INFECTION AND IMMUNITY, Oct. 2009, p. 4437-4445
0019-9567/09/$08.00+0  doi:10.1128/IA1.00716-09

Vol. 77, No. 10

Copyright © 2009, American Society for Microbiology. All Rights Reserved.

The Global Regulator CodY Regulates Toxin Gene Expression in

Bacillus anthracis and Is Required for Full Virulence"'t

Willem van Schaik,'$§ Alice Chateau,'$ Marie-Agnés Dillies,” Jean-Yves Coppée,>
Abraham L. Sonenshein,” and Agnés Fouet'*

Institut Pasteur, Unité Toxines et Pathogénie Bactérienne, CNRS, URA 2172, Paris, France'; Institut Pasteur, Plate-Forme 2, Paris,
France®; and Department of Molecular Biology and Microbiology, Tufts University School of Medicine, Boston, Massachusetts®

Received 25 June 2009/Returned for modification 22 July 2009/Accepted 29 July 2009

In gram-positive bacteria, CodY is an important regulator of genes whose expression changes upon nutrient
limitation and acts as a repressor of virulence gene expression in some pathogenic species. Here, we report the role
of CodY in Bacillus anthracis, the etiologic agent of anthrax. Disruption of codY completely abolished virulence in a
toxinogenic, noncapsulated strain, indicating that the activity of CodY is required for full virulence of B. anthracis.
Global transcriptome analysis of a codY mutant and the parental strain revealed extensive differences. These
differences could reflect direct control for some genes, as suggested by the presence of CodY binding sequences in
their promoter regions, or indirect effects via the CodY-dependent control of other regulatory proteins or metabolic
rearrangements in the codY mutant strain. The differences included reduced expression of the anthrax toxin genes
in the mutant strain, which was confirmed by lacZ reporter fusions and immunoblotting. The accumulation of the
global virulence regulator AtxA protein was strongly reduced in the mutant strain. However, in agreement with the
microarray data, expression of atx4, as measured using an atx4-lacZ transcriptional fusion and by assaying atx4
mRNA, was not significantly affected in the codY mutant. An atxA-lacZ translational fusion was also unaffected.
Overexpression of atx4 restored toxin component synthesis in the codY mutant strain. These results suggest that

CodY controls toxin gene expression by regulating AtxA accumulation posttranslationally.

The gram-positive spore-forming pathogen Bacillus anthra-
cis is the causative agent of anthrax, a disease of mammals (26,
38). B. anthracis spores initiate infection; once inside the host,
the spores germinate, generating vegetative cells that multiply
in host tissues. It is during this proliferative stage that B.
anthracis produces its key virulence factors, namely a tripartite
toxin and a poly-y-D-glutamate capsule. The toxin is a combi-
nation of protective antigen (PA; encoded by pagA), lethal
factor (LF; encoded by lef), and edema factor (EF; encoded by
cya). The toxin component genes are located on pXOl, a
182-kb plasmid (40). Anthrax toxin causes the destruction of
host organs and aids in the suppression of the immune system
during infection (1, 38). The biosynthetic enzymes for capsule
production are encoded by the capBCADE operon on the
plasmid pXO2 (9). The capsule of B. anthracis contributes to
pathogenicity by enabling the bacteria to evade host immune
defenses and provoke septicemia (38).

The regulation of the genes encoding the anthrax toxin com-
ponents and the capsule biosynthetic machinery has been studied
in considerable detail (reviewed in references 17 and 41). The
production of toxin and capsule responds to environmental cues,
such as the presence of CO,/bicarbonate and a temperature of
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37°C (17, 53). The production of toxin components is low during
exponential growth and reaches its highest level during entry into
stationary phase (27, 53). AtxA, a protein encoded by pXOl, is
essential for expression of toxin components and has an impor-
tant role in capsule operon expression (7, 16, 20, 27, 64). It also
controls expression of more than 100 genes, including pXOl,
pXO02, and chromosomally encoded genes (7, 37). AtxA activity
was found to be dependent on its phosphorylation state, but no
DNA-binding activity has so far been described, leaving open the
possibility that AtxA may not act as a canonical repressor or
activator of transcription (63). Other gene products are thought
to modulate virulence gene expression. AbrB (43) represses atxA
expression (49, 59). The role of o™ is less clear, with conflicting
reports on the requirement of this alternative RNA polymerase
sigma factor for the transcription of atxA (6, 22).

The induction of virulence gene expression in B. anthracis
during entry into the stationary phase suggests that nutrient
limitation may be important for optimal toxin and capsule
production. Similar phenomena of stationary-phase-associated
gene regulation are mediated by the CodY protein in several
species of low-G+C gram-positive bacteria (58). In Bacillus
subtilis, the bacterium in which CodY was first described (54),
CodY acts during the rapid exponential growth phase as a
repressor of many stationary-phase and sporulation genes and
as a positive regulator of other genes, including some involved
in carbon overflow metabolism (39, 46, 50). Binding of B.
subtilis CodY to DNA is stimulated by the presence of both
GTP and branched-chain amino acids (BCAAs), which act
additively (23, 46, 51). As a result of the decrease in the
intracellular pools of GTP and BCAAs when cells enter the
stationary phase (56), CodY becomes less active, leading to
the induction of genes that are targets of CodY repression.
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Several groups have assessed the potential involvement of
CodY in regulation of virulence factor gene expression in gram-
positive bacteria. These studies revealed that the inactivation of
codY influences virulence properties of several organisms, includ-
ing Bacillus cereus (25), Streptococcus pyogenes (32, 33), Strepto-
coccus pneumoniae (24), Streptococcus mutans (29), Staphylococ-
cus aureus (31, 44), and Listeria monocytogenes (4). In none of
these cases, however, was it possible to identify the relevant direct
target of CodY-mediated regulation. In Clostridium difficile, how-
ever, CodY is a direct repressor of the gene that encodes an
alternative RNA polymerase sigma factor whose activity is essen-
tial for toxin gene expression (14).

