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ABSTRACT Penicillin (PEN) is a low-cost option for anthrax treatment, but naturally
occurring resistance has been reported. �-Lactamase expression (bla1, bla2) in Bacil-
lus anthracis is regulated by a sigma factor (SigP) and its cognate anti-sigma factor
(RsiP). Mutations leading to truncation of RsiP were previously described as a basis
for PEN resistance. Here, we analyze whole-genome sequencing (WGS) data and
compare the chromosomal sigP-bla1 regions from 374 B. anthracis strains to deter-
mine the frequency of mutations, identify mutations associated with PEN resistance,
and evaluate the usefulness of WGS for predicting PEN resistance. Few (3.5%) strains
contained at least 1 of 11 different mutations in sigP, rsiP, or bla1. Nine of these mu-
tations have not been previously associated with PEN resistance. Four strains
showed PEN resistance (PEN-R) by conventional broth microdilution, including 1
strain with a novel frameshift in rsiP. One strain that carries the same rsiP frameshift
mutation as that found previously in a PEN-R strain showed a PEN-susceptible
(PEN-S) phenotype and exhibited decreased bla1 and bla2 transcription. An unex-
pectedly small colony size, a reduced growth rate, and undetectable �-lactamase ac-
tivity levels (culture supernatant and cell lysate) were observed in this PEN-S strain.
Sequence analysis revealed mutations in genes associated with growth defects that
may contribute to this phenotype. While B. anthracis rsiP mutations cannot be exclu-
sively used to predict resistance, four of the five strains with rsiP mutations were
PEN-R. Therefore, the B. anthracis sigP-bla1 region is a useful locus for WGS-based
PEN resistance prediction, but phenotypic testing remains essential.

IMPORTANCE Determination of antimicrobial susceptibility of B. anthracis is essen-
tial for the appropriate distribution of antimicrobial agents for postexposure prophy-
laxis (PEP) and treatment of anthrax. Analysis of WGS data allows for the rapid de-
tection of mutations in antimicrobial resistance (AMR) genes in an isolate, but the
presence of a mutation in an AMR gene does not always accurately predict resis-
tance. As mutations in the anti-sigma factor RsiP have been previously associated
with high-level penicillin resistance in a limited number of strains, we investigated
WGS assemblies from 374 strains to determine the frequency of mutations and per-
formed functional antimicrobial susceptibility testing. Of the five strains that con-
tained mutations in rsiP, only four were PEN-R by functional antimicrobial suscepti-
bility testing. We conclude that while sequence analysis of this region is useful for
AMR prediction in B. anthracis, genetic analysis should not be used exclusively and
phenotypic susceptibility testing remains essential.
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Ciprofloxacin, doxycycline, and �-lactam antibiotics (including ampicillin, penicillin
G, and penicillin VK) are recommended by the U.S. Centers for Disease Control and

Prevention for postexposure prophylaxis (PEP) of inhalation anthrax in adults following
exposure to Bacillus anthracis (1, 2). In developing countries where anthrax is endemic,
penicillin is considered a drug of choice for treatment because it is effective, widely
available, and low in cost (3). Penicillin susceptibility is a B. anthracis characteristic that
is commonly used to differentiate it from Bacillus cereus and Bacillus thuringiensis, which
display inducible �-lactam resistance (4). While most B. anthracis strains are susceptible
to penicillin, surveys of clinical and environmental isolates indicate that penicillin
resistance occurs in 2% to 16% of strains (5). Penicillin treatment failures have been
reported for anthrax (6, 7), and use of this antibiotic for PEP in experimental animals
had variable results (8, 9). Therefore, antimicrobial susceptibility testing (AST) is rec-
ommended prior to treatment with penicillin (1).

