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Microarray analyses were conducted to evaluate the paraquat-induced global transcriptional response of
Bacillus anthracis Sterne (34F2) to varying levels of endogenous superoxide stress. Data revealed that the
transcription of genes putatively involved in metal/ion transport, bacillibactin siderophore biosynthesis, the
glyoxalase pathway, and oxidoreductase activity was perturbed most significantly. A B. anthracis mutant
lacking the superoxide dismutase gene sodA1 (�sodA1) had transcriptional responses to paraquat similar to,
but notably larger than, those of the isogenic parental strain. A small, unique set of genes was found to be
differentially expressed in the �sodA1 mutant relative to the parental strain during growth in rich broth
independently of induced oxidative stress. The bacillibactin siderophore biosynthetic genes were notably
overexpressed in Sterne and �sodA1 cells after treatment with paraquat. The bacillibactin siderophore itself
was isolated from the supernatants and lysates of cells grown in iron-depleted medium and was detected at
lower levels after treatment with paraquat. This suggests that, while transcriptional regulation of these genes
is sensitive to changes in the redox environment, additional levels of posttranscriptional control may exist for
bacillibactin biosynthesis, or the enzymatic siderophore pipeline may be compromised by intracellular super-
oxide stress or damage. The �sodA1 mutant showed slower growth in a chelated iron-limiting medium but not
in a metal-depleted medium, suggesting a connection between the intracellular redox state and iron/metal ion
acquisition in B. anthracis. A double mutant lacking both the sodA1 and sodA2 genes (�sodA1 �sodA2) was
attenuated for growth in manganese-depleted medium, suggesting a slight level of redundancy between sodA1
and sodA2, and a role for the sod genes in manganese homeostasis.

Bacillus anthracis initiates infection by entering the host in
one form, as a dormant endospore, and establishing the dis-
ease anthrax in an entirely different form, as the vegetative
bacillus (21). In order for B. anthracis to make the transition
from endospore to bacillus, the microbe must be able to adapt
rapidly to a variety of environmental conditions presented
within a host. Pathogenic bacteria have evolved various mech-
anisms for rapid adaptation to life inside a host, where they
encounter a variety of environmental pressures. One way to
explore the many survival strategies of pathogenic bacteria is to
study the transcriptional responses to various insults in vitro
that mimic conditions that may be confronted in vivo. Classic
stress conditions include starvation, heat, cold, ionizing radia-
tion, osmolarity, nutrient limitation, pH, and oxidation-reduc-
tion (redox) (6, 30, 36, 57, 68, 70, 76). The environments
actually encountered by bacteria during infection are most
likely a subtle and complex mixture of various stresses; how-
ever, studying each response separately helps provide insight
into how responses are conserved relative to those of non-

pathogenic model organisms such as Escherichia coli and Ba-
cillus subtilis and may reveal unique mechanisms that have
evolved to support various pathogenic lifestyles.

Changes in the intracellular and extracellular redox environ-
ment can affect cells by altering or damaging biomolecules
(20). Reactive metabolites such as hydrogen peroxide and su-
peroxide are normal intracellular by-products of aerobic me-
tabolism, and conserved molecular mechanisms such as the
scavenging enzymes catalase and superoxide dismutase (SOD)
are present in aerobic organisms for protection from these
endogenously produced oxidatively active species (18, 42, 46).
Because these metabolites are unique in their chemical prop-
erties, cellular transcriptional responses to them are often dis-
tinctive. Additionally, reactive molecules such as superoxide
and nitric oxide are ubiquitous signaling molecules in eukary-
otic systems (3, 28, 29). During the establishment and progres-
sion of anthrax, reactive oxygen metabolites may be encoun-
tered by B. anthracis exogenously, such as from the oxidative
burst of phagocytic cells of the innate immune system (19, 35,
59) and in the extracellular milieu established in certain tissues
of a host (34, 47, 75). Since superoxide is a charged radical, it
is not diffusible across membranes, and the exogenous encoun-
ter with this reactive oxygen metabolite presumably would not
affect a transcriptional program (24). However, when bacteria
are growing rapidly and to very high titers within the host
during late infection, they are presumably generating meta-
bolic by-products of their own (63) and, depending on the
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mode of central metabolism, will need to adjust the transcrip-
tional program to support optimal growth.

In this study, we used custom Bacillus anthracis Affymetrix
GeneChips (4) to define and compare the global transcrip-
tional responses of B. anthracis Sterne (34F2) and an isogenic
mutant lacking the SOD gene sodA1 (�sodA1) to endogenous
superoxide stress induced by the superoxide-generating com-
pound paraquat. The sodA1 gene has recently been shown to
be necessary for protection from this type of oxidative stress
(62), and the comparison of the responses of Sterne and the
�sodA1 mutant after this major physiological redox perturba-
tion identified a transcriptional program involving genes for
metal ion transport, siderophore biosynthesis, putative glyox-
alase enzymes, and oxidoreductase activity. The substantial
increase in the transcription of the genes involved in the bio-
synthesis of the iron-chelating siderophore bacillibactin after
paraquat treatment led us to quantify extracellular and intra-
cellular levels of both of the siderophores produced by B.
anthracis (bacillibactin and petrobactin) in order to determine
how siderophore production is influenced by oxidative stress.
Because the transcriptional program after endogenous super-
oxide stress suggests a metal ion imbalance, the growth of the
�sodA1 and �sodA2 mutants and of the �sodA1 �sodA2 dou-
ble mutant in various types of metal-limiting media was also
explored.

MATERIALS AND METHODS

Bacterial strains. The bacterial strains used in this study are listed in Table 1.
The creation of �sod, �asb, and �bac mutants has been described previously (45,
62) All were constructed using the Sterne 34F2 parental strain. Spores of all
strains were prepared in modified G medium as described previously (62). When
antibiotics were used, concentrations for B. anthracis strains were 30 �g/ml for
kanamycin and 5 �g/ml for erythromycin.

Cell growth conditions and RNA extraction. For RNA collection, overnight
Luria-Bertani (LB) broth cultures of Bacillus anthracis strain Sterne (34F2)
and/or the �sodA1 strain were diluted 1:100 into fresh LB medium in the
morning and allowed to recover for approximately 2 h. Cells were back-diluted
to an optical density at 600 nm(OD600) of 0.01 in an 80-ml volume of fresh LB
medium. Cells were allowed to grow to an OD600 of 0.4 to 0.5. The cultures were
split into three separate 20-ml cultures, and methyl viologen (paraquat) (Aldrich
856177) was added to two of the flasks to a final concentration of 100 �M or 800
�M. The third flask was left untreated as a control. Cultures were allowed to
grow for approximately 20 to 25 min. A 6-ml volume of cells was collected from
each culture and pelleted by centrifugation at 4°C for 7 min at �2,000 rpm. RNA
was isolated using the Ambion RiboPure-Bacteria kit according to the manufac-
turer’s instructions with the following modifications: cell disruption with zirconia
beads was done for 15 min, 400 �l of RNAwiz reagent was used, BCP phase
separation reagent was used in place of chloroform, and 50 �l of RNase- and
DNase-free distilled water was added during extraction to optimize the yield.
The QIAGEN RNeasy minikit with an on-column DNase digestion step was used
according to the manufacturer’s RNA cleanup protocol. RNA was quantified via
the A260:A280 ratio on a Beckman DU530 spectrophotometer. RNA integrity was
checked using an Agilent 2100 bioanalyzer at the University of Michigan Af-
fymetrix cDNA core facility. The procedures described above were carried out in
three independent experiments utilizing unique spore starter cultures each time.

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 University of Michigan Comprehensive Cancer Center microarray core fa-
cility. Hybridization to the B. anthracis GeneChips (4), as well as scanning of the
arrays, was also done according 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-aver-
age procedure used for normalization and background correction over multiple
chips is based on the assumption that these distributions are very similar. Then,
a plot of average probe intensity versus position within a gene was generated for
each sample. This plot shows if there are systematic skews 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 problems with the reverse transcription (RT) step.
Once it was verified that all the samples showed similar 5�-to-3� profiles, the

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant phenotype Reference
or origin

Strains
Bacillus anthracis

Sterne 34F2 pXO1� pXO2� 74
KDC3 34F2 �sodA1::Kmr 62
KDC5 34F2 �sodA2::Kmr 62
KDC7 34F2 �bac12345 This worka

KDC8 34F2 �sodA1::Kmr �sodA2 This worka

BA850 34F2 �asbABCDEF B. Janes
KDC8CA1 34F2 �sodA1::Kmr �sodA2; pBKJ258A1 This worka

KDC8CA2 34F2 �sodA1::Kmr �sodA2; pBKJ258A2 This worka

KDC3CA1 34F2 �sodA1::Kmr; pBKJ258A1 62

Escherichia coli
DH5� F� �80lacZ�M15 �(lacZYA-argF)U169 recA1 endA1 hsdR17(rK

� mK
�) phoA supE44

thi-1 gyrA96 relA1 	�
Invitrogen

One Shot TOP10 F� mcrA �(mrr-hsdRMS-mcrBC) �80lacZ�M15 �lacX74 recA1 araD139 �(ara-leu)7697
galU galK rpsL (Strr) endA1 nupG

Invitrogen

INV110 F� {tra�36 proAB lacIq lacZ�M15} rpsL (Strr) thr leu endA thi-1 lacY galK galT ara
tonA tsx dam dcm supE44 �(lac-proAB) �(mcrC-mrr)102::Tn10 (Tetr)

Invitrogen

Plasmids
pBKJ258 Ermr B. Janes
pBKJ223 Tetr B. Janes

a The TIGR Comprehensive Microbial Resource genome sequence for the virulent Bacillus anthracis Ames Ancestor strain was used for the creation of strains in
this study. Therefore, GBAA numbers referenced are from the Ames Ancestor sequence.
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robust-multichip-average method was used to subtract background, normalize
data, and compute a single probe set summary for each gene (8, 43, 44). Prin-
cipal-component analysis verified that biological replicates were very similar to
each other and formed relatively tight clusters (data not shown).

Microarray data analysis. Significance analysis of microarrays (SAM) was
performed using the TMeV 3.1 (version 10.2) suite of programs (http://www.tm4
.org/) (68a). Note that in all cases, SAM were done with a false discovery rate of

0.001. Pathway analysis of array data was done using the EASE algorithm (39)
as implemented within the TM3-MeV program, as well as a set of GO and
TIGRFAM tables compiled from the TIGR Comprehensive Microbial Resource
(http://www.tigr.org/CMR/). The significance of overrepresentations was as-
sessed using the Fisher exact text. Note that only those genes that showed
statistically significant up- or down-regulation and at least a twofold change in
expression are listed in the tables and in the supplemental material.

