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The endospores of Bacillus anthracis are the infectious particles of anthrax. Spores are dormant bacterial
morphotypes able to withstand harsh environments for decades, which contributes to their ability to be
formulated and dispersed as a biological weapon. We monitored gene expression in B. anthracis during growth
and sporulation using full genome DNA microarrays and matched the results against a comprehensive analysis
of the mature anthrax spore proteome. A large portion (~36%) of the B. anthracis genome is regulated in a
growth phase-dependent manner, and this regulation is marked by five distinct waves of gene expression as
cells proceed from exponential growth through sporulation. The identities of more than 750 proteins present
in the spore were determined by multidimensional chromatography and tandem mass spectrometry. Compar-
ison of data sets revealed that while the genes responsible for assembly and maturation of the spore are tightly
regulated in discrete stages, many of the components ultimately found in the spore are expressed throughout
and even before sporulation, suggesting that gene expression during sporulation may be mainly related to the
physical construction of the spore, rather than synthesis of eventual spore content. The spore also contains an
assortment of specialized, but not obviously related, metabolic and protective proteins. These findings con-
tribute to our understanding of spore formation and function and will be useful in the detection, prevention,
and early treatment of anthrax. This study also highlights the complementary nature of genomic and proteomic

analyses and the benefits of combining these approaches in a single study.

Entry of Bacillus anthracis spores into the host from the
environment, or by events brought about by human design, is
the initial event of anthrax infections (8). Vegetative bacilli are
not believed to be the disease contagion for any form of an-
thrax. The route of spore entry into the host dictates the
specific pathology and severity of the disease; e.g., cutaneous
anthrax is generally far less severe than either the gastrointes-
tinal or inhalational form (8). Endospores are produced in
response to nutrient deprivation via an alternative develop-
mental cascade by two known genera of gram-positive bacteria,
Clostridium and Bacillus (34). During sporulation, vegetative
metabolism is minimized, and a series of alternative sigma
factors are sequentially expressed and activated to coordinate
the expression of mRNAs responsible for spore development
(22).

Mature spores are metabolically inactive and have a highly
ordered structure. This structure provides the protection re-
quired for survival over long periods, even in the face of harsh
environmental conditions (48). Spore germination, outgrowth,
and initiation of a vegetative cycle occur when small molecules,
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often nutrients and/or ions, are sensed in the context of aque-
ous environments. B. anthracis spores recognize specific signals
provided by the local environment of a mammalian host and
rapidly germinate when associated with the host cells that
engulf them. Host signals that induce B. anthracis germination
include specific amino acids and nucleoside combinations that
are recognized by a family of ger4-like sensor operons (11, 15,
16, 52). Activation of the germinant sensors is believed to be
the initiating event of germination. Processes that follow in-
volve hydration of the core, expulsion of cations and dipicolinic
acid, breakup of the cortex, and onset of vegetative metabo-
lism, including production of potent virulence factors (52).

A few recent studies have identified several proteins local-
ized to the outer layers of the B. anthracis spore, including the
exosporium (23, 44). The exosporium is a prominent loose-
fitting, balloon-like layer synthesized by the mother cell and is
likely the structure most exposed to the host (28, 44). Since
spores devoid of the exosporium are as infectious as those that
have the exosporium, this structure may not contribute signif-
icantly to either the protected nature of the B. anthracis spore
or its infectivity, though from a diagnostic perspective the
exosporium may contain important antigens and markers (44).
Other structures within the spore have been defined micro-
scopically, but, as in the case of the exosporium, the molecular
composition of the spore is just beginning to be defined.

In this study, the synchronized temporal changes in gene
expression in populations of sporulating B. anthracis cultures
were examined via global microarray analyses of the kinetic
patterns of sporulation that ultimately resulted in the mature
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B. anthracis Sterne 34F, spore. We also determined the pro-
teome of the mature B. anthracis spore, delineating exosporial
(Ex0), insoluble (coat and/or membrane and possibly cortex),
and soluble (cytoplasmic) fractions of those proteins. Finally,
we performed bioinformatic analyses in an attempt to identify
and distinguish the genes encoding classes of spore structural
proteins and those involved with spore assembly and its regu-
lation. These studies provide an account of the molecular
events that ultimately give rise to the B. anthracis spore’s for-
mation and its unique properties, which include (i) robust,
long-term, dormant environmental persistence; (ii) the ability
to sense the host, germinate, and initiate the vegetative growth
cycle; (iii) the ability to survive the early challenges of host
immune defenses; and (iv) the early expression of its potent
virulence arsenal.

This study highlights the advantages and complementary
nature of genomic and proteomic approaches. We attempted
to exploit the strengths of both: genomic analysis allowed us to
rapidly document at high resolution the temporal changes in
gene expression associated with spore formation, while pro-
teomic analysis provided a detailed snapshot of the protein
content and relative abundance in two important subcellular
compartments. Consequently, we were able to gain insights
into B. anthracis spore formation and its protein composition
that neither approach yielded alone.

MATERIALS AND METHODS

Bacterial cultures. A single B. anthracis Sterne 34F, colony was used to
inoculate brain heart infusion medium containing 5% glycerol. This culture was
grown overnight at 37°C, and 20 ml was used to inoculate 500 ml of modified G
medium as described in reference 7. Growth was measured by spectrophotom-
etry at 600 nm. Progress through sporulation was monitored microscopically by
scoring for the presence of phase-bright spores and by measuring the percentage
of cells in a culture that were capable of surviving an extended heat treatment
(65°C for 30 min). The attenuated Sterne 34F, strain, which is cured of the
capsule gene containing plasmid pXO2, was chosen for this study. Because of the
very high level of identity between Sterne and the sequenced Ames strain (18, 35,
36), we believe that the 34F, strain likely maintains all of the 5,508 annotated
chromosomal and the 217 pXO1 genes.

RNA extraction. Bacteria were harvested by vacuum filtration at appropriate
time points and incubated in boiling lysis buffer (2% sodium dodecyl sulfate, 16
mM EDTA [pH 8.0], 20 mM NaCl) for 3 min. Following lysis, the mixture was
extracted successively in phenol (65°C, twice), phenol (22°C), a 25:24:1 mixture
of phenol-CHCl;-isoamyl alcohol, and finally 24:1 CHCl;-isoamyl alcohol. RNA
was then precipitated by addition of 2.5 volumes of 100% ethanol and incubation
at —20°C. Pellets were washed with 70% ethanol and resuspended in 200 pul of
H,O. The resulting RNA was further purified using an RNeasy kit (Qiagen), and
concentrations were measured by UV spectrophotometry. RNA quality was
assessed by measuring the ratio of absorbance at 260 and 280 nm and by direct
visualization in denaturing agarose gels.

Probe preparation and hybridization. RNA samples were reverse transcribed
overnight by using random hexamer primers (Invitrogen, Rockville, Md.), Su-
perscript I (Invitrogen), and a deoxynucleoside triphosphate mixture containing
aminoallyl-dUTP (Sigma). The slides were scanned with a GenePix 4000B scan-
ner and the accompanying software.

Data analysis. The Institute for Genomic Research (TIGR) Spotfinder pro-
gram (all TIGR software used in this study can be found at http://www.tigr.org
/software/tm4/) was used to identify spots and calculate local background and
integrated fluorescence intensity for Cy3 and Cy5 hybridization signals. Ques-
tionable spots (those for which shape deviated significantly from that of a true
circle, or those with signal-to-noise ratios of <3.0) were eliminated from further
analysis. Cy3 and Cy5 signals for each hybridization were normalized globally
using a mean-log,-centering approach (TIGR MIDAS program) to adjust the
data to an average Cy5/Cy3 log, ratio of 0 and then applying a lowess (locally
weighted linear regression) algorithm to further refine the normalization. Spots
with very low intensity in one channel (<25,000 relative fluorescence units and
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thus prone to high standard deviations in Cy3 and Cy5 ratio determination) were
removed and eliminated from future analyses.

