incubated in 4% saponin for 3 min, after which the entire
mixture was centrifuged at low speed for 1 min to pellet the
bacterial cells. RNA extraction of these pellets yielded samples
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that were much less contaminated (Fig. 1, lane B, in which both
bacterial and eukaryotic rRNA bands are visible). Although
these samples still had a significant eukaryotic component,
addition of a final purification step using the commercially
available MicrobEnrich kit allowed us to specifically remove
the majority of the remaining eukaryotic RNA and produce
samples that were significantly enriched in bacterial RNA (Fig.
1, lane C). Note that in our final protocol, both the differential
lysis step and the final purification with the MicrobEnrich kit
were required; the former is limited in the overall purity ob-
tained, while the latter is limited by the overall RNA capacity
and thus requires some prior enrichment of the input RNA in
order to attain acceptable yields. The apparent purity of the
samples produced by our final protocol suggested that they
would be amenable to microarray analysis, and this was veri-
fied in pilot experiments that showed that the average back-
ground levels, probe intensity distributions, and 3'/5" ratios for
these samples were all very similar to those of B. anthracis
RNA samples collected from pure bacterial cultures (data not
shown).

Using the RNA purification procedure outlined above, we
isolated bacterial RNA from B. anthracis-infected macro-
phages at 1, 2, 3,4, 5, and 6 h postinoculation. The progress of
the infection was monitored via microscopy and was essentially
identical to the general time frame reported previously (7). As
noted above, we did not observe extracellular growth of B.
anthracis until late in the infection (between 5 and 6 h postin-
fection), when the bacilli appeared to be escaping from dying
macrophages. Each of the samples collected (at least three
independent biological replicates at a given time point and a
total of 23 samples) was subjected to microarray analysis using
a custom Affymetrix B. anthracis GeneChip described and
tested recently by Bergman et al. (6).

Changes in B. anthracis gene expression during macrophage
infection. One of the larger questions that we hoped to address
in this study was the issue of how much B. anthracis gene
expression changes during infection of the host phagocyte. Our
previous work investigating macrophage gene expression (us-
ing the same model infection system and time frame) had
shown that host mRNA expression patterns change signifi-
cantly several times during infection (7), and we anticipated
that there might be analogous shifts in B. anthracis expression,
perhaps as the bacterium makes metabolism- or virulence-
associated adjustments to its transcription profile as it grows
within the host cell. To test this possibility directly, we calcu-
lated the overall relatedness (expressed as a Pearson correla-
tion) for each pair of samples (506 pairs in all, when self-self
comparisons are excluded). When all of the calculated corre-
lations are placed in a sample distance matrix and colored
based on the level of similarity, samples that are similar (with
no major change in gene expression between them) are nearly
the same shade, and large-scale shifts in gene expression ap-
pear as sharp changes in color. Overall changes in gene ex-
pression occurring in a given time interval can thus be visual-
ized directly and can be assessed relative to the differences
observed between biological replicates. When we used this
technique to visualize the changes in B. anthracis gene expres-
sion that occurred during infection of the macrophages (Fig.
2), it was apparent that there was one significant transition,
which occurred between 1 and 2 h postinfection. After that
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FIG. 2. Sample distance matrix showing the levels of relatedness
(as measured by Pearson correlation) between samples isolated from
B. anthracis growing within murine macrophages at 1, 2,3,4,5,and 6 h
postinfection. Samples are organized in the same order in both rows
and columns, and the square at the intersection of a given row and a
given column is shaded according to the relatedness between the
samples (the diagonal is blank, since it represents each sample’s com-
parison to itself). Black indicates a very high degree of similarity
between two samples, and progressively lighter shades of gray indicate
lower levels of relatedness. White squares indicate a Pearson correla-
tion of <0.6.

point, the samples were extremely similar (that is, the variation
between samples collected at neighboring time points was
roughly equivalent to the variation observed between samples
collected at the same time point).