Assays of growth under iron- and manganese-limiting conditions. Growth
curves assessing the growth of B. anthracis strains in media containing the iron
chelator 2,2�-dipyridyl and in media predepleted of cations were performed as
follows. For chelated medium, LB medium alone or with 300 �M or 400 �M
2,2�-dipyridyl was dispensed in 100-�l volumes into flat-bottom, 96-well tissue
culture-treated polystyrene plates (Corning-Costar 3628). The vegetative bacilli
of the strains indicated were grown to mid-exponential phase (OD600, �0.4 to
0.5), washed three times in sterile metal-depleted medium, and then back-diluted
to an OD600 of approximately 0.08 to 0.10. Culture growth was assessed in a
Molecular Devices Spectramax M2 spectrophotometer for 10 to 12 h at 37°C;
A600 readings were taken every 10 min, with shaking for 560 s (�9.3 min)
between readings. For depleted medium, experiments were performed as for
chelated medium but with iron- and manganese-depleted medium (IMnDM),
with or without addition of Fe(II)SO4 � 7H2O or MnSO4 � H2O to a final con-
centration of 20 �M each. IMnDM was prepared like iron-depleted medium
(IDM) (as reported previously [13]) but without the addition of manganese salts.
Cations were depleted by using Bio-Rad Chelex 100.

Doubling times were calculated as follows, according to the method of Moat
et al. (56). First, the variable n was calculated as [log10(high OD600) � log10(low
OD600)]/0.3010, where OD600 values are from exponentially dividing cells. Then
the doubling time was calculated as [time (in minutes) between the high OD600

and the low OD600]/n.
The MIC of 2,2�-dipyridyl for spore outgrowth was determined as follows. LB

medium with 0, 100, 200, 300, 400, and 500 �M 2,2�-dipyridyl was prepared and
distributed in 100-�l volumes in flat-bottom 96-well tissue culture-treated poly-
styrene plates (Corning-Costar 3628). Approximately 105 spores of each strain
were added to each well (three separate strain stocks in three separate experi-
ments). Outgrowth was assessed as the ability to establish exponential growth to
an OD600 of at least 0.3 after 8 h of incubation at 37°C in a Molecular Devices
Spectramax M2 spectrophotometer, with A600 readings taken every 10 min and
with shaking for 560 s (�9.3 min) between readings.

End point RT-PCR. A total of 700 ng of RNA collected from B. anthracis
Sterne (34F2) and the �sodA1 mutant (as described above) was used to perform
end point RT-PCR using Invitrogen one-step RT-PCR with Platinum Taq ac-
cording to the manufacturer’s instructions. Briefly, RT was performed at 50°C for
30 min. PCR was performed with 0.25 pg of operon- or gene-specific primers
(sequences available upon request) for 37 cycles with an elongation temperature
of 70°C and an extension time of 30 s. Five microliters of each PCR product was
run on a 0.7% Tris-borate-EDTA agarose gel and visualized by ethidium bro-
mide staining. Negative controls omitting reverse transcriptase and positive con-
trols with B. anthracis Sterne (34F2) and �sodA1 genomic DNAs were run with
each experiment and primer pair. Operon- or gene specific primers were de-
signed to result in products of approximately 200 bp.

SYBR green quantitative RT-PCR. RNA was collected from Sterne and
�sodA1 cells as described above. A total of 700 ng of RNA was used to make
cDNA using 300 ng of random primers and Invitrogen SuperScript II reverse
transcriptase, by following the maker’s protocol, with an overnight incubation at
42°C. For all samples, a control without reverse transcriptase was performed.
Diagnostic PCR of the cDNA was done using 1.5 �l of each reaction product to
eliminate the possibility of genomic DNA contamination (all results were neg-
ative) and for the confirmation of DNA synthesis using primers for the fusA gene.

SYBR green PCR was performed on an ABI Prism 7900HT system at the
University of Michigan cDNA Affymetrix core facility at the Comprehensive
Cancer Center. The Applied Biosystems SYBR green master mix was used with
1.5 �l of the cDNA preparations. Each reaction was performed twice with two
biological replicates, for a total of four reactions per gene-specific primer pair
per condition (with cDNA, without cDNA, and without reverse transcriptase).
Forty elongation cycles were performed with 30-s elongation times and an an-

nealing temperature of 55°C (optimized beforehand), with a melting tempera-
ture of 94°C and an extension temperature of 68°C.

Gene-specific primers used corresponded to overlapping segments of the first
two genes in the bac operon (GBAA2369 and -2370) and internal segments of
the following genes: the second gene in the asb operon (GBAA1982), the gene
encoding the glyoxalase family protein (GBAA3339), the ccdA-1 cytochrome
c-type biogenesis protein gene (GBAA1778), the thioredoxin family protein gene
(GBAA1779), and the prolipoprotein diacylglyceryl transferase family protein
gene (GBAA1780). (All PCR products were between 180 and 200 bp. Primer
sequences are available upon request).

Threshold cycle (CT) values are the values where the PCR enters exponential
amplification. Approximate transcript abundance was analyzed using the com-
parative CT method (or 2���CT method). The CT for the fusA control PCR
product is subtracted from each of the experimental CT s. The difference in
transcript abundance is then calculated as 2�(difference in normalized CTs). CT s used
are averages for four reactions.

Quantification of the siderophores bacillibactin and petrobactin. Three-mil-
liliter overnight cultures of B. anthracis Sterne 34F2 and the �sodA1 and �bac
mutants were added to 100 ml of LB medium or IDM (13) in 500-ml plastic
flasks. At an OD600 of approximately 0.4 to 0.5, paraquat (methyl viologen) was
added to a final concentration of 800 �M. Cultures were incubated for 1 h at
37°C with shaking at 300 rpm. Supernatants were collected via filtration with
Corning 0.2-�m-pore-size vacuum filter flasks.

For cell lysates, cells from filter flasks were resuspended in 20 ml of sterile
phosphate-buffered saline, pH 7.4 (without calcium chloride or magnesium chlo-
ride). Cells were freeze-thawed three times, once at �20°C and twice at �80°C.
Cell suspensions were sonicated six times with 30-s pulses at 4°C. Cell lysates
were pelleted by centrifugation, and lysate supernatants were incubated on ice
with 18 �l of DNase (RNase free) (180 U) for 1 h. Lysates were then spun by
centrifugation at 9,000 � g for 35 min, and lysate supernatants were collected for
analysis. Total protein concentrations were assayed using the Qubit protein assay
(Molecular Probes).

For quantification of bacillibactin, cytosolic fractions (5 ml) from LB or IDM
cultures were adjusted to pH 2.0 and then extracted three times with equal
volumes of ethyl acetate. The organic layers were pooled, and the solvents were
concentrated into dryness in vacuo. The dried pellets were dissolved in 50 �l of
methanol and used for quantitative analysis of intracellular bacillibactin. Samples
were prepared for quantification of extracellular bacillibactin by extracting acid-
ified (pH 2.0) LB or IDM culture supernatants (10 ml) with an equal volume of
ethyl acetate three times. Organic fractions were pooled and concentrated into
100 �l of methanol for analysis.

For quantification of petrobactin, cytosolic fractions (5 ml) or supernatants (10
ml) from LB or IDM cultures were adjusted to pH 7.0. XAD-16 resin was added
(1 g for the cytosolic fraction, 2 g for supernatants), and the mixtures were
shaken for 1 h at 150 rpm in the dark. Mixtures were then filtered, the resin was
washed with pure water three times, and extracts were eluted with methanol (5
ml for the cytosolic fraction and 10 ml for supernatants). Methanol eluates were
concentrated to dryness in vacuo and dissolved in 50 �l (cytosolic) or 100 �l
(supernatant) of 80% methanol for quantification.

The organic solvent or XAD-16 resin extracts from the culture supernatants or
cytosolic fractions of B. anthracis were analyzed using a Shimadzu LCMS-
2010EV system. (The liquid chromatography-mass spectrometry [LC-MS] anal-
ysis is described in detail in the next section.) 2,3-Dihydroxybenzoic acid (for
bacillibactin) and 3,4-dihydroxybenzoic acid (for petrobactin) were utilized as
internal standards for signal normalization. Ten microliters of a 2,3-dihydroxy-
benzoic acid or 3,4-dihydroxybenzoic acid stock solution (1 mM) was added to
100 �l of each sample. By the LC methods described below, bacillibactin and
2,3-dihydroxybenzoic acid showed retention times of 19.230 to 19.340 and 17.367
min, and petrobactin and 3,4-dihydroxybenzoic acid showed retention times of
15.860 to 16.134 and 18.133 min, respectively. The calibration curves were con-
structed by using a series of 10 concentrations (ranging from 10 to 500 �M) of
authentic bacillibactin and petrobactin for quantification. The retention time and
mass spectrum of the corresponding bacillibactin or petrobactin peak in each
sample were compared with those of authentic bacillibactin or petrobactin stan-
dards. The intracellular bacillibactin and petrobactin quantities were calculated
in �g/mg of cell protein. The extracellular bacillibactin and petrobactin concen-
trations were calculated in �g/ml of culture supernatant. Quantifications were
performed three times for each extract, and means and standard deviations were
calculated form the total data set.

LC-MS analysis. LC was performed on a Shimadzu LC-20AD high-perfor-
mance liquid chromatography (HPLC) system consisting of a UV/visible detector
(SDP-20AV) and an autosampler (SIL-20AC). The HPLC was coupled to a
Shimadzu LCMS-2010EV mass spectrometer with an electrospray ionization
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interface. LC was carried out on an analytical column (Waters XBridge C18;
particle size, 3.5 �m; column dimensions, 2.1 by 150 mm) using a linear stepwise
gradient from 10% to 100% aqueous acetonitrile in 0.1% (vol/vol) formic acid at
a flow rate of 0.1 ml/min over 30 min for intra- and extracellular bacillibactin
analysis. Solvent systems with a gradient from 5% to 50% aqueous acetonitrile in
0.1% (vol/vol) formic acid over 30 min were used for intra- and extracellular
petrobactin analysis under the LC conditions described above. The electrospray
ionization source was set at the positive mode. Selected ion monitoring (SIM)
was conducted to monitor ions at m/z 883.2, 719.3, and 155.2, which corre-
sponded to the protonated molecular ions of bacillibactin, petrobactin, and
internal standards 2,3-dihydroxybenzoic acid and 3,4-dihydroxybenzoic acid, re-
spectively. The MS operating conditions were optimized as follows: drying gas
flow rate, 0.1 ml/min; curved desolvation line temperature, 250°C; heat block
temperature, 200°C; detector voltage, 1.5 kV.