We report here that a codY-null mutation in B. anthracis
compromised virulence in a toxinogenic model of infection.
codY disruption altered the expression of more than 200 genes,
including the toxin genes. Contrary to our expectation, the
disruption of codY led to a significant loss of toxin gene ex-
pression. Since disruption of codY caused a decrease in AtxA
protein accumulation but did not reduce the level or stability of
atxA mRNA or expression of atxA4 transcriptional and transla-
tional fusions to lacZ, we propose that B. anthracis CodY
regulates toxin gene expression by posttranslational control of
the intracellular concentration of AtxA.

MATERIALS AND METHODS

Strains and culture conditions. The B. anthracis strains used in this study are
listed in Table 1. Growth of cultures was determined by measuring Agg,. B.
anthracis precultures were grown overnight at 37°C in brain heart infusion (BHI)
supplemented with 0.5% glycerol with rotary shaking at 150 rpm. Experimental
cultures were grown at 37°C under a 5% CO, atmosphere in 100-ml Erlenmeyer
flasks containing 20 ml R medium (48) supplemented with 0.6% sodium bicar-
bonate (RBic). Sodium bicarbonate was added to R medium to maintain a
continuous CO,-bicarbonate equilibrium that is necessary for optimal produc-
tion of the B. anthracis toxins and capsule (16). RBic medium was inoculated
from an overnight culture to a starting A, of 0.05. Aeration of the culture was
achieved by continuous stirring with a magnetic bar at 450 rpm. The antibiotics
used were spectinomycin (100 pg/ml), kanamycin (40 pg/ml), and erythromycin
(150 wg/ml for Escherichia coli and 5 wg/ml for B. anthracis).

Cloning of B. anthracis codY. The codY coding sequence of B. anthracis strain
7702 was amplified by PCR using primers codY5' and codY3’ (Table 1), which
introduced six histidine codons at the 3’ end of the coding sequence, as well as
Sacl and Sphl restriction sites, respectively, at the ends of the amplicon. The
PCR product was cloned in pBAD30 (21), yielding pJP15, in which codY is under
the control of the araBAD promoter. This plasmid was used both for mutagenesis
of codY and for overexpression of CodY protein for in vitro studies.

Generation of codY mutants in B. anthracis and in frans complementation. A
null mutation in the codY gene was generated by insertion of a spectinomycin
resistance cassette at a unique HindIII site at codon 77 of codY. The codY-harboring
fragment was obtained by digesting pJP15 with Sphl, rendering it blunt, and then
digesting it with Sacl. The resulting codY-containing fragment was cloned in pPBAK
(34) that had been digested with HindIII, blunt-ended, and digested with Sacl, giving
pCOD10. A spectinomycin resistance cassette was ligated to pCOD10 that had been
digested with HindIII and blunt-ended. The resulting plasmid, pCOD30, was intro-
duced into E. coli strain HB101(pRK24) and transferred to B. anthracis 7702 by filter
mating (42, 62). Spectinomycin-resistant transconjugants were checked by PCR for
the occurrence of a double-crossover event and the correct insertion of the specti-
nomycin resistance cassette within the codY gene. The resulting mutant strain,
7CodYS, served as the donor for introduction of the codY mutation by CP51-
mediated transduction (18) into other strains, which eventually also served as sub-
sequent donors. Alternatively, the mutation was transferred by filter mating using E.
coli HB101(pRK24)(pCOD30) as the donor.

For complementation of the codY mutation, a DNA segment corresponding to the
codY gene and 200 bp of upstream sequence was amplified by PCR with the primers
CompCodYF and CompCodYR (Table 1), which introduced BamHI sites at both
ends of the product. The PCR fragment was digested with BamHI, blunt-ended, and
cloned in the Smal-digested B. anthracis-E. coli shuttle vector pAT187 (62), creating
pCodY4. The absence of mutations in the insert was confirmed by DNA sequencing.
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pCodY4 was then introduced into E. coli HB101(pRK24) by electroporation and
transferred to the B. anthracis codY mutants by filter mating. In this construct, the
codY gene is expressed either from a promoter proximal to the codY gene or by
read-through from a plasmid promoter.