In order to define the transition between 1 and 2 h postin-
fection in more detail, we used the SAM algorithm to identify
genes whose expression changed significantly between these
two points in the time course (54). Consistent with what had
been suggested in our sample correlation analysis, we found
that nearly 1,100 genes (~19% of the B. anthracis Sterne ge-
nome) showed a statistically significant change in expression
(FDR, <0.001, with at least a twofold change in expression
level) between 1 and 2 h postinfection (see Table S1 in the
supplemental material). In order to determine the biological
implications of this shift in expression pattern, we separated
the genes into lists of up- and down-regulated genes and
searched these lists for functional families or pathways whose
members were statistically overrepresented. We found that in
general, genes associated with sporulation/germination and
prophage function were down-regulated 1 to 2 h postinfection,
while a large number of genes associated with energy metab-
olism (e.g., the tricarboxylic acid cycle, the pentose phosphate
pathway, and glycogen metabolism) were up-regulated (Table
1). Strikingly similar functional trends were observed previ-
ously in a recent study that provided a detailed view of the
transition between germination/early outgrowth and exponen-
tial growth in vitro (6), and the parallels between the two (in
vivo and in vitro) seemed to suggest that the transition ob-
served here might be roughly analogous and useful for sepa-
rating two distinct gene expression programs, one occurring
during germination and early outgrowth and the other occur-
ring during the later stages of vegetative growth within the host
cell. Consistent with this idea, we noted previously, as well as
this study, that intracellular bacteria could first be observed to
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TABLE 1. Functional analysis of genes showing a statistically
significant change in expression level between 1 and
2 h postinfection

Functional family No. of genes N% of g; nes m .Std.t Ilistlcal
or pathway in group . anthracis significance
genome (P value)®
Down-regulated genes”
Prophage functions 14 35 8.153E-07
Sporulation and 14 54 1.21E-03
germination
Up-regulated genes”
Tricarboxylic acid cycle 11 21 2.122E-06
Energy metabolism 63 295 8.362E-05
Biotin biosynthesis 7 11 1.379E-04
Pantothenate and coenzyme 5 8 8.818E-04
A biosynthesis
Electron transport 19 70 1.608E-03
Phosphate transport 5 9 4.143E-03
Biosynthesis of cofactors, 28 130 5.824E-03
prosthetic groups, and
carriers
Glycogen biosynthesis 3 4 9.861E-03
Purine ribonucleotide 6 15 1.28E-02
biosynthesis
Pentose phosphate pathway 4 8 1.356E-02
Response to stress 4 9 2.701E-02
Protein fate 26 131 3.331E-02
Protein secretion 7 23 3.332E-02

“ Overrepresented functional families and pathways for the genes that were
down-regulated during the transition.

 Overrepresented families for the genes that were up-regulated.

¢ Statistical significance was calculated using the Fisher exact test.

stain consistently (which occurs only after the start of germi-
nation) at roughly 1 h postinfection and bacterial replication
could easily be seen approximately 1 h later (7; N. H. Bergman
and P. C. Hanna, unpublished data).

Comparison of germination and early outgrowth gene
expression patterns in vivo and in vitro. Since the gene
expression programs observed before and after the 1- to 2-h
transition were quite different (as were the germination/early
outgrowth and log-phase expression patterns previously ob-
served in vitro), we chose to examine them separately in more
detail, and we were particularly interested in comparing each
program observed in vivo (i.e., within the macrophage) to its
counterpart in vitro (i.e., in a typical bacterial broth culture).
Conveniently, previous work defined the gene expression pat-
terns occurring throughout the entire B. anthracis life cycle in
vitro (6), and since those experiments used the microarray
design that was used here, we were able to make direct com-
parisons between the data sets. We began our analysis by
comparing the samples collected from bacteria within macro-
phages 1 h postinfection to samples collected during the first 30
min after inoculation of spores into a defined growth medium.
The latter samples were essentially the samples collected dur-
ing the time frame in which the first of five large waves of gene
expression occurred during the B. anthracis life cycle (6). Sev-
eral attributes suggested that these samples were the most
analogous to the 1-h postinfection samples in terms of growth
phase (and thus the comparison between the groups was valid
and likely to provide a realistic view of in vivo-specific B.
anthracis gene expression). The samples collected in the first 30
min of in vitro growth are quite similar to each other, and as in
the case of the samples isolated from intracellular bacteria 1 h
postinfection, there is a sharp transition in expression pattern
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TABLE 2. Functional analysis of genes showing statistically
significant up- or down-regulation during germination and
early outgrowth in host macrophages relative to
germination and early outgrowth in vitro