All B. anthracis strains analyzed to date have two chromosomal �-lactamase genes:
bla1 (which encodes a penicillinase) and bla2 (which encodes a cephalosporinase) (5).
When transferred to other organisms, such as Escherichia coli, both genes are complete
and functional, but in B. anthracis, bla1 and bla2 are poorly transcribed and gene
expression is not sufficient to confer resistance to �-lactam antibiotics (5, 10). Further-
more, induction of �-lactamase activity or penicillin resistance was not observed
following growth in sublethal levels of �-lactam antibiotics (4, 10). �-Lactamase ex-
pression and penicillin resistance in B. anthracis were characterized in studies of
penicillin-resistant (PEN-R) strain 32 (4, 5, 10, 11), which was originally isolated in 1974
from a fatal anthrax case in Northampton, England (12, 13). While the �-lactamase
genes of a typical penicillin-susceptible (PEN-S) B. anthracis strain are transcriptionally
silent, bla1 and bla2 are expressed constitutively in strain 32, and bla1 was identified as
the major contributor to PEN resistance (10). Another naturally occurring, PEN-R B.
anthracis isolate, strain SK57, has been described previously (14) and was isolated in
England in November 1975; however, few details about the strain’s source are available.
DNA sequence analysis and details of the �-lactamase expression of SK57 have also not
been published previously. Whole-genome sequencing (WGS) data for strains 32 and
SK57 are publicly available under GenBank accession numbers QPKO00000000 and
QPKQ00000000, respectively (15).

In B. anthracis and other B. cereus group species, an extracytoplasmic function (ECF)
sigma factor, SigP, and its cognate anti-sigma factor, RsiP, regulate bla1 and bla2
transcription (4). ECF sigma factors represent a diverse subfamily of alternative sigma
factors that typically activate gene expression in response to extracellular signals,
including agents that threaten cell envelope integrity (4, 16, 17). The mechanism of
signal perception and the basis for anti-sigma factor inactivation are not well under-
stood for the majority of ECF sigma factor/anti-sigma factor pairs (16), including SigP
and RsiP. Although associated with inducible �-lactam resistance in B. cereus and B.
thuringiensis, the presence of SigP and RsiP is not sufficient for �-lactamase gene
expression in B. anthracis (4). In PEN-R strain 32, a nucleotide deletion that results in a
frameshift mutation and an amino-terminally truncated RsiP was described as the basis
of high-level PEN resistance (4). B. anthracis strain 32 also contains a single nucleotide
polymorphism (SNP) in sigP (an A-to-G transition at position 183) that results in a single
amino acid difference (an aspartic acid in the PEN-S reference strain and a glycine in
strain 32 at position 24). This mutation occurs within a conserved sigma factor domain
that is important for interactions with both the RNA polymerase and the �10 promoter
element and is predicted to affect protein activity (4). Mutations in rsiP and sigP in
several PEN-R strains isolated from cattle following a 2011 anthrax outbreak were also
previously described (18). Transcriptome analysis of one of the PEN-R isolates from that
study revealed that the frameshift mutation in rsiP led to upregulation of five genes,
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rsiP, sigP, bla1, bla2, and a predicted penicillin-binding protein (PBP) transpeptidase
gene that is located immediately upstream of bla1 (18).

Detection of phenotypic penicillin resistance by AST is essential for the distribution
of appropriate antimicrobial agents for PEP and treatment during a public health
emergency involving anthrax. Conventional broth microdilution (BMD) is considered
the gold standard laboratory method for AST and requires a 16- to 20-h incubation
period for B. anthracis based on Clinical and Laboratory Standards Institute (CLSI)
guidelines (19). Several functional phenotypic methods have been developed to reduce
the time required for antimicrobial susceptibility profiling of B. anthracis, including
real-time PCR to detect growth in the presence of antimicrobial agents (20), biolumi-
nescent reporter phage analysis (21), laser light scattering technology (22), and optical
screening (23). The analysis of WGS data from a suspect isolate can complement these
phenotypic AST methods, as they can detect the introduction of mutations, genes,
and/or plasmids associated with antimicrobial resistance and provide details on the
mechanisms of resistance that are critical for an effective public health response. For
penicillin resistance in B. anthracis, the presence of �-lactamase genes cannot predict
whether an isolate would be penicillin resistant; however, the analysis of genes that
regulate �-lactamase expression may serve as a more accurate predictor. Here, we
analyze WGS data for genetic markers that predict penicillin resistance in B. anthracis.
The chromosomal regions containing sigP, rsiP, and bla1 (sigP-bla1 region) were com-
pared in a collection of B. anthracis strains at CDC in order to (i) determine the
frequency of mutations (SNPs, insertions, or deletions) in this region; (ii) identify
mutations associated with penicillin resistance; and (iii) evaluate the usefulness of WGS
for predicting penicillin resistance.

