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In an effort to better understand the mechanisms by which Bacillus anthracis establishes disease, experiments
were undertaken to identify the genes essential for intracellular germination. Eighteen diverse genetic loci were
identified via an enrichment protocol using a transposon-mutated library of B. anthracis spores, which was
screened for mutants delayed in intracellular germination. Fourteen transposon mutants were identified in
genes not previously associated with B. anthracis germination and included disruption of factors involved in
membrane transport, transcriptional regulation, and intracellular signaling. Four mutants contained trans-
poson insertions in gerHA, gerHB, gerHC, and pagA, respectively, each of which has been previously associated
with germination or survival of B. anthracis within macrophages. Strain MIGD101 (named for macrophage
intracellular germination defective 101) was of particular interest, since this mutant contained a transposon
insertion in an intergenic region between BAs2807 and BAs2808, and was the most highly represented mutant
in the enrichment. Analysis of B. anthracis MIGD101 by confocal microscopy and differential heat sensitivity
following macrophage infection revealed ungerminated spores within the cell. Moreover, B. anthracis MIGD101
was attenuated in cell killing relative to the parent strain. Further experimental analysis found that B.
anthracis MIGD101 was defective in five known B. anthracis germination pathways, supporting a mechanism
wherein the intergenic region between BAs2807 and BAs2808 has a global affect on germination of this
pathogen. Collectively, these findings provide insight into the mechanisms supporting B. anthracis germination
within host cells.

Bacillus anthracis spores germinate during early stages of
inhalational anthrax, and this is considered to be a critical step
in the progression of anthrax disease (4, 5, 7). Indeed, transi-
tion from dormant spore to vegetative bacilli is essential for
growth, bacteremia, toxin production, and synthesis of a poly-
D-glutamic acid capsule, each of which is important to the
virulence of B. anthracis.

Results from a series of studies indicate B. anthracis spores
are engaged by, and can germinate within, alveolar macro-
phages (13, 15). Sanz et al. recently described the detection of
B. anthracis spores in alveolar macrophages under in vivo in-
fection conditions using a mouse model of inhalational anthrax
(15). The molecular basis of spore tropism for alveolar mac-
rophages may be due to the collagenlike exosporium protein,
BclA, which interacts with the macrophage receptor, Mac-1
(13), while at the same time preventing the interaction of
spores with other types of cells. Spores are taken up by Mac-
1-dependent phagocytosis into LAMP-1 positive vesicles,
where germination is triggered, and the germinated spores
become susceptible to killing by the macrophage (10).

Very little is known about the bacterial factors that promote,
repress, or otherwise regulate germination of B. anthracis
spores within macrophages. To date, experiments have focused
on genes predicted to be involved in germination based on
homology with genes from other well-studied Bacillus species.
Guidi-Rontani et al. found that genes in the gerX operon sup-
port germination of B. anthracis in macrophages and in vivo
(8). A report from Weiner and Hanna indicates the gerH
operon is necessary for efficient germination of B. anthracis
spores engulfed by macrophages (16). Deletion of the gerS
gene has also been found to attenuate germination within
macrophages (11). These findings indicate the gerH and gerX
operons and the gerS gene contribute to the germination of B.
anthracis spores within phagocytic cells.

Homologs of gerH operon, gerX operon, and the gerS genes
are also found in nonpathogenic Bacillus species (8, 11). How-
ever, previous studies by Ireland and Hanna found that non-
pathogenic Bacillus species do not germinate and survive in
macrophages (11). This observation suggests B. anthracis may
encode yet-unidentified factors necessary for this pathogen’s
mechanism of intracellular germination. In order to gain in-
sight into these mechanisms of intracellular germination, we
developed an experimental approach to screen the genome of
B. anthracis Sterne 7702 for genes essential for germination
within cultured macrophages. The results from the present
study support a model in which intracellular germination of B.
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anthracis spores requires highly diverse genes, which collec-
tively contribute to this critical step in the establishment of
disease.

MATERIALS AND METHODS

Bacterial strains, plasmids, cell lines, and chemical reagents. Bacterial cul-
tures of B. anthracis or Escherichia coli were grown at 37°C in Luria-Bertani (LB)
or brain heart infusion medium (Becton Dickinson, Sparks, MD) containing
antibiotics at the following concentrations when appropriate: ampicillin, 100
�g/ml; chloramphenicol, 20 �g/ml; kanamycin, 25 �g/ml (for E. coli); erythro-
mycin, 5 �g/ml; kanamycin, 100 �g/ml (for B. anthracis); and gentamicin, 10
�g/ml. The experiments described here were performed using the Sterne 7702
strain (pXO1� pXO2�) of B. anthracis (2) as the background strain for con-
structing mini-Himar1-Kmr transposon library. Construction and characteriza-
tion of the mini-Himar1-Kmr cassette and generation of the mutant library will
be described elsewhere (S. M. McGillivray et al., unpublished data). Construc-
tion of a �gerHA strain of B. anthracis has been previously described by McKevitt
et al. (12). Abelson murine leukemia virus-transformed murine macrophages
derived from ascites of BALB/c mice (termed RAW 264.7) were obtained from
the American Type Culture Collection (Manassas, VA). The RAW 264.7 cell
line was maintained in tissue culture-grade T-75 flasks grown in the presence of
Dulbecco modified essential medium (DMEM; Gibco) supplemented with 10%
fetal bovine serum (FBS; American Type Culture Collection) at 37°C with 5.0%
CO2 in a humidified incubator. In all experiments, RAW 264.7 cells were passed
fewer than 10 times prior to infection.