Methylglyoxal sensitivity assays. (i) MIC. Sterne cells were grown in LB
medium to an OD600 of �0.5 and back-diluted to an OD600 of 0.01 into fresh
medium containing 0, 100, 200, 300, or 500 �M methylglyoxal (Sigma M0252).
Cells were allowed to grow overnight and were scored for growth versus no
growth.

(ii) Disk diffusion assay. Two separate B. anthracis Sterne cultures were grown
in LB medium to an OD600 of 0.7 to 0.9, and each culture was diluted 1:2 into
fresh medium twice. Paraquat was added to a final concentration of 800 �M to
one of each set of biological samples. Cells were grown at 37°C with shaking at
300 rpm for 45 min. Cultures were diluted 1:10 into phosphate-buffered saline,
and 200 �l was spread as a lawn onto brain heart infusion agar plates. Plates were
allowed to dry for 30 min, and two disks infused with 10 �l of 20% methylglyoxal
were placed on each plate. H2O was used as a negative control. Plates were
incubated overnight at 37°C, and zones were measured independently by two
investigators in the morning. Averages were calculated for 20 disks total for each
treatment (LB medium alone versus LB medium plus paraquat). A two-tailed
Student t test with unequal variance was performed on Excel 2004 for Mac and
on Prism 4 for Mac.

Microarray data accession number. All microarray data described in this study
are freely available in the ArrayExpress database (http://www.ebi.ac.uk
/arrayexpress) under accession number E-MEXP-1043. The custom B. anthracis
microarrays can be purchased from Affymetrix with permission from the devel-
opers (for research purposes); further information can be obtained by contacting
the authors.

RESULTS AND DISCUSSION

Experimental design and layout of SAM comparisons. Pre-
viously, it was shown that of the four putative SODs encoded
on the B. anthracis genome (sodA1, sodA2, sodC, and sod15),
only sodA1 was required for protection from endogenous su-
peroxide stress, even though both SODA1 and SODA2 are
enzymatically active proteins and have been shown to form an
active heterodimer (62). Therefore, we sought to determine

the genome-wide transcriptional changes in response to para-
quat for wild-type B. anthracis (Sterne 34F2) and for the iso-
genic sodA1 deletion mutant (�sodA1) in order to ascertain
the character of the transcriptional program in response to a
potentially toxic physiological perturbation of intracellular re-
dox balance and to elucidate the impact of a lack of sodA1 on
transcriptional regulation during aerobic growth. Figure 1A
shows typical growth curves of B. anthracis Sterne and the
�sodA1 mutant in rich LB broth, indicating that these two
strains have identical growth kinetics when grown in rich me-
dium. The transcriptional responses of other bacteria to vari-
ous redox cycling reagents have been explored in a variety of
ways, and approaches have differed widely in the amount of
time for which a given organism is exposed to a given stress
(e.g., 20 min, 30 min, 2 h, 15 min, or 10 to 20 min of exposure
to H2O2, and 45 min of exposure to paraquat) (14, 15, 50, 64,
66, 69). We chose to collect RNA at 20 to 25 min after expo-
sure to two different concentrations of paraquat (100 �M and
800 �M) for several reasons. First, we wanted to perform at
least three biological replicates at two different concentrations;
hence, considering the number of GeneChips needed for ap-
propriate controls, RNA was collected at one time point. Sec-
ond, the two paraquat concentrations represent both a low-end
concentration that is entirely nontoxic to wild type B. anthracis
and only mildly attenuating to the �sodA1 mutant and an
upper-end concentration that is toxic only to the �sodA1 mu-
tant, but not immediately so, such that quality RNA could still
be isolated from this mutant and dose-dependent levels of
transcriptional change might be seen (62). Last, B. anthracis
has a doubling time of approximately 50 � 10 min in LB
medium (data not shown), and because two different concen-
trations of paraquat were to be compared, an incubation time
equivalent to one-half the doubling time was chosen in order to
reveal an overall global set of transcriptional differences after
two levels of an intracellular physiological imbalance were
established. Our goal here was not to define a canonical “regu-
lon” but rather to determine a global transcriptional snapshot
resulting from a perturbation in intracellular physiology for
two strains that we presumed would respond to the stress
uniquely. We performed three independent microarray exper-

FIG. 1. Outline of experiments for microarray analysis of the transcriptional response of B. anthracis to paraquat. (A) Representative growth
curves of B. anthracis Sterne 34F2 and the �sodA1 mutant in rich LB medium. During logarithmic growth (OD600, �0.4 to 0.5), cultures were split
into three, and paraquat was added to two flasks at 100 �M and 800 �M. Cells were allowed to grow for �20 to 25 min, and RNA was collected
as described in Materials and Methods. (B) Schematic of SAM discussed in the text, comparing differentially expressed genes under various growth
conditions as indicated by arrows. Comparisons are as follows: 1, genes over- or underexpressed in Sterne treated with paraquat relative to Sterne
growing in untreated LB; 2, genes over- or underexpressed in the �sodA1 mutant treated with paraquat relative to the �sodA1 mutant growing
in untreated LB; 3, genes over- or underexpressed in the �sodA1 mutant growing in untreated LB relative to the parental strain, Sterne, growing
in untreated LB.
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iments for each condition utilizing three separate wild-type
Sterne and �sodA1 spore stock starter cultures in the absence
(control) or presence (experimental) of two concentrations of
paraquat (100 �M or 800 �M) (Fig. 1B) (62). Although it has
been shown that the transcriptional responses to various redox
cycling reagents can be rapid and differ over time (38, 80), the
number of transcriptional differences we observe here show
that after 20 to 25 min of exposure to paraquat, B. anthracis is
undergoing an obvious transcriptional adjustment; however,
we acknowledge that those genes whose transcription and
RNA degradation both occur before 20 to 25 min of exposure
will be missed (Fig. 1A).

Lists of genes expressed differentially by each experimental
group versus its control group were generated using SAM as
described in Materials and Methods (B. anthracis Affymetrix
arrays with a total of 5,815 genes). Figure 1B schematically
represents the SAM comparisons discussed below and is pro-
vided to serve as an aid to reading the data in Tables 2 and 3.
The B. anthracis Affymetrix arrays were designed using the
TIGR Ames Ancestor genome, a fully virulent strain. This
laboratory uses the attenuated Sterne strain, and it should be
noted that B. anthracis is an extremely monomorphic organism,
with only slight genomic differences between strains (54). The
microarrays were designed to be used for both fully virulent
and attenuated strains; therefore, the pXO2 virulence plasmid,

which is included on the GeneChip but is lacking in the Sterne
strain, served as an additional and convenient negative control.
Note that because of length considerations, the gene lists in
Table 3 do not include hypothetical or conserved proteins and
include only genes that show increased transcript abundance
(�2-fold). We are primarily interested in genes whose expres-
sion is induced by superoxide stress; however, all genes at least
twofold differentially expressed, both up- and down-regulated,
are listed in the tables in the supplemental material, arranged
by TIGR gene number. Significantly overrepresented func-
tional families were identified using the EASE algorithm as
stated in Materials and Methods (39).

Comparison of genes differentially expressed in the �sodA1
mutant relative to the parental Sterne strain during exponen-
tial growth in rich medium in the absence of induced oxidative
stress. Because sodA1 was found to be necessary for resistance
to superoxide stress induced by the compounds paraquat and
menadione (62), we hypothesize that this gene is important for
the general maintenance of the redox status of the cell during
normal aerobic growth in vitro, when superoxide is expected to
be generated spontaneously during electron transport. There-
fore, we compared genes differentially expressed by the
�sodA1 mutant relative to the wild-type parental strain during
growth in rich medium without induced oxidative stress. SAM
reveals that 25 genes are significantly overexpressed by the

TABLE 2. Functional family analysis of genes showing statistically significant, 2-fold changes in expression levels in exponentially growing
Sterne and �sodA1 strains after treatment with paraquat as outlined in Fig. 1

Functional family

No. of genes in overrepresented functional families that were differentially expressed in the following
strain under the indicated conditions (P value)a:

Sterne �sodA1 mutant

With 100 �M PQb With 800 �M PQ With 100 �M PQ With 800 �M PQ In LB only
(compared to Sterne)

Higher-level expression
Transport and binding proteinsc 5 (3.19E-02) 13 (3.23E-03) 38 (1.16E-09) 44 (8.38E-12) 8 (1.88E-03)
Siderophore biosynthesisd 2 (6.649E-04) 5 (9.01E-08) 5 (2.59E-06) 6 (2.07E-07)
Electron transport 5 (4.46E-02) 2 (4.07E-02)
Metabolism/catalytic activitye 4 (2.57E-03) 6 (1.45E-02) 9 (1.58E-02) —e 4 (4.48E-02)
Riboflavin, FMN, and FAD 3 (3.82E-04)
Fermentation 2 (3.93E-02) 3 (4.79E-02)

Lower-level expression
Proline biosynthesis 2 (3.37E-03)
Potassium ion transport 2 (1.03E-03)
ATPase activity coupled to

transmembrane movement of
substances

8 (1.25E-02)

Transport and binding proteinsc 17 (1.29E-07) 5 (1.99E-02) 16 (2.09E-04)
Purines, pyrimidines, nucleosides,

and nucleotides
5 (1.48E-04) 4 (4.50E-05) 6 (1.02E-04)

Chemotaxisf 2 (2.61E-02)

a P values were determined using the Fisher exact test within EASE analysis (see Materials and Methods). All individual genes that are expressed at levels 2-fold
higher or lower than those in control samples can be found either in Table 4 or in the tables in the supplemental material.

b PQ, paraquat.
c A very large and general category in the functional family tables used for these analyses. This aspect of B. anthracis biology is mainly uncharacterized at present.

