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The identification of a region of sequence variability among individual isolates of Bacillus anthracis as well
as the two closely related species, Bacillus cereus and Bacillus mycoides, has made a sequence-based approach
for the rapid differentiation among members of this group possible. We have identified this region of sequence
divergence by comparison of arbitrarily primed (AP)-PCR “fingerprints” generated by an M13 bacteriophage-
derived primer and sequencing the respective forms of the only polymorphic fragment observed. The 1,480-bp
fragment derived from genomic DNA of the Sterne strain of B. anthracis contained four consecutive repeats of
CAATATCAACAA. The same fragment from the Vollum strain was identical except that two of these repeats
were deleted. The Ames strain of B. anthracis differed from the Sterne strain by a single-nucleotide deletion.
More than 150 nucleotide differences separated B. cereus and B. mycoides from B. anthracis in pairwise
comparisons. The nucleotide sequence of the variable fragment from each species contained one complete open
reading frame (ORF) (designated vrrA, for variable region with repetitive sequence), encoding a potential
30-kDa protein located between the carboxy terminus of an upstream ORF (designated orfl1) and the amino
terminus of a downstream ORF (designated lyzB). The sequence variation was primarily in vrr4, which was
glutamine- and proline-rich (30% of total) and contained repetitive regions. A large proportion of the nucle-
otide substitutions between species were synonymous. vrrd has 35% identity with the microfilarial sheath
protein shp2 of the parasitic worm Litomosoides carinii.

Bacillus anthracis, the causative agent of anthrax, inhabits
the soil in many temperate regions of the world. Virulent
isolates of the organism carry a toxin-encoding plasmid, pXO1,
and a capsule-associated plasmid, pXO2, both of which are
required to produce disease (7, 18). In addition, chromosomal
factors have been implicated as determinants for disease se-
verity (31). Molecular study of the epidemiology and popula-
tion genetics of B. anthracis would be greatly facilitated by the
ability to distinguish individual isolates of the pathogen. Al-
though increasingly rare with the advent of an effective animal
vaccine, anthrax continues to be endemic in some areas (28).

There are relatively few tests to distinguish isolates of B.
anthracis from very closely related soil-borne organisms, in-
cluding Bacillus cereus and Bacillus mycoides. The primary
characteristics used to distinguish B. anthracis from these
closely related species is the presence of the two virulence
plasmids (11). The taxonomy of this group is controversial,
given the many similarities, and several workers have suggested
that these closely related species should all be grouped as
members of B. cereus (16, 25). As an example of this similarity,
comparison of rRNA between B. anthracis and B. cereus re-
vealed an identical 16S rRNA sequence and only two differ-
ences in the 23S rRNA (1, 2).

The conservation of sequence among isolates of B. anthracis
has presented an even greater difficulty in the identification of
individual strains of this species. To a certain extent, strains
can be differentiated by serological methods. The lack of re-
action of spores of the Vollum strain of B. anthracis to conju-
gated antibodies raised against the Sterne strain indicated a
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difference in spore surface antigens that may be used to sep-
arate these two isolates (23). Yet it has been more difficult to
demonstrate actual differences in DNA sequence between
strains. In this laboratory, no difference was found between the
Ames and Vollum strains of B. anthracis: we found an identical
banding pattern with pulsed-field gel electrophoresis and iden-
tical DNA sequences of the 16S-23S and the gyrB-gyrA inter-
genic spacer regions (10). Henderson et al. reported no differ-
ences in restriction fragment length patterns among 37 isolates
of B. anthracis for 18 different restriction enzymes (11). How-
ever, they did note a slight pattern variation in PCR fragments
generated from an M13 bacteriophage-based primer in an ar-
bitrarily primed (AP)-PCR.

We have attempted to differentiate the so-called aberrant or
vaccine-resistant Ames strain, a virulent pathogen isolated in
the United States (17), from two other strains: the South Af-
rican strain, Sterne, used for more than 50 years as a live
vaccine strain (27), and the Vollum strain, which was isolated
in England and lacks a spore surface antigen present in other
strains (22). A sequence-based approach for the separation of
individual strains of B. anthracis has the potential to increase
our understanding of the epidemiology of this organism. Also,
the identification of a difference in a genomic area apart from
the two virulence plasmids would be useful in distinguishing
naturally occurring plasmid-free isolates of B. anthracis from
other members of the B. cereus group. Therefore, we designed
the present study first to isolate PCR fragment polymorphisms
that may arise from an AP-PCR comparison of plasmid-free
derivatives of the B. anthracis strains. Then, we compared
nucleotide sequences corresponding to the polymorphic frag-
ments from strains of B. anthracis and closely related species in
an effort to identify a region of sequence divergence in the
genome. Finally, because sequence divergence has been diffi-
cult to find in B. anthracis, we attempted to characterize ge-
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netically the area where the divergence occurred by searching
for homology with known genes.