Functional family No. of genes NOB' of g}:: “C_? 'm .Sta.tfliStlca]
or pathway in group . anthracis significance
genome (P value)
Down-regulated genes”
Unknown function 193 642 3.232E-06
DNA interactions and 50 225 4.244E-06
regulation of
transcription
tRNA and rRNA 5 21 3.98E-02
base modification
Up-regulated genes”
Purine ribonucleotide 9 15 3.432E-17
biosynthesis
Siderophore 5 11 1.169E-09
biosynthesis

“ Overrepresented functional families and pathways for the genes that were
down-regulated within the macrophage.

® Overrepresented families present in the genes that were up-regulated inside
the macrophage.

¢ Statistical significance was calculated using the Fisher exact test.

between the last of these samples and the next sample in the
time course. As we noted earlier, the general trends observed
within the two transitions are strikingly similar (Table 1) (6).
Finally, of all the samples collected during growth in vitro,
these samples are the samples most related to the 1-h in vivo
samples, as measured by genome-wide Pearson correlation.
Using SAM to identify differentially expressed genes and
EASE to identify biological themes within the sets of genes,
our comparison of germination/early outgrowth-associated ex-
pression patterns in vivo and in vitro revealed that although
these programs are somewhat similar, there are also some
notable differences. Relative to expression during germination
and early outgrowth inside macrophages, there were 492 genes
that were more highly expressed in vitro (expression was >2-
fold higher, with an FDR of <0.001) (listed in Table S2 in the
supplemental material), yet EASE analysis showed that there
were only a few functional families whose members were over-
represented within this set (Table 2). Nearly 40% (193) of
these genes are hypothetical or have an unknown function, and
in fact this is the single most overrepresented family within the
set (note that the Fisher exact test takes overall family size into
account when calculating the statistical significance of each
observed overrepresentation, so although this is also one of the
largest families of genes in the B. anthracis genome, the over-
representation noted for this family remains statistically signif-
icant). One other general category—transcriptional regula-
tors—was also heavily overrepresented, with 50 members
expressed at significantly higher levels in vitro. As with the
hypothetical loci, the precise function of each of these regula-
tory genes remains unknown, and it appears that if there is an
overarching biological difference between the gene expression
patterns used by B. anthracis during germination and early
outgrowth in vitro and in vivo, it may simply be that the ex-
pression program used in vivo is much less complex, and per-
haps more parsimonious, than the one used in vitro. Perhaps
this reflects the fact that the intracellular environment is rela-
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tively rich relative to the in vitro growth conditions and the
bacterial cell must make fewer adaptations to its environment.

Consistent with this idea, only 40 genes were more highly
expressed when germination and early outgrowth took place
within the host macrophage (see Table S2 in the supplemental
material), and these genes tended to be involved in a small
number of highly overrepresented pathways or processes (Ta-
ble 2). Notably, the loci involved in de novo purine biosynthe-
sis, as well as genes encoding enzymes utilized by the cell in
synthesizing both B. anthracis siderophores, were all expressed
at much higher levels (>5-fold) within the macrophage than in
vitro. It should be noted that neither purines nor iron is present
at high concentrations in the modified G medium that the in
vitro cultures were grown in (this medium, while not minimal,
is relatively nutrient poor) so the higher expression levels of
these genes seems to suggest that conditions within the mac-
rophage are limiting for both purines and iron. Similar findings
have been reported in other studies of intracellular bacterial
pathogens (11, 12, 19, 39), and collectively, the previous re-
ports and this study suggest that both purine biosynthesis and
iron acquisition may be pathways that contain potentially use-
ful drug targets.