Following normalization, the log, ratios for each gene’s in-slide replicates were
averaged, and corresponding flip-dye replicates were averaged to identify aber-
rant ratios arising from dye-specific effects. Calculated averages were considered
further if the median variance was <0.01. The data were then filtered in Mi-
crosoft Excel to remove genes that did not have expression ratio data in at least
80% (16 of 20) of the hybridization data points to ensure that subsequent
clustering analyses were not confounded by expression profiles with a high
percentage of missing data. All clustering analyses were performed by using the
TIGR MeV (MultiExperiment Viewer) program, and further statistical analysis
was done with MeV or Excel plus the SAM (Significance Analysis for Microar-
rays) module available at http://www-stat.stanford.edu/~tibs/SAM/index.html.
Expression data for all hybridizations can be accessed with accession number
GSES840 at the National Center for Biotechnology Information GEO database.

Preparation of spores and fractionation of protein samples. B. anthracis
Sterne 34F, or Bacillus subtilis 6051 spores were generated as described previ-
ously with a sporulation efficiency of >97%. Spores were scored by phase-bright
particles 1 to 2 pm in diameter and by heat treatment to kill nonspores and
dilution plating methods (7, 15). Protein preparations were made from spores
harvested after incubation at 65°C for 30 min to kill remaining vegetative bacilli,
washed 10 times, and resuspended in sterile deionized H,O. Final spore con-
centrations were approximately 10'!/ml. Though there was no apparent gross
contamination of spores, and no detectable protein (by Bradford analysis) was
detected in the water after the third wash, we acknowledge the real possibility of
fortuitous binding of “debris” proteins to the spore, including those that have no
apparent function in aspects of spore biology studied to date. The washing
procedure used is, we feel, preferable to harsher cleansing methods, such as the
use of Nycondenz gradients, for the following reasons: protein and/or debris
binding to spores likely occurs in nature; extensive water washing may mimic
natural conditions more closely than harsher methods; and fortuitously bound
factors (especially those that remain bound after 10 washes) may play unantic-
ipated roles in the biology of B. anthracis outside of mere spore survival. Exo
fractions were removed from the spore and verified by electron microscopy as
described previously (7, 45), and Exo proteins were trichloroacetic acid (TCA)
precipitated for further analysis. Nude spores (those stripped of exosporium
[NSttl]) were suspended in 1.0 ml of NH,HCO; buffer (100 mM, pH 8.0)
containing Complete Mini Protease inhibitor cocktail (Roche, Mannheim, Ger-
many) and fractured by treatment with Mini-BeadBeater on ice using 10 1-min
pulses at the highest setting with 1- to 2-min intervals between pulse cycles.
NS©@! were treated with DNase for 60 min, and any unfractured NS were
removed by low-speed centrifugation. Insoluble (or membrane) and soluble
fractions were separated by high-speed centrifugation (21,000 X g). The soluble
fractions were saved, and the insoluble pellet was resuspended in Na,CO; buffer
(100 mM, pH 11.0), incubated on ice for 60 min, and transferred to a 15%
sucrose solution for analysis.

Protein digestion, two-dimensional chromatography coupled with tandem
mass spectrometry analysis (LC/LC-MS/MS), and protein identification. The
Exo, soluble NS (NS*°'), and insoluble (or membrane) NS (NS™°') fractions
were handled in parallel and processed to generate peptide fragments. Proteins
from NS**' were subjected to 8 M urea treatment, reduction-cysteine modifica-
tion, and Lys-C/trypsin digestion as described previously (25, 51, 53). The NS™s°!
proteins were pretreated with cyanogen bromide and then processed similarly to
the NS*°! proteins. The TCA-precipitated Exo fraction was first redissolved in
digestion buffer (100 mM NH,HCOj3, 8 M urea [pH 8.5]), followed by the same
digestion protocol as for NS*°!,

Peptide pools of Exo, NS*°!, and NS™°! fractions were analyzed with a mul-
tidimensional protein identification technology system (MudPIT) as described
previously (25, 51). Briefly, multiple 12-step LC/LC-MS/MS experiments (four
independent measurements for NS**' and three for Exo and NS*°! fractions) were
carried out. All MS/MS spectra obtained were analyzed by SEQUEST and Pep
Probe (38) using the TIGR B. anthracis genome sequence and annotation (35).
The output from SEQUEST related to individual LC/LC-MS/MS datasets was
pooled and analyzed by DTASelect (47). Data quality criteria were set by using
the following DTASelect filter settings: XCorr, +1 ions 2.0, +2 ions 2.4, +3 ions
3.8; minimal peptide length for identification was seven amino acid residues;
delta CN, 0.08; only half or full tryptic peptides were considered, with at least two
peptides required for protein identification or a single peptide positively detected
from all independent analyses (four required for NS*°! and three for NS™°! and
Exo fractions). Proteins with four or more unique peptides that passed the
DTASelect filter were automatically validated. Proteins identified with one to
three peptides that passed the DTASelect filter were manually confirmed. The
number of MS/MS spectra corresponding to the peptides found were summed to
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FIG. 1. B. anthracis growth in modified G medium. Data points
show the optical density at 600 nm (ODyy) of cells at the time of cell
harvesting for RNA purification (numbered 1 to 20). Bars indicate
waves of gene expression described in the text and correspond to
clusters shown in Fig. 2.

generate a “spectrum count” for each protein which was used to estimate relative
abundance of proteins in the mixture.

ICP-AES analysis. Fully washed B. anthracis and B. subtilis endospores were
each divided equally into two samples. One sample was washed three additional
times with 0.1% HNO; The other sample was washed identically, except with
deionized H,O. The endospores were then treated with 70% HNOj; overnight at
90°C. The resulting material was diluted with deionized H,O and analyzed by
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) on a Vista-
PRO instrument (Varian, Palo Alto, Calif.).

RESULTS AND DISCUSSION

Although the process of sporulation in B. anthracis has been
defined morphologically, it is not well understood at the mo-
lecular level. Similarly, the B. anthracis spore itself has been
characterized microscopically (and, to a lesser extent, function-
ally), but its precise molecular composition remains unknown.
In fact, the majority of what is thought to be true about the B.
anthracis spore, and how it is made, is based on an assumption
that the large body of experimental data accumulated through
the characterization of sporulation in B. subtilis will apply to B.
anthracis. Given that the spore is the infectious particle in
anthrax and that it combines remarkable resilience (insensitiv-
ity to environmental extremes) with extreme sensitivity to ger-
minant molecules, a thorough study of how this particle is
formed would be of interest for a variety of reasons. We there-
fore used complementary genomic and proteomic approaches
to define the composition of the spore and the transcriptional
response associated with spore formation.

DNA microarray analysis of B. anthracis sporulation. In
order to define the RNA expression patterns that occur during
sporulation, we purified RNA from B. anthracis cultures grow-
ing in a defined, nutrient-poor medium that is known to pro-
mote sporulation (7, 15). Our experimental time course began
during exponential phase (Fig. 1), and we isolated RNA from
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samples taken every 15 min through stationary phase and
sporulation. At the end of the 5-h time course, microscopic
examination showed that the culture was almost exclusively
(>95%) spores, and heat resistance assays demonstrated that
these spores could germinate and grow after a lengthy heat
treatment (65°C for 30 min), suggesting that they were func-
tional and thus fully formed (data not shown).

