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Abstract
The Bacillus anthracis genome reflects its close genetic ties to B. cereus and B. thuringiensis but
has been shaped by its own unique biology and evolutionary forces. The genome is comprised of a
chromosome and two large virulence plasmids, pXO1 and pXO2. The chromosome is mostly co-
linear among B. anthracis strains and even with the closest near neighbor strains. An exception to
this pattern has been observed in a large inversion in an attenuated strain suggesting that
chromosome co-linearity is important to the natural biology of this pathogen. In general, there are
few polymorphic nucleotides among B. anthracis strains reflecting the short evolutionary time
since its derivation from a B. cereus-like ancestor. The exceptions to this lack of diversity are the
variable number tandem repeat (VNTR) loci that exist in genic and non genic regions of the
chromosome and both plasmids. Their variation is associated with high mutability that is driven by
rapid insertion and deletion of the repeats within an array. A notable example is found in the vrrC
locus which is homologous to known DNA translocase genes from other bacteria.
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1. The evolutionary context of the B. anthracis Genome
Bacillus anthracis is a clonal species that is nested inside of the B. cereus and B.
thuringiensis group of strains. It has been suggested that this group be reclassified as a
single species (B. cereus) and that subspecies designation could then be assigned to various
specialized groups within the species (Helgason et al., 2000). Due to its unique pathogenic
biology, B. anthracis would probably be simply a subspecies of B. cereus. The traditional
systematic nomenclature has been driven by extreme phenotypes in the group including the
effects from insect-toxin genes found in B. thuringiensis strains and, of course, the
catastrophic pathology from anthrax. These phenotypes are clinically and biologically
important but make poor taxonomic guides due to their non-monophyletic distribution
amongst strains. This is doubtlessly due to the intense adaptive fitness advantage offered by
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these traits and their control by mobile genetic elements. These critical and distinct
phenotypes are frequently controlled by genes on unique extra chromosomal plasmids. For
example, B. thuringiensis strains kill insect using cry and other toxins, while B. anthracis
must produce both the anthrax protein toxins and synthesize the rare poly-gamma-D-
glutamic acid capsule. In the end, the evolutionary tree of these bacilli can be more
accurately predicted from chromosomal nucleotide sequences (Hegalson et al., Priest et al
(2004), rather that the complex, diverse and horizontally transferred family of large
plasmids.

The availability of whole genome sequences has made the reconstruction of the B. anthracis
phylogeny extremely accurate. In a clonal organism, phylogenetic analysis methods (e.g.,
maximum parsimony) are the best approach for estimating population structure. Figure 1 is a
cartoon reproduction of the detailed work of Pearson (Pearson et al., 2004;Pearson et al.,
2009), which may represent the most accurate phylogenetic reconstruction for any species.
This is possible in B. anthracis primarily due to its low genetic diversity and the absence of
measurable lateral transfer of genetic material since its derivation as a species. The lack of
diversity is presumably due to a short evolutionary history that has precluded mutational
saturation in the single nucleotide polymorphism (SNP) characters that generally have been
discovered by whole genome sequencing in B. anthracis. A short evolutionary time frame is
not necessarily a short chronological timeframe. The important soil spore reservoir stage of
the B. anthracis lifecycle could have greatly influenced the evolutionary rate of this
organism, making long temporal periods appear considerably shorter. Most genomic
mutations occur during DNA replication and a spore may lay dormant for years. Calibrating
the evolutionary rate to the chronological rate is always problematic, particularly in a spore
forming bacterium. Hence, the lack of diversity in B. anthracis is due in part to this
pathogen’s lifestyle and in part to its recent emergence from a non pathogenic relative.