MATERIALS AND METHODS

Bacterial strains and media. B. anthracis strains Ames (Ames, Iowa), Sterne
(South Africa), and Vollum (England) were originally isolated from infected
cattle. The three strains were cured of virulence plasmids (pXO1~ pXO2™) at
the U.S. Army Medical Research Institute of Infectious Diseases, Ft. Detrick,
Md., by culturing the strains at 42°C (15). Type strains of B. cereus (ATCC 14579)
and B. mycoides (ATCC 6462) were obtained from the American Type Culture
Collection, Rockville, Md. B. anthracis, B. cereus, and B. mycoides were grown in
brain heart infusion broth (Becton Dickinson, Cockeysville, Md.) at 37°C. Esch-
erichia coli was routinely grown in Luria-Bertani medium at 37°C. Media were
supplemented, when required, with ampicillin (100 pg/ml).

Recombinant DNA techniques. Large- and small-scale isolations of recombi-
nant plasmids from E. coli were performed by alkaline lysis (14). For total
genomic DNA isolation, mid-log-phase cells of Bacillus species were treated with
ampicillin-sulbactam (1 wg/ml) for 30 min (to weaken cell walls) prior to washing
in GTE buffer (50 mM glucose, 25 mM Tris-HCI [pH 8.0], 10 mM EDTA). The
washed pellet was frozen at —20°C to disrupt cell walls, thawed on ice, resus-
pended in GTE buffer containing lysozyme (10 mg/ml), and incubated at 37°C for
1 h. After additional treatment with 1% N-lauroyl sarcosine, proteinase K (200
png/ml), and 1% CTAB (hexadecyltrimethyl ammonium bromide), DNA was
extracted in phenol-chloroform and chloroform-isoamyl alcohol, ethanol precip-
itated, and resuspended in TE (10 mM Tris-HCI, 1 mM EDTA) buffer. Digestion
of DNA with restriction endonuclease, transformation of competent E. coli, and
other standard procedures were performed as described by Sambrook et al. (24).
DNA fragments were resolved by electrophoresis in 90 mM Tris-borate-2 mM
EDTA in gels containing 1.0 to 2.0% (wt/vol) agarose or in 3% (wt/vol) agarose
gels consisting of a mixture of 2% (wt/vol) NuSieve GTG (FMC Inc., Rockland,
Maine) and 1% (wt/vol) agarose (Sigma). The DNA fragments were purified
from agarose gels with the Qiaex Kit (Qiagen Inc., Studio City, Calif.) in accor-
dance with the manufacturer’s protocols.

Genomic fingerprinting. Reaction mixtures (100 pl) contained 3.0 mM MgCl,,
a single oligonucleotide primer at 1.0 or 3.0 uM, 0.2 mM each deoxynucleoside
triphosphate (ANTP), 2.5 U of AmpliTaq DNA polymerase (Perkin-Elmer Ce-
tus, Norwalk, Conn.), and 30 or 150 ng of B. anthracis genomic DNA. The DNA
template and primer concentrations were varied to rule out artifact band poly-
morphisms. The M13 fingerprinting probe 5'-GAGGGTGGCGGCTCT-3' (30)
for generating a slight pattern variation in the 400- to 500-bp region of B.
anthracis has been described previously (11). The reaction mixture was dena-
tured for 10 min at 95°C, followed by 40 cycles of 15 s at 96°C (denaturation), 15
s at 36°C (annealing), and 2 min at 72°C (extension) in a Perkin-Elmer Cetus
model 9600 thermal cycler. After completion of the cycling, the reaction tubes
were held at 72°C for an additional 10 min to minimize single-stranded DNA
product.

Cloning procedures. PCR-generated DNA fragments were cloned into the
pCRII vector of the TA Cloning System (Invitrogen Co., San Diego, Calif.)
following the manufacturer’s recommendations. The sense strand primers used
to generate amplified products from Bacillus genomic DNA were 5'-AGCGTA
GTTCACGAACTGC-3', 5'-TAACTGAAGAAAGGAGG-3', and 5'-AGGAG
GATTTCTCACATG-3' (B. cereus specific). The antisense primers were 5'-TG
ACATGGTAACCTTCAGC-3', 5'-TGATACCATCTTCTTCG-3', and 5'-ATT
GTGACCAATCATACC-3' (B. cereus specific). Restriction endonuclease DNA
fragments were blunt-ended by incubation at 37°C with 3.0 U of exonuclease V
(US Biochemical Co., Cleveland, Ohio) for 30 min. After inactivation of the
enzyme with EDTA and ethanol precipitation, the restriction fragments were
resuspended in TE buffer and ligated into Smal-cleaved pBluescript II SK+
vector (Stratagene Inc., La Jolla, Calif.). All resulting transformants were stored
at —70°C in 15% glycerol.