The RNA samples obtained throughout the experiment
were examined with DNA microarrays containing target se-
quences corresponding to 5,594 genes present on the B. an-
thracis chromosome and the virulence-associated plasmids
pXO1 and pXO2 (36). cDNA probes corresponding to RNA
from each individual time point were individually hybridized in
competition with a reference cDNA (generated by reverse
transcription of an equal mass of RNA from each time point),
such that expression ratios for a given gene are relative to its
average expression levels across the entire experimental time
course. After filtering the data (see Materials and Methods),
we found that 3,518 genes varied reproducibly =2-fold at at
least one time point within the 20-point time course (see Ta-
bles S1 to S5 in the supplemental material). The remaining
1,201 genes analyzed did not alter their expression throughout
(no fluctuation * twofold). To simplify the identification of
those genes specifically regarded as “growth phase regulated,”
we further selected those genes among the 3,518 that showed
a trend of twofold induction or repression of expression in two
or more consecutive time points. This additional criterion re-
fined the number of genes displaying growth phase-dependent
expression to 2,090.

The proportion of the B. anthracis genome that appeared to
be expressed in a growth phase-dependent manner was sur-
prisingly high (~36%). Similar measurements have been made
for several other bacterial species: Helicobacter pylori, Cau-
lobacter crescentus, Streptomyces coelicolor, and Chlamydia tra-
chomatis all regulate roughly 20% of their genome in a growth
phase-dependent manner (14, 24, 29, 49). These organisms
vary considerably in natural habitat, in genome size, and in
whether they have alternate morphologies (e.g., spore, fruiting
body, etc.), so the significance of any comparisons between
them and B. anthracis is difficult to assess. It appears, however,
that a relatively large portion of the B. anthracis genome is
devoted to growth phase-specific genes, and this may be a
reflection of the complexity of the sporulation process.

The expression patterns of the 2,090 genes that showed
growth phase-dependent regulation were further analyzed us-
ing a K-median-based clustering algorithm, and clusters were
ordered according to the time of gene activation (Fig. 2). This
revealed the presence of five large groups of genes that com-
prise distinct temporal waves of gene expression (lists of genes
in these five groups are found in Tables S1 to S5 of the sup-
plemental material). Within each group there is some variabil-
ity in terms of timing and duration of induction of expression,
which undoubtedly mirrors the variability of signals and regu-
lators that contribute to gene expression within the cell. Nev-
ertheless, intracluster variation is small relative to the differ-
ences between different clusters.

The first group (669 genes) is composed of genes that are
induced during exponential growth and were expressed from
the beginning of our time course through roughly the first 90
min. A portion of the genes induced in this wave of expression
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exhibited extended activation compared to the majority of
genes in this cluster, and this general trend was true for all five
waves of expression. Furthermore, we also observed that the
relative magnitude of regulation for different genes within this
group varied somewhat, such that two genes with the same
general expression pattern could have maximum/minimum ex-
pression ratios that varied 10-fold or more. This trend was also
true for all five waves of expression, and in general we noted
that regulatory and signaling genes tended to have smaller
maximum/minimum ratios than genes for enzymes and struc-
tural components, which is perhaps reflective of the much
higher absolute expression levels required for the latter genes.

The second wave (548 genes) is induced as culture growth is
slowing, and these genes remain on for roughly 1 h. The third
wave (170 genes) is similar and overlaps the last 30 min of the
second wave, and again these genes remain up-regulated for
roughly 1 h. The second and third waves of expression are
unique in that they comprise a group of genes whose expres-
sion increases and then returns to basal or further repressed
levels completely within the experimental time frame. The
third wave further distinguishes itself in the uniformity of the
individual gene expression patterns within the cluster.

The fourth (190 genes) and fifth (513 genes) groups are
repressed longer, with the genes in the fourth group being
induced roughly 30 min after the start of the third group, and
the fifth group coming on approximately an hour after that.
These groups both remained induced through the end of the
time course. It is interesting that a large number of genes in
waves 4 and 5 display elevated expression levels, even at the
last time point sampled. The endospore has generally been
regarded as being devoid of mRNA molecules, and although
our analysis does not distinguish between expression in the
endospore and expression in the mother cell, it is possible that
this statement is not precisely true for the newly formed spore.
Presumably, RNA concentrations diminish over time as de
novo synthesis of RNA slows and eventually ceases, so the
relative age of spores may be a critical factor in examining
them for RNA content.

Genes differentially expressed during sporulation were more
closely related to homologs in Bacillus cereus strains 14579 and
10987 than was generally found for the genome (Fig. 3) (17,
36), possibly suggesting conservation in this core function. In-
terestingly, there also appeared to be evidence of chromo-
somal partitioning of functions. Similar to the spore proteome
genes (see below), genes in the first expression wave were
closer to the origin of replication, while those in wave 2, with
many genes encoding protein-modifying functions, were signif-

FIG. 2. Cluster analysis of differentially expressed B. anthracis
genes. The relative expression levels of 2,090 differentially expressed
genes are shown (rows) for each of the 20 time points examined
(columns 1 to 20, from left to right). Times shown at top are those
elapsed from the first time point. Up-regulated genes are green, while
down-regulated genes are red. Color intensity is proportional to the
level of regulation, with the most intense shades of green and red
corresponding to induction and repression, respectively, greater than
eightfold. Grey indicates missing data. Bars indicate the waves of gene
expression discussed in the text. Expression profiles for each time point
were measured in at least two independent hybridizations.
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FIG. 3. Features of spore proteome and differentially expressed genes in relation to the entire genome of B. anthracis. Bars show the percentage
of genes with transcription coaligned (i.e., in the same orientation) with the direction of replication (medium gray), the average distance from the
replication origin in nucleotides (pale gray; left axis), the average percent best normalized Blastp (1) hits to B. cereus 10987 and 14579 (17, 35) (dark
gray; see reference 35 for a description of the normalized Blast method). One-tailed Student’s ¢ tests were performed to establish divergence from
the experimental data sets from the mean of the whole genome; asterisks mark the significant differences (P < 0.05). Note that there was no overall
bias for genes in any data set to be either to the left or to the right of the origin.

icantly further from the origin. This may be due to segregation
of different regulons in different areas of the genome.

Distribution of functional categories in differentially ex-
pressed genes. It is tempting to speculate that each wave of
gene expression might correspond to a particular physiological
state and that some or all of the previously defined morpho-
logical stages of sporulation might be now assigned to a par-
ticular expression “signature.” In order to define better the
groups of coregulated genes identified by RNA expression
analysis, we used the B. anthracis gene annotation (35) to sort
the genes by functional role to look for trends (that is, over-
representation of a particular functional family in a given
group of genes) that might differentiate one coexpressed group
from another (Fig. 4).

In the first wave of gene expression, the families that are
highly expressed are those involved in biosynthesis, energy
metabolism, and protein synthesis. This may be taken to be the
normal exponential growth pattern in vegetative cells. As the
culture reached a plateau in optical density, and expression
switched from the first to the second wave, genes involved in
nutrient scavenging were overrepresented. There was an evi-
dent shift from expression of genes involved in protein synthe-
sis (e.g., ribosomal proteins) to those involved in determining
protein fate (e.g., folding and stabilization, trafficking, and
degradation). This trend is consistent with the cells’ ability to
sense a drop in nutrient levels, as would be expected as the
culture exhausts medium components and begins stationary
phase.