RNA isolation and transcriptome analysis. RNA was isolated from B. an-
thracis cultures (25 ml in 100-ml Erlenmeyer flasks)grown in RBic medium at
37°C under a 5% CO, atmosphere. At Ayos of 0.2 and 1.0, 10-ml samples of
the cultures were added to 20 ml RNAprotect (Qiagen, Courtaboeuf, France)
and incubated for 5 min at room temperature. Cells were pelleted by cen-
trifugation at 12,500 X g for 10 min, and after decanting the supernatant, 1
ml TRI reagent (Ambion, Huntingdon, United Kingdom) was added to the
cell pellet and RNA was isolated according to the manufacturer’s instruc-
tions. Ambion’s Turbo DNA-free kit was used to remove residual DNA from
the isolated RNA. Integrity of the extracted RNA was determined by analysis
with an Agilent (Palo Alto, CA) 2100 Bioanalyzer according to the manufac-
turer’s instructions. RNA samples were stored in 70% ethanol-83 mM so-
dium acetate buffer (pH 5.2) at —80°C. Prior to cDNA synthesis, the RNA
samples were spun down at 13,000 rpm in a microcentrifuge prechilled to 4°C.
The RNA pellet was then washed with 70% ethanol (prechilled to —20°C)
and resuspended in RNase-free water. cDNA reactions (containing 5 pg
RNA), indirect labeling of cDNA with the fluorescent labels Cy3 and Cy5,
and hybridizations of the microarrays were performed as described previously
(45). The microarray used was a composite B. cereus-B. anthracis chip that has
been described previously (28). For each time point, four arrays were hybrid-
ized with quadruplicate independent biological replicates. Two were labeled
with Cy3, and the other two were labeled with Cy5 in order to reduce
dye-specific effects. Statistical analysis was performed with R software (http:
/www.r-project.org). No background subtraction was done, but we checked
that the background was low and homogeneous in both channels on all arrays.
Data were log transformed (log base 2). A global Lowess normalization was
applied independently on each array with the limma package (55). Empty and
flagged spots were excluded from the data set, and duplicate spot log ratios
were then averaged in order to get statistically independent values for each
oligonucleotide. Differential analysis was conducted using the varmixt pack-
age and the VM method (11, 12). Resulting raw P values were adjusted
according to the Benjamini and Yekutieli method (3, 15), and a cutoff of
significance was set to 0.05. For each oligonucleotide, the normalized inten-
sity value was computed for each (red and green) channel. Oligonucleotides
with a maximum intensity value below 500 over the two channels were not
analyzed further. Finally, an additional threshold of significance was intro-
duced at a twofold difference in normalized expression levels.

c¢DNA synthesis and qRT-PCR. Primers for cDNA synthesis and subsequent
PCRs were designed using Primer3 (http://frodo.wi.mit.edu). cDNA synthesis
and real-time quantitative reverse transcription-PCR (qRT-PCR) were carried
out essentially as described previously (65) with fufA4 as the reference gene on a
7300 real-time PCR system (Applied Biosystems, Foster City, CA). The reactions
were carried out on the same RNA samples as those used for the transcriptome
analysis, and real-time PCR was performed in triplicate for each sample.

Cloning of B. anthracis atxA, overexpression and purification of AtxA, and
anti-AtxA serum preparation. The atx4 coding sequence of B. anthracis strain
7702 was amplified by PCR using primers AtxAF and AtxAR (Table 1), which
introduced BamHI and HindIII sites at the ends of the amplicon. The PCR
product was cloned in pGEM-T Easy, yielding pAtxAcl. The atxA-harboring
fragment was obtained by digesting pAtxAcl with BamHI and HindIII and
inserting it in pQE30 similarly digested, giving pAtxAc4, in which atx4 is under
the control of the isopropyl-B-p-thiogalactopyranoside (IPTG)-inducible pro-
moter and the AtxA protein sequence is preceded by a His tag. E. coli
MI15(pREP4)(pAtxAc4) was grown in L broth containing ampicillin (100 pg/ml)
and kanamycin (40 pg/ml) to an A, of 0.6. Expression of the recombinant atxA
gene was induced by addition of 1 mM IPTG. After 3 h of further incubation, the
cells were harvested and AtxA-His, was found in the insoluble fraction and was
purified according to Qiagen’s recommendation in the presence of urea. AtxA
eluted at 250 mM imidazole. To obtain mouse polyclonal serum to AtxA, four
OF/1 mice were injected subcutaneously with 10 g of AtxA and boosted on days
14, 33, 49, and 63. They were bled on day 77.

Immunoblotting techniques. To determine the quantities of PA, EF, and LF
in culture supernatants during growth of strain 7702 and its codY mutant deriv-
atives, 1-ml samples were taken when the cultures in RBic medium reached 4 4,s
of 0.4, 1.0, and 2.5. Proteins in the cell-free culture fluid were precipitated with
trichloroacetic acid and separated by polyacrylamide gel electrophoresis (PAGE)
in sodium dodecyl sulfate (SDS)-12% polyacrylamide gels. Subsequent transfer
to membranes and immunoblotting with monoclonal antibodies against PA, EF,
and LF were performed as described previously (8).
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TABLE 1. B. anthracis strains, plasmids, and oligonucleotides used in this study

Strain, plasmid, or

Relevant genotype or sequence (5'—3")

