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Bacillus anthracis, the etiological agent of anthrax, is a spore-forming, Gram-positive bacterium and a
category A biothreat agent. Screening of a library of transposon-mutagenized B. anthracis spores identified a
mutant displaying an altered phenotype that harbored a mutated gene encoding the purine biosynthetic
enzyme PurH. PurH is a bifunctional protein that catalyzes the final steps in the biosynthesis of the purine
IMP. We constructed and characterized defined purH mutants of the virulent B. anthracis Ames strain. The
virulence of the purH mutants was assessed in guinea pigs, mice, and rabbits. The spores of the purH mutants
were as virulent as wild-type spores in mouse intranasal and rabbit subcutaneous infection models but were
partially attenuated in a mouse intraperitoneal model. In contrast, the purH mutant spores were highly
attenuated in guinea pigs regardless of the administration route. The reduced virulence in guinea pigs was not
due solely to a germination defect, since both bacilli and toxins were detected in vivo, suggesting that the
significant attenuation was associated with a growth defect in vivo. We hypothesize that an intact purine
biosynthetic pathway is required for the virulence of B. anthracis in guinea pigs.

Bacillus anthracis, the etiological agent of anthrax, is a spore-
forming, Gram-positive bacterium (25, 52). The infectious
form of B. anthracis is the spore, which under certain condi-
tions may remain dormant for decades. Upon infection, spores
are translocated to areas favorable for germination (53) into
replicating bacilli, the form which ultimately kills the host (25,
52). While exogenous nutrients are required for the germina-
tion of the B. anthracis spore (53), the replicating bacilli are
capable of synthesizing a majority of essential small molecules,
as is evident by the presence of de novo biosynthetic enzymes
in the B. anthracis genome (10, 41, 44, 48, 54). These molecules
include purines, pyrimidines, vitamin cofactors, and amino
acids.

De novo purine biosynthesis occurs by nearly the same path-
way in most organisms, including bacteria, archaea, and eu-
karyotes (36, 72). In general, IMP is the first purine nucleotide
formed in purine biosynthesis, with AMP and GMP derived
from IMP in two additional catalytic steps each (Fig. 1A) (72).
IMP is biosynthesized from 5-phosphoribosyl-�-diphosphate
(PRPP) and L-glutamine in 11 catalytic steps. The final two
steps in IMP biosynthesis are catalyzed by a single enzyme,
PurH. PurH catalyzes the formylation of 5-aminoimidazole-4-
carboxamide ribotide (AICAR) to give formyl-AICAR. In the
final step, PurH catalyzes the cyclization of formyl-AICAR to
IMP. IMP is then converted to AMP by PurA and PurB or to
GMP by GuaB and GuaA (Fig. 1A). The IMP biosynthetic
pathway is linked to the biosynthesis of thiamine through the
intermediate aminoimidazole ribonucleotide (AIR) (Fig. 1A)

(2). It should be noted that the B. anthracis biosynthetic trans-
formations have not been determined experimentally but are
based on genetic analysis of homologs in other organisms in
which enzymatic activity has been verified experimentally (20,
46, 50, 72). The purine nucleotides described are used in many
cellular processes (46); they are components of many coen-
zymes, involved in the regulation of metabolic pathways; and,
most notably, they are the building blocks for nucleic acids.

In addition to the biosynthesis of purine nucleotides, many
organisms are capable of salvaging purine nucleosides from
their surroundings (3, 21). Purine salvage involves the uptake
of purine nucleosides via a membrane-bound transporter. In
the case of IMP in B. anthracis, inosine is transported into the
cell and converted to hypoxanthine via a purine nucleoside
phosphorylase (26). Hypoxanthine is then converted to IMP by
hypoxanthine phosphoribosyltransferase (3, 21). There are a
variety of pathways that can be utilized to convert salvaged
purines. Therefore, while a bacterium incapable of producing
IMP can be complemented with exogenous inosine, other pu-
rines in addition to inosine can also be utilized to overcome the
deficiency. The salvage of purines can often be used to com-
plement a loss of de novo purine biosynthesis depending on the
availability of exogenous purines. While specific nucleoside
transporters have not been well studied in B. anthracis, pro-
teins homologous to those studied in model organisms, such as
Escherichia coli and Bacillus subtilis (3, 21, 35, 56), are present
in B. anthracis. The homology between these proteins suggests
that B. anthracis has a similar capacity for nucleoside transport
and salvage.

It has been shown that de novo purine biosynthesis is re-
quired for optimal virulence in a variety of pathogenic organ-
isms, such as Staphylococcus aureus (47), Streptococcus pneu-

moniae (59), Vibrio vulnificus (37), Salmonella enterica serovar
Typhimurium (29, 45, 63), and Yersinia pestis (8). B. anthracis

auxotrophs requiring adenine, which contained mutations in
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purA or purB, were found to be avirulent in a murine model of
infection (30). In contrast, B. anthracis strains containing mu-
tations in genes encoding enzymes further up the purine bio-
synthetic pathway, prior to the production of IMP, retained
virulence in a murine model (30). Additionally, B. anthracis

mutants deficient in guanosine biosynthesis (guaA mutants)
retained virulence in a murine model by the intraperitoneal
route of infection (30), suggesting differing roles for various
purines in virulence.

In a screen of transposon libraries for mutants that exhibited
altered phenotypes, we identified a mutation in the purine
biosynthetic gene purH. The purH gene is the penultimate gene
in the purine biosynthetic operon (Fig. 1B), rendering the purH

mutant strain deficient in de novo purine biosynthesis, in par-
ticular in de novo IMP biosynthesis. Here we discuss the role of
de novo purine biosynthesis in the virulence and pathogenesis
of B. anthracis in several animal models of infection.

MATERIALS AND METHODS

Reagents, bacterial strains, and animals. The attenuated Sterne strain
(pXO1� pXO2�) and the fully virulent Ames strain (pXO1� pXO2�) of B.

anthracis were used in this study (40). E. coli strains DH5� and GM2163 were

used in cloning and were obtained from Invitrogen (Carlsbad, CA) and New
England Biolabs (Ipswich, MA), respectively. All restriction enzymes and ligases
were obtained from New England Biolabs and were used according to the
manufacturer’s specifications. Polymerase was obtained from Invitrogen and
Qiagen (Valencia, CA) (AccuPrime Pfx Supermix and Master Mix) and was used
according to the manufacturer’s specifications. The strains and primers used in
this study are provided in Table 1 and Table 2, respectively. The following
antibiotics were used: kanamycin (50 �g/ml for E. coli; 20 �g/ml for B. anthracis),
ampicillin (100 �g/ml for E. coli), and erythromycin (5 �g/ml for B. anthracis).
Female BALB/c mice were obtained from the National Cancer Institute (NIH-
NCI, Frederick, MD) and were approximately 7 to 10 weeks old. Hartley guinea
pigs (at least 350 g) and New Zealand White rabbits (approximately 3 kg) were
obtained from Charles River Laboratories International (Wilmington, MA).