Spore preparation. Spores of the B. anthracis Sterne 7702 parent strain and
the B. anthracis mini-Himar1 transposon library were generated in sporulation
medium containing 0.6 mM CaCl2 � 2H2O, 0.8 mM MgSO4 � 7H2O, 0.3 mM
MnSO4 � H2O, 85.5 mM NaCl, and 8 g of nutrient broth/liter (pH 6.0). After 3
days of incubation at 30°C, spores were harvested by centrifugation at 7,000 rpm
for 15 min at 4°C. After the supernatant was removed, the spore pellet was
resuspended in 10 ml of sterile double-distilled H2O (ddH2O) and cultured at
30°C for two more days with constant shaking to promote further sporulation and
bacterial lysis. Complete spore development was monitored by phase-contrast
microscopy. The spore suspensions were finally passed through two inline glass
microfiber syringe filters (3.1- and 1.2-�m pore sizes, respectively; VWR) to
remove vegetative cells from the spore suspension. Finally, these spores were
centrifuged at 7,000 rpm for 15 min at 4°C, washed five times with sterile ddH2O,
resuspended in 1 ml of sterile ddH2O, and stored at �20°C. Before use, all spore
suspensions were diluted to the working concentrations necessary for the corre-
sponding experiments and heated to 70°C for 45 min to kill any residual vege-
tative cells and germinated or germinating spores, as well as to heat activate the
spores. Serial dilutions of the spore preparation were plated on brain heart
infusion agar plates to determine the concentration of the CFU prior to exper-
imental analysis.

Enrichment of B. anthracis mini-Himar1 transposon mutants delayed in ger-
mination. Approximately 1.5 � 106 murine macrophage RAW 264.7 cells were
cultured in six-well tissue culture plates (Becton Dickinson) in a total of 2 ml of
DMEM with 10% FBS. Cells were allowed to grow overnight at 37°C in 5.0%
CO2 atmosphere, resulting in a semiconfluent monolayer of cells. After the
overnight culture medium was removed, the cells were washed once with 2 ml of
DMEM–10% FBS. Macrophages were then infected with B. anthracis Sterne
mini-Himar1 transposon library spores at a multiplicity of infection (MOI) of 10
in 2 ml of DMEM–10% FBS. To increase the close contact of spores with
macrophages, the plates were centrifuged at 250 � g for 10 min, and 1.5 ml of
medium supernatant was removed, leaving 500 �l covering the tissue culture cell
layer. After a 90-min incubation of cells and spores at 37°C in a 5.0% CO2

atmosphere at an MOI of 10, the macrophages were washed 10 times with
culture medium to remove the remaining extracellular nonengulfed spores and
germinated vegetative cells. Next, the macrophages were incubated in DMEM–
10% FBS supplemented with 10 �g of gentamicin/ml for 30 min to kill any
remaining vegetative bacilli. The cells were then washed three to five times with
phosphate-buffered saline (PBS), after which 500 �l of sterile ddH2O was added
to each well. The cells were scraped off the well surface, passed through a 1-ml
pipette 7 to 10 times, and incubated 45 min at 70°C. Finally, the whole volume
of 500 �l was inoculated into 5 ml of rich medium and grown overnight. Fresh
spores were prepared from the culture and used to infect macrophages. In total,
this process was repeated four times to enrich for mutants exhibiting delayed
germination under these conditions.

RATE analysis of mini-Himar1 insertion sites. To determine the mini-trans-
poson insertion site, we took advantage of the rapid-amplification-of-transposon-

ends (RATE) reaction (14). Genomic DNA was isolated from 136 randomly
picked single colony isolates from the final enrichment step of the B. anthracis
Sterne 7702 transposon library by using a DNeasy Blood & Tissue kit (Qiagen).
Kan-RATE1 primer 5�-CCCTACACAAATTGGGAGATA-3� was used for the
first PCR, and Kan-SEQ1 primer 5�-AATCTAGCGAGGGCTTTACTA-3� was
used for sequencing PCR. In the first step, inward Kan-RATE1 primer (1 �l of
100 ng/�l) was used for the PCR with ca. 200 to 300 ng of the respective mutant
genomic DNA as a template. The thermocycler conditions were as follows. After
an initial denaturation for 60 s at 94°C, 20 cycles of 94°C for 30 s, 55°C for 30 s,
and 72°C for 3 min were performed. This was followed by another 30 cycles of
94°C for 30 s, 30°C for 30 s, and 72°C for 3 min and 30 cycles of 94°C for 30 s,
55°C for 30 s, and 72°C for 2 min, with a final 10 min of extension at 72°C.

Shrimp alkaline phosphatase (SAP) and exonuclease I treatment was carried
out on the PCR product pool to dephosphorylate and degrade any residual
primer and allow direct sequencing with the specific outward sequencing primer
Kan-SEQ1 primer 5�-AATCTAGCGAGGGCTTTACTA-3�. To accomplish
this, 8 �l of PCR product was transferred to a new tube and subjected to the
following treatment. A master mix of SAP/exonuclease I was prepared as by
using 0.05 �l of exonuclease I (Epicenter), 0.5 �l of SAP (Roche), 0.5 �l of SAP
10� buffer, and 10.3 �l of sequencing-grade (deionized ultrafiltrate or 18 �)
water with a total volume of 11.35 �l. Finally, 10 �l of the master mix described
above was added to 8 �l of RATE PCR product, followed by incubation at 37°C
for 60 min and 85°C for 15 min and then sequencing.