Roughly 45 min after the second expression wave was in-
duced, the genes in the third wave began to be expressed. This
phase of expression appears to signal the beginning of sporu-
lation, as genes within this cluster include a large number that
are known sporulation-associated loci. We also noted in this
group a relatively large number of genes that have been iden-
tified as putative membrane proteins and putative lipoproteins.

Approximately 45 min after the third wave of expression, the
fourth group of genes was induced, and these remained up-

regulated for the remainder of the time course. The genes in
this group include a large number involved in cell envelope
synthesis, including a large family of glycosyl transferase genes
and several loci involved in rhamnose biosynthesis. Rhamnose
is known to be a common sugar moiety in spore glycoproteins
(50), and the induction of these genes appears to indicate that
much of the spore construction occurs during this phase of
gene expression. Consistent with this idea, we also noted the
presence of a variety of spore coat (e.g., cot/ loci) and germi-
nation (e.g., the gerP operon) genes. Interestingly, although
synthesis of the spore would logically require a relatively large
supply of precursors like amino acids, nucleosides, and cofac-
tors, very few genes related to their biosynthesis were ex-
pressed in this stage of sporulation. This may suggest that the
committed step in sporulation does not occur until the cell has
sensed that all the required materials are available in sufficient
quantities, or simply that turnover of nucleic acids and proteins
within the cell is sufficient to provide the necessary building
blocks for spore synthesis. Further studies will be necessary to
clarify this issue.

The fifth and final group of genes was not induced until
almost 90 min after the fourth wave of expression. This group
included a large number of sporulation-associated loci, many
of which are known to be involved in the late stages of spore
synthesis. The gerE gene, for instance, is present in this group
and has been shown to be involved in the final stages of coat
deposition as well as in lysis of the mother cell and subsequent
release of the spore (6). Also present were genes encoding
several small acid-soluble spore proteins (SASPs). These pro-
teins are found at high levels in the spore and are known to
associate with and protect the compacted genome during the
cell’s dormancy. Similarly, we found the genes encoding the
subunits of dipicolinate synthase in the final wave of expres-
sion. Dipicolinic acid comprises roughly 15% of the spore’s dry
weight and is also thought to help shield the dehydrated DNA
from degradation (32). Notably, mutations in the above genes
do not preclude spore formation (they either block germina-
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Group Il

I Amino acid biosynthesis

I Biosynthesis of cofactors, prosthetic groups, and carriers
I Cell envelope

I Cellular processes

I Central intermediary metabolism

I DNA metabolism

] Energy metabolism

[ Fatty acid and phospholipid metabolism

I Hypothetical proteins

I Other category (prophage and transposon)

I Protein fate

[ Protein synthesis

I Purines, pyrimidines, nucleosides, and nucleotides
[ Regulatory functions

[ Signal transduction

I Transcription

[ Transport and binding proteins

] Unknown function

FIG. 4. Distribution of functional categories in the five waves of gene expression during B. anthracis growth and sporulation. Pie charts indicate
the fraction of each wave of expression that corresponds to each category.

tion or lead to fragile, but functional, spores) (3, 27, 37). This
wave of expression seems to represent the final stages of sporu-
lation, as many of these loci would not be necessary until just
before release from the mother cell and exposure to a poten-
tially harsh environment. We note that it is conceivable that
other regulated events occur beyond the time frame examined
here and that some or many of these events have an impact on
the content and relative abundance of proteins in the spore,
though our findings indicate that when the final RNA sample
was purified, the spores were fully formed and functional,
indicating that any later events are probably minor in terms of
B. anthracis physiology.

Sigma factor expression during sporulation in B. anthracis.
Sporulation in B. subtilis is characterized by an elaborate cas-
cade of sigma factor expression that serves to temporally reg-
ulate separate programs of gene expression in the forming
spore and in the mother cell (22). The order of this cascade is
highly regulated, with each factor directing the expression (and
thus activity) of the next. Although our analysis does not dif-
ferentiate between genes expressed in the forespore and those
expressed in the mother cell, we examined the expression of
sigma factors in B. anthracis to see if such a cascade was
evident.

We found that the sigma factors in B. anthracis are expressed
at different times throughout the time course we examined
(Fig. 5A), and when these were ordered by time of expression,
the pattern closely matched the order of sigma factor expres-
sion in B. subtilis sporulation. Briefly, we found that in B.
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sigF (BA4294)
anti-sigF (BA4295)
sigE (BA4043)
sigL (BA5372)
sigG (BA4042)
sigK (BA4566)
gerE (BA4724)
sigA (BA4515)
sig70 (BA2454)
sig70 (BA2789)
sig70 (BA0646)
sig70 (BA5610)
sig70 (BA1032)
sig70 (BA2502)

B atxA

pagA (protective antigen)
cyaA (edema factor)

lef (lethal factor)

alo (Anthrolysin O)

FIG. 5. Expression of specific functional families. (A) Expression
of the RNA polymerase sigma factors during B. anthracis growth and
sporulation. Time points at which expression is induced are green, and
those at which expression is repressed are red, with the intensity of
color indicating the strength of induction or repression. (B) Expression
of major B. anthracis virulence factors. Data are presented as in panel
A.
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anthracis the gene encoding sigma factor H (sigH) was induced
during late exponential and early stationary phase, and this was
followed closely by expression of sigF' and sigE. Roughly an
hour later, sigG was expressed, and sigG was quickly followed
by sigK. This is the expression pattern observed during B.
subtilis sporulation. We also noted some similarities to the
more subtle aspects of the B. subtilis cascade; for instance, sigK
is active in the mother cell at about the same time that sigG is
active in the spore, but sigK expression lags slightly behind that
of sigG because its expression depends on a signal generated as
a result of SigG activity.

With one important exception, the sigma factors in B. an-
thracis appear to be expressed in the same order as in B.
subtilis, and it seems reasonable to suspect that some have
similar or identical functions in the two species. The exception
is that the B. anthracis sigA homologue (BA4515) is only ex-
pressed late in sporulation, with minimal or no expression
during vegetative growth (Fig. SA). Based solely on primary
sequence, this gene appears to be an ortholog of the constitu-
tively expressed major regulator of B. subtilis, sigA (89% nu-
cleotide identity and 95% amino acid similarity). That BA4515
and the B. subtilis sigA locus might not have identical functions
is suggested both by differences in the expected expression
patterns and by the fact that the BA4515-encoded product was
one of only two sigma factor-like proteins identified in the B.
anthracis spore (see the proteomics data below), the other
being an expected sigG homolog. Additional detailed studies
are essential both to identify the major sigma factor(s) utilized
during B. anthracis vegetative growth and to assign functions to
all members of this important gene family. We note that B.
anthracis expresses several other sigma 70 family-like genes
during vegetative growth (BA3649, BA0646, BA5610, BA1032,
and BA2502) that may fill the role of sigA in B. subtilis and that
counterparts to other B. subtilis sigma factors (e.g., sigM, sighV,
and sigY) have not yet been identified in B. anthracis. Overall,
these examples highlight the utility of expression analysis in
complementing genome annotations and the need for caution
in extrapolating functional relationships between genes with
similar sequences, even within closely related species.