Interestingly, the small set of 40 genes also included a num-
ber of genes that have previously been shown to play a role in
virulence (it is difficult to place an estimate on the statistical
significance of this observation, because pathogenesis is a
loosely defined functional family, and it is not clear how many
[and which] of the >5,800 B. anthracis genes are involved in
causing disease). These genes included lef (encoding lethal
factor), pagA (encoding protective antigen), and pagR (encod-
ing a regulator known to activate transcription of the toxin
subunit genes), as well as other genes, like katB, a catalase
gene with homologs in other species that have been shown to
be involved in protecting the bacterium from host-derived re-
active oxygen intermediates (2, 3). Our finding that these genes
are highly up-regulated in vivo indicates that expression of
these virulence factors is not simply a preprogrammed part of
a “universal” germination/early outgrowth expression program
but rather a specific response to one or more environmental
cues present in the intracellular environment (perhaps CO,,
which has been shown to induce the expression of toxin com-
ponents [14, 27, 28]). The data also highlight the alacrity of this
response; earlier studies reported that the B. anthracis toxin
genes are induced within the first 3 h inside the macrophage (4,
25, 26), and our results extend these findings by showing that
even within the first hour of growth in vivo, before it has fully
begun vegetative growth, B. anthracis is capable of initiating
pathogenesis (that is, changing its global gene expression pat-
terns in response to the intracellular environment).

Comparison of B. anthracis gene expression patterns during
later stages of growth in vivo and in vitro. Since we had
observed that the gene expression program used by B. anthra-
cis during the later stages of vegetative growth differs signifi-
cantly from the program used during germination and early
outgrowth (both in vitro and in vivo), we were interested to see
how the specific adaptations to the macrophage environment
that we observed during the earliest stages of growth fit into
the bacterium’s long-term strategy for surviving within, and
eventually killing, the host macrophage. As noted above, our
initial analysis of expression in vivo showed that the samples
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TABLE 3. Functional analysis of genes showing statistically
significant up- or down-regulation during the later stages
of growth within host macrophages relative to
growth in vitro

Functional family No. of genes N%’ of senes std.tlst}Cdl
or pathwa in erou . anthracis &gmﬁcancg
P Y group genome (P value)
Down-regulated genes®
Chemotaxis and motility 26 41 8.919E-11
Histidine biosynthesis 9 10 1.001E-06
Unknown function 337 642 5.169E-04
Signal transduction/ 36 92 5.205E-04
two-component systems
Phosphate transport 4 9 3.641E-03
Potassium ion transport 5 7 5.087E-03
Structural constituent of 7 17 1.648E-02
cell wall
Up-regulated genes”
Iron acquisition 28 54 1.557E-15
Purine ribonucleotide 13 15 1.12E-12
biosynthesis
Biotin biosynthesis 8 11 1.441E-07
Arginine biosynthesis 7 9 5.188E-07
Nitrate reductase activity 3 4 1.772E-03
Anaerobic electron 3 4 1.772E-03
transport
NADH metabolism/ 3 5 4.173E-03

nicotinamide synthesis

“ Overrepresented functional families and pathways for the genes that were
down-regulated within the macrophage.

 Overrepresented families for the genes that were up-regulated inside the
macrophage.

¢ Statistical significance was calculated using the Fisher exact test.

collected from 2 to 6 h postinfection were very similar; in fact,
when we measured genome-wide Pearson correlations for all
380 possible pairs within this subset of samples, we found that
even the most distantly related samples had a correlation of
>0.88, and most pairs had a correlation of >0.95. Based on the
fact that these samples were collected immediately following a
shift in gene expression that appeared to signal the cells’ tran-
sition from germination and early outgrowth to normal vege-
tative growth, we expected that the samples collected from
within macrophages 2 to 6 h postinfection would be somewhat
similar to samples collected during vegetative growth in vitro.
Correlation analysis showed that the nearest “relatives” of
these samples were indeed the samples isolated from cells
growing in a log-phase culture in vitro (the time frame in which
the second of the five waves described by Bergman et al. [6]
was expressed, roughly 30 to 210 min after inoculation), and it
appears that the two sets of samples represent similar phases of
growth, albeit in very different environments.