Here, we show that the coding regions of sigP, rsiP, and bla1 have low sequence
variability among B. anthracis strains, with only 3.5% (13/374) of strains containing
mutations compared to the Ames Ancestor reference genome. When a mutation was
identified in the anti-sigma factor rsiP, penicillin resistance was detected in only four of
the five strains. Therefore, analysis of the sigP-bla1 region of B. anthracis has shown that
it is a useful locus to analyze for prediction of penicillin resistance in B. anthracis.
However, to accurately assess �-lactam resistance in B. anthracis, a conventional
method such as BMD remains essential.

RESULTS
BLAST analysis of the sigP-bla1 region in B. anthracis strains. The Ames Ancestor

reference sequence contains five predicted open reading frames (ORF) in the sigP-bla1
region (Fig. 1). Together with sigP (ORF 2502), rsiP (ORF 2503), and bla1 (ORF 2507),
there are two additional ORFs (2504 and 2506) predicted to encode PBPs within the
approximately 5-kb region between rsiP and bla1. A local BLAST search was performed
by querying the sigP-bla1 region, 6,892 bp (Fig. 1), from the PEN-S Ames Ancestor
reference against genomes from 374 B. anthracis strains in the CDC WGS database.
Forty-two additional B. anthracis whole-genome sequences, for which there are no
BMD data available, were in GenBank at the time of analysis and included in this screen
(total, 416 strains). Over half of the strains, 235/416 (56%), were identical to the Ames
Ancestor reference strain, and 185/416 (44%) of the strains had at least one mutation
in the sigP-bla1 region. These mutations were distributed among 42 positions. The

FIG 1 Diagram of the B. anthracis sigP-bla1 region. The numbers refer to ORFs in the B. anthracis Ames
Ancestor reference sequence. The asterisk (*) indicates that pbp2 contains a frameshift that results in two
predicted ORFs; the first contains 124 amino acids of the predicted PBP2, and the second contains the
remaining 586 amino acids of the predicted PBP2. (Adapted from reference 4 with permission).
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majority of mutations were synonymous substitutions and/or shared across multiple
strains (see Fig. S1 in the supplemental material). bla2 is located �900 kb away from
bla1 on the chromosome and was not included in the screen. The sequence of bla2 and
its promoter region were analyzed in all 13 strains from the CDC collection (see below)
that contained a sigP, rsiP, or bla1 mutation and were identical to those of the Ames
Ancestor reference.

Sequence analysis and AST of strains with sigP, rsiP, and bla1 coding region
mutations. No mutations were identified in the promoter or coding regions of sigP,
rsiP, or bla1 in the 42 B. anthracis genome sequences in GenBank. Analysis of the 374
sequenced B. anthracis strains from the CDC collection identified 13 (3.5%) strains with
mutations in the sigP, rsiP, or bla1 coding region (Table 1). As previously described by
Ross et al. in 2009 (4), the promoter regions are highly conserved. These regions were
also analyzed for the 13 strains.

sigP. Three of the 13 strains, 2002013094 (B. anthracis 3094 [Ba3094]), 2000031021
(Ba1021), and 2000031052 (Ba1052), contained mutations in sigP, and all mutations
were confirmed by Sanger sequencing. Ba3094, Ba1021, and Ba1052 were shown to
belong to clade C by multilocus variable-number tandem-repeat 8 (MLVA-8) genotyp-
ing (24) and to share the same transition mutation at nucleotide position 119. Strain
Ba1052 contained an additional transition mutation in sigP at position 395. None of the
strains contained the sigP SNP previously described in PEN-R strain 32 that resulted in
a single amino acid difference predicted to decrease SigP activity (4). All study strains
with sigP mutations were PEN-S by conventional BMD AST (Table 1).

bla1. Two of 13 strains contained mutations in the bla1 coding region, or in the bla1
promoter region, and all of the mutations were confirmed by Sanger sequencing. Strain
2002734089 (Ba4089) contained a transition mutation and belonged to clade A by
MLVA-8 genotyping, and strain 2000031048 (Ba1048) contained a transversion in the
�35 promoter element and belonged to clade B. All strains with mutations in the bla1
coding region or promoter region were PEN-S by conventional BMD AST.