Virulence factor expression during B. anthracis growth and
sporulation. Studies focused on gene expression in other
pathogenic bacteria have found that growth phase often plays
an important part in regulating expression of virulence-associ-
ated genes (20, 31, 49). We therefore examined the known B.
anthracis virulence factors to see what role, if any, growth
phase plays in their regulation. The major virulence factors
(those encoding protective antigen, edema factor, lethal factor,
and their common transcriptional regulator atx4, and an ad-
ditional gene encoding anthrolysin O) showed a slight upregu-
lation (Fig. 5B) that peaked in late exponential phase. This is
consistent with recent reports showing that levels of these
proteins also reach their highest levels in late exponential
phase (4, 39, 43). It is worth noting that although the major
virulence factors are regulated to some extent by growth phase,
this regulation is rather modest; we observed an ~5-fold dif-
ference between the highest and lowest expression levels. This
is in contrast to the strength of induction observed by other
groups when studying the effects of environmental stimuli,
such as carbon dioxide, which is known to activate expression
of the pXO1 virulence factors up to 20-fold (19). It may be that
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FIG. 6. Transmission electron micrograph of negatively stained
(2% uranyl acetate) B. anthracis endospores, including an intact spore
(A), free exosporium (B), and an NS (C). Magnifications, X92,000 (A
and C) and X13,500 (B).

growth phase is less important than other environmental fac-
tors in regulating expression of these genes, and this is consis-
tent with current models that suggest that virulence gene ex-
pression is regulated by specific environmental signals
provided by the host (8, 19).

Other B. anthracis genes that are homologs to known viru-
lence factors in closely related bacteria (35) show almost no
growth phase-dependent regulation. For instance, levels of
phospholipase C (BA0677) and sphingomyelinase C (BA0678)
essentially do not change throughout the 5-h time course.

Proteomic analysis of the B. anthracis spore. Although our
microarray analysis has identified a large number of genes that
are potentially involved in sporulation in B. anthracis, it does
not differentiate between the genes that are necessary to con-
struct the spore and the gene products that actually become
part of the spore. In order to develop a more comprehensive
view of the B. anthracis spore proteome, B. anthracis spores
were fractionated first into Exo and NS components (Fig. 6).
The NS were fractured and further subdivided into NS*°! and
NS™°! fractions and analyzed separately by MudPIT. Both the
core and exosporium fractions were notable in having a higher
percent alignment to B. cereus homologs than average for the
rest of the genome, having a higher percentage of operons
coaligned with the direction of replication, and being closer to
the origin (Fig. 3). All these factors are suggestive of a con-
served set of key genes (35).

Seven hundred forty-four distinct proteins, representing
nearly 14% of the total theoretical B. anthracis proteome, were
found in the NS (see Table S6 in the supplemental material).
The predicted molecular weights and isoelectric points of the
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FIG. 7. Comparison of virtual two-dimensional gel diagrams of the
theoretical B. anthracis genome-derived proteome (A) and MudPIT-
identified spore proteins (B). The two diagrams showed similar protein
distribution patterns, indicating no gross bias in protein identification
using MudPIT.

experimental 744 spore proteins were plotted as a virtual two-
dimensional gel diagram and compared to a plot of the in silico
translation of all annotated open reading frames in the ge-
nome. Protein distribution patterns of both were very similar,
indicating that no gross bias was introduced during fraction-
ation (Fig. 7). The NS fractions contained proteins from 17
major functional categories, with the lone exception being the
“other” category, which includes prophages and transposons as
defined by Read et al. (35) (Fig. 8). Among these, functional
categories that were highly represented included energy me-
tabolism, protein synthesis, cellular processes, and proteins of
unknown function or hypothetical proteins. In particular, the
following categories showed a higher abundance in the NS
proteome than in the theoretical proteome (a translation of all
B. anthracis predicted open reading frames): protein synthesis
(11.3 versus 2.3%), nucleoside and nucleotide biosynthesis (3.0
versus 1.1%), and protein fate (5.8 versus 2.3%). Certain pro-
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FIG. 8. Distributions of protein functional categories in the theo-
retical B. anthracis proteome (A) and MudPIT-identified NS proteins
(B). Proteins from all 17 major functional categories except the pro-
phage and transposon category were represented in the NS, although
some were overrepresented or underrepresented relative to the theo-
retical total B. anthracis proteome.

tein categories were underrepresented, including hypothetical
and conserved hypothetical (18 versus 40%), cell envelope (3.7
versus 6.5%), regulatory functions (3.3 versus 5.7%), and
transport and binding (5.1 versus 8.6%), suggesting that either
fewer types of these proteins are required for spore integrity
and immediate-early vegetative growth or they are required in
lower quantities. One 156-amino-acid “hypothetical” protein
found in the spore, BA3211, is missing from both closely re-
lated B. cereus genomes (17, 35). This may be a unique target
for detection of the B. anthracis spore.

We note that the statistical significance of these comparisons
remains difficult to assess, given that the functional categories
vary in size and can be narrowly defined or can represent a
variety of functions within a general area. Accordingly, we
sought to divide the categories into more discrete subfamilies
and analyze the relationship between protein representation
and possible biological functions and/or pathways in more
depth. The 744 identified NS proteins were classified to more
specific subfamilies based on similarity of the coding region(s)
to hidden Markov models and current annotated sequence
data (35). Table 1 lists protein subfamilies (e.g., “detoxifica-
tion”) whose members were found to be highly represented,
where representation was measured as the percentage of the
theoretically possible proteins assigned a given subrole (a rel-
atively narrow functional family, e.g., a single metabolic path-
way) that were identified in the NS protein pool. Families from
which >45% of possible proteins were identified were consid-
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TABLE 1. Highly represented subrole families
Main role Subrole Subrole ID* No. identified Total no. %
Protein synthesis Ribosomal proteins: synthesis and modification 158 46 62 74.19
Protein synthesis tRNA aminoacylation 137 24 33 72.73
Protein synthesis Translation factors 169 8 12 66.67
Cellular processes Adaptations to atypical conditions 149 10 18 55.56
Energy metabolism Glycolysis and gluconeogenesis 116 17 31 54.84
Purines, pyrimidines, nucleosides, Purine ribonucleotide biosynthesis 125 8 15 53.33
and nucleotides
Energy metabolism ATP-proton motive force interconversion 111 6 12 50.00
Protein fate Protein folding and stabilization 95 11 22 50.00
Energy metabolism TCA cycle 120 10 21 47.62
Cellular processes Detoxification 96 10 22 45.45

“ 1D, the identification number assigned in the current genome annotation to a given subrole.

ered highly represented. Proteins contributing to survival in
the environment and those required for protein synthesis in the
newly germinated bacilli tended to predominate. The most
highly represented are ribosomal proteins (74% of theoretical
total), followed by tRNA synthetases and translation factors
(73 and 67%, respectively). Also well represented were super-
oxide dismutases and peroxidases, proteins that may protect
nascent bacilli from highly oxidative environments encoun-
tered within the host.

All of the NS proteins were subjected to transmembrane
hidden Markov model (21) analysis to predict transmembrane
helices, and 38 NS proteins were found to have at least one
predicted transmembrane helix. Eleven of these were present
in NS™°! fractions only (see Table S7 in the supplemental
material). Predicted membrane proteins may play important
roles in facilitating material transfer and/or signaling across the
spore inner membrane during the processes of germination
and outgrowth, and they include germination sensor GerH,
(BA4984), virulence factor MprF (BA1486), a Na/P; cotrans-
porter family protein (BA(785), cell division protein FtsH
(BA0064), a cation-efflux family protein (BA4640), and 11
hypothetical proteins. Additionally, analysis using SignalP, an
algorithm that predicts secretory signal sequences (30), showed
that 50 proteins in the NS pool have potential signal sequences
(see Table S8 in the supplemental material).