Source or reference

nucleotide
Strains
7702 Sterne strain; pXO1* Laboratory stock
RBAF140 7702 pagA-lacZ transcriptional fusion integrated adjacent to pagA 53
RBAF143 7702 lef-lacZ transcriptional fusion integrated adjacent to lef 53
RBAF144 7702 cya-lacZ transcriptional fusion integrated adjacent to cya 53
7702-XFI 7702 atxA-lacZ transcriptional fusion J.-C. Sirard, personal
communication
BATX1 7702 AatxA 52
7CodYS 7702 codY::spc This study
140CodYS RBAF140 codY::spc This study
143CodYS RBAF143 codY::spc This study
144CodYS RBAF144 codY::spc This study
7CodYSXFI 7702XFI codY::spc This study
7702XF5 7702 atxA-lacZ translational fusion This study
7CodYSXF5 7702XF5 codY::spc This study
Plasmids
pUCI1318Spc Laboratory stock 35
pBAD Expression vector 21
pBAK Suicide vector in B. anthracis 34
pBALA20 lacZ-carrying vector 36
pAT187 Conjugative replicating plasmid used for complementation in B. anthracis; Kan" 62
pAT113 Conjugative suicide plasmid 61
pGEMT-easy Cloning vector Promega
pQE30 Expression vector Qiagen
pTAXS atxA-harboring plasmid 20
pSALACI10 lacZ-harboring plasmid This study
pJP15 pBAD derivative harboring codY under control of araBAD promoter This study
pAtlac30 pAT113 derivative harboring atxA-lacZ translational fusion This study
pAtxAc4 pQE30 derivative harboring atxA This study
pCodY4 pAT187 derivative harboring codY This study
pCOD30 pBAK derivative harboring interrupted allele of codY This study
pXF1 pAT113 derivative harboring atxA-lacZ translational fusion J.-C. Sirard, personal
communication
Oligonucleotides
CompCodYF GCTGGGATCCGAAGATTTATCGTTTGAAGCATCTG
CompCodYR GGTGGGATCCGAGGAGAGTTTTATAAATTAGTTITG
LacZ-N GGATCCACCATGATTACGGATTCACTGGCCGTCGTT
LacZ-C CCCGGTTATTATTATTTTTGACACCAGACC
AtxAF GGATTCCTAACACCGATATCCATCGAAAAGGAACATATAAG
AtxAR AAGCTTGGGCATTTATATTATCTTTTTGATTTCATGAAAATCTCTTTCTGTAGG
atxA-F-AC ACTTTTGCATCCATACGTTCTTGGGCAATT
atxA-R-A GGATCCTCGGACTGTTTTATCTGCGACCTGTAGATA
oPJ33 GCGCTTTCAAAAATAGAAGAATACCTCATT
oPJ36 CCTCCTTCAGGAATATGCTACTAGTTTTAC
oPJ37 GGTATGGTAATTTTGAAAAATCTAACGCTA
oPJ38 CGACAAAAAAGTGAATTTTCACAATTCCAA
qPCR-atxA1l-F ACAGGTCGCAGATAAAACAGTCC
qPCR-atxA1-R GAACAAGTAAATTCCAAGATGGAGGA
qPCR-atxA2-F TCTGCACTGCTTGAAAAACG
qPCR-atxA2-R CCATGTCTTGGAGTGATTCGTTA
qPCR-tuf-F GCCCAGGTCACGCTGACTAT
qPCR-tuf-R TCACGAGTTTGAGGCATTGG

After showing that antibodies raised against CodY from B. subtilis (46) cross-
react with CodY from B. anthracis (data not shown), we used those antibodies to
determine the levels of CodY in exponentially growing cells of strains 7702,
7CodYS, 7CodYS(pCodY4), 140CodYS(pCodY4), and 7CodYSXFI(pCodY4).
Whole-cell lysates were subjected to SDS-12% PAGE and immunoblotted es-
sentially as described previously (60).

The antibodies raised against AtxA were assayed for their specificity by
immunoblotting experiments. The 7702 and BATXI1 (its AatxA derivative
[52]) strains were grown in RBic medium, and 2.5-ml samples were harvested
when the A4 reached 1.0. Proteins from whole-cell lysates were separated by
SDS-12% PAGE and immunoblotted (data not shown). At a 1:250 dilution,
the sera recognized a single protein, comigrating with AtxA, in the 7702 crude

extract and none in the BATX1 crude extract. The levels of AtxA in cells were
determined after sampling the cultures at A, as indicated in the figures.

Construction of atxd-lacZ transcriptional and translational fusions. The
3.6-kb EcoRI-BamHI pXO1 DNA fragment encompassing atx4 was subcloned
into pAT113, giving rise to pATX3. The pBALA20 (36) Smal fragment encom-
passing the lacZ gene was inserted into the Hpal site of pATX3, and the
orientation was checked. Thus, the resultant plasmid, pXF1, harbors upstream of
the lacZ gene a fragment that starts 950 bp upstream of the atx4 start codon and
contains both atx4 promoters, the atx4 Shine-Dalgarno sequence, the ATG start
codon, and the first 437 codons of AtxA.

The atxA promoter region of B. anthracis 7702, starting 593 bp upstream of the
ATG codon and encompassing the first 45 codons, was amplified by PCR using
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primers atxA-F-AC and atxA-R-AC, which introduced a BamHI site at the 3’
end of the amplified DNA fragment (Table 1). It was cloned into pGEM-T Easy,
yielding pAtxA50, from which the atxA-containing fragment can be extracted by
PstI-BamHI digestion. The lacZ gene, starting at the second codon, was ampli-
fied from pSALACI10 using primers LacZ-N and LacZ-C, which introduced a
BamHI site overlapping the first codons (Table 1). pPSALAC10 had been ob-
tained by digesting pBALA20 (36) with BamHI and BglII and cloning the lacZ
gene-harboring DNA fragment into pSAL322 digested with BamHI (35). The
lacZ sequence was cloned into pGEM-T Easy, yielding pLacl0, in which the
BamHI site located at the 5’ end of lacZ is close to the pPGEM-T Easy PstI site.
The atxA-lacZ translational fusion was constructed by cloning the atx4 sequence
into pLacl0 after a PstI-BamHI digestion. The resulting plasmid, pAtlac10, was
digested with PstI and Sacl, and the translational fusion was transferred into
pAT113 similarly digested, giving rise to pAtlac30.

Plasmids pXF1 and pAtlac30 were introduced into E. coli strain HB101(pRK24)
and transferred to the appropriate B. anthracis strains, 7702 and its codY derivative,
by filter mating (42).