PCR amplification and DNA sequencing. For routine PCR amplification of
DNA fragments, a 100-pl reaction mixture contained 10 pl of GeneAmp 10X
PCR buffer with 15 mM MgCl, (Perkin-Elmer Cetus), 20 pmol of each primer,
0.2 mM each dNTP, 2.5 U of AmpliTaq DNA polymerase (Perkin-Elmer Cetus),
and 1 to 10 ng of DNA. The initial denaturation at 95°C for 2 min was followed
by 40 cycles of denaturation at 92°C for 30 s, annealing at 55°C (or 45°C low-
stringency annealing) for 30 s, and extension at 72°C for 1 min. A small, poly-
morphic region of the variable sequence was amplified from Bacillus genomic
DNA with the following primers: EWA2, 5'-ATGGTTCCGCCTTATCG-3';
EWA3, 5'-CAAATGGTTCCGCC-3' (sense strand); and EWAL, 5'-TATCCTT
GGTATTGCTG-3' (antisense strand). To minimize primer pair interactions, a
mixture of the primer pair and dNTP were separated from a mixture of Tag
polymerase and DNA template by Perkin-Elmer Cetus Ampliwax paraffin beads
by the hot-start technique (20). The reaction mixture was amplified for 35 cycles
of denaturation at 90°C for 30 s (except for the first two cycles, during which
denaturation occurred at 95°C), annealing at 50°C for 2 min, and extension at
75°C for 30 s. Sequencing of amplified products or cloned DNA was performed
on an Applied Biosystems 373A DNA sequencer with a Tag DyeDeoxy Termi-
nator cycle sequencing kit (Applied Biosystems, Foster City, Calif.). Nucleotide
sequences were determined unambiguously on both sides by primer walking and
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FIG. 1. Genomic fingerprint of three B. anthracis isolates at various substrate
concentrations. The AP-PCR conditions with the M13 fingerprinting primer are
described in Materials and Methods. The following isolates of B. anthracis were
analyzed: Ames (lanes 1, 4, and 7), Sterne (lanes 2, 5, and 8), and Vollum (lanes
3, 6, and 9). The reaction mixture contained 150 ng of genomic DNA (lanes 1 to
6) or 30 ng of genomic DNA (lanes 7 to 9) and 3 uM primer (lanes 4 to 6) or 1
wM primer (lanes 1 to 3 and 7 to 9). The far right lane contains DNA size
markers. The left-side arrow indicates the approximate position of the PCR
polymorphism.

sequencing of multiple clones. Sequences were compiled with the Genetic Data
Environment version 2.2 program (University of Illinois, Urbana, Ill.). Computer
analysis of nucleotide and protein sequences was performed with the BestFit,
PileUp, TFastA, and BLAST (Basic Local Alignment Search Tool) programs
supplied with Genetics Computer Group version 8 sequence analysis package
(University of Wisconsin, Madison).

Nucleotide sequence accession numbers. The nucleotide sequences of vir4
and flanking sequences shown in Fig. 3 have been deposited in GenBank and
assigned accession numbers L48552 (Ames), 148553 (Sterne), L48554 (Vollum),
148555 (B. cereus), and L48556 (B. mycoides).

RESULTS

Genomic fingerprinting of B. anthracis. An AP-PCR primed
by the M13 fingerprinting probe yielded a polymorphism in a
1.5-kb fragment that differentiated the Vollum strain of B.
anthracis from the Ames and Sterne strains. This band, which
migrated slightly faster in Vollum, was present under all reac-
tion conditions tested, including primer concentrations of 1.0
and 3.0 puM and DNA concentrations of 30 and 150 ng in a
100-wl reaction volume (Fig. 1). Other polymorphisms among
several faint bands were observed which correlated with reac-
tion conditions and could not separate the B. anthracis isolates
(including a polymorphic 0.8-kb fragment with 150 ng of geno-
mic DNA and 1 wM primer and a polymorphic 1.7-kb fragment
with 30 ng of genomic DNA and 3 pM primer [Fig. 1]). The
polymorphic 1.5-kb PCR fragments from strains Sterne and
Vollum were cloned into vector pCRII, and the resulting trans-
formants, containing plasmids pST1 and pVOl, respectively,
were digested with the restriction endonuclease Nlalll. Clones
of both strains had restriction fragments of 670, 271, 190, 154,
and 37 bp (data not shown). The difference was localized to a
174-bp fragment from pST1 (150 bp in pVO1) that was sub-
cloned into pBluescript II SK+. The resulting plasmids, des-
ignated pST2 (Sterne) and pVO2 (Vollum), were sequenced.
The difference in size between pVO2 and pST2 was traced to
a deletion of two consecutive CAATATCAACAA repeats.

Amplification of a variable region in several Bacillus species.
The 24-base deletion in Vollum was directly detected from
genomic DNA with primers derived from sequence near the
end of the cloned inserts in pST2 and pVO2 (Fig. 2). The
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FIG. 2. Differentiation of Bacillus isolates with a PCR fragment length poly-
morphism. The primers EWA1 and EWA2 (see text) were used to generate
DNA fragments from (lane A) Ames isolate of B. anthracis, (lane B) Sterne
isolate of B. anthracis, (lane C) Vollum isolate of B. anthracis, (lane D) B. cereus
ATCC 14579, and (lane E) B. mycoides ATCC 6462. The relative migration
positions of DNA size standards are given (in base pairs) on the left.