1.1 B. anthracis Population Structure
The B. anthracis substructure is divided into three major lineages (A, B, C) with the A clade
being the most important, globally dispersed causative form of anthrax (>90% of all cases,
see Van Ert et al, 2007). The A sub-linage radiates into multiple closely related and widely
dispersed subgroups (Keim et al., 1997; Keim et al., 2000; Van Ert et al., 2007). While there
is topological complexity in this group, it is only resolved by using whole genome sequences
to discover a small number of SNPs (a few hundred). However, once found, these SNPs are
highly dependable characters and with high consistency in phylogenetic reconstructions
(Pearson et al., 2004; Pearson et al., 2009). The two B lineages are important in certain
geographic regions but do not have the wide global distribution as the A lineage. There are
two important subclades within the B group. The B1 subclade has been previously found in
Southern Africa (Gierczynski et al., 2004; Keim et al., 2000; Smith et al., 2000; Van Ert et
al., 2007) where it co-exists in space and time with strains from the A clade. The B2 clade
has been reported more widely in southern and eastern Europe (Gierczynski et al., 2004;
Keim et al., 2000; Van Ert et al., 2007) and in a single report from California in the USA
(Van Ert et al., 2007). The basally derived C lineage is an enigma due to its source and
rarity. Two independent isolates have been found in the United States (Van Ert et al., 2007),
perhaps indicating a New World source population for the other two major clades of B.
anthracis. However, the relatively recent introduction of the A and B clades from the Old
World (Kenefic et al., 2008; Simonson et al., 2009), is inconsistent with this conclusion and
multiple transports of the ancestral population across the continents lacks parsimony. North
America is the most heavily sampled continent for B. anthracis evolutionary studies and this
may bring bias into our view of the C lineage. More sampling in different global locales will
help resolve this quandary.
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1.2 B. anthracis Near Neighbors
The near-neighbors to B. anthracis are a mixture of both B. thuringiensis and B. cereus
strains (Hill et al., 2004) illustrating the problematic nature of species designations in this
bacterial group. These two species are not monophyletic and their differentiation is based
upon phenotypes that poorly represent their evolutionary history.

The Al Hakam B. thuringiensis strain was isolated from an Iraqi spore production facility
and represents one of the very closest relatives to B. anthracis (Challacombe et al., 2007).
Even so, distinguishing B. anthracis from its nearest relatives can be readily accomplished
using phylogenetically identified characters on the branch leading to the B. anthracis clade.
These characters have included SNPs (Bode et al., 2004) and a particularly important
mutation in the plcR gene (Easterday et al., 2005; Gohar et al., 2008). This frame-shift
mutation may have a pleiotrophic effect, due to its regulatory function, that may biologically
differentiate B. anthracis from its relatives (Gohar et al., 2008). It is now clear that the
presence of toxin and capsule genes are not reliable B. anthracis identifier as these are being
observed in other Bacilli strains (Hoffmaster et al., 2004; Leendertz et al., 2004; Pannucci et
al., 2002a; Pannucci et al., 2002b). These relatives of B. anthracis may be pathogenic but it
is not clear if they are causing anthrax. Detailed studies in animal models are needed to
resolve this issue of “Anthrax, but not Bacillus anthracis?” (Okinaka et al., 2006).

2. A Chromosome and Two Plasmids
The B. anthracis genome is tripartite and comprised of a single circular chromosome and
two circular virulence plasmids. The genome nucleotide composition is highly biased
towards adenine and thymine, with only ~35% of the bases from guanine and cytosine. The
prevalence of A+T means that this DNA has a higher buoyant density and lower melting
temperatures than many others. The plasmids are relatively large and code for many
different genes, but importantly they carry the toxin and capsule determinants. The pXO1
plasmid (Okinaka et al., 1999b) has pagA (protective antigen and a intra membrane toxin
transporter), lef (lethal factor, which is a Zn2+-dependent endoprotease) and cyaA (edema
factor, which is a calmodulin-sensitive adenylate cyclase). The pXO2 plasmid (Okinaka et
al., 1999a) carries the capsule biosynthesis genes found in a cluster and is essential for full
anthrax disease. The Sterne strain that is commonly used as a live veterinarian vaccine is
missing pXO2 but still has the pXO1 plasmid with its toxins. As denoted by its name, the
protective antigen protein elicits an immune response that is very effective in preventing
disease. Its role as the toxin transporter can be disrupted by specific antibodies. While
virulence involvement of specific chromosomal genes is not as definitive, there are many
candidates. The chromosomal background of the plasmid may be the difference between an
opportunistic pathogen and one that causes catastrophic disease, with a global distribution.