B-Galactosidase assays. The accumulation of B-galactosidase by the various
lacZ fusion strains was determined as previously described (53) in samples taken
during growth in RBic medium at 37°C under a 5% CO, atmosphere. All
experiments were performed at least in triplicate; representative results are
shown.

Animal experiments. Female OF1 mice (6 to 8 weeks old; Charles River
Laboratories, France) were injected subcutaneously with different amounts of
spores of strains 7702 or 7CodYS. Fifty percent lethal doses (LDsys) were
estimated by using the method of Reed and Muench (47) with six animals per
spore dose. Drawing of Kaplan-Meier survival curves and log rank analysis for
evaluating survival differences between the groups were performed with Graph-
Pad Prism 4 software (GraphPad Software, San Diego, CA).

Spore stocks for the animal experiments were obtained by growing B. anthracis
cultures on NBY agar (18) for 5 days at 30°C. Spores were harvested and washed
twice in distilled water, heated for 20 min at 65°C to kill vegetative cells, and
washed again with distilled water. Spores were then resuspended in distilled
water and stored at 4°C before use.

Microarray data accession number. Microarray results have been submitted to
the ArrayExpress database (http://www.ebi.ac.uk/microarray-as/ae) under acces-
sion no. E-MEXP-1706.

RESULTS

Construction of a codY-null mutant. The gene encoding
CodY was identified in the genome of B. anthracis strain 7702
(pXO1" pXO27) by virtue of its sequence similarity to CodY
from B. subtilis. The gene BA3966 (NP_846209) is predicted to
encode a protein that shares 81% identity with B. subtilis
CodY. As in B. subtilis (54), B. anthracis codY is at the 3’ end
of a four-gene cluster that includes genes encoding a two-
component ATP-dependent protease (ClpQY) and a site-spe-
cific recombinase related to XerD. A stem-loop structure with
a calculated free energy of formation of —15.8 kcal/mol was
found directly downstream of codY. This structure is likely to
function as a transcriptional terminator of the codY gene clus-
ter (10). In B. subtilis, the codY operon is located upstream of
a large chemotaxis-motility operon, but in B. anthracis, the
downstream genes are predicted to encode the translation
elongation factor Ts and the 30S ribosomal protein S2. Inter-
estingly, a similar gene arrangement is also seen in several
Staphylococcus and Clostridium spp. (44; data not shown).

The B. anthracis codY gene was interrupted in strain 7702 by
insertion via allelic exchange of a spectinomycin resistance
cassette at the unique HindIII site in the codY gene at position
231 of the 780-bp open reading frame, corresponding to codon
77. The absence of CodY protein in the mutant strain 7CodYS
and its presence, at a concentration similar to that in strain
7702, in the complemented strain were demonstrated by im-
munoblotting analysis (Fig. 1).
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FIG. 1. CodY is absent from the codY-disrupted strain and can
be complemented in trans. B. anthracis 7702, 7CodYS, and the
complemented strains 7CodYS(pCodY4), 140CodYS(pCodY4),
and 7CodYSXFI(pCodY4) were grown at 37°C in RBic medium
under a 5% CO, atmosphere. At an Ay, of 1, aliquots of the
cultures were removed. Twenty-four micrograms of each whole-cell
lysate was loaded for SDS-12% PAGE, and CodY was detected by
immunoblotting with CodY antiserum.

Disruption of codY leads to attenuated virulence in an ani-
mal model of infection. Since CodY represses virulence gene
expression in several pathogenic bacterial species, we com-
pared the virulence of the parental strain 7702 and its codY
mutant by estimating the dose at which 50% of the mice died
(LDsy) for each strain after subcutaneous injection. The LDs,
for strain 7702 was 3.6 X 10° spores, which is in line with
previous studies in this animal model (42). The LDs, of the
codY mutant strain was at least 10°-fold higher than that for its
parent as even the highest dose of 7CodYS spores tested (5 X
108/mouse) did not result in death of mice (data not shown).
Thus, in B. anthracis CodY is a virulence activator. The lower
virulence of the codY mutant strain could be a consequence of
metabolic rearrangements or of the modification of expression
of known virulence determinants.

Transcriptome analysis of B. anthracis 7702 and its codY
mutant. To obtain an overview of the genes that are regulated
by CodY in B. anthracis, we performed a global transcriptome
analysis of the parental 7702 strain and the codY mutant. To
minimize growth phase-specific effects, we determined tran-
script abundance in the two strains at two different points in
the growth curve in RBic medium: i.e., at A4y,s of 0.2 and 1.0,
corresponding to the mid- and late-exponential-growth phases.
The microarray results indicated that the disruption of codY
has major effects on global gene expression in B. anthracis
(Table 2). Interestingly, the genes that were more highly ex-
pressed in the codY mutant compared to its parent strain were
largely conserved between the two time points (see Table S1 in
the supplemental material), indicating that CodY represses
these genes during exponential growth. We found a consider-
ably smaller number of genes that had higher transcript levels
in 7702 than in the codY mutant; only 25 of these genes were
differentially expressed at both time points (Table 2).