To determine the sites of transposon insertion, a kanamycin sequence was
trimmed from the 5� ends and low-quality data was trimmed from the 3� end, and
these sequences were subjected to a BLASTn analysis, making direct compari-
sons with the reported sequence of the B. anthracis Sterne strain. In all cases,
only significant hits (e value cutoff of �10�4) are listed.

Macrophage viability and cytotoxicity assays by trypan blue staining and LDH
release following spore infection. RAW 264.7 cells were analyzed for viability
after spore infection using trypan blue staining and cytotoxicity was measured as
cell membrane lysis and the release of lactate dehydrogenase (LDH) into the
culture medium. Samples of culture media from wells containing infected cells
were collected at sequential time points postinfection. Levels of LDH were
assayed by using the colorimetric CytoTox 96 assay kit (Promega) according to
the instructions of the manufacturers. After a 30-min incubation with the sub-
strate mix, the reaction was stopped, and absorbance at 490 nm was determined
with an automatic microtiter plate reader (Molecular Devices Corp., Sunnyvale,
CA). Total LDH release was achieved by adding Triton X-100 (100 �l/well of a
9% solution) to untreated macrophages. The percentage of LDH release was
calculated by dividing the amount of LDH released from infected cells (i.e.,
experimental � bacterial spontaneous � macrophage spontaneous) by the
amount of total LDH (i.e., total macrophage � macrophage spontaneous) and
multiplying that value by 100.

At the indicated time points, cells were harvested and, after a 3-min incubation
with trypan blue, pictures were taken by using an IX51 Olympus microscope with
a DP70 camera.

Visualization and tracking of labeled spores by confocal microscopy. To assess
the ability of spores to survive and germinate inside the murine macrophage,
spore internalization and spore germination were qualitatively determined by
confocal microscopy. Spores were labeled with an Alexa Fluor 488 protein
labeling kit (Molecular Probes) for detection by confocal fluorescence micros-
copy. First, 1010 spores were diluted into 10 ml of ddH2O (Sigma Aldrich)
containing 50 mM sodium bicarbonate (pH 	8.3) and gently mixed well. Alexa
Fluor 488 dye was added to 750 �l of this spore solution, followed by mixing. The
labeled spore solution was then allowed to react with the remaining spores for 1 h
at room temperature with gentle agitation according to the manufacturer’s pro-
tocol for labeling proteins. Unconjugated dye was removed from the labeling
reaction by performing five washes with nanopure H2O. After the final wash, the
spores were resuspended in nanopure H2O (	 109 spores/�l) and stored at
�20°C prior to experimentation. Spore viability was not decreased by the flu-
orophore, as confirmed by plate counts.

RAW 264.7 cells were seeded onto 12-well plates with glass coverslips at a
density of 1.5 � 105 cells/well in a final volume of 1 ml and allowed to adhere
overnight. The following day, macrophages were infected with Alexa Fluor 488-
labeled spores at an MOI of 1 in 1 ml of DMEM–10% FBS, centrifuged at
250 � g for 10 min to enhance adhesion, and incubated for 30 min to facilitate
uptake. Next, 10 �g of gentamicin/ml was added, and the macrophages were
further incubated for 30 min to kill the extracellular vegetative form. After three
to five rinses with fresh DMEM–10% FBS, the cells were allowed to incubate for
1, 6, and 12 h at 37°C in 5% CO2. Macrophages were then washed three to five
times with PBS to remove extracellular spores and vegetative organisms and
fixed in freshly prepared 4% paraformaldehyde for 15 min at room temperature.
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After three washes with PBS, the cells were permeabilized with 0.1% Triton
X-100 in PBS for 5 min and then washed again three times in PBS. Washed cells
were then stained for F-actin with 1 U of Alexa Fluor 568-phalloidin (Molecular
Probes)/coverslip for 30 min. After three final rinses in PBS, the coverslips were
mounted onto glass slides using ProLong Gold antifade reagent with DAPI
(4�,6�-diamidino-2-phenylindole; Molecular Probe). Fluorescent confocal laser
scanning microscopy was conducted with a Zeiss LSM-510 META laser scanning
confocal microscope using the Leica confocal software (LCS Lite).

Quantification of germination efficiency after macrophage infection. A con-
fluent monolayer of RAW 264.7 macrophages at 7.5 � 105 cells/well was infected
with B. anthracis Sterne parent strain spores, B. anthracis �gerHA, or B. anthracis
mini-Himar1 spores at an MOI of 10 for 30 min, followed by treatment with
gentamicin (10 �g/ml) for an additional 30 min. Macrophages were subsequently
washed 10 times in growth medium and incubated at 37°C for 12 h, at which point
the macrophages were harvested and the cell lysate was collected. Half of the
sample was serially diluted in PBS and plated on LB agar. The other half was
heated to 70°C for 45 min in order to heat kill any spores that germinated, after
which serial dilutions were plated. The percentage of spores resistant to heat
treatment was then calculated by enumerating the CFU following an overnight
incubation. These were divided by the total CFU obtained without heating and
multiplied by 100 in order to determine the percent germination for each exper-
imental condition. Three experiments were performed, and the averages and
standard deviations were determined.