The more-specific, underlying trends for all strains and comparisons listed above are as follows: (i) transport and binding proteins exhibiting higher-level expression
are mainly putative transporters of iron and potassium, general ABC transporters, drug resistance transporters, or major facilitator transporters; (ii) those exhibiting
lower-level expression are mainly categorized as ABC and phosphate transporters, with various oligopeptide, formate, and nucleoside transporters as well.

d With one exception, the more highly expressed siderophore biosynthesis genes listed in this table are from the bac/bacillibactin biosynthetic cluster, as opposed to
the virulence-associated asb/petrobactin biosynthetic cluster (13, 49).

e In all cases listed here, this functional family includes primarily glyoxalase family proteins, as well as the pyridine-nucleotide disulfide oxidoreductase family for the
�sodA1 mutant. Although this family, per se, is not listed in the �sodA1 (800 �M paraquat) experimental group due to the P value cutoff, the genes themselves are
up-regulated 2-fold in this group.

f Note that B. anthracis is a nonmotile organism.
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TABLE 3. List of genes at least twofold differentially expressed in the B. anthracis Sterne and �sodA1 strains after treatment with
100 or 800 �M paraquata

Gene no. (B. anthracis
Ames Ancestor genome) Gene name and/or putative functionb

Fold change in expression for the following comparison:

Sterne with LB plus
paraquat vs LB
alone (control)c

�sodA1 mutant with
LB plus paraquat vs
LB alone (control)d �sodA1 mutant

vs Sterne, both
with LB alonee

100 �M
paraquat

800 �M
paraquat

100 �M
paraquat

800 �M
paraquat

Amino acid biosynthesis
GBAA1808 asnA; aspartate–ammonia ligase 2.6 2.6
GBAA4218 metE; 5-methyltetrahydropteroyltriglutamate–

homocysteine methyltransferase
2.5

Biosynthesis of cofactors, prosthetic
groups, and carriers

GBAA1158 hemH-2; ferrochelatase 3.1

Cell envelope
GBAA0781 Membrane protein, putative 2.7 2.0
GBAA0837 Lipoprotein, putative 2.3 2.5
GBAA1093 S-layer protein, putative 15.2 22.6
GBAA1650 Membrane protein, putative 2.1
GBAA1904 Membrane protein, putative 12.4
GBAA2638 Glycosyltransferase, putative 8.9 31.7 13.9 19.8
GBAA3179 TspO/MBR family protein 4.5 4.1
GBAA4738 Membrane protein, putative 2.5
GBAA4746 Acid phosphatase 2.6

Cellular processes
GBAA1159 katB; catalase 2.9 2.7
GBAA1346 Internalin, putative 11.3 19.9
GBAA5148 comA operon protein, putative 2.7 2.6
GBAA5701 Channel protein, hemolysin III family 2.3

Central intermediary metabolism
GBAA2276 Azoreductase 2.6
GBAA5561 Low-molecular-wt phosphotyrosine protein

phosphatase family protein
2.5

DNA replication, recombination,
and repair

GBAA1905 topB-2; DNA topoisomerase III 4.0
GBAA3180 Deoxyribodipyrimidine photolyase family

protein
3.7

Energy metabolism (amino acids
and amines)

GBAA1784 dsdA; D-serine dehydratase 2.0

Energy metabolism (electron
transport)

GBAA0838 NAD(P)H dehydrogenase, quinone family 3.1 3.2
GBAA1394 Flavodoxin 18.5 36.4
GBAA1778 ccdA-1; cytochrome c-type biogenesis protein

CcdA
49.1

GBAA1779 Thioredoxin family protein 23.0
GBAA2113 qor-1; quinone oxidoreductase 5.0
GBAA3544 qor-2; quinone oxidoreductase 2.2
GBAA3596 Flavodoxin 5.5 35.8 46.5

Energy metabolism (fermentation)
GBAA0784 Alcohol dehydrogenase, zinc containing 2.1
GBAA1296 ywdH; aldehyde dehydrogenase 2.2 3.2 2.7
GBAA3438 Alcohol dehydrogenase, zinc containing 2.1 2.7

Energy metabolism (pentose
phosphate pathway)

GBAA3432 tkt-1; transketolase 2.4 2.6 2.0
GBAA3433 zwf; glucose-6-phosphate 1-dehydrogenase 3.1

Continued on following page
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TABLE 3—Continued

Gene no. (B. anthracis
Ames Ancestor genome) Gene name and/or putative functionb

Fold change in expression for the following comparison:

Sterne with LB plus
paraquat vs LB
alone (control)c

�sodA1 mutant with
LB plus paraquat vs
LB alone (control)d �sodA1 mutant

vs Sterne, both
with LB alonee

100 �M
paraquat

800 �M
paraquat

100 �M
paraquat

800 �M
paraquat

Energy metabolism (photosynthesis)
GBAA4255 Ribulose bisphosphate carboxylase, putative 2.6

Enzymes of unknown specificity
GBAA0352 Pyridine nucleotide-disulfide oxidoreductase

family protein
2.1 4.4 5.6 2.6

GBAA0766 Nitroreductase family protein 16.2 20.3
GBAA1110 Ser/Thr protein phosphatase family protein,

authentic point mutation
2.5 4.0 3.5

GBAA1217 Ser/Thr protein phosphatase family protein 3.6
GBAA1361 Radical SAM domain protein 2.6
GBAA1653 Glyoxalase family protein 37.2 85.4 50.2 54.1
GBAA1780 Prolipoprotein diacylglyceryl transferase

family protein
31.4

GBAA1865 Chlorohydrolase family protein 2.6 2.5
GBAA2038 NADH:flavin oxidoreductase/NADH oxidase

family protein
2.0 2.2

GBAA2639 Aspartate racemase family protein 3.7
GBAA3339 Glyoxalase family protein 3.3 28.2 6.9 8.0
GBAA3595 BNR repeat domain protein 5.8 34.7 45.0
GBAA3668 Glycosyl hydrolase, family 18 2.8
GBAA3703 Phospholipase/carboxylesterase family protein 2.4
GBAA3877 Hydrolase, alpha/beta fold family 2.0
GBAA3878 Glyoxalase family protein 4.4 18.2 12.1 12.2
GBAA4324 Hydrolase, alpha/beta fold family, putative 2.1
GBAA4588 Glyoxalase family protein, authentic

frameshift
2.6

GBAA4593 Acetyltransferase, GNAT family 2.8

Fatty acid and phospholipid
metabolism

GBAA2053 Cytosolic long-chain acyl-CoA thioester
hydrolase family protein

2.4

GBAA4874 3-Oxoacyl-(acyl carrier protein) reductase,
putative

2.4 2.3

Menaquinone and ubiquinone
GBAA5111 menD; 2-succinyl-6-hydroxy-2,4-

cyclohexadiene-1-carboxylic acid synthase/
2-oxoglutarate decarboxylase

2.2

Protein fate
GBAA1903 Peptidase, M23/M37 family 30.8
GBAA5687 msrA-2; peptide methionine sulfoxide

reductase
2.1 2.1

Purines, pyrimidines, nucleosides,
and nucleotides

GBAA1797 pyrH; uridylate kinase 2.4
GBAA5209 5�-nucleotidase family protein, truncation 2.3

Regulatory functions/DNA
interactions

GBAA1468 Transcriptional regulator, putative 2.2
GBAA2530 Transcriptional regulator, TetR family 2.2 2.1
GBAA2543 Transcriptional regulator, TetR family 2.0
GBAA3328 Transcriptional regulator, AraC family 13.8 14.3
GBAA4433 Sugar-binding transcriptional regulator, LacI

family
2.7

GBAA4699 Transcriptional regulator, MarR family 3.8
GBAA5331 DNA-binding response regulator 2.0

Continued on facing page
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TABLE 3—Continued

Gene no. (B. anthracis
Ames Ancestor genome) Gene name and/or putative functionb

Fold change in expression for the following comparison:

Sterne with LB plus
paraquat vs LB
alone (control)c

�sodA1 mutant with
LB plus paraquat vs
LB alone (control)d �sodA1 mutant

vs Sterne, both
with LB alonee

100 �M
paraquat

800 �M
paraquat

100 �M
paraquat

800 �M
paraquat

Regulatory functions/protein
interactions

GBAA0994 Response regulator 3.5 3.3

Riboflavin, FMN, and FAD
GBAA4331 ribD; riboflavin biosynthesis protein RibD 3.3
GBAA4332 ribE; riboflavin synthase, alpha subunit 3.2
GBAA4333 ribBA; 3,4-dihydroxy-2-butanone 4-phosphate

synthase/GTP cyclohydrolase II
2.6

Siderophore biosynthesis
GBAA1981 Siderophore biosynthesis protein, putative 2.5
GBAA2368 entA; 2,3-dihydro-2,3-dihydroxybenzoate

dehydrogenase
7.3 64.7 76.7

GBAA2369 dhbC; isochorismate synthase DhbC 10.0 134.8 163.5
GBAA2370 dhbE; 2,3-dihydroxybenzoate-AMP ligase 9.1 74.2 86.8
GBAA2371 dhbB; isochorismatase 5.6 12.8 76.7 88.1
GBAA2372 dhbF; nonribosomal peptide synthetase DhbF 3.7 8.9 46.7 52.3
GBAA2373f mbtH-like protein 4.3 11.4 49.8 53.1
GBAA2374f Drug resistance transporter, EmrB/QacA

family
4.2 11.0 64.4 76.8

GBAA2375f 4�-phosphopantetheinyl transferase, putative 8.5 28.6 32.6

Sporulation and germination
GBAA0521 yfhP protein 2.3 2.0
GBAA0767 spoVR; stage V sporulation protein R 2.7 2.9
GBAA1979 sapB protein 2.0
GBAA1987 Small, acid-soluble spore protein, alpha/beta

family
2.5 4.1 2.9

GBAA5528 spoIID; stage II sporulation protein D 3.3

Transcription factors
GBAA2454 RNA polymerase sigma-70 factor, ECF

subfamily
5.5

Transport and binding proteins
GBAA0228 ABC transporter, ATP-binding protein 2.0
GBAA0314 ABC transporter, substrate-binding protein,

putative
3.6 2.9

GBAA0349 Iron compound ABC transporter, permease
protein

7.9 7.6

GBAA0350 Iron compound ABC transporter, permease
protein

6.2 6.3

GBAA0351 Iron compound ABC transporter, iron
compound-binding protein

3.8 4.3

GBAA0378 Anaerobic C4-dicarboxylate membrane
transporter

2.5

GBAA0528 ABC transporter, ATP-binding/permease
protein

2.3

GBAA0532 ABC transporter, ATP-binding protein 2.1
GBAA0534 ABC transporter, permease protein, putative 2.1
GBAA0535 Potassium channel protein, putative 2.2
GBAA0593 Amino acid permease family protein 2.0
GBAA0615 Iron compound ABC transporter, iron

compound-binding protein
2.0

GBAA0616 Iron compound ABC transporter, permease
protein

3.0

GBAA0617 Iron compound ABC transporter, permease
protein

2.2 2.7

GBAA0618 Iron compound ABC transporter, ATP-
binding protein

2.6 2.5 2.1

GBAA0739 kdpA; potassium-transporting ATPase, A
subunit

2.8

Continued on following page
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TABLE 3—Continued