Only 28 of the 182 B. anthracis genes that are negatively
regulated by CodY throughout exponential growth have ho-
mologs in B. subtilis that are repressed by CodY (39). This
group includes genes from a large putative operon (BA1416 to
BA1423) that is likely to be involved in the biosynthesis of
BCAAs and is very strongly derepressed in the codY mutant
strain. In general, the functional categories of putative CodY-
repressed genes in B. anthracis were very similar to those in B.
subtilis. The main cellular processes affected by CodY in B.
anthracis are the biosynthesis of certain amino acids (isoleu-
cine, valine, leucine, histidine, and glutamate), the transport of



VoL. 77, 2009

TABLE 2. Number of genes exhibiting significant difference in gene
expression between B. anthracis 7702 and its codY mutant,
7CodYS, at different points in the growth phase

No. of genes with significant difference

Parameter Overlap
Agoo 0f 0.2 Ago of 1.0 between both
time points”
Higher expression in 7CodYS 281 251 182
Higher expression in 7702 114 85 25

“ The number of genes which are significantly up- or downregulated at both
time points in the growth curve.

amino acids and peptides, the pentose pathway, the tricarbox-
ylic acid cycle, and acetyl coenzyme A synthesis, mirroring the
situation in B. subtilis (39).

Of the 25 genes that exhibited higher expression in 7702
than in the codY mutant at both time points, most do not share
an obvious functional role. However, at both time points, the
lef and cya genes were expressed at a three- to fourfold-higher
level in 7702 than in the codY mutant. In the sample taken at
an Ag, of 1.0, pagA was also more highly expressed (3.5-fold)
in 7702 than in the mutant strain. The lower toxin gene ex-
pression could account for the lower virulence of the mutant
strain. Interestingly, atx4 gene expression was not affected by
the codY mutation.

Recently, a consensus CodY-binding sequence (AATTTTC
NGAAAATT) has been proposed for L. lactis (13) and this
sequence has been suggested to be present upstream of many
CodY-repressed genes in various low-G+C gram-positive bac-
teria (19). To determine the relevance of this proposed CodY-
binding site in B. anthracis, the genome of B. anthracis Ames
was searched with the CodY box consensus sequence with two
mismatches accepted, within 300 nucleotides (nt) upstream
and 100 nt downstream of a gene’s translational start site. This
analysis revealed the presence of 101 highly conserved CodY
boxes in the B. anthracis chromosome. Such boxes were found
upstream of several genes that were identified in the transcrip-
tome analysis, such as the strongly repressed BA1416-BA1423
operon and the more moderately repressed genes BA2997,
BA3315, BA3645, and BA5666. This analysis suggests that B.
anthracis CodY recognizes a specific DNA sequence, but this
sequence may be rather flexible, as has also been suggested for
B. subtilis CodY (2). Genes that are derepressed in the codY
mutant but lack any obvious CodY box-like sequence are pre-
sumably regulated indirectly by CodY. They may be genes that
are regulated by a protein whose synthesis is under CodY
control or whose activity is altered in response to the metabolic
rearrangements that result from the disruption of codY, as
hypothesized in S. pyogenes (32, 33).

CodY is required for toxin synthesis. To confirm that the
codY mutation affects transcription of the toxin genes and to
quantitate such an effect, the codY mutation was transferred by
transduction to three strains that carry fusions of a lacZ re-
porter gene to the promoters of cya, lef, or pagA (53). The
B-galactosidase activity during growth of the strains in RBic
medium was determined (Fig. 2). In strain 7702, transcription
of the toxin genes reached maximum levels during the late
exponential phase, corresponding to previously published data
(53). In the codY mutant, in contrast, transcription of the toxin

BACILLUS ANTHRACIS CodY AND VIRULENCE 4441

agA
250 - pag. c 10
2 i
2 200 1 [
=~
85 E 1
g9 150 F
Td g
n o B P
£E 100 <
E=)
- 50.1
P E
@ 50 r
0 T T T T 0.01
0 2 4 6 8 10
time (h)
lef
10
2
2
SE 1
[T
89 o
Ta j
&g
=) 0.1
£2
P
[c=®
T T T + 0.01
0 2 4 6 8 10
time (h)

18 - cya )

B-galactosidase activity
(U/mg protein)

0 2 4 6 8 10
time (h)

B-gal. activity A,

wild type —— —0—
codY mutant —.— —00—

FIG. 2. CodY regulates toxin gene expression. Transcription of pagA, lef,
and cya in codY wild-type B. anthracis strains and their respective codY
disruption mutants was assessed. B. anthracis RBAF140, RBAF143, and
RBAF144 (circles) and their codY mutants (squares) were grown in RBic
medium under a 5% CO, atmosphere. Growth was monitored by A4y, mea-
surements (open symbols), and transcription of pagA, lef, and cya was deter-
mined by measuring 3-galactosidase activity (closed symbols). Results shown
are representative of three independent experiments. In all three indepen-
dent experiments, the observed differences were found to be statistically
significant, with P values (paired Wilcoxon test) of 0.009, 0.014, and 0.002 for
the pagA-lacZ-harboring strains; 0.031, 0.020, and 0.010 for the lef-lacZ-har-
boring strains; and 0.020, 0.006, and 0.002 for the cya-lacZ-harboring strains.
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FIG. 3. CodY regulates toxin component accumulation. B. anthra-
cis 7702, 7CodYS, and the complemented strain 7CodYS(pCodY4)
were grown in RBic medium under a 5% CO, atmosphere, and accu-
mulation of PA, LF, and EF in the supernatant was monitored. At the
indicated cell densities, aliquots of the cultures were removed. Proteins
in the culture supernatant were precipitated, and toxin subunits were
detected by immunoblotting with PA-, LF-, and EF-specific monoclo-
nal antibodies.

genes was at a very much lower level than in the parental
strain, but was not completely abolished. In the first few hours
of culture, there was little expression of cya, lef, and pagA in
either strain. However, while in the parental strain transcrip-
tion of the toxin genes increased rapidly from the mid-expo-
nential phase onward, expression in the codY mutant strain
remained at a low, constant level throughout growth.