Spore germination analysis. In vitro spore germination was monitored spec-
trophotometrically where changes in refractive index (i.e., the optical density at
600 nm) are known to occur during transition from spores to vegetative forms of
the organism (12). The germinants used were are as follows: L-alanine at 0.5 mM,
inosine at 1 mM, and all other amino acids (L-proline, L-tryptophan, etc.) at 50
mM unless otherwise noted. Endospores and experimental germinants were
individually suspended at a 2� concentration in PBS and then mixed in a 1:1
ratio to initiate the germination reaction. Spores (3 � 107) were heat activated
at 70°C for 45 min before resuspension in 200 �l of germination buffer (PBS with
different germinants) to an A600 of 0.5 in the well of a 100-well Honeycomb 2
microplate (Thermo Electron Corp.). Spore germination was evaluated based on
the decrease in A600 over a 90-min time period in a Bioscreen plate reader
(Bioscreen C) with constant shaking at 37°C. Experiments were performed in
triplicate with at least two different independent spore preparations, and the
mean absorbance was determined. For all medium conditions used, standard

deviation calculations were consistently �2% of the average value and therefore
were not presented on the graphs.

Statistical analysis. Experiments requiring statistical analysis were performed
in triplicate, as indicated and analyzed by using the statistics module of Excel.
Significance was determined by using a standard two-tailed Student t test with an
alpha value of 0.05.

RESULTS

Overview of protocol to identify B. anthracis genes necessary
for intracellular germination. In order to identify genes that
are critical for intracellular germination of B. anthracis, we
designed an approach that enriched for mutants delayed or
defective in germination during infection of cultured macro-
phages. To accomplish this, spores were prepared from a B.
anthracis Himar1-based mini-transposon library and used to
infect RAW 264.7 macrophagelike cells in culture medium. As
outlined in Fig. 1A, macrophages were infected with the B.
anthracis Himar1 spores at an MOI of 10. After a 90-min
incubation, the cells were subsequently washed 10 times with
culture medium and lysed to release intracellular forms (veg-
etative or spore) of B. anthracis Himar1. To eliminate intra-
cellular germinated forms of B. anthracis Himar1 (i.e., those
lacking the targeted phenotype) and preserve mutants of in-
terest (i.e., those delayed in germination), the lysate was
heated at 70°C for 45 min, thereby killing vegetative forms of
the organism. Surviving mutants (presumptive germination de-
fective) were then inoculated into liquid medium and grown
under routine culture conditions to expand the population of
survivors from the treatment protocol. Next, fresh spores were
prepared from this culture, and the spores were again sub-
jected to the steps in infection and selection for mutants de-

FIG. 1. Enrichment protocol used to identify genes important for B. anthracis germination within cultured macrophages. (A) Flowchart
outlining the critical steps in the enrichment protocol. The specific details are described in Materials and Methods. Briefly, spores were prepared
from a B. anthracis Sterne 7702 Himar1 library, and these were used to infect cultured macrophages (M
) for 90 min. After infection, the
macrophages were lysed and exposed to heat in order to kill vegetative organisms and preserve spores. Surviving spores were germinated and grown
in vitro using rich medium, and then new spores were prepared. These spores were used to infect cultured macrophages, which were again used
to enrich for germination-defective mutants. After five rounds of enrichment, individual clones were examined by RATE reaction to determine
where the transposon was inserted into the genome of the germination defective mutant. (B) Bar graph representing the percentage of
heat-resistant spores represented in the population following the steps of enrichment. Aliquots were collected at each of the first three rounds of
enrichment, and the total CFU and heat resistant CFU were determined and used to calculate the percentage of spores in the population.
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layed in germination. Overall, the selection, culture expansion,
spore preparation, and new infection cycle was repeated four
times over the course of 3 months for a total of five cycles of
enrichment. Several permutations of this protocol were also
tested, including reducing the MOI from 10 to 1 and reducing
the time of infection from 90 to 60 min. However, these dif-
ferences in the protocol did not dramatically change the overall
efficiency of enrichment for germination-defective mutants.

To confirm that the enrichment protocol selected for mu-
tants defective in germination, comparisons were made be-
tween infections with spores from B. anthracis Sterne 7702
(parent strain) and spores prepared from the B. anthracis
Himar1 library. Samples were collected during passages through
the enrichment protocol and examined for relative increases in
the number of ungerminated spores. When spores from the
parent strain were subjected to this enrichment, the level of
surviving spores in the population did not exceed 0.1% of the
total CFU. When the surviving spores were expanded in liquid
medium and used to infect macrophages, there was no further
increase in the percentage of spores surviving the infection
(data not shown) using the parent strain. In contrast, as shown
in Fig. 1B, when spores from the B. anthracis Himar1 library
were subjected to this enrichment, there was a steady increase
in the percentage of spores surviving infection of cultured
macrophages. Assessment after the third round of infection
and enrichment found that ca. 80% of the population consisted
of spores that did not germinate within the first hour after
infection of cultured macrophages. Collectively, these obser-
vations indicated that this protocol enriched for mutants de-
layed in germination within the macrophage.

Genetic mapping and identification of Himar1-disrupted
genes. After the fifth round of enrichment, individual mutants

were examined to determine the location of transposon inser-
tions within the genome of B. anthracis. Lysates from the fifth
round of infection were collected, and heat-resistant (pre-
sumptive spores) fractions were plated for isolated colonies on
solid agar. A total of 136 individual colonies were picked from
solid agar and grown in LB broth, and chromosomal DNA was
isolated from each of these candidates. To determine the ge-
netic site where Himar1 transposed into the genome of each
candidate clone, we used a previously described technique,
RATE (14). The products of the RATE reaction were se-
quenced, and a BLASTn analysis was used to determine the
site of insertion. Of the 136 clones examined, 113 provided
nonambiguous DNA sequence sufficient to determine the site
of Himar1 insertion within the genome.