2.1 The Ames Genome
While the quality of a particular genomic sequence is often hard to assess, it is important to
recognize that most genome sequences have multiple errors that can range from just a few
nucleotide mistakes to large-scale assembly problems. Draft sequences in particular have not
had the same level of annotation nor curaton, and verification as complete closed genomes.
The best publicly available bacterial genome sequence is from the Ames ancestor strain
(Ravel et al., 2009). The intense focus on the Ames strain during the anthrax letter attack
investigation lead to a highly accurate sequence determination that may be completely free
of errors. The DNA was generated from the frozen stock used for strain distribution to many
different laboratories, worldwide. Hence, it is an important reference genome for research
purposes. This also represents a stock that is relatively close to the original 1981bovine
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isolate and should be representative of wild type strains due to the limited number of
passages separating it from a natural event.

Overall, the ancestral Ames genome is 5,503,926 nucleotides in size with 5,775 protein
coding genes identified (Ravel et al., 2009; Read et al., 2003). In addition, there are 33
ribosomal RNA genes (23S, 16S and 5S) arranged in 11 operons and, along with 95 tRNA
genes, found exclusively on the chromosome. The chromosome itself represents about 95%
of the genome with the two large plasmids containing the remaining coding capacity
(pXO1=181,677 bp; pXO2=94,830 bp).

2.2 Chromosome Structure
The chromosome structure of B. anthracis is relatively conserved with few large
rearrangements. In certain other pathogens, relatively recent, large and numerous
chromosomal rearrangements occur after the pathogens emerge and “niche shifts” to become
obligate pathogens. Yersinia pestis (Achtman et al., 2004; Parkhill et al., 2001) and
Francisella tularensis (Beckstrom-Sternberg et al., 2007; Champion et al., 2009; Larsson et
al., 2009) are two notable examples where IS-element numbers increased dramatically and
chromosomal rearrangements mediated by these repeated sequences occur in populations,
which otherwise have very few polymorphisms. The interpretation of the increased
frequency of such changes is that much of the genome is released from selective pressure
due to the “niche shift”. In the relatively narrow new niche, much of the genome is no longer
needed and is open for random mutation.

Figure 2 illustrates the relatively high conservation of gene order by aligning the several
genomes and then graphically connecting regions of great similarity. Panel A is a
comparison of two genomes (Australia 94 and Ames) from the A-clade that represent a
relatively close relationship. This comparison has the fewest differences with a dominance
of red lines indicative of high co-linearity between the genomes. Under these analytical
conditions, there are essentially no indels (white sectors) observed and only a few inversions
(blue). Examination of the blue-line regions annotation indicates the presence of repeated
sequence elements that are oriented in opposite directions. These are not true chromosomal
inversions, but rather paralogous repeated elements oriented in an inverted fashion. Most
notable are the rRNA gene operons (5S, 16S and 23S), where one rRNA operon near 4.5
mbp is inverted relative to multiple other rRNA operons between 0 and 1.0 Mb. This creates
two blue diagonal “spotlight” patterns evident in all three panels due to the conserved
positions of these genes. The other inversions in panel A include protein genes such as a
sodium/alanine symporter family protein, a UDP-N-acetulglucosamine 2-epimerase, and
hypothetical proteins. The repeated and inverted nature of the rRNA operons is to be
expected due to their great sequence conservation and their distribution on both sides of the
replication origin. But, the inversion of these other protein genes appears to be more
happenstance and may be due to stochastic events and adjacent DNA sequence structure.