Whether CodY is a direct regulator of the toxin component
genes was tested using electrophoretic mobility shift assays (P.
Joseph, personal communication). Binding of CodY to the pag,
lef, and cya promoter regions was only seen at high protein
concentrations (dissociation constant [K,] of >256 nM), simi-
lar to the concentration that gave nonspecific binding to the B.
subtilis polC negative control probe.

To see if the effect of the codY mutation on toxin gene
expression was reflected in toxin protein levels, we measured
the amounts of the three toxin components in trichloroacetic
acid-precipitated culture supernatant samples obtained during
growth of strains 7702 and 7CodYS in RBic medium. Samples
were taken at the mid-exponential, late-exponential, and early-
stationary-phase time points. Immunoblotting revealed that
the accumulation of all three toxin components was, at all time
points, considerably lower in the codY mutant than in the
parental strain (Fig. 3). The production of the toxin compo-
nents in the codY mutant was restored by complementation in
trans with a multicopy vector that carries the codY coding
sequence and 200 bp of upstream DNA (Fig. 3). Thus, the
defect in toxin protein accumulation in the codY mutant strain
must be due to the absence of CodY and not to any potential
effect of the insertion mutation on expression of genes down-
stream of codY in the chromosome. Similarly, CodY is re-
quired for maximal toxin gene expression.

CodY regulates AtxA accumulation without affecting arxA
transcription or translation initiation or RNA stability. Since
AtxA is required for expression of the toxin component genes,
one could hypothesize that CodY activates toxin gene expres-
sion indirectly by stimulating synthesis of AtxA. In fact, when
the amount of AtxA was monitored in crude extracts obtained
during growth in RBic (Fig. 4), we found a much lower level of
AtxA accumulation in the codY mutant than in the parental
strain at the mid-exponential, late-exponential, and early-sta-
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FIG. 4. CodY affects AtxA accumulation. B. anthracis 7702,
7CodYS, and the complemented strain 7CodYS(pCodY4) were grown
in RBic medium under a 5% CO, atmosphere, and AtxA accumulation
was monitored. At the indicated cell densities, aliquots of the cultures
were removed. Whole-cell lysates were loaded, and AtxA was detected
by immunoblotting with specific anti-AtxA serum.

tionary-phase time points. This effect parallels that seen for
toxin component accumulation but was surprising given that
the microarray data indicated no significant difference in atx4
transcript levels between these strains (see Table S1 in the
supplemental material). When we tested the effect of a codY
mutation on expression of an atx4-lacZ transcriptional fusion,
we found that atx4 expression was very similar in the codY
mutant and in the parental 7702 strain (Fig. 5A). A small (less
than threefold) overexpression of atx4 was observed in the
codY mutant soon after inoculation of RBic medium. How-
ever, from the mid-exponential phase onwards, when the dif-
ference in toxin gene expression between the codY mutant and
the parental strain was becoming increasingly obvious, B-
galactosidase activity increased similarly and was at the same
level in both strains (Fig. 5SA). These results confirm the data
obtained during our microarray experiments (see Table S1 in
the supplemental material).

The lack of correlation between the effects of CodY on an
atxA-lacZ transcriptional fusion and on toxin gene expression
is not at all consistent with a model whereby CodY controls
toxin gene expression by modulating the transcription of atxA.
Furthermore, the locations of the transcriptional fusion (at nt
1341 with respect to the ATG translation initiation codon) and
of the oligonucleotide probe used in the microarray (corre-
sponding to nt 707 to 776) argue against a model in which
CodY controls atx4A mRNA stability. Nevertheless, we tested
this possibility. QqRT-PCR experiments were carried out with
two pairs of oligonucleotides, one pair that anneals close to the
5" end of the coding sequence (covering nt 111 to 190) and one
pair that anneals close to the 3’ end (from nt 1225 to 1315) of
the atx4 gene. The amount of the 3'-end atxAd fragment was
slightly lower than that of the 5'-end fragment. Interestingly,
the ratios of the relative amounts of the 5’-end product or of
the 3’-end product in the codY mutant strain versus the paren-
tal strain were not significantly different at an Ay, of 0.2
(0.703 = 0.163 and 0.584 = 0.086 for the 5'- and 3’-end prod-
ucts, respectively) or at an Ay, of 1.0 (0.685 = 0.133 and
0.637 = 0.107 for the 5’- and 3’-end products, respectively).
These results indicate that CodY does not affect atxA mRNA
abundance or stability. That is, the slight difference in atxA
transcript levels between the 7702 strain and the codY mutant
does not account for the large difference in AtxA protein
abundance.

An alternative possibility is that CodY affects atx4 mRNA
translation. To test this hypothesis, an atxA-lacZ translational
fusion was constructed. This construct contained the complete
atxA regulatory region, its Shine-Dalgarno sequence, and the
first 45 codons of the atxA4 gene fused in-frame to a lacZ gene
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FIG. 5. CodY does not affect transcription or translation of atxA.
Transcription (A) and translation (B) of atxA4 in parental B. anthracis
and their codY disruption mutant are shown. B. anthracis 7702-XFI
(circles) and its codY mutant (squares) (A) and B. anthracis 7702-XF5
(circles) and its codY mutant (squares) (B) were grown in RBic me-
dium under a 5% CO, atmosphere. Growth was monitored by A,
measurements (open symbols), and transcription or translation of atxA4
was determined by measuring (-galactosidase (3-gal.) activity (closed
symbols). The results shown are representative of three independent
experiments. In none of these experiments was a statistical difference
found (paired Wilcoxon’s test), with P values between 0.074 and 0.734
for the transcriptional fusion-harboring strains and 0.052 and 0.734 for
the translational fusion-harboring strains.