Table 1 lists the sites of Himar1 insertion in clones with
intracellular germination defects. In all, 18 different genetic
loci were identified in the putative germination-defective mu-
tants. Of the 113 clones examined, 41 were found to have an
insertion in an approximately 750-bp intergenic region be-
tween BAs2807 and BAs2808, and this mutant was termed
MIGD101 (for macrophage intracellular germination defective
101). The high representation of MIGD101 appeared to be the
result of a clonal expansion of this mutant during the enrich-
ment, since each MIGD101 mutant contained a transposon
insertion at exactly the same location in the intergenic region.
Transposon insertion was also found with relatively high
frequency in genes encoding germination-related proteins
GerHA, GerHB, and GerHC, indicating that the enrichment
protocol selected for genes that have previously been shown to
control B. anthracis germination. Further analysis of mutants
represented multiple times were found in genes encoding for a
major facilitator transporter protein, hypothetical protein, and

TABLE 1. MIGD clones identified during enrichment

Gene(s)a Description Genotype No. of clonesb

(% of total)
B. anthracis

strain

BAs2807/BAs2808 Insertion between BAs2807 (449 bp at the 5� side of
major facilitator family transporter) and BAs2808
(298 bp at the 5� side of glycosyltransferase,
group 2 family protein)

41 (36.28) MIGD101

BAs4630 Spore germination protein GerHA gerHA::TnHimar1 24 (21.24) MIGD102
BAs4631 Spore germination protein GerHB gerHB::TnHimar1 10 (8.85) MIGD103
BAs4632 Spore germination protein GerHC gerHC::TnHimar1 2 (1.77) MIGD104
BAs0229 Major facilitator transporter BAs0229::TnHimar1 10 (8.85) MIGD105
BAs5014 Hypothetical protein BAs5014::TnHimar1 7 (6.19) MIGD106
BAs5265 cGMP specific and stimulated phosphodiesterase/

adenylate cyclase
BAs5265::TnHimar1 6 (5.31) MIGD107

BAs0177 ABC transporter, substrate-binding protein, putative BAs0177::TnHimar1 1 MIGD108
BAs0194 Conserved domain protein BAs0194::TnHimar1 1 MIGD109
BAs0437 Phage transcriptional regulator, ArpU family BAs0437::TnHimar1 1 MIGD110
BAs4927 Conserved domain protein BAs4927::TnHimar1 1 MIGD111
BAs5220 Multidrug resistance protein, putative BAs5220::TnHimar1 1 MIGD112
GBAA pXO1-0130/GBAA

pXO11-0218
Insertion between GBAA pXO1-0130 and GBAA

pXO11-0218
3 (2.66) MIGD113

GBAA pXO1-0122/GBAA
pXO1-0123

Insertion between GBAA pXO1-0122 and GBAA
pXO1-0123

1 MIGD114

GBAA pXO1-0064 Conjugation protein, TraG/TraD family pXO10064::TnHimar1 1 MIGD115
GBAA pXO1-0108 Putative membrane protein pXO10108::TnHimar1 1 MIGD116
GBAA pXO1-0164 pagA, protective antigen pXO10164::TnHimar1 1 MIGD117
GBAA pXO1-0224 Conserved hypothetical protein pXO10224::TnHimar1 1 MIGD118

a BLASTn analysis was performed using the genome of B. anthracis Sterne and the NCBI nonredundant GenBank database as necessary. In all cases, only significant
hits (e value cutoff of �10�4) are listed.

b That is, the number of candidate clones for which a nonambiguous sequence was obtained via RATE analysis.
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cGMP-specific and stimulated phosphodiesterase/adenylate
cyclase and an intergenic region in the B. anthracis Sterne
ancestor Ames plasmid, pXO1. The genes represented only a
single time were distributed across genes involved in a range of
bacterial functions, including conjugation and, interestingly,
one hit was detected in pagA, the gene encoding protective
antigen.

Figure 2 provides a graphic representation of the transposon
insertions identified in putative MIGD mutants of B. anthracis.
As shown in this figure, five of the seven putative MIGD
mutants contained transposon insertions in genes found within
predicted operon structures. It is unclear whether insertions in
operon structures had polar effects, but only the gerHA, gerHB,
and gerHC mutants were found in the same operon.

B. anthracis MIGD101 is attenuated in macrophage killing.
Experiments next focused on B. anthracis MIGD101 in order
to further validate the enrichment protocol and better under-
stand the phenotype of this mutant. First, we determined the
impact of B. anthracis MIGD101 on macrophage survival com-
pared to parent strain B. anthracis Sterne and B. anthracis
�gerHA, which was first described by Weiner et al. (16, 17) and
constructed in a previous study (12).