Identification of the mutant. The mutant of interest was isolated from a Tn10

mutagenesis library in B. anthracis strain Sterne, and the site of transposon
insertion was identified by rescue cloning (13). The transposon disruption oc-
curred in a gene encoding a bifunctional protein annotated as IMP cyclohydro-
lase/phosphoribosyl aminoimidazolecarboxamide formyltransferase (PurH)
(BAS0285). All work in this study was performed with the homologous protein
in B. anthracis strain Ames (BA0298).

Construction of the purH::Kan mutant strain. The region encompassing the
1.5-kb purH gene and 500 bp upstream and downstream of the purH gene was
PCR amplified from Ames genomic DNA. This 2.5-kb gene fragment was then
cloned into KpnI/XbaI restriction sites in the E. coli shuttle vector pEO3 (7, 49).
The resulting plasmid was then linearized by utilizing a native BamHI restriction
site within purH (Fig. 1B). The purH gene was then interrupted by ligating the

FIG. 1. (A) Purine biosynthetic pathway in B. anthracis as determined by in silico analysis with the KEGG database application. (B) Schematic
representation of the gene arrangement of the purine biosynthetic operon in B. anthracis.

TABLE 1. B. anthracis strains used in this study

Strain Description Source or reference

B. anthracis Ames Fully virulent; pXO1� pXO2� 40
B. anthracis Sterne Attenuated; pXO1� pXO2� 40
purH::Kan strain B. anthracis Ames containing an �-Kan-2 fragment insertion in the purH gene This paper
�purH strain B. anthracis Ames containing an �-Kan-2 fragment replacement of the purH gene This paper
�purD strain B. anthracis Ames containing an �-Kan-2 fragment replacement of the purD gene This paper
�purH � purH strain �purH strain genetically complemented with native purH on the pEO3 plasmid This paper
�purH � purD strain �purH strain genetically complemented with native purD on the pEO3 plasmid This paper
�purD � purD strain �purD strain genetically complemented with native purD on the pEO3 plasmid This paper
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�-Kan-2 fragment (57) into the BamHI site. The �-Kan cassette was utilized
because it is stable and is constitutively expressed (57). In addition, through
reverse transcription-PCR (RT-PCR) and complementation studies, we deter-
mined that any polar effect on the purD gene would be minimal. The plasmid was
passaged through the GM2163 strain of E. coli before electroporation into B.

anthracis. The Ames strain of B. anthracis was then electroporated with the
pEO3-purH::Kan plasmid as described previously (13). The plasmid was inte-
grated into the chromosome, and cointegrate clones were selected based on
kanamycin resistance and temperature (42°C) resistance. Kanamycin-resistant
clones were selected and streaked onto kanamycin plates (to screen for the
presence of the �-Kan-2 fragment) and erythromycin plates (to screen for the
presence of the pEO3 plasmid). Clones that were resistant to kanamycin but
sensitive to erythromycin were screened for the presence of the resolved inser-
tion mutation in the genome by PCR analysis.

Construction of the �purH and �purD mutant strains. The DNA flanking the
purH or purD gene (�500 bp upstream and �500 bp downstream of each gene)
was PCR amplified using Qiagen Master Mix polymerase. The flanking regions
were cloned into KpnI/XbaI restriction sites in the E. coli shuttle vector pEO3.
The flanking regions were designed to produce a SmaI restriction site between
the two regions. The �-Kan-2 fragment was inserted into the SmaI site, resulting
in a complete replacement of the purH or purD gene with the �-Kan-2 fragment.
The resulting plasmids were treated in the same manner as described above.

Genetic complementation. Two separate approaches were taken to genetically
complement �purH. First, �purH was complemented with a full-length purH

gene and was designated the �purH � purH strain. The �purH � purH strain was
constructed as follows. The region encompassing the 1.5-kb purH gene and 500
bp upstream of the purH gene was PCR amplified using Qiagen Master Mix with
B. anthracis Ames strain genomic DNA as the template. The gene fragment was
then cloned into KpnI/PmeI restriction sites in the E. coli shuttle vector pEO3,
yielding plasmid pEO3-purH. The plasmid was integrated into the chromosome
of the mutant strain, upstream of the �-Kan-2 fragment, and cointegrate clones
were selected based on kanamycin, erythromycin, and temperature (42°C) resis-
tance. Clones that were found to be antibiotic resistant were screened for the
presence of the cointegrate in the mutated genome by PCR analysis. The result-
ing genetically complemented (�purH � purH) mutant strain contained the
�-Kan-2 fragment from the original mutant and a full-length, intact purH gene.

Second, �purH was complemented with a full-length, intact purD open reading
frame and was designated the �purH � purD strain. The �purH � purD strain
was constructed as follows. The 1.3-kb purD gene was PCR amplified from Ames
genomic DNA using Qiagen Master Mix. Separately, the 500-bp upstream flank-
ing region of the purH gene was PCR amplified from Ames genomic DNA. The
500-bp upstream purH fragment and the 1.3-kb purD gene were then cloned into
KpnI/XbaI restriction sites, with a SmaI restriction site linking the two frag-

ments, in the E. coli shuttle vector pEO3, giving plasmid pEO3-i.f.-purD. The
purD gene was PCR amplified and cloned into the pEO3 vector with the purH

upstream region in frame, so the resulting �purH � purD strain contained the
purD open reading frame, in frame, in place of the purH gene. The pEO3-i.f.-
purD plasmid was treated in the same manner as described above. The resulting
genetically complemented (�purH � purD) mutant strain contained the �-Kan-2
fragment from the original mutant and a full-length, intact purD gene.

To genetically complement �purD, the same approach as for the �purH �

purH strain was taken. The �purD � purD strain was constructed as follows. The
region including the 1.3-kb purD gene and 500 bp upstream of the purD gene was
PCR amplified from Ames genomic DNA using Qiagen Master Mix. The gene
fragment was then cloned into KpnI/XbaI restriction sites in the E. coli shuttle
vector pEO3, giving plasmid pEO3-purD. The resulting plasmid was treated in
the same manner as described above. The genetically complemented (�purD �

purD) mutant strain contained the �-Kan-2 fragment from the original mutant
and a full-length, intact purD gene.