Gene no. (B. anthracis
Ames Ancestor genome) Gene name and/or putative functionb

Fold change in expression for the following comparison:

Sterne with LB plus
paraquat vs LB
alone (control)c

�sodA1 mutant with
LB plus paraquat vs
LB alone (control)d �sodA1 mutant

vs Sterne, both
with LB alonee

100 �M
paraquat

800 �M
paraquat

100 �M
paraquat

800 �M
paraquat

GBAA0740 kdpB; potassium-transporting ATPase, B
subunit

2.5

GBAA0741 kdpC; potassium-transporting ATPase, C
subunit

2.1 2.4

GBAA0787 Major facilitator family transporter 2.1 2.7
GBAA1652 Permease, putative 39.8 147.6 69.8 75.7
GBAA1825 Multidrug resistance protein, putative,

authentic frameshift
2.5 2.3

GBAA1858 Major facilitator family transporter 3.9 3.2
GBAA1890 Homoserine/threonine efflux protein, putative 2.7
GBAA2255 Substrate-binding family protein, putative 5.0 7.1
GBAA2277 Permease, putative 6.2 2.2
GBAA2279 proV-1; glycine betaine/L-proline ABC

transporter, ATP-binding protein
2.3

GBAA2346 Major facilitator family transporter 10.5 75.1 33.7 34.2
GBAA3429 gntP-2; gluconate permease 2.2
GBAA3531 Iron compound ABC transporter, iron

compound-binding protein, putative
9.7 13.4

GBAA3533 Iron compound ABC transporter, permease
protein

19.1 26.6

GBAA3534 Iron compound ABC transporter, permease
protein

6.6 8.3

GBAA3864 Iron compound ABC transporter, ATP-
binding protein

3.0 8.7 10.4

GBAA3865 Iron compound ABC transporter, permease
protein

3.3 13.9 15.7

GBAA3866 Iron compound ABC transporter, permease
protein

4.6 17.5 19.8 2.0

GBAA3867 This region contains an authentic frameshift
and is not the result of an iron compound
ABC transporter, iron compound-binding
protein

4.9 7.4 7.7 8.5

GBAA4305 Xanthine/uracil permease family protein 2.0
GBAA4595 Iron compound ABC transporter, ATP-

binding protein
31.7 49.2

GBAA4596 Iron compound ABC transporter, permease
protein

29.7 53.2

GBAA4597 Iron compound ABC transporter, iron
compound-binding protein

39.3 64.7

GBAA4652 Substrate-binding family protein, putative 3.5
GBAA4726 Transporter, EamA family 2.9
GBAA4784 Iron compound ABC transporter, ATP-

binding protein
15.3 26.2

GBAA4785 Iron compound ABC transporter, permease
protein

13.9 25.5

GBAA4786 Iron compound ABC transporter, iron
compound-binding protein

39.4 69.4

GBAA5064 feoB; ferrous iron transport protein B 2.6
GBAA5219 ABC transporter, substrate-binding protein,

putative
5.0 2.9

GBAA5220 ABC transporter, substrate-binding protein,
putative

2.9

GBAA5260 Major facilitator family transporter 6.5 13.8 7.1 7.8
GBAA5327 Iron compound ABC transporter, ATP-

binding protein
2.5 2.6

GBAA5328 Iron compound ABC transporter, permease
protein

2.1 2.3

GBAA5329 Iron compound ABC transporter, permease
protein

2.2 2.5

GBAA5411 ABC transporter, ATP-binding/permease
protein

3.8 4.4

Continued on facing page
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�sodA1 mutant, whereas 113 are significantly underexpressed
(Table 3, last column; see also the tables in the supplemental
material). The low ratio of overexpressed versus underex-
pressed genes (0.22 in this comparison, versus 1.3 for Sterne
and 2.4 for the �sodA1 mutant in response to 800 �M para-
quat) is notable because underexpression of genes cannot be
explained merely by slower growth, since this mutant grows
equivalently to Sterne in LB medium (Fig. 1A). Many of the
genes underexpressed by the �sodA1 mutant encode proteins
with unknown biological functions, a common challenge en-
countered in many microarray experiments. Functional-family
analysis (Table 2, last column) shows that even without in-
duced superoxide stress, the �sodA1 mutant expresses several
transport and binding genes and metabolic genes at higher
levels than Sterne, suggesting that this mutant is undergoing
endogenous superoxide stress or an undefined oxidative stress
simply as a result of normal metabolism, without the addition
of a redox cycling compound, and that this stress does not
result in a lower growth rate.

One prominent group of genes overexpressed by the �sodA1
mutant during logarithmic growth consists of GBAA1778,
-1779, and -1780 (up-regulated 49-, 23-, and 31-fold, respec-
tively). An operon prediction algorithm developed by Bergman
et al. (5) predicts that the first two genes are most certainly
transcribed as one unit, whereas inclusion of the third gene is
less certain. End point RT-PCR using primers designed to
amplify overlapping gene regions showed that these three

genes are, in fact, transcribed as one unit (data not shown). It
can reasonably be assumed that the first two genes, a putative
cytochrome c-type biogenesis protein (ccdA-1) and a putative
thioredoxin family protein, are related to the general cellular
redox status of the cell. Homologs of these two genes are
located together on the genomes of diverse microorganisms
such as Streptococcus pyogenes, Clostridium tetani, Dehalococ-
coides ethenogenes, and Thermoanaerobacter tengcongensis (ge-
nome region comparison performed at http://cmr.tigr.org).
However, the third protein, a putative prolipoprotein diacyl-
glyceryl transferase, is located just downstream of the other
two only in the pathogenic Bacillus cereus group (B. anthracis,
B. cereus, and B. thuringiensis) as far as the current TIGR
database of sequenced genomes can reveal. The polycistronic
nature of these proteins in the pathogenic Bacillus cereus group
is unknown and may merit further investigation. This example
highlights the way in which combining various bioinformatic
approaches can reveal potentially interesting phenomena that
may not be observed otherwise.

The remaining genes expressed at higher levels by the
�sodA1 mutant during normal growth encode a variety of
proteins, including menaquinone (GBAA5111), uridylate ki-
nase (pyrH; GBAA1797), a putative membrane protein
(GBAA1904), acid phosphatase (GBAA4746), DNA topo-
isomerase III (topB-2; GBAA1905), various transporters, and
others (Tables 2 and 3, last columns); most showed moderate
increases in expression, ranging from two- to fourfold relative

TABLE 3—Continued

Gene no. (B. anthracis
Ames Ancestor genome) Gene name and/or putative functionb

Fold change in expression for the following comparison:

Sterne with LB plus
paraquat vs LB
alone (control)c

�sodA1 mutant with
LB plus paraquat vs
LB alone (control)d �sodA1 mutant

vs Sterne, both
with LB alonee

100 �M
paraquat

800 �M
paraquat

100 �M
paraquat

800 �M
paraquat

GBAA5628 Iron compound ABC transporter, iron
compound-binding protein

2.0

GBAA5629 Iron compound ABC transporter, ATP-
binding protein

3.3 3.4

GBAA5630 Iron compound ABC transporter, permease
protein

5.5

GBAA5631 Iron compound ABC transporter, permease
protein, degenerate

6.0 6.9

Unknown functions
GBAA1454 PspA/IM30 family protein 4.6
GBAA2016 Bacterial luciferase family protein 3.0 4.3 4.5
GBAA3060 MutT/nudix family protein 2.4
GBAA3876 Phosphoglycerate mutase family protein,

putative
2.1

GBAA4257 Class II aldolase/adducin domain protein 3.6
GBAA4594 Ankyrin repeat domain protein 2.3 25.4 32.9
GBAA4720 ThiJ/PfpI family protein 2.6 2.4
GBAA4789 LPXTG-motif cell wall anchor domain

protein, putative
72.4 118.9

GBAA5065 FeoA family protein 2.3 3.4

a As outlined in Fig. 1B. Also included are genes differentially expressed by the untreated �sodA1 mutant versus the untreated parental strain, Sterne, both in LB
only.

b MBR, membrane-localized benzodiazepine receptor; GNAT, GCN5-related N-acetyltransferase; CoA, coenzyme A; ECF, extracytoplasmic function.
c SAM comparison 1 in Fig. 1B.
d SAM comparison 2 in Fig. 1B.
e SAM comparison 3 in Fig. 1B.
f Included under “Siderophore biosynthesis” because of cotranscription, although not annotated as such in the TIGR Gene Ontology (GO) and TIGRFAM tables.
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to wild-type levels. The only other gene whose expression was
notably increased to very high levels in the �sodA1 mutant
during normal growth encodes an M23/M37 family peptidase.
It is reasonable to predict that the �sodA1 mutant may harbor
higher levels of protein damage from oxidative stress during
aerobic growth than the parental strain. This topic is currently
under investigation.

The relatively high expression levels of these genes in the
�sodA1 mutant compared to the parental strain without para-
quat stress highlight the complex, multifactorial ways in which
even minor changes in intracellular redox conditions (i.e., as a
result of the lack of a major antioxidant enzyme) can affect
gene regulation. The data below, on the other hand, showing
differences in gene expression after treatment with different
concentrations of paraquat, most likely reflect changes in gene
regulation due to multiple downstream effects caused by an
initial increase in intracellular superoxide levels imposed by
paraquat. For example, because SODs themselves generate
H2O2 during their enzymatic dismutation of superoxide, and
since the �sodA1 mutant lacks the most effective form of SOD,
wild-type cells may potentially be responding to higher levels of
H2O2. Superoxide itself can cause various effects (including
protein damage, metal ion stability, accumulation of H2O2 due
to the action of SOD proteins, impaired enzymatic functions of
redox sensitive enzymes, etc.), and the various transcriptional
differences seen in treated versus untreated cells most likely
reflect various levels of shifts in homeostasis. Regardless of the
exact mechanisms, the global changes reflect the ways in which
B. anthracis has evolved to handle both major and minor shifts
in intracellular redox conditions. The annotated genomes of B.
anthracis strains have no homolog to the well-defined E. coli
soxR soxS superoxide-sensitive regulatory system (65), and
the various regulatory networks of B. anthracis have been
only partially characterized (31).