Extended incubations of B. anthracis spores with macro-
phages eventually leads to the intracellular germination of B.
anthracis within the macrophages and, subsequently, macro-
phage cell death (our unpublished observation). This event
generally takes up to 12 h and is a simple indicator of the
efficiency of infection, germination, growth, and escape of B.
anthracis during interaction with macrophages. Hence, using a
standard spore-macrophage infection assay, macrophages were
infected with the spores of parental B. anthracis Sterne 7702
strain, B. anthracis �gerHA, and B. anthracis MIGD101. After

infection for 1 h, macrophages were treated with gentamicin
and washed 10 times to reduce levels of extracellular spores or
vegetative bacteria. Cell death was then followed by examining
changes in LDH levels in the extracellular medium, which is an
indicator of changes in plasma membrane integrity corre-
sponding to a loss in cell viability. Samples were collected every
hour for 12 h and examined for extracellular levels of LDH. As
shown in Fig. 3A, a statistically significant difference in LDH
levels was detected between extracellular supernatants of mac-
rophages infected with B. anthracis Sterne or the two mutants.
Although an increase in LDH release was apparent by 6 h in
macrophages infected with spores from the parent strain and
B. anthracis �gerHA, LDH release could not be detected at
this time point in macrophages infected with B. anthracis
MIGD101. Overall, macrophages infected with B. anthracis
parent strain or with B. anthracis �gerHA exhibited almost
100% cell death by 10 h, whereas LDH release was ca. 75% of
the total in B. anthracis MIGD101 at this time point.

To confirm the LDH observations, we used trypan blue
staining to examine the overall profile of viable and nonviable
cells in visible fields of infected macrophages. As shown in Fig.
3B to D, at 6 h after infection, �90% of macrophages infected
with the parental B. anthracis strain stained with trypan blue
(which is indicative of cell death) (Fig. 3B), whereas ca. 50% of
the macrophages infected with the B. anthracis �gerHA were
trypan blue positive (Fig. 3C) and �10% of the B. anthracis
MIGD101 stained positive for cell death (Fig. 3D). These
findings from two independent methods of assessing cell via-
bility demonstrate Himar1-mediated disruption of the inter-
genic region between BAs2807 and BAs2808 attenuates the
capacity of B. anthracis to kill macrophages after infection in
cell culture. The findings from the enrichment protocol and the

FIG. 2. Genomic location of Himar1 disrupted genes found multiple times in the population of MIGD mutants. After the enrichment protocol,
the location of transposon insertion within the genome of B. anthracis 7702 Sterne MIGD mutants was determined by RATE reaction. The
disrupted genes are highlighted in gray, and the arrow indicates the site of disruption in an intergenic region.
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viability assessment support the notion that B. anthracis
MIGD101 is delayed in germination and attenuated for cell
killing during interactions with cultured macrophages.

B. anthracis MIGD101 predominantly exists as a spore
within infected macrophages. In order to validate that delays
in MIGD101 germination occurred within the intracellular en-
vironment of the macrophages, rather than through some un-
defined extracellular or cell surface interaction, we used dif-
ferential staining and confocal microscopy to directly visualize
spores within infected cells. To accomplish this, spores from
the parental B. anthracis Sterne 7702 strain, B. anthracis
�gerHA, or B. anthracis MIGD101 strain were labeled with the
fluorescent dye Alexa Fluor 488. Alexa Fluor 488 labeling is
specific for the spore coat, and after germination there is a loss
in fluorescence as the dye is shed during outgrowth (our un-
published observations). Hence, the loss of the B. anthracis-
associated dye could be due to germination or clearance of the
spores. Thus, to detect vegetative forms of B. anthracis that
arise after germination, infected macrophages were subjected
to an additional step of staining with the DNA-specific dye
DAPI. During pilot experiments, we demonstrated that vege-
tative forms, but not spore forms, of B. anthracis were suscep-
tible to DAPI staining, presumably due to the exclusion of the
dye by the spore coat. The DAPI staining also provided a visual
orientation of the spore location within the cell, because the
macrophage DNA was also stained, thereby marking the nu-
cleus. Finally, to provide a visual outline of the cell, macro-
phages were stained with a third dye, Alexa Fluor 568-phalloi-

din, which labels actin. Within the confocal microscopy images,
spores appear green, vegetative forms appear blue, the nucleus
appears blue, and microtubules are red.

Macrophages were infected with Alexa Fluor 488-labeled
spores at an MOI of 1 and examined at 1, 6, and 12 h postin-
fection. Within 1 h, spores were detected in macrophages in-
fected with parent strain B. anthracis, B. anthracis �gerHA, and
B. anthracis MIGD101 (Fig. 4). By 6 h after infection, the levels
of detectable spores were markedly reduced in macrophages
infected with B. anthracis parent strain or B. anthracis �gerHA.
In contrast, at the 6-h time point B. anthracis MIGD101 spores
were at levels similar to the 1-h infection. By 12 h after infec-
tion, macrophages were lysed in the B. anthracis parent strain
infection, a finding indicative of cell death and corresponding
to the results of the LDH and trypan blue experiments. Extra-
cellular B. anthracis parent strain was detected as vegetative
forms by DAPI staining, supporting the idea that the organism
had germinated, grown, escaped, and lysed the macrophages.
At the 12-h time point, macrophages treated with B. anthracis
�gerHA demonstrated a mixed population of lysed and appar-
ently intact cells containing vegetative forms of B. anthracis
detected by DAPI staining. At the 12-h time point after infec-
tion with B. anthracis MIGD101, a majority of the population
of macrophages contained a mixture of vegetative bacilli and
spores. A similar analysis was performed using an MOI of 10 in
an effort to obtain a more robust phenotype. As shown in Fig.
4D, H, and L, at this higher MOI a mixture of spores and
vegetative bacilli were detected in macrophages infected with