Verification of virulence factors in mutant strains. Retention of the pXO1 and
pXO2 plasmids was assayed by PCR using primers specific for the pagA (15) and
capC genes, respectively. Capsule production was verified in all strains by growth
on Trypticase soy agar (TSA) plates containing bicarbonate. The plates were
grown overnight at 37°C with 20% CO2. To assay for the production of protective
antigen (PA), all strains were grown in R-medium (60), with or without bicar-
bonate, supplemented with 5% fetal bovine serum. At various time points after
inoculation, an aliquot was removed from each culture; the aliquot was centri-
fuged to pellet the cells; and the supernatant was removed. Western blotting of
the supernatants from each sample was then performed using rabbit anti-PA
antibodies (15).

In vitro growth phenotypes. All growth curves were determined by measuring
an increase in the optical density at 600 nm (OD600) in rich LB medium or the
minimal R-medium (60). Where indicated, the medium was supplemented with
purines at a final concentration of 1 mM. To determine growth in R-medium,
overnight cultures grown in LB medium were centrifuged, and the pellets were
resuspended and washed four times with R-medium. The washed cells were then
resuspended in a defined volume of R-medium to begin growth.

Virulence testing in the mouse and rabbit models. Mice were challenged
intraperitoneally and intranasally with wild-type, purH::Kan, �purH, or �purD

spores, as described previously (14, 16, 42). Rabbits were challenged subcutane-
ously with varying doses of wild-type or purH::Kan spores (71). The challenge
doses delivered are given in the figure legends.

Virulence testing and in vivo fitness assay in the guinea pig model. Guinea pigs
were challenged intramuscularly (7), intraperitoneally (22), or by aerosol expo-
sure (40) with varying doses of wild-type, purH::Kan, �purH, or �purD spores.
The challenge doses delivered are given in the figure legends.

TABLE 2. Oligonucleotide primers used in this study

Description Sequence

Upstream of purH (5�); used to construct purH::Kan and �purH mutants .................5�-TGATAAACCGGTACCACGCGCTGTTGG-3�
Downstream of purH (3�); used to construct purH::Kan and �purH mutants.............5�-ATAATCTCTAGAAGTTTCGTACGCTGCAGTTG-3�
purH screening primer (5�) .................................................................................................5�-CAATGGGGGCAAAGCACTATGAG-3�
purH screening primer (3�) .................................................................................................5�-ATCGCTACTGTTACACCTTTACCA-3�
Upstream of purH (3�); used to construct �purH mutant ..............................................5�-ACGCTTTTTCCCGGGTCCTTCACCCCTGGTTGTATG-3�
Downstream of purH (5�); used to construct �purH mutant .........................................5�-TTCAAACACCCCGGGAGGAAGTTTAAAAAGTCCGG-3�
Upstream of purD (5�); used to construct �purD mutant ..............................................5�-ATTATTATGGTACCTTCTTTCT-3�
Upstream of purD (3�); used to construct �purD mutant ..............................................5�-TGCTACACCCGGGTTTTCTACTTT-3�
Downstream of purD (5�); used to construct �purD mutant .........................................5�-TCGCCCGGGTTGAGAGTGATG-3�
Downstream of purD (3�); used to construct �purD mutant .........................................5�-TCTCTAGAATTAAAGCGTGAGT-3�
capC (5�)................................................................................................................................5�-ACTCGTTTTTAATCAGCCCG-3�
capC (3�)................................................................................................................................5�-GGTAACCCTTGTCTTTGAAT-3�
pagA (5�)................................................................................................................................5�-GTGCATGCGTCGTTCTTTGA-3�
pagA (3�)................................................................................................................................5�-GCCGCTATCCGCCTTTCTA-3�
purH (5�); used to construct �purH � purH strain .........................................................5�-ATACAACCAGGGGTGAAGGTACCATGAAAAAGC-3�
purH (3�); used to construct �purH � purH strain .........................................................5�-AAACTTCCGTTTAAACTGTTTGAAATGACGTACG-3�
Upstream of purH (3�); SmaI site used to construct �purH � purD strain.................5�-TGCACGCTTTTCCCGGGATCCTT-3�
pEO3-specific primer ...........................................................................................................5�-AAAAGTGCCACCTGACGTCTAAG-3�
purD (5�); used to construct �purH � purD strain .........................................................5�-TTCCCGGGTGAAATATGAATGTT-3�
purD (3�); used to construct �purD � purD and �purH � purD strains .....................5�-GGCTCTAGAAAAAGGTAAAT-3�
Upstream of purD (5�); used to construct �purD � purD strain ..................................5�-GGTGGTACCCTCGTTCAA-3�
purD screening primer (5�) .................................................................................................5�-ATGCAGCGCTTAGTATCG-3�
purD screening primer (3�) .................................................................................................5�-TATTATTTTAGCCGCAGTTCTT-3�
Internal purD primer for RT-PCR (5�).............................................................................5�-CAAATACTGGCGGAATGG-3�
Internal purD primer for RT-PCR (3�).............................................................................5�-CTAGCCCTTTAATAATGTCACCTT-3�
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The guinea pig in vivo fitness model was utilized as described previously (6,
13). Briefly, guinea pigs were challenged intramuscularly with an approximately
equal mixture of wild-type Ames spores and mutant spores. Two days after
challenge, moribund guinea pigs were euthanized, and their spleens were har-
vested and homogenized. The splenic bacterial loads were determined by plating
the homogenates onto LB plates or LB plates with kanamycin to assess the
relative ratio of wild-type bacteria to mutant bacteria recovered from each
spleen.

Guinea pigs were also challenged intraperitoneally with wild-type Ames or
purH::Kan bacilli. The bacilli were generated from spores that had been incu-
bated in brain heart infusion (BHI) broth for approximately 2 h at 37°C, to give
a final challenge dose of approximately 3 	 105 heat-sensitive CFU (�70% of
which was single cells, while �30% was chains consisting of two cells, as deter-
mined by microscopy). The bacilli were washed with phosphate-buffered saline
(PBS) before the challenge to ensure that extracellular toxins were removed
from the challenge material.

Guinea pigs were challenged intramuscularly with varying doses of �purH

spores for determination of the 50% lethal dose (LD50) and time to death (TTD)
and were followed for 14 days. PA in the blood and edema in dead or moribund
guinea pigs was assayed by Western blot analyses as described above. Cyclic
AMP (cAMP) concentrations in the guinea pig edema were assayed using the
direct cAMP determination kit from Sigma-Aldrich according to the manufac-
turer’s specifications.

Histology. Samples for histopathology were immersion-fixed in 10% neutral
buffered formalin for 30 days. Sections prepared for examination using light
microscopy were embedded in paraffin, sectioned, and stained with hematoxylin
and eosin (HE). Immunohistochemistry (IHC) was performed on sections using
a monoclonal mouse antibody to B. anthracis polyglutamic acid capsule at 1:8,000
as a primary antibody and a peroxidase-labeled polymer (EnVision peroxidase
kit; Dako Corp., Carpinteria, CA) as a secondary antibody. The slides were
stained with a substrate-chromogen solution and were counterstained with he-
matoxylin. As previously described, malachite green staining was also performed
to identify ungerminated spores (69).