A more distant relationship is shown in Figure 2B where the near neighbor B. thuringiensis
Al Hakam and the B. anthracis Ames genomes are compared. Based upon the phylogenetic
tree (Figure 1), this is a relatively distant comparison, but the chromosomal co-linearity is
still very apparent by the massive red regions across the entire chromosome. In addition to
the previously mentioned inversions, there are additional indels apparent on both sides of
this comparison. The largest and most evident insertions in Ames relative to Al Hakam
represent prophage differences. Other insertions involve metabolic genes and perhaps
adaptive genomic islands. But relative to other pathogens, these are very small differences
and argue for the importance of subtle changes in the chromosome that defines B. anthracis.
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The final chromosomal structure comparison is to the laboratory strain CDC684, which has
both virulence plasmids (Ezzell et al., 1990) and yet is avirulent (Figure 1C). In addition to
the small repeated and inverted sequences observed in the other two panels, CDC684 has a
massive inversion involving more than half of the genome. While the inversion is
represented as if it occurred across the replication terminus (ca. position 2.5 mbp), it just as
well could have occurred across the origin of replication (position 0). The strand orientation
of the genome position is set by origin and, hence, it appears to have occurred across the
terminus in this figure.

Could such an inversion affect virulence? It is known that gene orientation in the
chromosome is correlated to their expression level and all the inverted genes would now be
altered in orientation. While this change is clearly not a lethal alteration, it could have
disrupted gene expression sufficiently to make this strain avirulent in the animal models.

Given the otherwise conservation of gene arrangement, is seems likely that the gene order is
important for the biology of the pathogen. Major alterations are possibly not tolerated by B.
anthracis when under natural ecological pressures. The CDC684 chromosomal inversion
demonstrates that such changes are possible, though there may be biological consequences.

3. Variable Number Tandem Repeats
Despite the paucity of SNPs (Pearson et al., 2004) and rarity of larger genome
rearrangements, there are regions in the genome that vary greatly from strain to strain.
Variable number of tandem repeated sequences (VNTRs) are found in many different
chromosomal and plasmid locations and may exhibit a few or even dozens of different
allelic states when global strain populations are examined. The basis for this diversity is a
greatly elevated mutational rate that is based primarily upon slip strand mismatch repair.
The rules for these replication errors have been extensively studied in other bacteria (Vogler
et al., 2006; Vogler et al., 2007) and they appear similar in B. anthracis. As the DNA
polymerase replicates across short tandem repeated sequences, it may “slip backwards” and
replicate a particular repeat twice; or alternatively “hop forward” and not replicate a
particular repeat. The errors most commonly occur for single repeat units and less
commonly for two or more repeat units during a single mutational event (Vogler et al., 2006;
Vogler et al., 2007). The repeated regions behave as small populations (Ohno, 1970) where
substitution mutations may occur within a repeat unit and then multiply by spreading to
adjacent individuals or, alternatively, go extinct as a particular repeat is deleted. These
arrays expand and contract in a cyclic fashion that will homogenize the different repeats. A
cis-dependent homogenization of sequences has been documented for tandem arrays in
many different species. The homogenization process is in competition with substitution
mutations that would diversify and slowly degrade the tandem arrays. Highly homogenous
tandem arrays are evidence that the expansion and contraction cycle is rapid, dynamic and
purifying (fixing or removing) the rare substitution mutation. This rapid evolution results in
greatly differing numbers of repeated units at any particular locus, across the global or even
local populations of B. anthracis (Keim et al., 2000; Van Ert et al., 2007).