In order to identify the differences between in vivo and in
vitro vegetative growth expression patterns, we performed a
SAM comparing the 20 samples collected 2, 3, 4, 5, and 6 h
postinfection to samples collected during vegetative growth in
vitro (19 samples in all, collected from 30 to 210 min after
inoculation). Like the samples collected in vivo, the samples
isolated during vegetative growth in vitro were very similar to
each other, and overall the group was clearly defined by sharp
transitions in genome-wide expression patterns both before
and after vegetative growth (6). There were 1,551 genes that
showed significant differential expression in the in vivo and in
vitro samples; 1,052 loci were expressed at lower levels in vivo,
and 448 loci were more highly expressed during growth within
the macrophage (see Table S3 in the supplemental material).
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TABLE 4. Fifty B. anthracis genes most highly up-regulated during growth in host macrophages relative to growth in vitro

Gene (B. anthracis
Ames Ancestor

Common name”

(in vivo/in vitro)

Fold change Functional family®

genome)?
GBAAS5564 Conserved hypothetical protein 66.56 Hypothetical proteins
GBAA4660 nadA (quinolinate synthetase complex, subunit A) 36.84 Biosynthesis of cofactors, prosthetic groups,
and carriers
GBAA1908 Conserved hypothetical protein 32.14 Hypothetical proteins
GBAA4661 nadC (nicotinate-nucleotide pyrophosphorylase, carboxylating) 26.51 Biosynthesis of cofactors, prosthetic groups,
and carriers
GBAA2368 entA (2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase) 24.78 Biosynthesis of cofactors, prosthetic groups,
and carriers
GBAA3704 Glyoxylase family protein 24.29 Unknown function
GBAA5668 Major facilitator family transporter 23.93 Transport and binding proteins
GBAA1917 Rrf2 family protein 21.78 Unknown function
GBAA3730 Conserved hypothetical protein 21.29 Hypothetical proteins
GBAA3191 ABC transporter, ATP-binding protein 21.06 Transport and binding proteins
GBAAS5150 BioY family protein 19.99 Biosynthesis of cofactors, prosthetic groups,
and carriers
GBAA3596 Flavodoxin 19.58 Energy metabolism
GBAA3595 BNR repeat domain protein 18.17 Unknown function
GBAA4662 nadB (L-aspartate oxidase) 18.09 Biosynthesis of cofactors, prosthetic groups,
and carriers
GBAA1158 hemH-2 (ferrochelatase) 15.78 Biosynthesis of cofactors, prosthetic groups,
and carriers
GBAA0827 Conserved hypothetical protein 15.45 Hypothetical proteins
GBAA1159 katB (catalase) 14.58 Cellular processes
GBAA1019 Hydrolase, alpha/beta fold family 14.05 Unknown function
GBAA5284 Transcriptional regulator, MarR family 13.64 Regulatory functions
GBAA4340 bioD (dethiobiotin synthetase) 13.25 Biosynthesis of cofactors, prosthetic groups,
and carriers
GBAA0689 Proton/peptide symporter family protein 12.65 Transport and binding proteins
GBAA3867 Iron compound ABC transporter, iron compound-binding 12.46 Transport and binding proteins
protein
GBAA1015 Glyoxalase family protein 12.41 Unknown function
GBAA4341 bioA (adenosylmethionine—8-amino-7-oxononanoate 12.31 Biosynthesis of cofactors, prosthetic groups,
aminotransferase) and carriers
GBAA5696 sodA-2 (superoxide dismutase, Mn) 12.27 Cellular processes
GBAA3456 Conserved hypothetical protein 12.04 Hypothetical proteins
GBAA3190 ABC transporter, permease protein 11.93 Transport and binding proteins
GBAA3703 Phospholipase/carboxylesterase family protein 11.78 Unknown function
GBAA0296 purM (phosphoribosylformylglycinamidine cyclo-ligase PF02769) 11.58 Purines, pyrimidines, nucleosides, and
nucleotides
GBAA13% Flavodoxin 11.31 Energy metabolism
GBAA4339 bioF (8-amino-7-oxononanoate synthase) 11.29 Biosynthesis of cofactors, prosthetic groups,
and carriers
GBAA3731 Membrane protein, putative 11.20 Cell envelope
GBAA19%41 Transcriptional regulator, MarR family 11.02 Regulatory functions
GBAA4338 BioH protein 10.81 Biosynthesis of cofactors, prosthetic groups,
and carriers
GBAA1395 Hypothetical protein 10.75
GBAA3455 Hypothetical protein 10.65
GBAA0297 purN (phosphoribosylglycinamide formyltransferase) 10.61 Purines, pyrimidines, nucleosides, and
nucleotides
GBAA4597 Iron compound ABC transporter, iron compound-binding 10.60 Transport and binding proteins
protein
GBAA3454 Hypothetical protein 10.47
GBAA_pXO1_0171 RNase domain protein 10.38
GBAA1020 Conserved hypothetical protein 10.29 Hypothetical proteins
GBAA4663 Aminotransferase, class V 10.27 Unknown function
GBAAS5302 Conserved hypothetical protein 10.21 Hypothetical proteins
GBAA4813 Conserved hypothetical protein 10.15 Hypothetical proteins
GBAAO0866 alsS (acetolactate synthase) 9.70 Energy metabolism
GBAA0293 purQ (phosphoribosylformylglycinamidine synthase I) 9.56 Purines, pyrimidines, nucleosides, and
nucleotides
GBAA5283 Conserved hypothetical protein 9.47 Hypothetical proteins
GBAA4336 bioB (biotin synthetase) 9.35 Biosynthesis of cofactors, prosthetic groups,
and carriers
GBAA1918 2-Hydroxychromene-2-carboxylate isomerase family protein 9.34 Unknown function
GBAA4337 Biotin synthesis protein BioC 9.18 Biosynthesis of cofactors, prosthetic groups,