167-bp PCR products from Ames and Sterne could not be
differentiated from each other but differed from Vollum as
indicated. We were able to rapidly differentiate the closely
related species B. cereus (approx. 100 bp) and B. mycoides
(approx. 150 bp) from B. anthracis by their unique sizes in the
variable region with the primer pair EWA1 and EWA?2 (Fig.
2). The primer pair EWA1 and EWAS3 also amplified a unique
PCR product in Vollum to differentiate it from Sterne and
Ames but did not amplify the variable region in B. cereus and
B. mycoides (data not shown).

Nucleotide sequence of the variable region. The nucleotide
sequence of genomic DNA corresponding to the approxi-
mately 1.5-kb polymorphic AP-PCR fragment revealed that
the three strains of B. anthracis could be differentiated from
each other on the basis of sequence divergence in this region.
There was a deletion of a single adenine residue in a poly(A)
region of the 1,479-bp Ames fragment as well as a 24-bp de-
letion in the 1,456-bp Vollum fragment to differentiate these
two strains from the 1,480-bp Sterne fragment (Fig. 3). The
deletion in Vollum occurred in two of the four CAATATCAA
CAA repeating units of DNA present in Ames and Sterne (Fig.
3). A related region of DNA was found in B. cereus and B.
mycoides by low-stringency PCR amplification with primers
derived from the end of the polymorphic AP-PCR fragment.
The 1,444-bp B. cereus fragment differed from the Sterne frag-
ment at 158 positions, including 62 transitions, 48 transver-
sions, and 48 deletions or insertions (Fig. 3). The 1,434-bp B.
mycoides fragment differed from the Sterne fragment at 170
positions and from the B. cereus fragment at 154 positions (Fig.
3).

Analysis of the predicted amino acid sequence. Three puta-
tive open reading frames (ORFs) were predicted from the
nucleotide sequence of the variable region of DNA in the three
strains of B. anthracis as well as B. cereus and B. mycoides (Fig.
3). The predicted length of the only completely sequenced
ORF (designated vrr4, for variable region with repetitive se-
quence) in Sterne was 256 residues, encoding a 30-kDa pro-
tein. Additionally, two partial ORFs were predicted from se-
quence flanking vir4, including a carboxy-terminal 60 residues
and an amino-terminal 123 residues, designated orfl and lyB,
respectively (see Fig. 3). Potential —35 and —10 regions similar
to the consensus sequence of the housekeeping o*-dependent
promoter as well as Shine-Dalgarno sequences approximately
10 nucleotides upstream from the initiation codons were ob-
served in vir4 and ItB, consistent with expressed Bacillus
genes (19). The deletion in Vollum corresponded to two units
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of a repeating QYQQ sequence in VrrA that was also deleted
in B. cereus (Fig. 4). A truncated VrrA in Ames, lacking the
amino-terminal 24 residues, was predicted from its single-nu-
cleotide deletion. There was no difference in the amino acid
sequence of the partial ORFs orfl and lytB among the three
strains of B. anthracis and only minor differences compared
with those of B. cereus and B. mycoides.

The amino acid sequence encoded by vrr4 was most similar
to that of the shp2 genes of the parasitic nematodes Litom-
osoides carinii, Brugia malayi, and Brugia pahangi, encoding a
microfilarial sheath protein, when compared with protein se-
quence databases at the National Center for Biotechnology
Information (Bethesda, Md.) by the BLAST program (Fig. 5).
The partially sequenced amino terminus of the downstream
OREF has regions of significant codon similarity to lytB, a gene
involved in penicillin tolerance and control of the stringent
response in E. coli and Pseudomonas fluorescens. The overall
identity of conserved and identical residues from the P. fluo-
rescens lytB product to the partial 123 residues of the B. an-
thracis IytB product is 51% (data not shown), while E. coli lytB
(orf316) is 56% identical (Fig. 6). A comparison of the carboxy
terminus of an upstream ORF with published sequences by the
BLAST and TFastA algorithms did not reveal any significant
areas of homology.

DISCUSSION

Detailed studies of the population genetics of E. coli and
Salmonella species have shown a great deal of clonal diversity
and worldwide distribution of clones (4, 21). However, because
these organisms colonize humans and humans continually mix
geographically, it is not clear that these conclusions apply to
most bacteria. B. anthracis differs ecologically from the above-
mentioned organisms in that there is thought to be a significant
environmental reservoir and that the human host is unimpor-
tant to its spread. Furthermore, studying its population genet-
ics presents a major challenge because its chromosome is
highly uniform (26). To develop a basis for a better definition
of the genetic diversity of B. anthracis, we have identified a
region of sequence divergence that allows differentiation of the
three geographically distinct isolates examined. This region of
DNA differs significantly in the closely related species B. cereus
and B. mycoides, and we found that in all cases, the divergence
lay within an ORF.