Bacillus anthracis VNTRs were first discovered in the hypothetical protein gene called vrrA
(variable repeat region A) by Andersen (Andersen et al., 1996) and later characterized across
multiple strains by Jackson and Keim (Jackson et al., 1997). Turnbull’s group was
doubtlessly observing variation in this same genomic region with their use of arbitrarily
primed PCR (Henderson et al., 1994), which lead to Andersen’s discovery of vrrA.
Additional variable number tandem repeats were discovered at the “wet bench” after
genomic variation was detected with AFLP markers (Keim et al., 1997; Schupp et al., 2000).
This was laborious “wet bench” work involving marker analysis of multiple DNAs followed
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by marker fragment isolation and sequencing. All of this changed dramatically once whole
genome sequences were available and candidate VNTRs could discovered in silico. The first
complete sequences were from the plasmids pXO1 and pXO2 (Okinaka et al., 1999a;
Okinaka et al., 1999b), that quickly lead to the identification of the “AAT” and “AT” repeats
in each, respectively (Keim et al., 1999; Keim et al., 2000). The Porton Downs “Ames”
chromosome sequence came later (Read et al., 2003), but its availability lead to the
identification of numerous repeated loci (Lista et al., 2006). These regions can be
graphically represented by an “icicle plot” where the tandem arrays are projected
perpendicular from the genome sequence and where the repeat number of each tandem array
is shown by the length of the “icicles.” In figure 3, only the longest tandem arrays are
shown, but regardless there are more than two dozen or more apparent.

3.1 VNTRs as subtyping tools
VNTRs were critical to differentiating among strains of B. anthracis, when all other
methods were inadequate. The use of Multiple Locus VNTR Analysis (MLVA) was pivotal
to the identification of different subpopulations and the precise identification of particular
strains (Hoffmaster et al., 2002; Keim et al., 1999; Keim et al., 2000). The MLVA8 sub-
typing system characterized strains and allowed for the judicious selection of strains for
whole genome analysis (Pearson et al., 2004). In search of additional discriminatory power
and to provide better phylogenetic estimation, additional VNTR loci have been added by
different research groups (Lista et al., 2006; Van Ert et al., 2007). This can be problematic,
as rapidly evolving loci can lead to homoplasy due to convergent evolution. Keim et al.
(Keim et al., 2004) have suggested that a combination of VNTRs and SNPs represents a
better approach, termed PHRANA. Select highly stable and phylogenetically informative
SNPs (canonical SNPs) can be used to categorize an unknown isolate into a defined clade,
while subsequent use of MLVA discriminates among closely related isolates. Hierarchical
use of these subtyping systems maximizes speed, phylogenetic accuracy and resolution,
while minimizing cost.

3.2 Single Nucleotide Repeat VNTRs
Perhaps, the most mutable and variable VNTRs are a special category known as single
nucleotide repeat sequences (SNRs). The repeat length in these VNTRs is only a single
nucleotide, which in most cases is an A/T single nucleotide. This is due to the high A+T
content of the B. anthracis genome. In the Ames genome there are more than 50 SNRs
known that are greater than 9 nucleotides in length. One locus on the pXO2 plasmid, HM1,
is notable for its large number of alleles and large repeat number. HM-1 has some alleles
that exceed 50 nucleotides and many different allele size between 9 and 60 has been
observed. Kenefic (Kenefic et al., 2008) was able to differentiate even very closely related
isolates from a North American outbreak due to the rapid evolution of these sequences.
These SNR loci are almost always in non protein coding regions and their biological effect
is still obscure.

3.4 VNTRs in Genes
However, many VNTRs can be found in protein coding regions of the genome. When triplet,
or multiples of three (3X), repeat sizes are observed, it is almost always indicative of a
protein gene location. As the VNTR expands or contracts, a repeat size of 3X will not
change the translational reading frame, though the amino acid composition of the protein
will still be altered. The collagen-like protein encoded by the bclA gene is one of the better
characterized examples of VNTR protein gene in B. anthracis. This glycoprotein is a
structural constituent of the exosporium filaments on the spore surface (Sylvestre et al.,
2002). As the tandem arrays within the gene become longer, the filaments also increase in
length (Sylvestre et al., 2003). While VNTRs have been implicated in many biological
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phenomena including phase variation (Weiser et al., 1989), this is the only current B.
anthracis example of a phenotypic effect controlled by changes in a VNTR. Even here the
variation is only detected by special staining of electron micrographs, so we clearly have
much to learn about the biological importance of VNTRs in this pathogen.