Statistics and computer software. Survival rates were compared between treat-
ment and control groups by Fisher exact tests with permutation adjustment for
multiple comparisons. Kaplan-Meier product-limit estimation was used to con-
struct survival curves and to compute mean survival times. Survival curves were
compared between treatment and control groups by log rank tests with Hochberg
adjustment for multiple comparisons. Mean TTD values for each treatment
group were compared with those of the control group by t tests with permutation
adjustment for multiple comparisons. The analyses described above were con-
ducted using SAS, version 8.2 (SAS OnlineDoc, version 8, 2000; SAS Institute,
Inc., Cary, NC). Biosynthetic pathway analysis was performed using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.jp
/kegg). Additional genome analysis and open reading frame determination were
carried out using The SEED database (http://theseed.uchicago.edu/FIG/index
.cgi). When relative bacterial counts (i.e., those recovered from spleens) were
compared, statistical significance (P, 
0.05) was determined by the two-tailed
Student t test with GraphPad Prism software (GraphPad, San Diego, CA).

RESULTS

Identification and characterization of the purH gene. A
Tn10 transposon library of the Sterne strain of B. anthracis was
screened for clones with altered phenotypes (13). Rescue clon-
ing and sequencing identified a gene (BAS0285 in the Sterne
strain; BA0298 in the Ames strain) encoding the bifunctional
protein IMP cyclohydrolase/phosphoribosyl aminoimidazole-
carboxamide formyltransferase (PurH). PurH catalyzes the fi-
nal two steps in the biosynthesis of the purine IMP (Fig. 1A).
In most bacteria, the genes encoding the proteins required for
this pathway are maintained as a 12-gene operon (1, 19, 20,
24). The purH gene is the penultimate gene in the pur operon
sequence (Fig. 1B), followed by purD (20, 24). Therefore, it is
possible that a mutation in the purH gene results in a polar
effect on purD. To evaluate the role that de novo purine bio-
synthesis plays in the virulence and pathogenesis of B. anthra-

cis, purH mutant strains were assessed. While any mutation in
the genes of the IMP biosynthetic pathway will likely cause

complete disruption of de novo purine biosynthesis, the purH

mutant strains were chosen because PurH is the final enzyme
in the biosynthetic pathway, and it is encoded by the gene
identified in our library screen.

A purH mutant strain (designated the purH::Kan strain) was
created in the fully virulent Ames strain by inserting the
�-Kan-2 cassette (57) into a unique BamHI restriction site
(888 bp downstream of the ATG start codon) in the native
purH gene. Since PurH is known to be a bifunctional enzyme,
we also created a deletion mutation of the purH gene to ensure
that a functional truncated protein was not possible (�purH).
The �purH strain was constructed by replacing the purH gene
with the �-Kan-2 cassette in the wild-type Ames strain, thereby
removing the entire purH coding region. It should be noted
that the insertion of the �-Kan-2 cassette into the pur operon
potentially caused a polar effect on the purD gene; however,
our goal was to determine the overall role of purine biosyn-
thesis in B. anthracis virulence. Establishing an association
between the lack of purine production and a particular gene or
genetic mutation was not an objective. Both purH mutant
strains of B. anthracis retained the two virulence plasmids, as
determined by PCR analysis and functional assays. The mutant
strains produced capsules, as determined by assays on bicar-
bonate plates (data not shown). In addition, the mutant and
parental strains produced similar amounts of PA, as deter-
mined by immunoblotting (data not shown).

Growth of the purH::Kan and �purH strains and comple-

mentation of the growth phenotype. To determine the growth
requirements and phenotype of the purH::Kan and �purH mu-
tant strains, both wild-type Ames and purH mutant bacilli were
grown in rich (LB) medium or minimal medium (R-medium).
In rich medium, the purH mutants and the wild-type strain
grew similarly (data not shown). In contrast, the purH mutant
strains were unable to grow appreciably in minimal medium
compared with the Ames parent strain (Fig. 2A). When R-
medium was supplemented with inosine, to demonstrate the
ability of purH mutants to scavenge the necessary nutrients, the
purH mutant strains grew at approximately the same rate as
the wild-type Ames strain (Fig. 2B). Adenosine was also suf-
ficient to rescue the growth defect of the mutant strains (data
not shown). As expected, these results suggested that PurH
was required for B. anthracis purine biosynthesis.

The purH mutation was genetically complemented using two
different approaches. First, the �purH strain was comple-
mented with an intact purH gene and was designated the
�purH � purH strain. To ensure that the phenotypes described
here could not be attributed solely to a polar effect on the purD

gene, the intact purD open reading frame was also used to
genetically complement the �purH mutation. In this comple-
mentation, purD was integrated into the �purH genome in
place of the purH gene. The cointegrate was designed in such
a manner as to ensure that the purD open reading frame
remained in frame with the native pur operon, with the purD

start codon in the same position as the original purH start
codon. Therefore, this strain, designated the �purH � purD

strain, had no purH gene but contained an intact, in-frame
purD gene uninterrupted by the presence of the �-Kan-2 frag-
ment, in addition to the native purD gene located downstream
of the �-Kan-2 fragment.

To determine the growth requirements and phenotype of
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the genetically complemented mutant strains, wild-type Ames
bacilli and �purH, �purH � purH, and �purH � purD mutant
bacilli were grown in minimal R-medium. The �purH � purH

strain was viable in R-medium, although it did not grow to the
same level as the wild-type Ames strain during the first 10 h of
culture growth (Fig. 2C). It should be noted that the �purH �

purH strain grew to approximately the same OD600 as the
wild-type Ames strain after an extended incubation period of
24 to 36 h, while the �purH strain never reached an OD600

approaching that of the wild-type Ames strain (data not
shown). When R-medium was supplemented with inosine, the
mutant and complemented strains grew at approximately the
same rate as the wild-type Ames strain (Fig. 2D). The �purH �

purD strain was unable to grow to any appreciable levels in
R-medium compared to those of the Ames parent strain, even
after an extended growth period of 24 to 36 h (data not shown).
Therefore, while there is likely a polar effect on purD in the
�purH mutant, the in vitro phenotype observed for the �purH

strain is not associated solely with the effects on purD; rather,
an intact purH gene is also required for complete growth. As
expected, the addition of inosine to the growth medium was
able to restore growth of the �purH � purD strain to wild-type
levels (data not shown).