FIG. 3. Macrophage viability after infection with the B. anthracis parent strain, the MIGD101 mutant, and the �gerHA mutant. (A) LDH
release in macrophages treated with spores of parent strain, MIGD101, and �gerHA mutants of B. anthracis Sterne 7702. The strains corresponding
to each time point and level of LDH release are indicated in the figure. The bar graph indicates the percentage of macrophage LDH released after
infection (MOI of 1; n � 3). Error bars indicate  the standard error of the mean. P values were determined by comparisons between the parent
strain and mutant strains using a two-tailed Student t test and found to be �0.05. (B, C, and D) Phase-contrast images of trypan blue-stained
cultured macrophages 6 h after infection (MOI of 1) with the B. anthracis Sterne 7702 parent strain (B), the B. anthracis MIGD101 mutant (C),
and the B. anthracis �gerHA mutant (D).
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B. anthracis parent strain or with B. anthracis �gerHA; how-
ever, in line with the infection at an MOI of 1, B. anthracis
MIGD101 was only detected as a spore at this stage of infec-
tion. These data are consistent with the idea that the observed
phenotype of B. anthracis MIGD101 is due to a delay in the
germination of this mutant inside of cultured macrophages.

Differential heat resistance of B. anthracis MIGD101 after
macrophage infection reflects delays in germination. One of
the hallmarks of the initiation of germination is increased
sensitivity of B. anthracis to heat, whereas dormant spores are
resistant to heat. The results from the enrichment protocol
suggested that B. anthracis MIGD101 was resistant to heat,
suggesting that spores prepared from this mutant remain dor-
mant for an extensive period of time following uptake by mac-
rophages. The qualitative results from confocal microscopy
also supported the idea that B. anthracis MIGD101 was dor-
mant. To prove this in a quantitative manner for B. anthracis
MIGD101, we used a previously described macrophage infec-
tion protocol (7, 12) that quantified the overall percentage of
dormant spores in the population across a time course of
infection. To accomplish this, macrophages were infected with
parental B. anthracis Sterne 7702 strain, B. anthracis �gerHA,
or B. anthracis MIGD101 and, after the cells were treated with
gentamicin and washed 10 times to reduce extracellular bac-
teria, the cells were lysed. The heat-resistant and heat-sensitive

CFU in each of the samples were then calculated as described
in Materials and Methods. As shown in Fig. 5, after 12 h of
infection with B. anthracis �2% of the organisms were de-
tected as spores. In contrast, B. anthracis �gerHA and B. an-
thracis MIGD101 exhibited a high level (37 and 50%, respec-
tively) of spores even after this extended infection. These
findings confirm and quantify the observations from the en-

FIG. 4. Detection of spores and vegetative B. anthracis in RAW 264.7 macrophages by using confocal microscopy. In order to detect spores
within infected macrophages, spores of the parent strain and the mutants were labeled with Alexa Fluor 488 (green). Vegetative B. anthracis were
visualized by staining DNA with DAPI (blue), which labels DNA from vegetative bacilli and the chromosomal DNA in the macrophage nucleus.
Macrophages are highlighted by staining F-actin with Alexa Fluor 568-phalloidin (red). Confocal images display macrophage infections with the
B. anthracis parent strain (A to D), the B. anthracis MIGD101 mutant (panels E to H), and B. anthracis �gerHA mutant (I to L). Infections are
shown with an MOI of 1 after 1 h (A, E, and I), 6 h (B, F, and J), and 12 h (C, G, and K). Infections with an MOI of 10 after 1.5 h are shown
in panels D, H, and L.

FIG. 5. Quantitative comparison of spore-macrophage interactions
between the B. anthracis parent strain, the MIGD101 mutant and the
�gerHA mutant. Spores were incubated with RAW 264.7 macrophages
at an MOI of 10. After a 12-h incubation, spores and vegetative B.
anthracis were collected, and CFU were counted prior to and after a
70°C incubation for 45 min. The bar graph presents the total CFU and
the heat-resistant CFU (n � 3). Error bars indicate  the standard
error of the mean, and the P values were �0.05.
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richment protocol and confocal analysis, which suggested that
B. anthracis MIGD101 is delayed in intracellular germination.

In vitro germination defects of MIGD101. Previous studies
by Fisher and Hanna demonstrated that B. anthracis is subject
to regulation by five distinct germination pathways (6). These
pathways are defined by their sensitivity to different germinants
and cogerminants, consisting of combinations of alanine, aro-
matic amino acids, and purine ribonucleosides. The alanine-
proline, aromatic amino acid-enhanced alanine, amino acid
and inosine-dependent 1 and 2, and the concentration L-ala-
nine pathways were tested for the activation of MIGD101
germination. Freshly prepared spores from the parental B.
anthracis Sterne 7702 strain, B. anthracis �gerHA, and B. an-
thracis MIGD101 were incubated under conditions that acti-
vated each of the germination pathways. As shown in Fig. 6,
similar to the parent strain and B. anthracis �gerHA, B. anthra-
cis MIGD101 germinated in the presence of 50 mM L-alanine.
However, in contrast to the parent strain but similar to B.
anthracis �gerHA, B. anthracis MIGD101 was defective in all
other germination pathways.

DISCUSSION

Results from the recent studies reveal a panel of bacterial
genes involved in the intracellular germination of B. anthracis.
The data obtained in the present study further support the idea
that the intracellular germination of B. anthracis is both mul-
tifactorial and complex. Eighteen different genetic loci were

identified as putative contributors to intracellular germination
of B. anthracis. Genes previously associated with intracellular
germination were found in the enriched pool of mutants, sup-
porting the idea that the protocol was effective at identifying
mutants attenuated for germination. Moreover, we were able
to demonstrate that enrichment for germination-defective mu-
tants required transposon mutagenesis, suggesting that the fre-
quency of random mutations that give rise to the phenotype of
interest is low.