4. vrrC Evolution
The evolution of VNTRs within genes can be illustrated by taking a detailed look the vrrC
locus in B. anthracis. This gene has a notable tripartite VNTR structure (Figure 4) that
greatly alters the predicted protein, a DNA translocase. The VNTR attribute of this gene is
not observed in the B. subtilis homologs, though the VNTR does occupy a coding region
that has lower evolutionary conservation when compared across species. In other words, the
vrrC VNTR is not required by other bacteria and its presence in the B. anthracis gene may
not be biologically important but simply tolerated in a flexible region or the protein.

4.1 vrrC is a DNA translocase
The predicted vrrC protein shows homology to members of the FtsK-SpoIIIE DNA
translocase protein family. The large vrrC ORF spans 3,651 bp of the genome, and encodes
a putative 1,217 amino acid protein (Ames genome). The putative vrrC polypeptide is rich in
glutamic acid and valine, common in the VNTR repeat motifs. SpoIIIE is a DNA-dependent
ATPase (Wu and Errington, 1994) required for post-septational translocation of the
forespore chromosome during sporulation. In addition, SpoIIIE has been shown to aid
chromosome separation when normal vegetative cell division is defective (Britton and
Grossman, 1999; Sharpe and Errington, 1995). A role for SpoIIIE has been implicated in the
final stages of spore engulfment (Sharpe and Errington, 1995). The vrrC protein contains the
conserved ATP binding P-loop motif found in the FtsK/SpoIIIE DNA translocase proteins.
This nucleotide-binding domain confers functionally important ATPase activity to B. subtilis
SpoIIIE (Bath et al., 2000). The conserved nucleotide-binding domain is found close to the
carboxyl end of vrrC, away from the variable region which is in central portion. The greatest
similarity is between vrrC and the Ytpt protein, a B. subtilis SpoIIIE homolog of unknown
function. A putative B. anthracis SpoIIIE sequence, distinct from vrrC, was also identified
in the Ames genome. Hence, the exact cellular role for the vrrC protein has yet to be
identified.

4.2 vrrC has a tripartite VNTR
The full vrrC VNTR is spread across three separated repeat arrays (Figure 4). The repeat
motif length is 36 bp in vrrC1, 18 bp in vrrC2, and 42 bp in vrrC3. A sequence alignment dot
plot illustrates the homology within and among discrete repeat arrays (Figure 1). The
dominant motif 5′ to 3′ in vrrC1 is: GAA(G/A) (A/T)(A/G)(T/C)(T/C) AGAAGAAGT (G/
A)GAAGTA(A/G)(T/C) TGC(A/G)GAA (A/G)C(A/G). There is a nine bp insertion
(GAAAAATTA) between two repeats to the 3′ end of the array. There are three dominant
vrrC2 motifs, which appear to alternate at random. In order of descending frequency within
the array the motif sequences 5′ to 3′ are: G(T/C)AGAAG(A/G)ACAA(C/T)CAGTT, G(C/
T)AGA(G/A)GAA(G/A)CA(C/T)C(G/A)TC, and GTAGAAGAA(A/G)CACCGATT. In
vrrC3 the dominant 5′ to 3′ motif is: CAAGTAG(T/A)(A/G) G(T/A)(G/A)(G/C)A(A/G)
CC(A/G)CAAGTGGAAGA(A/G)AA(A/G) C(C/A)A(A/G)TGCA(G/A). There is a three bp
deletion in one of the repeats in the sequence array.