AP-PCR has been well documented as a method to finger-
print subgroups of closely related organisms (32, 34). Possible
explanations for sources of polymorphisms include insertions
and deletions in the genome and particular mismatches in the
primer-genomic DNA duplex (34). Polymorphic AP-PCR frag-
ments are potentially useful for pinpointing sequence differ-
ences. However, small differences in substrate concentration
with AP-PCR have the potential to cause variations in the
observed banding patterns (33). Although the polymorphism
found in our laboratory was present at several different sub-
strate concentrations, it did not correspond to the one de-
scribed by Henderson et al. (11). The type of thermal cycler
used and the temperature profile of the amplification reaction
may have contributed to the differences in banding pattern
observed between the two laboratories. Despite the drawbacks
to this method, the sequence derived from the polymorphic
PCR fragment was useful in defining unambiguous differences
between strains.

The 24-nucleotide deletion in Vollum is sufficiently large to
be visualized on an agarose gel, allowing direct discrimination
from other isolates by PCR amplification of a portion of the
variable region (Fig. 2). However, the single-nucleotide dele-



380

BasS
BaA
BaV
Bce
Bmy

Bas
BalA
BaVv
Bce
Bmy

Bas
BalA
Bav
Bce
Bmy

Bas
BalA
BaV
Bce
Bmy

Bas
BalA
Bav
Bce
Bmy

Bas
BaA
BaV
Bce
Bmy

Bas
BalA
Bav
Bce
Bmy

Bas
BalA
Bav
Bee
Bmy

Bas
BaA
BaVv
Bce
Bmy

Bas
BaA
BavV
Bce
Bmy

ANDERSEN ET AL. J. BACTERIOL.

< orfl — . . . - - . . . .
AGCGTAGTTCACGAACTGCATCTATTAAARATGGTTTARAATCATACTGTGTAAAAGTTTCTTGTGTCATAAGTTACACCTTCTTTCTAAATTTCTACTG 100
....... B T <
......... L T T T T T Y 041 v X o4
CGCGCACAARATCAGTCAAGTCTACATTATATCGARATCTACAAGTAAAATCCATCTTTAGTTTAGGTTTTTACTTCAAAAACTAACCTTCTTCCCTCTTA 200

B Ceenen T...TCC
S-D
-35 . . -10. *kkkk LVIXrA — . . . . .
TTGCATATTGTATGTGTATATACCTAACTGAAGAARAGGAGGATTTCTCACATGTTTCCAAAATCACCCAACAGGCAAATATATCCGCAGCCAGGGCAGCA 300

........ L R T Tk T U S U € SRR R P . - N - W

......... Ceeeetet e tiaatt et eesessseessCiiliii G, C,.T. TA..A. . i ee... A T.G.. A, .A..

ACCTTATACACCATATCCAATTCCACAACTACCACCGATGGCACAARAAAAGARAGGGTTCCTTGCTAAACTCTTTAAAAAACACGATCCAACCGAACCT 400

....... D L S P A
B A L T ittt et teeesenaans crceasaen
TTCATGCAAATGGTTCCGCCTTATCGACAAATGGAAGGACCACCGCCAATGATGCACCAACAACAGCAACCGCCACCCCAATATCGACAGCAATATCAAC 500
ALGL.Galll.. AT...----------
......... A,ciommmmmmmmmn
AACAATATCAACAACAATATCAACAACAATATCAACAACAATACCCGCAACAATACTCACAGCAATACCAACCATACATGCAGCATCATCCCGAGCAAAT 600
--------------------- CG..¢.....C..G........T..0..G...C.TC. .-~ eee T ierenecnaanenBeeeeTuouennnn.
------------------------- ¢.c...¢...........TA.A........TA....A.....T..G......cevee...AT. .. .A.....G.
GATCCCTCCTCAAATGTATGAATCAAACGAAACGCECGEGCEETGEC -~~~ - AGCAACTACAGCAGCATCAAGTAGCGGCATCGGTAGTTTTTTTTCGAAT 694

TTAATTTCGAATCCAACTAATATGATAAATAATATCGAARAAGTATCACAAGTCGTTCAATCTGTAAGCCCTGTCGTCGAACAGTACGGTCCCATTATGC 794

GTAACCTACCAAGCATCGTTAAAATCCTCACCTCTGGAAAAAGTACGGAAGAAAATCCAACCGAAGATCAAACTGAAGACCTAACAGAAAAGGTTGAAGT 894

AGCAACTCCACCTCCTCCACAAAAAANAAGAAAAAGAAAAAAAATGGTGATTGAGCCAGT TATAGAAAAAGAAGTGCGCGAGGAGCCTGTTCAAAAAATA 994
.C...C.
...... C..TC.