devoid of its translation initiation codon. This fusion was inte-
grated at the amxA locus in the parental and codY mutant
strains. The strains were grown in RBic medium under a 5%
CO, atmosphere, and B-galactosidase activity was monitored
(Fig. 5B). The expression of the translational fusion paralleled
that of the transcriptional fusion: B-galactosidase activity was
slightly higher (twofold) in the mutant strain than in the pa-
rental strain during the early exponential phase (again oppo-
site to what was observed at the protein level) and at later time
points was identical in both strains. This result indicates that
CodY does not control the initiation of translation of atx4
mRNA. Altogether, these data show that the disruption of
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FIG. 6. CodY controls toxin synthesis via AtxA accumulation. B.
anthracis 7702, 7CodYS, and their pTAXS5-harboring derivatives were
grown in RBic medium under a 5% CO, atmosphere, and accumula-
tion of AtxA in the crude extract (A) and PA in the supernatant fluid
(B) was monitored. At the indicated cell densities, samples of the
cultures were removed. Whole-cell lysates or precipitated proteins
from the culture supernatant were subjected to SDS-PAGE, and AtxA
or PA was detected by immunoblotting with AtxA- or PA-specific
antibodies. Solid and empty arrowheads indicate native and hydrolyzed
PA, respectively.

codY does not affect atx4 expression or translation but indicate
that in the codY mutant AtxA accumulation is affected at the
posttranslational level.

CodY controls toxin gene transcription by controlling AtxA
accumulation. To test if the lower level of AtxA in the codY
mutant is responsible for the lower toxin gene expression, an
atxA-harboring multicopy plasmid (pTAXS) was introduced
into a codY mutant strain. Overexpression of atxA4 led to higher
accumulation of AtxA, indicating that oversynthesis of AtxA
bypasses the accumulation defect observed in the codY mutant
strain (Fig. 6). A higher accumulation of PA in the culture fluid
was also observed in the codY strain harboring pTAXS, sug-
gesting that CodY regulates toxin gene expression by control-
ling the AtxA level. Interestingly, a degradation product of PA
was seen in these experiments, suggesting that the culture fluid
of a codY mutant strain has increased protease activity.

DISCUSSION

As shown here, inactivation of the B. anthracis codY gene
results in a severe defect in virulence in a mouse model of
infection by a toxinogenic but noncapsulated strain. The codY
disruption also led to significantly lower production of anthrax
toxin components, and this may be the primary cause for the
lack of virulence. Yet, the involvement of other factors cannot
be excluded as suggested by our microarray experiments. For
example, in the codY mutant the expression of genes involved
in uptake and detoxification of iron and in important metabolic
pathways, such as the synthesis of BCAAs, is also affected;
these changes may contribute to lower virulence. However,
because the anthrax toxin is the main determinant of virulence
in this particular genetic background (67), it seems likely that
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the dramatic decrease in toxin production in the codY mutant
is the main cause of the avirulent nature of this strain.

The reduced production of toxin proteins in the codY mu-
tant is most easily attributed to a dramatically lower accumu-
lation of the AtxA protein. Since CodY has a negligible effect
on atxA mRNA accumulation or stability (as detected by mi-
croarray and qRT-PCR) or on expression of atxA-lacZ tran-
scriptional or translational fusions, CodY appears to act post-
translationally. How it would do so is currently unknown, but it
seems most likely that the disruption of CodY leads to the
synthesis of a factor, such as a protease, chaperone, or adaptor
protein, that directly influences AtxA stability. We favor the
protease hypothesis because atxA overexpression in the codY
mutant strain leads to increased AtxA accumulation. Since the
accumulation of AtxA is thought to be the major factor deter-
mining the rate of expression of the toxin genes, and since
enhanced AtxA accumulation restored PA accumulation in the
codY mutant strain, we conclude that CodY, like other B.
anthracis regulators, influences toxin gene expression via AtxA.

CodY acts as a global regulator in several low-G+C-content
gram-positive bacteria, repressing during rapid exponential
growth genes that are later induced during nutrient limitation
(4, 13, 14, 19, 24, 29, 31, 33, 39, 57). Whereas in C. difficile
CodY directly represses expression of toxin genes (14), in B.
anthracis it activates toxin genes and does so indirectly. The
fact that a conserved regulator controls genes with related
functional roles in an organism-specific manner illustrates the
flexibility of bacterial regulatory systems throughout their evo-
lutionary history (30, 66). The results presented here widen the
scope of the factors that are involved in B. anthracis virulence
gene expression. By responding to nutrient availability, CodY
links the expression of B. anthracis virulence factors to overall
cellular physiology and metabolism. Such finely tuned coupling
is likely to benefit the bacterium in adapting to various envi-
ronments within the host.

Whereas in C. difficile, CodY represses toxin gene expres-
sion, in B. anthracis CodY activates toxin synthesis. A differ-
ence between these two pathogens resides in the tissue context
in which these bacteria thrive. The CodY-dependent regula-
tion of toxin levels may reflect a B. anthracis-specific adapta-
tion to specialized niches, such as the lymphoid tissue. Unfor-
tunately, little is known about the BCAA concentration or
energy status in the diverse extracellular loci in which B. an-
thracis resides during infection (5), and therefore it remains to
be determined which in vivo signals are contributing to the
effects of CodY on toxin production in B. anthracis during
infection.
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