The partial complementation (lower rate of growth than that

of the wild type) of the �purH � purH strain may be due to a
polar effect on purD. RT-PCR analysis of the �purH mutant
demonstrated that even in the absence of purH, detectable
levels of purD transcript were present. Detectable levels of
purD were also present in the �purH � purH strain. These data
suggest that while a polar effect on purD is possible, it is not
causing a complete loss of purD expression (Fig. 3). The RT-

FIG. 2. Representative growth curves for the wild-type (wt), purH::Kan, �purH, and �purH � purH strains. The strains were grown in the
minimal defined R-medium (A and C) or in R-medium supplemented with 1 mM inosine (B and D). These data represent the results of at least
two experiments.

FIG. 3. Reverse transcription-PCR was performed on total RNA
harvested from cultures of B. anthracis. The reactions used primers
specific for an internal fragment of the purD gene (approximately 380
bp). Lane 1, wild-type RNA; lane 2, RNA collected from the �purH
strain; lane 3, RNA collected from the �purD mutant strain; lane 4,
RNA collected from the �purH � purH strain. Lane 5, 1 KB Plus
ladder; bands shown, from bottom to top, are 200 bp, 300 bp, and 400
bp. Lanes 6 to 9, corresponding negative controls to confirm the ab-
sence of DNA from the RNA samples. Additionally, positive controls
(not shown) were run using primers specific for the pagA gene as an
internal control to ensure the quality of the harvested RNA.
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PCR data corroborate the results observed for �purH � purH

growth, in that the addition of an intact purH gene to the
�purH mutant gives partial complementation, suggesting that
purD is expressed to some level in the �purH mutant. While
complete complementation of the �purH strain may have been
accomplished by the construction of a strain harboring both
wild-type purH and purD genes, we were unable to construct
this strain, likely due to the double recombination of this com-
plemented strain yielding a wild-type genotype. It should also
be noted that it is unlikely that the observed �purH phenotype

is due to a mutation elsewhere in the genome (outside the
purine operon), since the growth phenotype was completely
complemented by the addition of exogenous purines (Fig. 2).

To assess the role of PurD in purine biosynthesis, a �purD

strain was constructed in the same manner as the �purH strain.
The �purD strain exhibited the same in vitro phenotypes as the
�purH strain, as expected (Fig. 4A and C). A genetically com-
plemented �purD strain (�purD � purD) was also constructed.
In R-medium, the �purD � purD strain grew at rates similar to
those of the wild-type Ames strain (Fig. 4B). It should be noted

FIG. 4. Representative growth curves for the wild type (wt) and for the �purH, �purD, and �purD � purD mutant strains. The strains were
grown in the minimal defined R-medium (A and B) or in R-medium supplemented with 1 mM inosine (C). These data are representative of at
least two experiments.
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that while purine biosynthesis and thiamine biosynthesis are
linked through a common intermediate, all the mutants dis-
cussed here were able to grow in media lacking thiamine (data
not shown). The results generated by in vitro analysis suggest
that both PurH and PurD are required for growth in R-me-
dium lacking purines and that both can be rescued by the
addition of exogenous purines. This emphasizes the point that
the lack of growth of the �purH and �purD strains in vitro is
due to a lack of de novo purine biosynthesis.

In vivo determination of the virulence of the purH mutant in

small-animal models. (i) Mice and rabbits. BALB/c mice were
challenged either intraperitoneally (Fig. 5A) or intranasally
(Fig. 5B) with wild-type Ames or purH mutant strain spores.
While significant differences in the survival curve (but not in
the percentage of animals surviving) were noted when the
�purH spores were administered intraperitoneally, no statisti-
cally significant differences were observed when the purH mu-
tant spores were administered intranasally (Fig. 5B).

A staircase experiment to evaluate the virulence of the
purH::Kan mutant in rabbits was performed. Six rabbits were
each sequentially given a single subcutaneous challenge dose
of the purH::Kan spores at six concentrations increasing from
1.6 	 102 to 1.6 	 107. These data were used to calculate a
Dixon staircase LD50 (17) of 381 spores with a mean TTD of
approximately 3 days postchallenge. The LD50 reported previ-
ously for spores of the Ames strain injected subcutaneously
into rabbits is approximately 1.6 	 103 spores, and the mean
TTD was reported to be approximately 3 days depending upon
the challenge dose administered (71). Since the LD50 values
were calculated using different methods (probit versus Dixon
staircase), and since no confidence intervals were reported for
the published value, the two values cannot statistically be com-
pared. However, we can conclude that no attenuation was
observed when purH mutant spores were given subcutaneously
to rabbits. It should be noted that initial studies were per-
formed with the purH::Kan mutant. The �purH mutant strain
was then constructed to ensure that there were no truncated
PurH peptides that could retain partial activity in vivo. There

were no significant differences between the purH::Kan and
�purH strains in either mouse or guinea pig models. Thus, we
believed that these data did not warrant a second iteration of
the rabbit experiment, since there is no evidence that the
�purH strain would be any more or less virulent than the
purH::Kan strain.

(ii) Guinea pigs. To determine the relative virulence and
bacterial fitness of the purH mutant strains, a competitive assay
was performed using the guinea pig intramuscular model of
infection (6, 13). No purH mutant bacteria were recovered
from the guinea pig spleens examined (approximate limit of
detection, 10 CFU/g of spleen) (Fig. 6A). Survival experiments
further indicated that the spores of the purH mutants were
significantly attenuated when injected intramuscularly into
guinea pigs. Guinea pigs challenged intramuscularly with ap-
proximately 1 	 103 purH::Kan or �purH spores survived and
showed no signs of illness or distress. In contrast, guinea pigs
infected with approximately 1 	 103 Ames strain spores were
found dead or were euthanized if moribund within 48 h after
infection (Fig. 6B).

To ensure that this attenuation was not specific to the chal-
lenge route, guinea pigs were also challenged intraperitoneally
with spores of the Ames or �purH strain. Whereas 20% of the
guinea pigs challenged with Ames spores survived the infec-
tion, 100% of the guinea pigs challenged with �purH spores
survived (Fig. 6C). Additionally, guinea pigs were exposed to
aerosolized purH::Kan spores. The guinea pigs inhaled approx-
imately 9.5 	 106 purH::Kan spores (approximately 250 Ames
wild-type LD50 equivalents [31]), and again, 100% (n � 4) of
the animals survived the infection, showing no signs of illness
or distress (data not shown). These data demonstrate a signif-
icant attenuation associated with purH mutant strains of B.

anthracis in guinea pigs, while little or no attenuation was
observed in the mouse and rabbit models.