Vou. 178, 1996

GENETIC VARIABILITY IN B. ANTHRACIS 381

-10

Ba$s GCAACAAAACCAAAACTATATGTGTAACAATCCTTTGTITTTCTATCCACTCCTCCTTTATAATGTAAAAGACTATGCACAAAAGTATCCCTTGTTTAGAA 1094

-35
2 -
BaV ittt it ittt e e e e s e e e
BCE it it it e e e st Govtiiiii e
23 <
s-D
*kkkkk

.1ytB —> . .

BaS GGAGAGGATTACTCATATGAAAATTGTTAARATTTCCCCTCGTGGTTATTGCTACGGTGTTGTGGACGCGATGGTTATTGCACGTAACGCCGCATTAGAT 1194

=2 -
BaV it ittt e it st e ettt e
=
BMY  ieieennceacann C..... [

BasS ACATCATTACCAAGACCTATTTATATTTTAGGTATGATTGTTCACAACAAACATGTAACAGATGCATTCGAAGAAGATGGTATCATTACATTAGACGGTC 1294

BAA ittt et aaetc e e et ettt
2 g
Bce  ...i.... G..G..... Bttt it tnnteeeseeneannnas T
BmMY  ccieececans G..... Gttt ittt et st st anes T..

Bas CAAGTCGATTAGACATTTTAGATAAAATCGATTCTGGTACTGTTATTTTCACTGCACACGGTGTTTCTCCAGAAGTTAAACAGCGTGCAAAAGAAARAGG 1394

= - - Y
BaV ittt ittt ettt et es ittt ettt ettt ecaesseteasans
Bce  ...ca.n. Cooue - o
BmMYy  i.eieereianen 7 S

Bas TTTAACAACCATCGATGCCACTTGCCCAGATGTTACACAAACACATGACCTTATTGAAGCAAAGAAAGCTGAAGGTTACCATGTCA 1480

BABA .ttt e ce i ceen ettt uss st et sttt ettt et assenennn
2 -
Bce @ ....i..n.. Aol B CA.G..G......
BmMYy  ..eee. G..A..T..... A..... 5

..................................... 1479
..................................... 1456
..... O ¥
..... 0 I Y

FIG. 3. Alignment of the nucleotide sequence corresponding to a polymorphic PCR fragment containing the vir4 ORF and flanking sequence, including a portion
of an unidentified upstream ORF (orfI) and downstream lytB ORF. Sequences were obtained from genomic DNA of B. anthracis strain Sterne (BaS), strain Ames
(BaA), and strain Vollum (BaV), B. cereus (Bce), and B. mycoides (Bmy). The sequences were aligned by using the Genetics Computer Group program PILEUP with
default parameters. Nucleotides that are different from those of Sterne at a particular position are indicated; dots indicate identical nucleotides, and a dash shows the
deletion of a nucleotide. Underlined nucleotides indicate a synonymous third (3')-position substitution of a codon in a predicted ORF. Putative start and stop codons
are doubly underlined. Numbers at the right represent the position of the last nucleotide base in each line. For Sterne, orfl extends 60 codons into the sequenced region
to a stop codon at position 183; vrrA starts at position 251, extending 256 codons to a stop codon at position 1019; and /ytB starts at position 1111 and extends beyond
the sequenced region. Potential —35 and —10 promoter regions (lines above) and ribosome-binding sites (S-D, asterisks) of viz4 and lytB are indicated.

tion in Ames is not sufficient for such a rapid, size-based
differentiation. Other methods, such as an oligonucleotide
probe for the detection of Ames, are not likely to yield useful
information because of the long poly(A) region around this
deletion (Fig. 3). Thus, determining the sequence of this region
appears to be the only way to distinguish Ames from Sterne. By
contrast, B. cereus and B. mycoides varied from the B. anthracis
isolates by 158- and 170-nucleotide differences, respectively
(Fig. 3). Primers derived from these sequences should be use-
ful in rapidly determining whether questionable isolates are B.
anthracis or closely related members of the B. cereus group.
Current tests for distinguishing environmental isolates of B.
anthracis from B. cereus are problematic, as variants of the
former may lack virulence plasmids or penicillin sensitivity and
may possess antigenic cross-reactivity (29). The primer pair
EWAI1-EWA3 is specific for B. anthracis; however, the primer
pair EWA1-EWA2 also amplifies DNA fragments in B. cereus
and B. mycoides (Fig. 2). Since there is not a perfect match in
the primer-genomic DNA duplex in this region, the amplifica-
tion may occur at alternative priming sites. One possible bind-
ing site for the primer EWAI in B. cereus is CAGCAATAC
CAGCAACA (nucleotides 524 to 540 in Fig. 3), with three
mismatches corresponding to the 5’ end of the primer. This
primer would generate a 101-bp PCR fragment, which would
correspond to the product shown in Fig. 2. For B. mycoides, the

binding of EWAl with CAGCAATATCCAGAGCAGA
(nucleotides 581 to 599 in Fig. 3) would create the observed
product of 151 bp.