and carriers

“ Genes were identified using SAM, with a FDR of <0.001 and a required fold change of >2.00.
> The common names are those assigned during annotation of the B. anthracis Ames Ancestor genome (GenBank accession no. AE017334).
¢ Functional family assignments are based on the TIGR role categories currently assigned to B. anthracis genes in the Comprehensive Microbial Resource

(http://cmr.tigr.org).

As we observed in our analysis of germination and early
outgrowth, the set of genes that were expressed at lower levels
in vivo included a large number (337) of loci that are hypo-
thetical or have an unknown function (Table 3). Similarly, a

number of genes encoding regulatory proteins were also found
within this set. These findings, together with the fact that in
both early and later stages of growth in vivo the repressed
genes far outnumber the induced genes, seem to lend credence
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TABLE 5. Comparison of fold changes using microarray and quantitative RT-PCR”
Fold change
B. anthracis gene Common name Fo!d c?larfge (quantitati%/e
(microarray) RT-PCR)

pXO1_166 pagR (transcriptional repressor) 2.82 3.03
pXO1_172 lef (lethal factor) 3.13 3.55
GBAAO0226 Hypothetical protein —0.28 —0.25
GBAAO0295 purF (amidophosphoribosyltransferase) 3.18 3.79
GBAA0797 ABC transporter, permease protein —0.44 —0.77
GBAA1159 katB (catalase) 3.86 3.53
GBAA2368 entA (2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase) 4.63 5.26
GBAA4660 nadA (quinolinate synthetase complex, subunit A) 5.20 4.36
GBAA4788 Conserved domain protein 3.00 3.14
GBAAS5490 Hypothetical protein -1.31 -0.97

“ Fold changes are expressed as the log, of the ratio of a gene’s expression level during growth within the host macrophage to its expression level during growth in

vitro.

to the idea that within the macrophage, B. anthracis gene
expression follows a more parsimonious program. This idea
also seems intuitive given the different growth rates in vivo and
in vitro. A combination of direct (microscopy-based counting)
and indirect (CFU-based) methods has shown that in the
model infection system used for this study, the intracellular
bacteria go through only one or two replication cycles before
killing the macrophages at roughly 6 h postinfection (data not
shown), which means that their growth rate is significantly
lower than what is usually observed in vitro (where B. anthracis
doubling times are typically less than 30 min [44]).