We hypothesized multiple causes for the discrepancies be-
tween animal models. These studies suggest that the distribu-
tion or availability of purines in guinea pigs must be signifi-
cantly different from that in mice or rabbits. There are several

FIG. 5. Mouse intraperitoneal and intranasal challenges with wild-type (WT) Ames or purH mutant spores. (A) BALB/c mice were challenged
intraperitoneally with approximately 3 	 103 wild-type Ames, 3 	 103 purH::Kan (P, 0.09 for the survival curve and 0.6 for the percentage of mice
surviving), or 2.3 	 103 �purH (P, 0.023 for the survival curve and 0.6 for the percentage of mice surviving) spores. (B) BALB/c mice were
challenged intranasally with approximately 3.2 	 106 wild-type Ames, purH::Kan, or �purH spores delivered in 50 �l. These data represent at least
two experiments.
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scenarios that could also contribute to attenuated virulence in
the guinea pig. One possibility is that purH mutant spores
germinate slowly or incompletely in the guinea pig, making
them unable to cause systemic disease. Additionally, we hy-
pothesized that the vegetative bacilli of purH-negative strains
may be unable to grow efficiently and to produce the exotoxins
required for disease progression in guinea pigs due to a lack of
available purine nucleosides.

To assess a role for purine deficiency in the attenuation of
the B. anthracis purH mutants in guinea pigs, we challenged
guinea pigs intramuscularly with approximately 1 	 103

purH::Kan mutant spores in a suspension containing either 1
mM inosine or 1 mM adenosine. Neither the addition of in-
osine nor that of adenosine had any effect on purH spore
infectivity; 100% of the challenged animals survived (data not
shown). To further assess the apparent avirulence of the purH

mutant in guinea pigs, a septicemic model of infection was
utilized. Guinea pigs were challenged intraperitoneally with
bacilli of the wild-type Ames or purH::Kan strain. All guinea
pigs challenged with wild-type Ames bacilli succumbed to dis-
ease within 48 h. In contrast, the guinea pigs challenged with

the purH::Kan bacilli survived and showed no signs of illness or
distress (Fig. 6D).

To determine if a mutation in the purH gene results in a
strain that is completely avirulent in guinea pigs, an intramus-
cular LD50 experiment was performed (Fig. 7). While these
data did not permit the determination of a statistically reliable
intramuscular LD50 for guinea pigs, the value is greater than
106 spores for the �purH mutant strain. The intramuscular
LD50 of the wild-type Ames strain is reportedly 100 spores
(32), but recent work has suggested that the LD50 may be
significantly lower (A. M. Friedlander, personal communica-
tion). Statistically significant differences in mean TTD values
between animals infected with �purH mutant versus wild-type
spores were also observed. Whereas guinea pigs receiving ap-
proximately 1 	 103 wild-type Ames spores had a mean TTD
of 2 days, guinea pigs succumbing to a challenge with 1 	 107

spores of the �purH mutant had a mean TTD of 7.4 � 2.07
days (P, 0.002); nonsurvivors challenged with 1 	 106 spores
had a mean TTD of 10.5 � 2.12 days (P, 0.0006). These data
are particularly noteworthy when one considers the disparate
doses required for lethality.

FIG. 6. Guinea pig challenges with wild-type (WT) Ames or purH mutant strains. (A) Competitive index generated from the guinea pig assay
for comparison of the in vivo fitness of purH mutant strains to that of the wild-type Ames strain (P 
 0.0001). Guinea pigs were challenged
intramuscularly with approximately 1 	 103 spores consisting of approximately equal ratios of wild-type and mutant spores. (B) Guinea pigs were
challenged intramuscularly with approximately 1 	 103 wild-type Ames, purH::Kan, or �purH spores (P, 
0.0001 for both the percentage of
animals surviving and the survival curve), (C) Guinea pigs were challenged intraperitoneally with approximately 4 	 104 wild-type Ames or �purH
spores (P, 0.025 for the percentage of animals surviving and 0.04 for the survival curve). (D) Guinea pigs were challenged intraperitoneally with
approximately 1.6 	 105 CFU of wild-type Ames or purH::Kan bacilli (P, 0.008 for the percentage of animals surviving and 0.003 for the survival
curve).
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Samples from guinea pigs terminally infected with �purH

spores were collected for bacterial culture and histological
analyses (Fig. 8). After intramuscular challenge with high
doses of �purH spores, moribund guinea pigs had difficulty
moving and exhibited striking edema accompanied by exten-
sion of the dorsal skin. At necropsy, there was marked thick-
ening of the subcutaneous tissues and intermuscular fascial
planes with a thick, amber-colored gelatinous material (Fig.
8A). This material was collected and cultured, and the liquid
phase of the gelatinous edema was assayed both for cAMP
levels (presumably due to edema toxin) and for the PA com-
ponent of the anthrax exotoxins. The portion of edema not
contaminated with blood was culture negative for B. anthracis

but showed increased levels of cAMP (data not shown). In
addition, PA was detected by immunoblotting in the fluid
phase of the edema and, to a lesser extent, in the sera, indi-
cating the presence of anthrax toxin components (data not
shown).

Guinea pigs infected with �purH spores had significantly
lower (P, 0.006) splenic bacterial burdens than guinea pigs
challenged with wild-type Ames spores, even though the initial
dose of Ames spores was 3 to 4 orders of magnitude lower than
the �purH spore dose (Table 3). Blood cultures were com-
pared for several of the guinea pigs, and the bacterial loads in
�purH mutant-challenged animals (n � 3) were significantly
lower than those in guinea pigs infected with Ames spores (P,
0.02) (Table 4).

Histopathological analyses of guinea pig specimens. Sam-
ples of spleens and skeletal muscle were collected from the
sites of injection of guinea pigs lethally infected with high doses
of �purH spores. Immunohistochemistry (IHC) was performed
on select sections of spleen and skeletal muscle using a mouse
anti-capsule antibody. Myriad bacilli were present in histologic
sections of skeletal muscle that were also strongly positive by
IHC for B. anthracis capsule antigen. These analyses clearly

demonstrated that the �purH spores were capable of germi-
nating and forming encapsulated vegetative cells within the
muscle tissue at the site of injection (Fig. 8B and C). In addi-
tion, histologic changes in skeletal muscle included degenera-
tion and necrosis of skeletal muscle fibers, infiltration of
moderate numbers of inflammatory cells (primarily polymor-
phonuclear cells), and marked edema (Fig. 8B and C). Bacilli
or spores could not be readily identified in histologic sections
of spleen, but low levels of bacteria were detected by plate
counts of spleen homogenates (Table 3). Thus, the bacteria
present were below the limit of microscopic detection.