Our experiments show that the most variable portion of the
sequenced region appears to be around the 24-bp deletion in
Vollum. Sequence analysis indicated that this area encodes a
complete ORF with a potential of creating a 30-kDa protein in
Sterne. This region, which we have designated vrrA, is rich in
glutamine and proline and contains up to seven tandem re-
peats of QY-hydrophilic residue-Q. vrr4 is bounded by two
partially sequenced ORFs that we have designated orfl and
lytB. The conservation of the amino acid sequence despite
divergence of the nucleotide sequence is strong evidence that
all three ORFs encode proteins. For virA, 85 of 103 nucleotide
substitutions at the third (3") positions of codons for Sterne, B.
cereus, and B. mycoides are synonymous. For lytB, 29 of 32
nucleotide substitutions at the third (3") positions of codons
are synonymous. Despite the trend towards conservation of
particular amino acids in vrrA4, overall the locus appears to be
quite variable, with 61 positions where the amino acid se-
quence differs among the three species (Fig. 4).

Our finding of the repetitive domain in vrr4 correlates well
with other groups’ attempts to differentiate eubacterial strains
by sequence polymorphisms. For example, the Mycobacterium
tuberculosis complex was separated into four distinct groups on
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BaS MFPKSPNRQMYPQPGQQOPYTPYPIPQLPPMAQKKKGFLAKLFKKHDPTEPFMOMVPPYRQMEGPP 65
BaA MFPKSPNROMYPQPGQQPYTPYPIPQLPPMAQKKKGFLAKLFKKHDPTEPFMOMVPPYRQMEGPP 65
BaV MFPKSPNRQMYPQPGQQOPYTPYPIPQLPPMAQKKKGFLAKLFKKHDPTEPFMOMVPPYRQMEGPP 65
Bce MFPKSPTROMYPNPGQQPYTPYPIPQLPPMAQKKKGFLAKLFKKHDPTEPFMQMVPPYRQMEG-Q 64
Bmy MFPKSPIRQMYPNRGQQSYTPYPIPQLPPMAQKKKGFLAKLFKKHDPTEPFMOMVPPYRQMEG-P 64

BaS PMMHQQQQPPPQYROQY Y Y Y YPQOYSQOYQPYMOQHHPEQMIPPOMYESNETRG 130
BaA PMMHQQQQPPPOYROQY Y Y Y YPOQYSQOYQPYMOHHPEQMIPPOQMYESNETRG 130

BaV  PMMHQQOQQPPPQYRQ-------- Y Y YPOOYSQOYQPYMQHHPEQMIPPOQMYESNETRG 122
Bce PMMHQQPPPP-QYHQ-------- YPOQY YPOOH-PQYQPYMQQHPEQMIPPOMYESNETRG 121
Bmy PMMHQQ-PPP-0OYQQ-= ==~ w==-- QOPYQQOYTQOYTQQYQPYMOQYPEQMIPPOMYESNDTRG 118

BaS GAATT--AASSSGIGSFFSNLISNPTNMINNIEKVSQVVQSVSPVVEQYGPIMRNLPSIVKILTS 193
BaA GAATT--AASSSGIGSFFSNLISNPTNMINNIEKVSQVVQSVSPVVEQYGPIMRNLPSIVKILTS 193
BaV GAATT--AASSSGIGSFFSNLISNPTNMINNIEKVSQVVQSVSPVVEQYGPIMRNLPSIVKILTS 185
Bce -GSTTTAATASSGIGSFFSNLISNPTNMINNIEKVSQVVQSVGPVVEQYGPIMRSLPSIVEILTS 183
Bmy AASATTAAASSSGIGSFFSNLISNPTNMINNIEKVSQVVQSVGPVVEQYGPIMRSLPSIVKILTS 182

BaS GKSTEENPTEDQTEDLTEKVEVATPPPPQ--KKRKRKKMVIEPVIEKEVREEPVQKIATKPKLYV 256
BaA GKSTEENPTEDQTEDLTEKVEVATPPPPQ--KKRKRKKW* 230
BaV GKSTEENPTEDQTEDLTEKVEVATPPPPQ--KKRKRKKMVIEPVIEKEVREEPVQKIATKPKLYV 248
Bce GKSTEEN----QTENVTEPVEVESPPPAPQKKKRKRKKIVIEPVIEKELPKEPVQQTATKPKLYV 244
Bmy GKSTEEN----QTEDATEQVEVATPPPPPP--KRKRKKIVLEPVIEKEVPKEPVQQSATKPKLYV 241

FIG. 4. Alignment of the putative VrrA protein sequences. The amino acid sequences of B. anthracis strains Sterne (BaS), Ames (BaA), and Vollum (BaV), B.
cereus (Bce), and B. mycoides (Bmy) were aligned by using the Genetics Computer Group program PILEUP with default parameters. Residues that are different
between sequences are in boldface. The underlined residues correspond to the repeating sequence QY-hydrophilic residue-Q. The asterisk indicates the stop codon
created by the single-nucleotide deletion at position 1031 in Ames.