All eight predicted SASPs were identified in NS**! fractions.
Spectrum count analysis (see Materials and Methods) indi-
cates that five are likely to be highly abundant (BAOS8SS,
BAO0524, BA4898, BA3127, and BA1987), whereas the other
three are present in lower abundance. Three SASPs (BA4898,
BA3127, and BA0858) have the highest spectrum count among
all identified proteins, consistent with studies that describe
SASPs as the most abundant proteins in the spore. Although
all SASPs share high sequence similarity, four of the five most
abundant alpha/beta-type SASPs possess a significant number
of unique peptides, allowing unique identifications, while the
majority of BA3127 peptides were identical to those derived
from other SASPs. Also identified was a relatively highly abun-
dant gamma-type SASP, which is not believed to bind directly
to DNA but does contribute to spores’ ability to outgrow (12).
Other minor SASPs, especially those of <50 amino acids, were
not identified (see below for justification).

Hydrolytic enzymes. Both SASPs and the cortex are rapidly
degraded upon spore germination, and their amino acids

and/or sugars may be used as early energy sources (28). Addi-
tionally, removal of SASPs from DNA is required for initiation
of transcription. Activation of the spore germination protease
(GPR; BA4546) allows specific cleavage of SASPs, and spores
without this enzyme show greatly reduced outgrowth (40). A
total of 22 proteases were identified in the NS***!, with GPR
showing a very high spectrum count in this group (Table 2).
This suggests that spores may maintain a relatively large
amount of GPR in an inactive form that allows rapid degra-
dation of SASPs at germination. The protective cortex is also
rapidly digested upon germination, allowing outgrowth of veg-
etative bacilli and efficient transport of materials. There are
three known types of cortex-lytic enzymes in Bacillus spp.,
which were also identified here (5, 33). CwlJ, SleB, and SleL
orthologues (BA5640, BA2748, and BA3668) were found in
Exo fractions, and the latter two were also found in NS™s°!
fractions. CwlJ and SleL have relatively large spectrum counts
in Exo fractions, while a putative second protein component of
the CwlJ complex (BA2594) was not identified. SleB and SleL
were assigned to the outer surface of the B. cereus cortex and
found in germination exudates of that bacterium (5, 26). The
B. subtilis Cwl] complex was recently reported to be located
within the spore coat, and our results are consistent with these
findings (2). Besides the 22 proteases, eight other proteins
were categorized as hydrolases (Table 2). These enzymes may
be crucial for activating other proproteins that, in turn, func-
tion during the germination process.

Germination proteins. Proteins active in the breaking of
spore dormancy, usually designated “Ger,” are believed to
provide critical functions such as germinant sensing and signal
transduction (28). B. anthracis ger genes, orthologous to other
Bacillus ger genes, include tricistronic gerA4-like family mem-
bers of the germinant sensors gerX, gerS, gerL, gerH, and gerQ
(28). Because Ger proteins are believed to be present in low
abundance, they pose a challenge for comprehensive proteom-
ics studies. We identified at least four Ger family proteins
(Table 3) in the NS fraction (GerD, GerH,, GerH, and
GerY,), suggesting that either MudPIT has the capacity for
identifying some classes of low-abundance species or these
proteins may be more prevalent in B. anthracis than is thought
for other species. It is hoped that by combining proteomic and
other molecular techniques, a clearer understanding of how
these multifamily, multigene products might interact to regu-
late spore germination will be achieved.
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TABLE 2. Proteases and hydrolases
Count?
Enzlyme and Coverage® L’ Mol wt pl Description Fraction®
ocus Peptide Spectrum
Proteases
BA0261 4 6 16 338 35,973 5.2 O-Sialoglycoprotein endopeptidase (gcp) 1
BA0329 7 19 16.1 409 45,230 5.3 Aminopeptidase AmpS (ampS) 1, 2
BA1177 27 66 34.6 866 97,545 5.5 ATP-dependent Clp protease ATP-binding 1, 2
subunit ClpB (clpB)
BA1206 36 166 54.3 608 70,365 5 Oligoendopeptidase F (pepF-1) 1,2,3
BA1353 13 33 37.2 564 66,205 4.9 Oligoendopeptidase F, putative 1
BA2001 4 5 19 316 34,057 5 Intracellular serine protease 1
BA2297 8 22 23.7 422 47,089 5 Peptidase, M20/M25/M40 family 1
BA3872 4 9 12.7 410 45911 4.8 Peptidase T (pepT-1) 1, 2
BA3922 15 39 41.8 428 49,163 5 Zinc protease, insulinase family 1, 2
BA3942 12 53 45.5 413 47,004 5.4 Zinc protease, insulinase family 1, 2
BA4368 6 11 16.7 372 39,610 5.2 Peptidase T (pepT-2) 1, 2
BA4422 10 41 44.2 353 38,614 5.1 Proline dipeptidase (pepQ-1) 1, 2
BA4546 25 94 50.8 368 40,605 5 Spore germination protease (gpr) 1, 2
BA4702 10 36 18.8 773 86,212 59 ATP-dependent protease La 1 (lon) 1
BA4704 6 19 13.8 419 46,199 5 ATP-dependent Clp protease, ATP- 1
binding subunit ClpX (clpX)
BA4815 9 39 24.1 361 39,581 5.6 Peptidase, M42 family 1, 2
BA4861 7 22 29.6 365 40,660 52 Proline dipeptidase (pepQ-2) 1, 2
BA4933 8 16 235 371 41,819 5.1 Aminopeptidase, putative 1, 2
BA4947 10 29 45.7 357 39,155 6.5 Peptidase, M42 family 1, 2
BAS5155 3 7 7.5 494 53,514 4.9 Cytosol aminopeptidase (pepA) 1
BA5380 10 42 51.8 193 21,392 5.4 ATP-dependent Clp protease, proteolytic 1, 2
subunit ClpP (clpP-2)
BA5710 8 17 322 391 41,819 8 Serine protease 1
Hydrolases
BA0298 12 35 31.9 511 55,516 55 Phosphoribosylaminoimidazolecarboxamide 1
formyltransferase/IMP cyclohydrolase
(purt)
BA1152 2 3 9.4 299 33,371 72 Fumarylacetoacetate hydrolase family 1
protein
BA1532 6 11 25.9 189 21,020 6.9 GTP cyclohydrolase I (mitrA) 1
BA3606 2 4 12.9 310 34,464 8 Inosine-uridine preferring nucleoside 1, 3
hydrolase family protein
BA3668 34 44 354 430 48,169 9.2 Glycosyl hydrolase, family 18 2,3
BA4188 2 9 12.5 257 29,755 53 Hydrolase, haloacid dehalogenase-like 1
family
BA4271 2 3 8.2 268 30,097 5 Hydrolase, haloacid dehalogenase-like 1
family
BA5390 6 16 29.2 216 24,767 52 Hydrolase, haloacid dehalogenase-like 1

family

“ Data are those obtained from the soluble fraction, unless otherwise stated.
L, length (in amino acids).
¢ 1, soluble fraction; 2, membrane/insoluble fraction; 3, Exo fraction. Multiple listings indicate that the protein was detected in more than one fraction, because of
either a wide distribution or incomplete fractionation of samples.
4 From membrane/insoluble fraction.

Transport proteins, other sporulation proteins, and metals.
Upon sensing an aqueous, nutrient-rich environment, germi-
nating spores transport molecules across the inner membrane
in about the same time frame required for activation of the
immediate-early hydrolases. These processes occur very rap-
idly and are not well understood, although it is known that the
hydrolases (e.g., aminopeptidases and carboxypeptidases) use
Zn>" as a cofactor and play critical roles in protein maturation,
protein digestion, and other functions that may be important to
the developing bacillus (28). Zn*" and H* (10) are the first
two cations released, followed by efflux of dipicolinic acid/Ca**
and influx of water. Only one cation efflux protein (BA4640)
was identified, which might be involved in Zn** transport.
Seven B. anthracis proteins with known sporulation ortho-

logues were identified (Table 3). One was a stage III sporula-
tion protein (BA4411), and the rest were stage V sporulation
proteins. The fact that no early-stage sporulation proteins were
identified could indicate that these proteins are scarce or only
transiently expressed during sporulation.