There are several interesting correlates between the panel of
candidate genes and the observed phenotype. First, many of
the MIGD-related genes encode for membrane-associated
proteins, and it will be of interest in future studies to specifi-
cally determine whether these proteins function in both their
predicted roles and germination. Second, the frequency of
MIGD mutants with transposon insertions in pXO1 is striking.
Eight of the 18 mutants contained insertions in pXO1. We
recognize the possibility that the high frequency of insertions
in pXO1 may be due to preferential insertion of the Himar1
transposon into this plasmid. However, it is worth noting that
the presence of pXO1 is one of the distinguishing factors
between pathogenic B. anthracis and nonpathogenic Bacillus
species. Historically, the virulence of B. anthracis has been
attributed to the presence of pXO1 because this plasmid en-
codes for the genes of anthrax toxin. In light of the current
findings, it now is also reasonable to suggest that pXO1 could
support effective intracellular germination of B. anthracis,

FIG. 6. Analysis of in vitro spore germination pathways utilized by B. anthracis. Spores of parent strain B. anthracis, B. anthracis MIGD101, and
B. anthracis �gerHA were treated with germinants and cogerminants that stimulate each of the known germination pathways. Spores were
incubated in PBS with different germinants at the following concentrations: L-alanine, 0.5 mM; inosine, 1 mM; and all other amino acids (L-proline,
L-tryptophan, etc.), 50 mM unless otherwise noted. Germination was monitored spectrophotometrically by changes of refractive index at an optical
density at 600 nm for 60 min. The results are the average of three experiments and, for all pathways, the standard deviation did not exceed 2%
from the average value and therefore is not presented in the graphs. (A) L-Alanine (0.5 mM); (B) alanine (Ala) pathway (50 mM L-alanine);
(C) alanine-proline (AP) pathway (0.5 mM L-alanine, 50 mM L-proline); (D) aromatic amino acid-enhanced alanine (AEA) pathway (0.5 mM
L-alanine, 50 mM L-tryptophan); (E) amino acid and inosine dependent pathway (AAID-1) (1 mM concentration of inosine pairs, 0.5 mM
L-alanine); (F) 50 mM L-proline pathway (50 mM L-proline); (G) AAID-2 pathway (1 mM inosine, 50 mM L-tryptophan).
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which would contribute to the virulence of this pathogen. In-
deed, Guidi-Rontani et al. have previously reported that genes
of the gerX operon on pXO1 are critical to the germination of
B. anthracis spores (8). It should be noted that mutants in the
gerX operon were not identified in our enrichment, and this
may reflect the fact that some germination mutants are likely
to exhibit such a strong defect in germination that they cannot
be enriched during the step of expanding the mutants in vitro
under nutrient-rich conditions. Third, the identification of an
MIGD mutant with an insertion in pagA further supports the
reported observations of Guidi-Rontani et al. found that pro-
tective antigen (the protein encoded by pagA) is involved in the
intracellular activities of B. anthracis (7, 9).

The findings from the present study also correlate with tran-
scriptional profiling data obtained by Bergman et al., which
identified genes differentially expressed by B. anthracis after
infection of phagocytic cells (1). Strikingly, 5 of the 18 genes
identified in the current study were also found in the earlier
study to be differentially expressed by B. anthracis after infec-
tion of phagocytic cells. Collectively, BAs0177 (94% identity
with GBAA0175), BAs0437 (100% identity with GBAA0457),
GBAA_pXO1_0164 (pagA), GBAA_pXO1_0064, and GBAA_
pXO1_0108 were shown to be differentially expressed by B. an-
thracis. These genes were also found to be essential for intracel-
lular germination as well, suggesting the proteins expressed from
these genes could contribute to both germination and the growth
of B. anthracis within an intracellular environment.

The data shown in Fig. 3 to 6 support the idea that
MIGD101 is defective in intracellular germination and macro-
phage killing and is unable to germinate in the presence of
several well-established germinants. Indeed, MIGD101 exhib-
its a phenotype similar to a gerHA mutant; however, analysis of
the gerHA operon in this mutant confirmed that there was not
a second site mutation or transposon insertion in the gerH
genes (data not shown). The site of transposon insertion does
not appear to interrupt the promoter regions of BAs2807 or
BAs2808 and, based on preliminary experiments, both of these
genes appear to be transcribed similar to the wild type (data
not shown). As with most bacteria, the role of intergenic re-
gions in the physiology of B. anthracis remains poorly under-
stood. Continued studies on the MIGD101 mutant will help
elucidate how this intergenic region contributes to the intra-
cellular germination and physiology of B. anthracis.

In a recent study, Day et al. used transposon site hybridiza-
tion analysis to identify genes necessary for germination,
growth, and sporulation of B. anthracis in culture medium (3).
Several genes encoding for germination and sporulation fac-
tors were identified by using the transposon site hybridization
approach but, in contrast, data from our experiments indicate
that B. anthracis may use a much more extensive repertoire of
proteins to germinate after encountering the intracellular en-
vironment of mammalian cells. Fewer than a third of the can-
didate genes identified in the present study have been associ-
ated with germination, indicating that B. anthracis intracellular

germination may be a more complex process than that ob-
served under defined extracellular conditions.

The transient survival and germination of B. anthracis in
intracellular environments is thought be an important step in
the progression of anthrax disease. Overall, the results pre-
sented here provide insight into the complexity of B. anthracis
genes that are involved in this process.
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