the basis of the DNA sequence divergence of a major poly-
morphic tandem repeat in a 517-amino-acid ORF adjacent to
a 65-kDa antigen gene (6). Geographically distinct strains of
the M. tuberculosis complex have also been differentiated by
sequence analysis of a coding region of unknown function,
designated the DR cluster, containing direct repeats and an
insertion element (8). Also, by examining a repetitive region of
the surface protein A gene (spa) of Staphylococcus aureus,
another laboratory was able to distinguish epidemic, rapidly
spreading isolates from nonepidemic isolates (5). In general,
segments of repetitive DNA appear to be promising regions to

VrrA 1
N N
Shp?2 37
VrrA 63 GP---------- PPMMHQQQQPP- - - -
LEE =TT
Shp2 99

VrraA 104

search for sequence variability, as these areas stimulate recom-
binations, deletions, and inversions (22).

We found that the vizA4 locus most closely resembles a mi-
crofilarial sheath protein gene, shp2, of the filarial parasites L.
carinii, B. malayi, and B. pahangi (Fig. 5). The repetitive se-
quence QYPQ has been implicated in the covalent cross-link-
ing of multiple subunits of this extracellular sheath protein
(12). In addition, microfilarial components, including shp2, are
recognized by antibodies from infected rats (3).

We also found that an ORF downstream from vrr4 (desig-
nated lytB) has strong homology to the lytB genes from E. coli

MFPKSPNROQMYPQPGQQPYTPYPIPQLPPMAQKKKGFLAKLFKKHDPTEPFMOMVPPYRQME 62

R

QFPFLPPFCLPPKQGQAPAPAAPAPPAAAPPPAAAPAPAAPAAPAAPAAPAAPAAPPPVPQQ 98

—————— POYRQOYQQQYQOQYQQ - QYQQOYPQQYS 103

LEEEE e TR

POOFLQTKTWWCPPMYQQQOOQOPSYPPRPPVQYPQYQOQYAQPPKQPYQOMQYPQQYPQQYP 160

QOYQPYMQOHHPEQMIPPOMYESNETRGGAATTAASSSGIGSFFSNLISNPTNMINNIEKV 163

Shp2 161 QQYPQOQQOOPOROIAGQQ------ PAGGAGLVGS-----~ SLYGMFGEDSDSLLKSYDHF 209

FIG. 5. Comparison of the deduced amino acid sequences of VrrA from B. anthracis strain Sterne (VrrA) and the microfilarial sheath protein (Shp2) from L. carinii
(GenBank accession number Z35443). Identical amino acids are indicated by vertical lines. Dots indicate similarity between amino acids by analysis with the University
of Wisconsin Genetics Computer Group BESTFIT program. Dashes indicate gaps to facilitate alignment. The overall amino acid identity between the two sequences
was 35%, and the amino acid similarity between the two sequences was 50%.
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Ban 1 MKIVKISPRGYCYGVVDAMVIARNAALDTSLPRPIYILGMIVHNKHVTDAFEEDGIITLDGP 62
T L N 0 UL A LA A A K1 E S S
Ban 63 SRLDILDKIDSGTVIFTAHGVSPEVKQRAQEKGLTTIDATCPDVTQTH-DLIEAKKAEGYHV 123
BO0 55 - ST b B AR RceES 117

FIG. 6. Comparison of the deduced amino acid sequences of the amino-terminal protein from B. anthracis (Ban) and the LytB protein (SWISSPROT accession
number P22565) from E. coli (Eco). Other parameters are as in Fig. 5. The overall amino acid identity between the two sequences was 40%, and the amino acid similarity

between the two sequences was 56%.

and P. fluorescens, involved in penicillin tolerance and control
of the stringent response (Fig. 6). In both E. coli and P. fluo-
rescens, lytB is the fifth of five genes in the ileS-Isp operon that
show a conservation in gene order (9, 13). This conservation
did not carry over to Bacillus, as we found no homology of any
of the other genes in this operon to the vrrA4 locus or to the
upstream, unidentified orfl. The low degree of variability be-
tween Bacillus species and lack of variation between strains of
B. anthracis indicate that this locus is not a good a candidate
for strain differentiation.

By comparing the sequences of polymorphic bands in an
AP-PCR fingerprint, we were able to locate a variable region
of the chromosome despite lacking prior knowledge of its
function. Such a method should have general applicability in
the identification of sequence polymorphisms when comparing
nearly identical genomes of the size of bacterial chromosomes.
The vrr4 locus appears to be an excellent candidate for the
differentiation of isolates of Bacillus, especially B. anthracis, for
which three geographically distinct strains were resolved. Fur-
ther studies should elucidate whether the similarities of this
locus to shp2 are extended to involvement in host-pathogen
interactions.
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