Since metal ions are often rate-limiting factors for microor-
ganisms, especially those growing within the mammalian host,
we analyzed the metal content of both B. anthracis and B.
subtilis spores by ICP-AES. The metal profiles of these species
were very similar, indicating that B. anthracis does not appear
to make any special efforts to preload its spores with metals
essential for growth in the host (see Table S9 in the supple-
mental material). This is consistent with RNA expression data
showing that expression of many of the genes involved in metal
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TABLE 3. Germination and sporulation proteins

Count
Protein and locus Coverage L Mol, wt pl Description Fraction
Peptide Spectrum
Germination proteins

BA0763 2 33 3.8 501 55,503 7.9 Spore germination protein 1
GerYA (gerYA)

BAO0148 5 12 20.5 205 23,262 6.9 Spore germination protein 1
GerD (gerD)

BA4986 3 4 8.6 359 40,653 9.5 Spore germination protein 2
GerHC (gerHC)

BA4984 2 3 2.8 747 85,380 5.5 Spore germination protein 2
GerHA (gerHA)

Sporulation proteins

BAO0053 24 203 75.3 178 19,693 5.2 Stage V sporulation protein T 1,2,3
(spoV'T)

BA5376 13 42 57.1 338 36,212 6.2 Stage B sporulation protein 1,2,3
AD

BA4411 2 17 5 220 24,832 8.8 Stage III sporulation protein 1,3
AG (spollIAG)

BAA4288 4 9 22,5 338 36,379 5.3 Stage V sporulation protein 1
AD (spoVAD)

BA4286 4 6 10.2 490 55,065 6.3 Stage V sporulation protein 1
AF (spoVAF)

BA3912 8 35 73.3 86 8,869 6.8 Stage V sporulation protein S 1,2
(spoV'S-2)

BA2154 2 4 12.1 91 9,414 10.3 Stage V sporulation protein S 1
(spoV'S-1)

“ L, length (in amino acids).

uptake and sequestration (e.g., siderophore synthesis loci in-
volved in Fe*" uptake) peaked during late exponential and
early stationary phase, and these genes were not generally
expressed at high levels during sporulation. We note that some
of these gene products (e.g., bacterioferritin) are found in the
spore proteome and that iron (and metals in general) are
certainly important spore constituents, but it does appear that
B. anthracis and B. subtilis are very similar in their spores’
metal content and thus that B. anthracis has not evolved to
adjust its metal uptake and storage capabilities in response to
the mammalian host environment.

Unexpectedly, one of the mild acid-wash procedures used
for this analysis resulted in a >10-fold decrease of Zn** in
both B. anthracis and B. subtilis spores without significantly
affecting the other ions measured. Although release of Zn*" is
one signature of germination, our acid-washed spores showed
no detectable loss of heat resistance or of the ability to germi-
nate in a rich medium (data not shown). Earlier reports indi-
cated that the use of stronger acids (1 M HCI) kills B. subtilis
and causes release of core contents (41). These results suggest
that either considerable Zn** may be stored outside the core
proper or that mild-acid treatment may selectively open Zn>" -
specific channels.

Proteins of the B. anthracis exosporium. Though its role in
spore protection or virulence is unclear, the outermost layer of
the B. anthracis spore is accessible to the host and the envi-
ronment and may contain markers useful for detection and
diagnostics (44). A total of 137 Exo proteins were identified by
MudPIT, including 21 not found in the NS**! fraction (see
Table S10 in the supplemental material). Some Exo proteins,
unlike those of the NS, were easily extracted from the spore
even with very mild treatments, such as repeated water washes

(data not shown). This finding may imply that the exosporium
is somewhat fragile or simply that the exosporium contains
proteins that are fortuitously adsorbed and not bound tightly.
The standard methods for isolating Exo may also extract some
of the spore coat, as the negative staining of the spore coat
region appeared to be somewhat less intense in the NS (Fig.
6C) than in the holospore (Fig. 6A). In Exo fractions, the spore
coat proteins CotZ-1 and CotZ-2 (BA1238 and BA1234) dis-
played the highest spectrum counts, 1,575 and 1,851, respec-
tively, compared to the mean spectrum count of all 137 Exo
proteins (10). In B. subtilis, CotZ-1 and CotZ-2 are expressed
under the control of sigK and gerE in the mother cell and are
not required for the resistance properties of the spore (54, 55).
A limited amount of CotZ was detected in NS fractions,
suggesting that removal of Exo from the spore was nearly
complete. All three members of the Cotl g family
(BA0805-3) were identified as Exo proteins, with the high
spectrum counts of CotJ being consistent with prior reports
indicating that this protein is an abundant coat component (9).
CotJ, and CotJ. interact with each other, and are both ex-
pressed early in sporulation in a sigE-dependent manner (9, 13,
42). Cot]J has sequence identity to catalase and may be in-
volved in protein cross-linking (42). As all three CotJ proteins
were identified in the Exo fraction, it may be that they form a
higher-order complex in vivo. Two superoxide dismutases
(BA1489 and BA4499) were identified in Exo that, together
with a putative catalase like CotJ-, may contribute to protec-
tion against oxidative stress, especially upon engulfment by
host phagocytes before or after germination. Additionally, 16
of the 18 most abundant Exo proteins (>10-fold higher spec-
trum count than the mean) were either not found in the NS*t!
fraction or significantly enriched in the Exo fraction (Table 4)
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TABLE 4. Exo proteins

Count?

Locus Coverage” L’ Mol wt pl Description Fraction
Peptide Spectrum

BAO0108 26 (50) 152 (152) 43.8 395 42,939 5 Translation elongation factor Tu (tuf) 1,2,3
BA0252 33(7) 219 (20) 58.6 389 43,662 5.7 Alanine racemase (dal-1) 1,2,3
BA0803 21 (5) 208 (21) 67.7 189 21,651 5.3 CotJC protein (cot/C) 1,2,3
BA1234 98 (4) 1,856 (10) 96.7 152 16,146 5.2 Spore coat protein Z (cotZ-1) 1,2,3
BA1237 20 (5) 583 (61) 67.7 167 17,331 4.6 Hypothetical protein 1,2,3
BA1238 93 (2) 1,563 (5) 92.9 156 16,842 4.9 Spore coat protein Z (cotZ-2) 1,2,3
BA1489 57 (6) 314 (13) 57.6 304 36,162 5.8 Superoxide dismutase 1,2,3
BA2045 38(2) 172 (9) 31.7 186 22,207 9 Hypothetical protein 1,2,3
BA2162 29 (8) 218 (37) 343 248 29,174 4.6 Conserved domain protein 1,3
BA2292 16 (2) 173 (7) 50.6 251 28,540 6.1 Conserved hypothetical protein 1,3
BA2554 12 (5) 172 (18) 67 109 12,034 7.7 Hypothetical protein 1,3
BA3668 28 (3)° 117 (4)° 45.3¢ 430 48,169 9.2 Glycosyl hydrolase, family 18 2,3
BA4266 16 (4) 327 (5) 91.7 120 13,421 7 Hypothetical protein 1,2,3
BA4722 19 (0) 116 (0) 68.2 220 24,083 9.2 ThiJ/Pfpl family protein 3
BAA4898 12 (51) 190 (3,630) 95.4 65 6,810 6.8 Small, acid-soluble spore protein B (sspB) 1,2,3
BA5640 15 (0) 131 (0) 82.9 140 16,163 9.4 Cell wall hydrolase (cwlJ-2) 3
BAS641 24 (13) 1,166 (89) 61.4 145 16,296 53 Conserved hypothetical protein 1,2,3
BA5699 7(0) 105 (0) 52.6 133 15,048 6.2 Hypothetical protein 3

“ Data are from the Exo fraction; values in parentheses are from the soluble fraction except where noted.