The lower growth rate of B. anthracis in vivo also explains
some of the other overrepresented functional families within
the set of genes that are expressed at lower levels in vivo. For
instance, the most statistically significant overrepresentation
occurred in the family of genes related to chemotaxis and
motility; 26 members of this family were repressed in vivo
relative to their expression during growth in vitro. In Bacillus
subtilis, these genes are expressed during rapid growth (41),
and their repression in B. anthracis cells growing in vivo seems
to be consistent with a much lower growth rate inside the host
cells (note that although B. anthracis is known to be nonmotile,
this is because of several frameshift mutations within the
flagellar genes [47]; the genes are otherwise intact, and previ-
ous studies have shown that their regulation appears to mirror
the trends observed in B. subtilis [6, 38]). Similarly, the repres-
sion in vivo of a family of genes involved in cell wall synthesis
points to a lower rate of cell division within the host phagocyte.

Among the B. anthracis genes that were more highly ex-
pressed in vivo (the 50 most highly induced genes are shown in
Table 4, and a complete list is shown in Table S3 in the
supplemental material), we found many of the same loci that
had been induced during germination and early outgrowth in
vivo, and their induction in the later stages of growth within the
macrophage was even more pronounced. The families of genes
involved in both iron acquisition and purine biosynthesis con-
tinued to be highly overrepresented (Table 3), and some of
these genes were expressed in vivo at levels that were 20-fold
or more greater than their expression levels during vegetative
growth in vitro. In addition, B. anthracis also appeared to make
a number of further metabolic adaptations to the intracellular
environment; genes involved in the biosynthesis of several
amino acids (notably arginine), biotin, and NAD were all over-

represented within this group, and, as observed with purine
biosynthesis and iron acquisition, many of these genes were
expressed at much higher levels in vivo than in vitro (the NAD
biosynthetic loci nadA, nadB, and nadC, for instance, were
induced 18- to 37-fold). Finally, we also noted that the bacte-
rium appears to be oxygen starved within the macrophage, as
a number of genes associated with the use of alternate electron
acceptors were up-regulated as well.

Overall, it appeared from our data that in the later stages of
growth within the macrophage, B. anthracis made a more pro-
found change in gene expression in order to more fully adapt
to the intracellular environment, and this trend was also borne
out in our examination of known virulence-associated genes.
Whereas during the earliest stages of growth a somewhat lim-
ited set of these genes was induced in vivo, in the later stages
we found a much larger number of known virulence factors
up-regulated within the macrophage. These genes included the
toxin genes lef, pagA, and cya (1), the regulatory loci atx4 and
pagR (22), srtB encoding sortase (58), and siderophore biosyn-
thesis genes (11), as well as numerous genes that have not been
characterized yet in B. anthracis but have homologs in other
species that have been linked to virulence. Examples of the last
set include genes encoding a hemolysin, several phospho-
lipases, and adhesion lipoproteins and the catalase gene katB,
as well as genes encoding several members of a multidrug
resistance protein family, and it will be of considerable interest
to characterize these genes in more detail and determine the
extent to which they may be involved in virulence.

Looking beyond the genes that have previously been linked
to pathogenesis, the genome-wide expression data presented in
this study also allowed us to identify a number of loci that have
been ignored until now but appear to be worthy of further
investigation. For instance, 13 of the 50 most induced genes
during growth within the host macrophage are hypothetical,
yet some of these genes are expressed in vivo at levels that are
20-, 30-, or 50-fold above their expression levels during growth
in vitro. Similarly, for many of the other highly induced B.
anthracis genes only a general function has been assigned (e.g.,
a glyoxylase family protein or a membrane protein), and al-
though the precise roles of these genes remain a mystery, their
expression profiles suggest that they may be important for
survival within the host cell. In some ways, these genes provide
some of the most interesting leads for future research in an-
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thrax, if only because they hint at previously unappreciated
aspects of B. anthracis pathogenesis.