Functional-family analysis and SAM comparing gene fam-
ilies and individual genes expressed differentially after expo-
sure to paraquat. (i) Functional families. Functional-family
analysis is a useful way to view the overall, end point character
of an induced transcriptional response. Table 2 lists the fami-
lies of genes that are significantly overrepresented within the
subset of B. anthracis genes that change significantly after
treatment with paraquat. The most evident trend is the large
number of transport and binding protein genes and sid-
erophore biosynthesis genes more highly expressed upon para-
quat exposure, suggesting that oxidative stress is tightly corre-
lated with metal ion homeostasis. It should be noted that very
few transport proteins have been characterized in B. anthracis
(33). However, it is clear that (i) a higher dose of paraquat
induces the transcription of a greater number of putative trans-
port proteins in Sterne, and (ii) at both doses, the �sodA1
mutant expresses at least threefold more genes in this category
than Sterne, once again suggesting that sodA1 maintains intra-
cellular redox conditions that affect gene transcription.

The transcriptional response of the �sodA1 mutant to para-
quat was exaggerated compared with that of the parental
Sterne strain (Tables 2 and 3, compare Sterne to �sodA1
columns). The Sterne strain responded to 100 �M paraquat by
inducing the expression of 19 genes, with no genes underex-
pressed, while the �sodA1 mutant increased the transcription
of 119 genes twofold or more and decreased the transcription

of 17 genes. The difference in the increase in transcription
between these two strains (sixfold higher for the �sodA1 mu-
tant) highlights the importance of sodA1 in maintaining levels
of intracellular redox homeostasis that may result in the tran-
scription of many genes. Addition of the higher concentration
of paraquat (800 �M) resulted in a larger number of genes
differentially expressed in Sterne (59 up-regulated; 45 down-
regulated), while the �sodA1 mutant again responded more
strongly (154 up-regulated; 64 down-regulated). Note that the
increased transcription in the �sodA1 mutant in response to
the low dose of paraquat was still substantially higher than that
of Sterne in response to an eightfold-higher dose, once more
stressing the importance of sodA1 to intracellular redox main-
tenance. Also note that several genes were detected as more
highly expressed in the �sodA1 mutant at the lower dose of
paraquat and not at the higher dose (Table 3, �sodA1 col-
umns). Unlike those of the Sterne strain, the growth kinetics of
the �sodA1 mutant are affected at this concentration of para-
quat: upon addition of 800 �M paraquat to logarithmically
growing cells, the rise in OD600 levels off and then begins to
decrease after about 4 h of exposure, showing that this con-
centration of reagent eventually proves lethal to this mutant
(62). Hence, it is not surprising that some unexpected trends
may be observed at this dose with the mutant strain. The
majority of genes induced in the �sodA1 mutant, however, are
detected after treatment with both doses of paraquat at levels
well above twofold relative to the control, and many of these
genes have very clear connections to redox functions [e.g.,
NAD(P)H dehydrogenase, flavodoxins, and nitroreductase
family protein (Table 3)].

Curiously, none of the B. anthracis sod genes showed in-
creased expression after 20 to 25 min of paraquat treatment. It
is possible that a transient increase in expression may have
occurred before RNA harvesting in these experiments. How-
ever, expression of the sod genes during logarithmic growth
and entry into sporulation phase showed that three of the four
sod genes are, for the most part, expressed constitutively (62).
Ongoing studies also show that, in contrast to the pattern for E.
coli, neither sodA1 nor sodA2 is expressed at higher levels in B.
anthracis growing in iron-depleted medium than in rich me-
dium (22, 23; also data not shown), and it is possible that B.
anthracis has evolved less complex sod regulation than other
bacteria. However, a study of B. anthracis gene expression
during infection of macrophages identifies sodA2 as showing
increased expression during intracellular growth (N. H. Berg-
man et al., submitted for publication), an intriguing finding
given that this isoform of the enzyme is not a major player in
protection from oxidative stress and is not needed for survival
in the susceptible mouse model (62).

(ii) Glyoxalase system. Notably, the expression of three sep-
arate putative glyoxalase family genes is greatly increased in
both Sterne and the �sodA1 mutant upon treatment with para-
quat at both doses (increases of 37- to 85-fold for GBAA1653,
3- to 28-fold for GBAA3339, and 4- to 18-fold for GBAA3878
[Table 3]). The glyoxalase cycle is highly conserved in eu-
karyotes and prokaryotes, is important in certain types of cel-
lular detoxification (16), and has been linked to potassium
efflux in E. coli (51). The nucleophile methylglyoxal is a toxic
but naturally occurring metabolite that can accumulate in cells
as a result of various metabolic processes (9, 27), and the
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glyoxalase system has evolved as a protective mechanism. The
major protective glyoxalase system in E. coli is glutathione
dependent (51), but it is believed that B. anthracis does not use
glutathione in cellular redox reactions (25), so the glyoxalase
system(s) in B. anthracis is presumably non-glutathione depen-
dent. Note that the annotated B. anthracis Ames Ancestor
genome lists 18 unique “glyoxalase family proteins” (6 of which
are spelled “glyoxylase”), further highlighting the high degree
of potential redundancy encoded on the genome, a phenome-
non that has been observed for this bacterium before (37).

Protein sequence comparisons reveal that the three B. an-
thracis glyoxalase paralogs identified in this study are homol-
ogous mainly to other gram-positive microorganisms such as
Bacillus, Staphylococcus, and Oceanobacillus species. The dis-
parate locations of the three genes on the chromosome and the
concomitant change in expression in response to paraquat sug-
gest a conserved regulation of the genes that is sensitive to
superoxide or to downstream effects caused by rises in super-
oxide levels. We therefore investigated the toxicity of the com-
pound methylglyoxal to B. anthracis Sterne cells before and
after paraquat treatment. We found that priming vegetatively
growing Sterne cells with 800 �M paraquat for 45 min in LB
medium causes the cells to be slightly more resistant to meth-
ylglyoxal in a disk diffusion assay than cells grown without
paraquat. A preliminary experiment demonstrating this trend
led us to repeat the experiment with two independent starter
strains and a larger number of replicates. The average zone of
inhibition of untreated Sterne cells was �25.5 mm (standard
deviation, �0.9), whereas cells that had been grown in the
presence of 800 �M paraquat had an average zone diameter of
22.1 mm (standard deviation, �0.7) (n � 20 for each condition,
paraquat treatment or no treatment; P 
 0.0001 by an un-
paired, two-tailed Student t test; zones were measured inde-
pendently by two investigators). The MIC of methylglyoxal for
logarithmically growing cells that are back-diluted to an OD600

of 0.01 is between 200 �M (strong growth) and 300 �M (no
growth). The ability of the paraquat-primed cells to be slightly
more resistant to methylglyoxal suggests that at least part of
the glyoxalase system in B. anthracis responds to intracellular
redox stress. A putative glyoxalase has been identified as po-
tentially contributing to the physiology of the major pathogen
Mycobacterium tuberculosis (40). Also, studies of B. anthracis
gene expression during macrophage infection indicate an in-
crease in the expression of two putative glyoxalases (Bergman
et al., submitted), different from those identified in this study,
further highlighting the potentially multifaceted roles for
glyoxalases in bacterial metabolism and virulence.

(iii) Siderophore biosynthetic genes and putative transport-
ers. Siderophores are small metabolites synthesized by bacteria
to scavenge iron from the extracellular milieu during iron lim-
itation, and iron metabolism has been correlated with the vir-
ulence of various pathogens (10, 77). The B. anthracis sid-
erophore biosynthetic genes up-regulated in response to
paraquat, with one exception, were in the operon containing
homologs to the B. subtilis bacillibactin biosynthetic genes (the
dhb operon; the B. anthracis operon is referred to below as the
bac operon) (53). The five B. anthracis genes GBAA2368 to
-2373 share 60 to 70% protein identity with the B. subtilis
homologs. It has been shown that B. anthracis produces the
bacillibactin metabolite at low levels (48), but the major sid-

erophore that B. anthracis uses for survival under iron-limiting
conditions is a second molecule called petrobactin, which is
synthesized by genes included in the asb operon (13, 49, 79).
Up-regulation of bacillibactin biosynthetic genes and of other
genes under the transcriptional control of the iron-responsive
regulator fur in response to oxidative stress has been seen in B.
subtilis (58). The regulation of the homologous genes in B.
subtilis by the iron-responsive Fur element has been studied
extensively (2, 53, 58, 61). However, the four putative fur family
and iron-dependent regulators in B. anthracis have not been
characterized, so direct correlation between fur regulation and
oxidative stress cannot be verified here. The canonical fur bind-
ing sequences upstream of the bac operon, however, are iden-
tical in B. subtilis and B. anthracis, whereas the binding se-
quence upstream of the asb (petrobactin biosynthetic) operon
is not entirely conserved (data not shown). This finding and the
fact that, in contrast to the results for the bac operon, tran-
scription of only one of the asb genes was shown to be slightly
increased after paraquat treatment strongly suggest that these
two biosynthetic operons are not subject to identical transcrip-
tional control, at least under superoxide stress.