L, length (in amino acids).
¢ Value in parentheses is from the membrane/insoluble fraction.

and may be of interest as candidates for detection or vaccine
development. Of these, eight were hypothetical or conserved
hypothetical proteins, three were spore coat proteins, two were
hydrolases involved in germination processes (discussed
above), and others included SodA (BA1489), alanine racemase
(BA0252), and a ThiJ/PfpL family member (BA4722).

Proteins not identified in the spore. Although MudPIT did
not appear to bias against large classes of proteins (Fig. 7), we
must assume that some degree of bias does occur on an indi-
vidual basis. Potential proteins missed include those that (i) are
present in very low abundance, (ii) are devoid of endoprotease
and/or chemical cleavage sites or have protected sites, (iii) are
missing from the genome database, especially small peptides
(<50 residues), and (iv) are glycosylated or otherwise post-
translationally modified. For instance, BclA (45, 46), a collag-
en-like Exo protein reported to be abundant but glycosylated
and without many internal cleavage sites, was not readily iden-
tified by our methods. Likewise, many early sporulation pro-
teins are missing. However, even with its limitations, MudPIT
provides a more complete picture of the protein components
of the spore’s outer layers than do the methods utilized in
previous studies (23, 44). BclA notwithstanding, this study
identified the remaining four proteins described by Steichen et
al. (44) as the most abundant proteins within the exosporium.
Of the 11 proteins identified by Lai et al. (23), only 2 were
missing in this study: GerL, a potentially low-abundance pro-
tein, and band 17, a protein not present in the TIGR genome
database. Although the Sterne strain prohibits identification of
any proteins encoded by pXO2 or requiring pXO2 elements
for expression, it is somewhat surprising how few pXO1-en-
coded proteins were contained in the spore.

Expression of the spore proteome. The proteomics approach
described here was able to identify nearly 750 proteins present
in the endospore, but the timing and regulation of these genes
remained unknown. We therefore combined the proteomic
data with the microarray data described above in order to gain

insights that might not be possible with either data set alone.
As we addressed the question of when the proteins that make
up the spore are expressed, we found that the genomic and
proteomic approaches each suggested different possibilities.
The large number of genes induced during or after the begin-
ning of sporulation (873 genes in waves 3, 4, and 5) seem to
imply that most of the spore components might be newly syn-
thesized as they are needed, yet the diversity of functions found
in the spore proteins suggests the possibility that the spore
components might be accumulated over time and that packag-
ing, rather than de novo synthesis, is the dominant operating
principle. In combining the microarray and proteomic analy-
ses, we found that the latter possibility appears to be a more
probable scenario. Of the 744 genes whose products are found
in the spore, relatively few were expressed late in our experi-
mental time course—only 173 genes from waves 3, 4, and 5
(Fig. 2). Furthermore, the genes that are expressed late are
largely structural (rather than enzymatic), which seems to im-
ply that packaging of premade components rather than new
synthesis of spore constituents is the prevailing mode of spore
construction.

Consistent with this hypothesis, we found that a surprising
number of spore constituents are expressed in a growth phase-
independent manner. Among the gene products making up the
spore proteome, 361 (48.5%) were differentially expressed dur-
ing our 5-h experiment. There was no concentration of differ-
entially expressed genes in any one of the five waves of tran-
scription identified (Fig. 9). Particularly striking was the fact
that many of these genes were actually repressed during sporu-
lation, and collectively these findings show that the gene prod-
ucts that become part of the spore (especially those involved in
metabolism, biosynthesis, and replication) are not expressed
together during sporulation but rather are expressed through-
out the bacterial life cycle and gathered together during spore
formation.

An interesting logical extension of these results is that rela-
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FIG. 9. Expression of genes whose products were identified as
components of the B. anthracis endospore. The relative expression
levels of differentially expressed genes are shown (rows) for each of the
20 time points examined (columns 1 to 20, from left to right). Times
shown at top are those elapsed from the first time point. Up-regulated
genes are green, while down-regulated genes are red. Color intensity is
proportional to the level of regulation, with the most intense shades of
green and red corresponding to induction and repression, respectively,
greater than eightfold. Grey indicates missing data.

tively few of the gene products specifically induced during
waves 3, 4, and 5 (Fig. 2) became part of the spore. Among the
873 genes that were expressed only during sporulation, only
173 became part of the spore. The remaining genes are pre-
sumably expressed in the mother cell and function in produc-
ing, or “maturing,” the spore, and it is somewhat remarkable to
see that production of the spore appears to involve so many
accessory genes (genes that are “tools” rather than “parts” in
spore production). Gene expression analysis alone makes it
difficult to say how many of these are absolutely required, since
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the operonic nature of bacterial gene expression means that
required genes may be transcribed in the same transcriptional
unit as genes that are not strictly required. Nevertheless, it is
clear that a large number of genes are expressed, if not re-
quired, during sporulation. The plethora of these genes, to-
gether with the extremely high percentage of the B. anthracis
genome that is regulated by growth phase, seems to indicate in
a profound way the complexity of sporulation in this bacte-
rium.

Although it appears that most of the spore’s enzymatic rep-
ertoire comes from preexisting and perhaps accumulated pro-
teins, there also seems to be evidence that the cell actively and
selectively loads the spore with enzymes necessary for circum-
stances that the cell has not encountered in vegetative growth.
This was especially evident in the fifth wave of gene expression,
as we noted that the genes encoding several metabolic path-
ways were expressed and that these gene products all became
part of the spore. The loci encoding the subunits of pyruvate
dehydrogenase, for instance, were only expressed very late in
our 5-h time course, and all of these enzymes are found in the
spore. Likewise, the genes for essentially the entire pentose
phosphate pathway, those for a set of phosphotransferases, a
variety of fermentation-associated genes, and the genes encod-
ing the enzymes for biosynthesis of porphyrin and coenzyme A
are also expressed late, and their products are found in the
spore. It is not at all clear that these pathways would be nec-
essary at the time of expression. The fact that all of these gene
products become part of the spore suggests the possibility of a
loading mechanism in which the spore is equipped with en-
zymes that may be necessary in the early events of germination
and outgrowth or might improve chances for survival of its
newly formed bacillus in a challenging host environment.

Future of B. anthracis genome and proteome analysis. We
anticipate that the comprehensive analyses of the formation
and composition of the B. anthracis spore will assist ongoing
efforts to understand the biology of the spore, to analyze reg-
ulation of germination events, and to develop spore-based
detection, diagnosis, and vaccines. We expect that these data
will serve as a useful reference for the B. anthracis field as well
as for the general microbiology community and that they will
continue to be useful in developing a more detailed under-
standing of sporulation. To facilitate these efforts, we have
made the data obtained here publicly available in the NCBI
GEO database (accession number GSE840). We are continu-
ing to examine these data for important insights, and we are
also extending the techniques described in this work to the
study of early postgermination events and B. anthracis infec-
tion of macrophages.
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