Validation of microarray data by quantitative RT-PCR.
Prior to beginning any further experiments aimed at charac-
terizing individual genes in detail, we sought to validate the
expression trends noted above by comparing our microarray
results to data obtained using an alternate method. This was
particularly important given that although it seemed unlikely, it
was possible that the addition of the differential lysis and
MicrobEnrich steps to our standard RNA extraction procedure
may have resulted in the selective enrichment of a subset of
transcripts and thus confounded our analysis of the microarray
data. We therefore prepared RNA from cells grown in vitro
(log-phase culture at an optical density at 600 nm of ~0.3,
growing with rapid shaking in modified G medium) and in vivo
(within murine macrophages, 4 h postinfection), using the
same basic extraction procedure in each case (essentially as
described previously [6] and without the differential lysis and
MicrobEnrich steps), and used these samples as test samples.
We chose a representative group of genes from the B. anthracis
genome, including genes that the microarray data suggested
were highly induced during growth within the macrophage, as
well as other genes that showed little change or slight down-
regulation in vivo, and we used quantitative RT-PCR to mea-
sure the changes in expression level between growth in vitro
and growth within the macrophage. The data were collected as
described in Materials and Methods and are shown in Table 5
along with the corresponding measurements taken from the
microarray data. Overall, the fold change measurements ob-
tained from quantitative RT-PCR experiments matched quite
closely their microarray counterparts; there was no obvious
bias in either direction (that is, in terms of one method over-
estimating differential expression relative to the other), and a
Deming linear regression of the two sets of measurements
resulted in a slope of 0.97 = 0.067, where a slope of 1.0
indicates perfect agreement. Given this level of concordance, it
seems very likely that the microarray data presented in this
study do in fact reflect changes in transcript abundance be-
tween B. anthracis growing in vitro and B. anthracis growing in
vivo.

Individual characterization of GBAA1941 and its role in
pathogenesis. As noted above, the microarray data identi-
fied a number of highly interesting genes that have not been
characterized yet but appear to be significantly up-regulated
during infection of the host macrophage. Among these
genes are several putative regulatory genes, and we chose
one (GBAA1941) for further characterization because its
product shares significant homology with a family of tran-
scriptional regulators (MarR) known to play roles in ligand-
mediated regulation of virulence factor production and bac-
terial responses to environment stress (56). Furthermore,
members of this family have been shown to be critical for
virulence in a variety of bacterial pathogens, including
Staphylococcus aureus (31), Xanthomonas campestris (55),
Erwinia chrysanthemi (49), and Yersinia pestis (10). Tran-
scription of GBAA1941 is up-regulated more than 10-fold
during growth within the macrophage, and we sought to test
whether this expression profile might in fact reflect a prom-
inent role for this locus in B. anthracis pathogenesis. We
constructed an isogenic strain of B. anthracis in which
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FIG. 3. Survival of mice infected with B. anthracis parent (Sterne
34F,) and mutant (AGBAA1941) strains. DBA/2 mice were inoculated
via intratracheal injection of 1.5 X 10 spores of either the parent or
mutant strain. The total initial group sizes were 27 mice (parent) and
26 mice (mutant), and the percentage of each group surviving is shown
relative to time. A log rank test showed that the difference between the
two survival curves is statistically significant, with a P value of 0.0003.

GBAA1941 was deleted and characterized this strain to
determine its ability to grow in vitro and its ability to cause
disease in a mouse model of inhalational anthrax. We found
that the growth rates and final cell densities for the Sterne
34F, parent strain and the AGBAA1941 mutant strain were
essentially indistinguishable in both brain heart infusion and
modified G media, and sporulation of the mutant strain also
appeared to be normal. In the murine model of inhalational
anthrax, however, the two strains behaved very differently.
Figure 3 shows survival curves for mice that were inoculated
via intratracheal injection with 1.5 X 10* spores of either the
parent Sterne 34F, or mutant AGBAA1941 strain. This dose
of Sterne 34F, spores represents roughly a 90% lethal dose
in this model system (21), and only 2 of the original 27 mice
in the parent group survived the infection. In contrast,
nearly one-half (12 of 26) of the mice inoculated with the
mutant strain survived the infection. The difference between
the two survival curves is statistically significant (P = 0.0003,
as calculated by the log rank test), and it indicates that the
GBAA1941 locus is in fact important for B. anthracis patho-
genesis. In a broader sense, these data also validate the
approach taken in this study, in that they confirm that mi-
croarrays are valuable not only for investigating global tran-
scriptional trends during infection but also for identifying
previously uncharacterized virulence-associated genes. It will be
of interest to further define the functions of GBAA1941 and
the other genes identified in this study, and a number of such
experiments are under way in our laboratory.
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