The bacillibactin biosynthetic gene cluster in B. subtilis is
composed of five adjacent genes termed dhbACEBF (2, 12, 53,
67). The homologs in B. anthracis maintain this gene order
(GBAA2368 to -2372), but in B. anthracis, three downstream
genes (GBAA2373, -2374, and -2375) that are not present in
the B. subtilis dhb region are also overexpressed after paraquat
treatment at levels roughly equivalent to those observed for
GBAA2368 to -2372 (Table 3, siderophore biosynthesis). Ho-
mologs of these three genes are often found near nonriboso-
mal peptide synthesis operons in other bacteria (73), and the
operon prediction algorithm described by Bergman et al. (5)
predicts that cotranscription of these three genes in B. anthra-
cis is highly probable. End point RT-PCR probing for overlap-
ping transcription products confirms that these genes are in-
cluded in the B. anthracis bac transcriptional unit (data not
shown), further highlighting differences between B. subtilis and
B. anthracis. The three genes encode an MbtH-like protein, an
EmrB/QacA family drug-resistance transporter, and a putative
4�-phosphopantetheinyl transferase. The MbtH-like protein
has approximately 56% identity with the M. tuberculosis ho-
molog by ClustalW alignment, and homologs of this protein
are found near nonribosomal peptide synthetases (73) in other
bacteria. Although this small protein (�70 amino acids) is part
of the operon for the biosynthesis of the very important my-
cobactin siderophore of M. tuberculosis, its function has not
been determined (17). The connection with bacillibactin im-
plied by the cocistronic structure suggests that these genes
have an alternative function that has not yet been ascertained,
or that they, too, are involved in the biosynthesis of bacillibac-
tin in a way that is not conserved or not transcriptionally
coupled in B. subtilis.

The last section of Table 3 lists the many putative transport
and binding proteins that show increased expression after
paraquat stress, primarily in the �sodA1 mutant. Of the puta-
tive transporters that showed increased expression in response
to paraquat only in the �sodA1 mutant, many are annotated as
putative iron compound transporters, and some of these show
very large increases (up to 69-fold) in expression. Because
these transporters are currently uncharacterized, it is difficult
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to know whether they are specific for iron and whether they are
responsible for metal influx or efflux. Regardless, the large
number of genes with a putative iron transport role suggests a
very large shift in iron homeostasis in the �sodA1 mutant in
response to paraquat (see “Growth of multiple B. anthracis
�sod mutants in various metal-limiting media” below). Three
general permease/major facilitator family transporter genes
showed substantially increased expression in both Sterne and
the �sodA1 mutant after both paraquat treatments (39- to
147-fold for GBAA1652, 10- to 75-fold for GBAA2346, and 6-
to 13-fold for GBAA5260 [Table 3]), suggesting that the ex-
pression of these genes is highly sensitive to intracellular su-
peroxide levels or is somehow caused by the damage resulting
from a rise in superoxide levels.

To confirm the increase in the expression of select genes that
we observed with the microarrays, we performed SYBR green
quantitative RT-PCR on a small subset of genes with fresh RNA
samples (Table 4). As in the microarray experiments, a region
within the bac operon was seen to be induced substantially after
treatment with paraquat, whereas the expression of a gene from
the asb operon was increased only slightly in Sterne and more in
the �sodA1 mutant. Additionally, the glyoxalase family gene
GBAA3339 was seen to undergo a major increase in expression in
response to paraquat. Lastly, the ccdA-1 operon transcript was
assayed from strains growing in LB alone, and the �sodA1 mutant
transcribed these genes at substantially higher levels than the
parental Sterne strain during normal exponential growth. It
should be noted that n-fold changes are not expected to be iden-
tical for the SYBR green assays and the microarrays, since nor-
malization in the microarrays is extremely stringent, detecting 18
separate probes for each open reading frame, making for a much
more robust system than the use of a single primer pair per gene
as in the RT-PCR.

Isolation and quantification of the siderophores bacilli-
bactin and petrobactin from B. anthracis grown in iron-depleted

medium with and without paraquat stress. The striking in-
crease in the transcription of the bac operon after paraquat
stress led us to explore the possibility that the bacillibactin
siderophore might be produced at higher levels after superox-
ide stress. B. subtilis is unable to grow in certain iron-poor
media when it is unable to produce bacillibactin (61). In con-
trast, B. anthracis relies on petrobactin production for growth
in iron-poor media (13), while �bac mutants grow as well as
the wild type during iron limitation (13; also data not shown).
Table 3 shows that the induction of the bac genes in response
to paraquat was substantial in Sterne (ranging from 5- to 12-
fold) and even more prominent in the �sodA1 mutant (ranging
from 42- to 163-fold). Of the asb biosynthetic genes, only one
was more than twofold induced in response to 800 �M para-
quat in the �sodA1 mutant.

Koppisch et al. (48) report that petrobactin is the main
siderophore produced in iron-limiting medium, with relatively
low levels of bacillibactin produced. However, they observed
that cultures grown in ambient air seemed to produce higher
levels of bacillibactin. Quantities of intra- and extracellular
bacillibactin and petrobactin from B. anthracis were monitored
using LC-MS by isolating supernatants and lysates of exponen-
tially growing cells of the Sterne, �sodA1, and �bac strains in
iron-rich medium (LB) and IDM, with or without the addition
of paraquat (Table 5). We note that siderophores are intricate
metabolites, and the biosynthesis of these molecules is highly
complex, involving the cooperation of a number of specific
enzymes and cofactors to assemble them; hence, considering
the complexity of these systems, expression of the biosynthetic
proteins, construction of macromolecular complexes, and the
appearance of the metabolite could be temporally distinct
rather than coincident (for an overview of the siderophore
“assembly line,” see reference 17). Therefore, we isolated cell
supernatants and lysates 1 h after paraquat treatment to allow
time for protein translation and metabolite synthesis to occur.
The LC-MS analysis revealed that neither bacillibactin nor
petrobactin accumulated in supernatants or lysates of cells
grown in iron-rich LB medium, with or without paraquat (data
not shown). Intracellular bacillibactin accumulated in Sterne
and the �sodA1 mutant grown in IDM but was not detected in
�sodA1 lysates after paraquat treatment and was just barely
detected in lysates of Sterne grown in the presence of para-
quat. However, bacillibactin was detected in supernatants of
Sterne and the �sodA1 mutant grown in IDM, both with and
without paraquat, but counter to what the transcriptional data
suggest, the levels of bacillibactin were substantially decreased
in paraquat-treated cells. A �bac mutant served as a negative
control, and no bacillibactin was detected in this strain under
any conditions. These data suggest that the expression of the
bac genes in response to oxidative stress may be subject to
additional layers of regulation (posttranscriptional) or that the
added intracellular oxidative stress caused by paraquat may
prevent various redox-sensitive enzymatic processes from oc-
curring during the complex, multistep production of bacilli-
bactin (17, 53). The �bac mutant shows sensitivities to paraquat
and H2O2 identical to those of the parental Sterne 34F2 strain
(data not shown), and thus bacillibactin does not appear to be
playing an overt role in protection from oxidative stress. How-
ever, the conservation of a functional bacillibactin biosynthetic
pathway may indicate an alternative role for bacillibactin in B.

TABLE 4. SYBR green quantitative RT-PCR results for select
genes identified as significantly increased in expression by SAM

Genea

Fold change in gene expressionb by SYBR green
quantitative RT-PCR for the following

strain(s) and conditionc:

Sterne � PQ �sodA1
mutant � PQ

�sodA1 mutant
in LB vs Sterne

in LB

entA-dhbC �24 �34 �7
asbA �4 �10 �2
Glyoxalase family �58 �27 0
ccdA-1 NPd NP �49
Thioredoxin family NP NP �79
Prolipoprotein NP NP �11

a Gene-specific primers amplify the following regions: for entA-dhbC, the
overlapping region across the first two genes of the bac operon, GBAA2368 and
GBAA2369; for asbA, the second gene in the asb operon (petrobactin biosyn-
thetic genes), GBAA1982; for the glyoxalase family protein, GBAA3339; for
ccdA-1, the cytochrome c-type biogenesis protein gene GBAA1778; for the
thioredoxin family protein, GBAA1779; and for the prolipoprotein diacylglyceryl
transferase family protein, GBAA1780.

b Normalized against expression by the fusA constitutive control. CT values for
fusA had a standard deviation of 
1 cycle for all RNA samples (see Materials
and Methods), ranging from 12.19 to 12.83.

c PQ, paraquat (800 �M).
d NP, not performed. These genes were not quantified by SYBR green quan-

titative RT-PCR for paraquat-treated samples.
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anthracis physiology that has not yet been observed, or it may
indicate that bacillibactin has a mildly redundant but minor
role in iron acquisition compared to petrobactin. Recently, it
was shown that certain proteins of host cells are able to scav-
enge and bind bacillibactin but are less efficient at sequestering
petrobactin, highlighting the role of the petrobactin biosyn-
thetic cluster in the evolution of virulence (1).

Despite the lack of changes in expression of the asb operon
in response to oxidative stress, the many putative iron trans-

porters that showed increased expression during superoxide
stress led us to assay the levels of the petrobactin siderophore
in the Sterne, �sodA1, and �bac strains as well. Substantial
levels of petrobactin were isolated from IDM culture superna-
tants of all strains, with or without paraquat, and as with
bacillibactin, levels of petrobactin were decreased after para-
quat treatment, again suggesting that enzyme function during
siderophore production may be compromised by intracellular
redox stress. But petrobactin was never detected in cell lysates

FIG. 2. LC-MS traces of extracts from the IDM culture supernatants and cell lysates of B. anthracis Sterne and the �sodA1 and �bac mutants,
showing the presence of bacillibactin or petrobactin. (A and B) SIM chromatograms of intracellular (A) and extracellular (B) bacillibactin at the
mass range of m/z 883.2 [M�H]�. Peaks at 19.230 to 19.340 min represent bacillibactin. (C) SIM chromatogram of extracellular petrobactin at the
mass range of m/z 719.3 [M�H]�. Peaks at 15.860 to 16.134 min represent petrobactin. PQ, paraquat-treated medium.