There was lymphocytolysis with generalized lymphoid deple-
tion within the white pulp (lymphocyte areas located within the
spleen) of some of the animals (Fig. 8D and E). These changes
have been documented frequently in animal anthrax models
and are considered to be key features of this disease (18, 27, 64,
65) or of intoxication with anthrax toxins alone (23, 39). These
data suggest that the spores were being retained at the site of
injection, germinating, and forming vegetative (toxin-produc-
ing) bacilli. We propose that when sufficient numbers of purH

vegetative cells are present, the anthrax toxins produced even-
tually reach lethal systemic levels.

Genetic complementation of the purH strain in vivo. When
guinea pigs were challenged intramuscularly with the �purH �

purH strain, 80% of them succumbed to infection (Fig. 9).
These results suggest partial complementation of the �purH

phenotype. While there were no statistical differences in the
percentage of survival between animals challenged with the
complemented strain and wild-type Ames-infected animals,
the mean TTD was significantly extended for the former group.
The extended mean TTD correlates well with the delayed
growth of the �purH � purH strain in vitro. When guinea pigs
were challenged intramuscularly with the �purH � purD strain,
20% of them succumbed to infection (Fig. 9). These results
suggest no significant complementation of the �purH pheno-

FIG. 7. LD50 results for �purH spores injected intramuscularly into guinea pigs.
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type by the addition of purD. A �purD strain, constructed in
the same manner as the �purH strain, exhibited the same in

vivo phenotypes as the �purH strain (data not shown). Addi-
tionally, the �purD strain was genetically complemented with
an intact purD gene, and the complemented strain was desig-
nated the �purD � purD strain. Guinea pigs challenged intra-
muscularly with the �purD � purD strain all succumbed to
infection at a rate statistically similar to that for guinea pigs
challenged with wild-type Ames spores (Fig. 9). The results

TABLE 3. Bacterial loads determined in the spleens of guinea pigs
infected intramuscularly with either wild-type Ames or �purH spores

Challenge strain Challenge
dose

Bacterial load
(CFU/g)

No. of
animals

% Recovery
relative to
challenge

dose

P

Ames wta 1 	 103 3.3 	 109 3 3.3 	 108 0.006
�purH strain 1 	 107 4.20 	 105 5 0.42

a wt, wild type.

FIG. 8. Guinea pigs infected with the �purH strain of B. anthracis. Moribund guinea pigs appeared to be “swollen.” (A) Marked subcutaneous
and fascial plane edema. Note the thickened and glistening (marked edema) subcutaneous tissues (arrows). (B) Skeletal muscle of a guinea pig
infected with the �purH strain of B. anthracis. There is skeletal muscle degeneration and necrosis characterized by variation in the size and shape
of skeletal muscle fibers, loss of cross-striations, and fractured and vacuolated sarcoplasm (cytoplasm). The connective tissue between muscle fibers
is markedly expanded by myriad bacilli, polymorphonuclear inflammatory cells, and clear space (edema). HE was used for staining; magnification,
	20. (C) Skeletal muscle, at the injection site, of a guinea pig infected with the �purH strain of B. anthracis. There are myriad strongly positive
bacilli within the connective tissue between muscle fibers and invading skeletal muscle fibers. The strong IHC positivity suggests that the bacilli
in the muscle produced robust capsules. Immunohistochemistry was carried out for the B. anthracis capsule antigen, with a hematoxylin
counterstain; magnification, 	60. (D) Spleen of a guinea pig infected with the �purH strain of B. anthracis. There is diffuse paucity of splenic white
pulp. There are scattered normal periarteriolar lymphoid sheaths (arrows). HE was used for staining; magnification, 	4. (E) Spleen of a guinea
pig infected with the �purH strain of B. anthracis. Lymphocytolysis (arrows) is evident within the germinal center of a splenic corpuscle. HE was
used for staining; magnification, 	40.
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generated by in vivo analysis suggest that both PurH and PurD
are required for full virulence in guinea pigs. This, again, em-
phasizes the point that the lack of virulence of the �purH and
�purD strains in guinea pigs is due to a lack of de novo purine
biosynthesis.

DISCUSSION

To our knowledge, this is the first example of a host-specific
nutrient requirement associated with a mutation in B. anthra-

cis. An intact purine biosynthetic pathway, in particular the
pathway producing IMP, appears to be necessary for complete
virulence in a guinea pig model of infection. The purine bio-
synthetic requirement for virulence in murine and rabbit mod-
els of infection appears to be less stringent, in that IMP bio-
synthetic mutants (mutants of any enzyme prior to PurH in the
biosynthetic pathway) are either fully virulent or only slightly
attenuated. A modest, yet statistically significant, difference (P,
0.023) was noted between the survival curve of mice challenged
intraperitoneally with the �purH strain and that of mice chal-
lenged with the wild-type strain. However, it should be noted

that there were no statistically significant differences between
the purH::Kan strain and the wild type and no significant dif-
ferences from the wild type in the percentage of survival for
either strain. Nevertheless, there was some evidence of a trend
toward slight attenuation in the mouse intraperitoneal model
of infection (Fig. 5A), but not in a mouse intranasal model
(Fig. 5B). We hypothesize that this could be due to differences
in purine availability between the peritoneum and the lungs/
mediastinal areas.

Several instances of such host-dependent variations are
present in the bacterial pathogen Y. pestis. Burrows and Gillett
demonstrated that a lack of available asparagine resulted in
guinea pig resistance to certain strains of Y. pestis (9). Meyer
and colleagues also demonstrated that while an attenuated
strain of Y. pestis was less virulent in guinea pigs, certain spe-
cies of nonhuman primates developed a lethal infection (51).
Oyston and coworkers demonstrated that a Y. pestis aroA mu-
tant (an aromatic amino acid auxotroph) retained virulence in
mice but was attenuated in guinea pigs (55). In contrast, aro-
matic-compound-dependent B. anthracis Sterne strain mutants
are attenuated in both guinea pigs and mice (33).

The lack of purine biosynthetic enzymes has various effects
on intrinsic bacterial virulence depending on the pathogen, the
susceptibility of the host, and the nature of the mutation in the
biosynthetic pathway. A recent report suggested that a muta-
tion in the purE gene significantly attenuated the Sterne strain
of B. anthracis in a septicemic model of infection, but a muta-
tion in the purK gene did not (61). This study contradicts
previous reports that mutations in the purine biosynthetic
pathway before the production of IMP have no effect on vir-
ulence in a murine model of infection. This discrepancy be-

FIG. 9. Guinea pig challenges with wild-type (WT) Ames or complemented mutant strains. Guinea pigs were challenged intramuscularly with
approximately 1 	 103 Ames, �purH (P, 0.017 for the percentage of guinea pigs surviving and 0.0240 for the survival curve compared with the WT),
�purH � purH (P, 1 for the percentage of guinea pigs surviving, 0.024 for the survival curve, and 
0.0001 for TTD compared with the WT), �purH
� purD (P, 1 for the percentage of guinea pigs surviving and 0.3 for the survival curve compared with those for the �purH mutant), or �purD �
purD (P, �0.05 for all tests conducted compared with the WT) spores.