Because of high levels of polymorphism observed at two of the vrrC tandem repeat
sequences, vrrC1 and vrrC2, these loci were employed in a large MLVA study of 426 global
B. anthracis isolates (Keim et al., 2000). Polymorphism in vrrC may be measured as the
number of haplotypes (alleles) at each array locus among diverse isolates of B. anthracis. As
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previously described, 11 vrrC1 haplotypes and four vrrC2 haplotypes were identified (Keim
et al., 2000). Three haplotypes have been observed for vrrC3 in a set of 94 diverse strains.
Locus polymorphism in vrrC1 and vrrC2 determined by sequence analysis shows insertion/
deletion events ranging from 18 to 72, and 3 to 36 nucleotides, respectively. The Nei’s
Diversity Index, calculated as 1 − Σ (allele frequency)2, is 0.58, 0.50, and 0.12, for vrrC1,
vrrC2, and vrrC3, respectively. By random chance, any two strains will have different alleles
at these loci with the probability of 0.58, 0.50 and 0.12. These are very high values for a
species where strains were impossible to differentiate by more traditional methods.

Regardless of the biological role, we can use vrrC to understand how VNTR loci are created
and continue to evolve. In all three subloci, the repeat structure is a multiple of three and
mutational changes do not disrupt the reading frame. The 36, 19 and 42 nucleotide repeat
structures, however, is more complex as degenerate sub-repeat structure is obvious in all
three subloci. That these repeat structures are always in multiple of three suggests that each
sub-region went through an evolutionary progression. A single codon was repeated to
generated an initial tandem array, but eventually substitution mutation converted this into a
longer-repeat (multiple codon) array. The original single-codon array degenerated but is still
evident in the subrepeat structure.

While the three adjacent VNTRs are now independently evolving, they have similar
sequences arguing for a common ancestral VNTR. In figure 4, there are pairwise
comparisons among the subloci labeled a, b and c. The relationship between vrrC2 and
vrrC3 seems the closest (c), with vrrC2 and vrrC3 next (a), and the vrrC1 and vrrC3 (b) the
most distant. A simple interpretation would be suggest that vrrC1 and vrrC2 evolved from a
common ancestral VNTR first, followed later by the divergence of vrrC2 and vrrC3.
Homogenization is a cis-dependent process in the chromosome and it is possible that once a
tandem array surpasses some critical size, substitution mutations and within-array processes
promote the development of two independent adjacent VNTRs. In the case of vrrC, this
happened twice, sequentially, to create a tripartite sequence structure.
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Figure 1.
Phylogenetic structure of B. anthracis.
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Figure 2.
Alignments of four whole chromosomes.
The Artemis software (Rutherford et al., 2000) was used to analyze four closed genomes.
This figure is a series of lines connecting pairwise regions of each genome. The red lines
indicate sequence similarity between directly repeated regions while the blue lines are
indicative of sequence similarity in a reverse orientation. White regions are indels,
indicating the presence/absence of a particular region between the genome pairs.
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Figure 3.
“Icicle” plot of tandemly repeated sequences.
This is a graphical representation of the tandemly repeated loci in the Ames genome. The
longer “icicles” are indicative of longer tandem arrays at those loci.
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Figure 4.
A dotplot homology analysis of the vrrC locus.
The VNTR region of the vrrC gene was analyzed using a dot plot algorithm, which
compares a particular sequence against itself. The diagonal lines are indicative of directly
repeated DNA sequences in this region of the genome. The strong diagonal line in the
middle is the identity line and each half of the box contains the same information, in a
mirrored fashion. Note that there are three separate tandemly repeated subregions, termed
vrrC1, vrrC2, and vrrC3. The strong diagonal lines near the identity line, show the level of
identity between direct repeats and the spacing also is indicative or the repeat length. Each
subregion is compared to the others in a pair-wise fashion as indicated: a) vrrC1 × vrrC2; b)
vrrC1 × vrrC3; and c) vrrC2 × vrrC3.
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