TABLE 5. Quantification of the siderophores bacillibactin and petrobactin produced by Bacillus anthracis Sterne 34F2 and the �sodA1 and
�bac mutants grown in IDMa and harvested during exponential phase with or without paraquat addition

Strain and conditionb

Intracellular or extracellular concnc of the following siderophore in IDM:

Bacillibactin Petrobactin

Intracellular Extracellular Intracellular Extracellular

Sterne 34F2 (parental)
Without PQ 0.102 � 0.052 0.849 � 0.102 NOd 91.471 � 10.581
With PQ 0.002 � 0.001 0.118 � 0.076 NO 41.570 � 6.578

�sodA1 mutant
Without PQ 0.054 � 0.007 1.181 � 0.364 NO 98.495 � 13.111
With PQ NO 0.087 � 0.024e NO 11.638 � 3.125e

�bac mutant
Without PQ NO NO NO 48.577 � 8.601
With PQ NO NO NO 23.427 � 6.411

a Made as described previously (13, 49). Siderophore quantification was also performed in iron-rich (LB) medium with the same strains and under the same
conditions as those listed in the table, but no siderophores were isolated in those experiments.

b Paraquat (PQ) concentration and incubation times before harvesting of cell lysates and supernatants for siderophore quantification are as follows: for exponentially
growing cells, 800 �M paraquat was added at an OD600 of 0.4 to 0.5, and cells were harvested after 1 h.

c Intracellular concentrations are expressed as �g/mg of protein; extracellular concentrations are expressed as �g/ml of supernatant.
d NO, not observed.
e Of all the samples, the growth of the �sodA1 mutant was slowed by the addition of paraquat, so the final OD600 of this sample was slightly lower than those of all

others.
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(Table 5; Fig. 2), suggesting that petrobactin synthesis and
export may be tightly coupled. The study of siderophore trans-
port has focused mainly on the process of metal import (11, 26,
55), while the process of siderophore export has been studied
less extensively, and primarily for the gram-negative organism
E. coli (7, 32). A spatial study of siderophore biosynthesis and
export would be of great interest. It should be noted that
bacillibactin and petrobactin were also quantified by HPLC
from cells grown to stationary phase for 24 h (data not shown)
and that these data showed the same trend of decreased sid-
erophore concentrations after paraquat treatment.

Growth of multiple B. anthracis �sod mutants in various
metal-limiting media. Iron homeostasis and oxidative stress
are often linked biologically (60, 71, 72, 78), and the increased
expression of the bacillibactin biosynthetic operon and numer-
ous putative, uncharacterized transporters after paraquat
stress that we observed was suggestive of an iron starvation
response, especially for the �sodA1 mutant. Although high
intracellular iron levels in the cytoplasm can be toxic, especially
in the presence of reactive oxygen, where they can lead to the
formation of very damaging hydroxyl radicals (41), evidence
from E. coli suggests that a lack of SOD can, counter to intu-
ition, lead to an iron starvation phenotype, even in the pres-
ence of ample cytoplasmic iron (52). Maringanti and Imlay
propose that in the presence of superoxide, E. coli sod mutants
acquire damage to various iron-containing proteins, leading to
the release of free iron that is “not usable,” causing the bac-
teria to import new, “usable” iron for the repair of damaged
enzymes, all the while accumulating potentially toxic levels of
“unusable” intracellular free iron (52). With this precedent in
mind, we tested the growth of several B. anthracis �sod mu-
tants in a variety of iron/cation-limiting media to determine if
these mutants have a higher need for iron/cation transport.
This question is of particular interest due to the fact that the
host environment is believed to be both iron limiting and
potentially oxidatively challenging.

We tested bacterial growth in two different types of iron-
limiting media: chelated and depleted. Chelated medium has
the cation chelator (in this case, 2,2�-dipyridyl) present at all
times, in effect binding metal and preventing its uptake in a
concentration-dependent manner, whereas depleted medium
has had the majority, but not the entirety, of metal salts pre-
removed with a resin (Bio-Rad Chelex 100) and has then been
supplemented with several metal salts (e.g., magnesium and/or
manganese). Consequently, chelated medium can effectively
shut or slow down transport by holding ions unavailable,
whereas depleted medium (IDM or IMnDM) allows ample
transport, but with smaller amounts of various ions present for
utilization.

Figure 3 depicts growth curves of multiple B. anthracis
strains in LB medium containing either no chelating agent or
the metal-chelating compound 2,2�-dipyridyl at 300 or 400 �M.
The �asb mutant strain, which does not produce the sid-
erophore petrobactin (79) and has been shown to have a
growth defect in iron-poor medium (13, 49), was included as an
indicator of iron depletion. Also included in these experiments
were the �sodA2 strain, lacking the second active B. anthracis
SOD, and the �sodA1 �sodA2 strain, lacking both active
SODs.

At both concentrations of 2,2�-dipyridyl, the �asb strain is

most affected, confirming the importance of the siderophore
petrobactin for B. anthracis under extremely iron poor condi-
tions. The parental strain, Sterne, and the �sodA2 mutant grow
identically and to a lower final OD600 in the presence of 2,2�-
dipyridyl. As with E. coli (52), the B. anthracis �sodA1 mutant
and the �sodA1 �sodA2 double mutant show a consistent
growth defect in chelated medium, supporting the idea that
only sodA1 is needed for optimal physiological superoxide ho-
meostasis during iron limitation and that no redundancy exists
between sodA1 and sodA2 (62). Additionally, the MICs of

FIG. 3. Growth of B. anthracis Sterne (34F2), the �sodA1, �sodA2,
and �asb mutants, and the �sodA1 �sodA2 double mutant in un-
treated rich (LB) broth (A) and in the same medium chelated with 300
�M (B) or 400 �M (C) 2,2�-dipyridyl. The �asb mutant displayed the
most severe growth defect in chelated medium, while the �sodA1
mutant and �sodA1 �sodA2 double mutant showed consistent atten-
uation at both 2,2�-dipyridyl concentrations. The �bac strain displayed
growth identical to that of the Sterne parental strain (data not shown).
Results from one experiment representative of three independent ex-
periments displaying the same trend are shown.
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2,2�-dipyridyl that prevent the outgrowth of spores of the
�sodA1 and �sodA1 �sodA2 mutants are between 200 and 300
�M, whereas the MICs for spores of Sterne and the �sodA2
mutant are above 500 �M, with outgrowth sometimes occur-
ring for these strains above 500 �M (data not shown).

Because 2,2�-dipyridyl binds multiple cations in a complex
manner, we chose to further explore the growth of the �sod
mutants in two different depleted media, where low concen-
trations of metal ions are available for transport and the pres-
ence of specific metal ions can be manipulated. IMnDM was
prepared as described in Materials and Methods and previ-
ously (13). When ferrous iron (Fe) and manganese (Mn) were
added back into IMnDM, all strains grew equivalently (Fig.
4A). Surprisingly, in IMnDM with no Fe or Mn supplementa-
tion, only the �sodA1 �sodA2 double mutant showed a severe

growth defect, while even the �asb mutant showed only mild
attenuation. The ability of the �asb mutant to eventually
“catch up” to Sterne in IMnDM, compared to its severe growth
defect in chelated medium, suggested that iron is still some-
what present and available even after resin depletion. Mn
supplementation alone caused total recovery for the �sodA1
�sodA2 double mutant but not for the �asb mutant (Fig. 4C),
while Fe supplementation alone allowed recovery only for the
�asb mutant (Fig. 4D), confirming that these two phenotypes
are Mn and Fe specific, respectively. Growth in IMnDM of
complementation strains of the �sodA1 �sodA2 double mu-
tant, expressing the wild-type sodA1 or sodA2 gene on a cyto-
plasmic plasmid (Fig. 4E and F), showed that (i) the presence
of sodA1 is necessary for the most robust growth during Mn
limitation; (ii) the presence of sodA2 allows for a slightly lower
level of recovery; and (iii) the absence of both enzymes causes
a severe growth defect in low-Mn medium. The �sodA1
�sodA2 double mutant is identical to the �sodA1 single mutant
in terms of sensitivity to paraquat and diamide (data not
shown), and these results represent the first instance where the
two mutants have exhibited differing behavior and suggest a
mild redundancy for sodA1 and sodA2. The sodA2 gene is
actively transcribed and encodes an active SOD enzyme (62),
so a level of redundancy would be expected between these two
enzymes. These data, however, still support the preeminence
of sodA1 as the more effective and/or more utilized of the two
enzymes. Since iron is only slightly limiting in IMnDM, the
possibility exists that one or both of the SODs might be cam-
bialistic (able to utilize Mn or Fe as a catalytic ion). Regard-
less, as with E. coli, the B. anthracis �sodA1 and �sodA1
�sodA2 mutants behaved as if they were iron starved, and the
presence of various intracellular iron pools under oxidative
stress is currently being investigated.

Summary and conclusions. In this study, we used Affymetrix
DNA microarrays to examine the global transcriptional re-
sponses of the B. anthracis wild-type Sterne and �sodA1 mu-
tant strains to different levels of intracellular superoxide stress
generated endogenously by the compound paraquat. This
global approach identified various groups of genes that showed
increased transcription after different levels of oxidative stress
in two strains that are differentially sensitive to paraquat. First,
a small set of genes showed increased transcription in the
�sodA1 mutant relative to the parental strain during normal
growth in rich broth, independently of induced chemical stress.
Because most of these genes were not induced in the parental
strain after paraquat stress, their regulation may be controlled
by an as yet unidentified, paraquat-independent effect that a
lack of sodA1 may facilitate. Next, a group of genes showed
increased expression in Sterne in response to a low concentra-
tion of paraquat (100 �M); all these genes showed even higher
induction in Sterne after exposure to 800 �M paraquat, and all
of them were induced under both conditions in the �sodA1
mutant. We propose that these genes may be under the control
of a regulatory system that is quite sensitive to the presence of
superoxide or to the damage caused by this reactive metabo-
lite. Still other genes were induced only at the higher concen-
tration of paraquat in Sterne and at both concentrations in the
�sodA1 mutant, likely representing a level of regulation less
sensitive to superoxide stress than that for the previous group.
Lastly, we observed an increase in the transcription of many

FIG. 4. Growth of B. anthracis �sod and �asb mutants and sod-com-
plemented strains in metal-depleted media. Mn, 20 �M MnSO4 � H2O;
Fe, 20 �M Fe(II)SO4 � 7H2O. (A to D) Growth of Sterne and the �sod
and �asb mutants over time under the conditions indicated. (E and F)
Growth of complemented strains over time. (A1) and (A2) indicate the
presence of the wild-type sodA1 and sodA2 genes, respectively, on a
cytoplasmic plasmid. The �bac strain displayed growth identical to that of
the Sterne parental strain under all conditions (data not shown). Results
from one experiment representative of three independent experiments
displaying the same trends are shown.
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genes only in the �sodA1 mutant at both concentrations of
paraquat; these genes may be under the control of regulatory
systems that respond only to very high levels of superoxide or
oxidative damage that can be metabolically controlled when
sodA1 is present. The data presented here highlight the intrin-
sic and often contradictory connection between oxidative stress
and metal acquisition in bacteria and indicate that B. anthracis
has evolved multiple mechanisms to cope with these problem-
atic conditions, which may be encountered within the host. We
hope that the trends elucidated here will aid in the further
investigation of the metabolic and regulatory processes used by
the important pathogen B. anthracis.
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