TABLE 4. Bacterial loads determined in the blood of guinea pigs
infected intramuscularly with either wild-type Ames or �purH spores

Challenge strain Challenge
dose

Bacterial load
(CFU/ml)

No. of
animals

% Recovery
relative to
challenge

dose

P

Ames wta 1 	 103 9.2 	 108 3 9.2 	 107 0.02
�purH strain �1 	 106 3.4 	 103 3 0.34

a wt, wild type.
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tween the previous B. anthracis studies may be due to differ-
ences in B. anthracis strains (a fully virulent strain versus the
attenuated Sterne strain used in the purE experiments), ad-
ministration of bacilli in the septicemic model versus a spore
challenge, and the use of mice that differ genetically. It has
been shown previously that a defect in the biosynthesis of the
purine nucleotides IMP and GMP had no effect on the viru-
lence of B. anthracis in a mouse model, while mutations affect-
ing the pathway converting IMP to AMP resulted in a signif-
icant attenuation of virulence in mice (30). Interestingly, a
similar result has been reported for Y. pestis. Mutations in the
purine biosynthetic pathway of Y. pestis occurring before the
biosynthesis of IMP resulted in only an approximately 100-fold
increase in the LD50 in mice, while mutations in the pathway
between IMP and GMP showed a significantly higher degree of
attenuation, resulting in a 107-fold increase in the LD50 in mice
and a 108-fold increase in the LD50 in guinea pigs. No Y. pestis

mutants with mutations in the pathway from IMP to AMP
were isolated (8). A purH mutant of Listeria monocytogenes

showed no change in virulence in a murine model of infection
utilizing C3H mice, and a similar disruption in adenine pro-
duction caused a 1.5-log10-fold increase in the LD50 of L.

monocytogenes in BALB/c mice (38, 43). Interestingly, the
plant pathogen Xanthomonas oryzae pv. oryzae was shown to
require the PurH protein when infecting its natural host (rice
plants) but not an alternate host (tomato plants) (12).

Our results presented here agree with the previous charac-
terization of the fully virulent B. anthracis murine model in that
mutations in genes involved in the biosynthesis of IMP have
very little effect on virulence in mice (30) or rabbits; however,
we observed a significant attenuation in virulence in the guinea
pig model. This is the first example of a significant attenuation
in virulence, albeit host specific, resulting from a genetic mu-
tation disrupting the pathway prior to the production of IMP in
a fully virulent B. anthracis strain. These studies emphasize the
complexity of bacterium-host interactions and, in some cases,
host specificity.

Our data demonstrate that the purine biosynthetic pathway,
particularly the IMP biosynthetic pathway, of B. anthracis is
required for full virulence in guinea pigs. We hypothesize that
there is an inherent difference between the mechanism(s) used
by guinea pigs to sequester or utilize purines and those of mice
or rabbits. Importantly, IMP does not accumulate in the cell;
rather, it is quickly converted to AMP and GMP in two enzy-
matic steps each. Therefore, the ultimate effect on the bacterial
cell is due to a lack of AMP and GMP, not of inosine or IMP.
Hence, a mutation in the purH gene should be rescued by the
presence of a variety of purines in the growth medium or
surrounding host tissue. Indeed, we showed that both inosine
and adenosine complement the in vitro growth phenotype in
the purH mutant strains. This suggests that these purines are
not as readily available in guinea pigs as they may be in mice or
rabbits. We hypothesize that in mice and rabbits, the mutant
strains transport purines into the cells via purine nucleoside
transporters. The salvaged purines are then converted into
other purines via the available biosynthetic enzymes. The pu-
rine salvage pathways were not disrupted in the purH mutant
strains; therefore, the lack of virulence and growth by the purH

mutants in the guinea pig suggests that purines are not avail-
able at levels sufficient to promote bacterial growth. Injection

of mutant strains into the guinea pig concomitantly with exog-
enous purines was unable to rescue the mutation (data not
shown). This was most likely due to the low concentration of
purines utilized and the short half-life of purines in animal
models (5, 30, 58, 62). It is worth noting that while the IMP
biosynthetic pathway was analyzed using purH and, in some
cases, purD mutant strains, a mutation in any IMP biosynthetic
gene (Fig. 1) should result in similar phenotypes based on the
fact that the phenotypes are due to the lack of de novo purine
biosynthesis.

Past research has highlighted physiological differences be-
tween purine metabolism in guinea pigs and that in other
rodents. The concentration of adenosine is lower in the heart
muscle tissue of guinea pigs than in those of rats and mice (28).
While these findings highlight only one tissue, the possibility
exists that the ratios of the levels of available purines in other
tissues are similar. Additionally, significant differences were
associated with purine transport into erythrocytes between
guinea pigs and mice, rabbits, and other animals. It was sug-
gested in this case that the differences in nucleoside transport
in guinea pig erythrocytes were due to a difference in the
number of nucleoside receptors present on the cell surface,
resulting in a lower degree of nucleoside transport (34). These
differences do not necessarily explain our observations, but
they demonstrate a precedent for physiological differences in
guinea pigs.

Although an inherent difference in the availability of purines
in the body of a guinea pig is a plausible explanation for the
differences in virulence between the wild-type Ames strain and
the purH mutants, other possibilities do exist. As noted previ-
ously, B. anthracis mutants lacking an intact AMP biosynthetic
pathway were avirulent in mice (30). The mutation could not
be rescued even by injecting large amounts of exogenous ad-
enine with the mutant strain. Ivánovics et al. suggested that an
unknown virulence factor associated with AMP biosynthesis is
required for infection in mice (30). This may also hold true for
a purine biosynthetic mutant in guinea pigs. The lack of purine
production may disrupt the production of an unidentified vir-
ulence factor required in guinea pigs. The capsule is an exam-
ple of a virulence factor whose impact differs among different
animal models for B. anthracis infection. For instance, it has
been shown that some inbred strains of mice are relatively
susceptible to infection with the unencapsulated B. anthracis

Sterne strain, while other strains are significantly more resis-
tant to infection (4, 66–70). Additionally, the LD50 of the B.

anthracis Sterne strain in guinea pigs is reportedly 106 spores
(11), demonstrating that capsule-negative strains are severely
attenuated in guinea pigs. Toxin and capsule production were
not affected in any appreciable manner in our purH mutant
strains. Therefore, it is possible that the attenuated virulence
of a B. anthracis purH mutant in guinea pigs is due to decreased
production of an undefined virulence determinant and/or the
lack of available host purines.
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