TABLE 1 B. anthracis strains identified from the WGS screen as containing mutations within sigP, rsiP, and bla1a

Strain Gene
nt mutation
position(s)

Confirmed by
Sanger
sequencing

Mutation
type Predicted effect

PEN MIC
(�g/ml)

Mutation
previously
described
(reference[s])

2002013094 sigP 119 Yes SNP; transition (G) ‹ (D) �0.015 No
2000031021 sigP 119 Yes SNP; transition (G) ‹ (D) 0.3 No
2000031052 sigP 119, 395 Yes SNP; transitions (G) ‹ (D), (L) ‹ (S) 0.3 No
2002734089 bla1 93 Yes SNP; transition Silent mutation (G) ‹ (G) 0.06 No
2000031048 bla1 �64† Yes SNP; transversion in �35

binding element
5=-ATGGAACAAA-3= ‹

5=-ATGGAAAAAA-3=
0.3 No

2002013017 rsiP 60 No SNP; transversion (H) ‹ (Q) �0.015 No
2002013007 rsiP 827 No Insertion of AAAAAG Deletion of (K) � (R) 0.03 No
2002013011 rsiP 505 Yes SNP; transition (Y) ‹ (H) 0.03 No
2000031038 rsiP 39 Yes SNP; deletion FS; truncates RsiP to 30 aa �512 No
2000032823 rsiP 471 Yes SNP; insertion FS; truncates RsiP to 163 aa 256 Yes (18)
2002734065 rsiP 10 Yes SNP; deletion FS; truncates RsiP to 12 aa �512 Yes (4)
2002734039 rsiP 10 Yes SNP; deletion FS; truncates RsiP to 12 aa �512 Yes (4)
2002013027 rsiP 10 Yes SNP; deletion FS; truncates RsiP to 12 aa 0.06 Yes (4)

Pen-R strains not
included in screen*
32 sigP 183 Yes SNP; transition (D) ‹ (G) �512 Yes (4, 15)

rsiP 10 Yes SNP; deletion FS; truncates RsiP to 12 aa �512 Yes
UT308 sigP 183 Yes SNP; transition (D) ‹ (G) �512 Yes (4, 15)

rsiP 10 Yes SNP; deletion FS; truncates RsiP to 12 aa �512 Yes (4, 15)
SK57 rsiP 10 Yes SNP; deletion FS; truncates RsiP to 12 aa �512 Yes

aNucleotide (nt) mutation positions representing the position within the corresponding gene in the Ames Ancestor reference sequence (NC_007530.2). The last
column indicates whether the corresponding mutation has been previously described in the literature. Amino acid abbreviations are as follows: (G), glycine; (D),
aspartic acid; (L), leucine; (S), serine, (H), histidine; (Q), glutamine; (Y), tyrosine. †, nt position upstream of the ATG start codon for bla1. *, penicillin-resistant strains
not included in this screen but included in this table for reference purposes. FS, frameshift.
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rsiP. Eight of the 13 strains contained mutations in the anti-sigma factor gene, rsiP

(Table 1). Mutations were identified in each WGS assembly for strains 2002013017
(Ba3017) and 2002013007 (Ba3007), but Sanger sequencing did not confirm these
changes. Analysis of the WGS data revealed errors in the WGS assemblies, and, as a
result, these strains were removed from further analysis. The remaining six strains with
Sanger-confirmed rsiP mutations belonged to clade A (MLVA-8). Strain 2002013011
(Ba3011) contained a novel SNP that is predicted to lead to an amino acid substitution
in RsiP at position 170 of 275 and was PEN-S by AST. Strain 2000031038 (Ba1038)
contained a novel frameshift mutation predicted to result in an amino-terminally
truncated RsiP protein (30 amino acids [aa]). Strain Ba1038 was isolated from an
environmental surface sample in 1957; however, the source of the sample is unknown.
Strain 2000032823 (Ba2823) contained a frameshift mutation predicted to result in an
amino-terminally truncated RsiP protein (163 aa). This mutation was also previously
described in PEN-R strains isolated in 2011 from cattle (18). Strain Ba2823 was isolated
prior to 2011, but additional details about the source of the strain are unknown (25).
Both Ba1038 and Ba2823 were PEN-R by conventional BMD AST. Three strains,
2002734065 (Ba4065 or SK57A), 2002734039 (Ba4039 or SK57C), and 2002013027
(Ba3027), contained the same frameshift predicted to result in a 12-amino-acid, amino-
terminally truncated RsiP previously described in PEN-R strain 32 (4) and in PEN-R
strains isolated from cattle (18). Strains Ba4065 (SK57A) and Ba4039 (SK57C) were
collected in England in November 1975. Both are likely related to previously described
PEN-R strain SK57 (14). Despite possessing the same rsiP mutation as PEN-R strains
SK57A, SK57C, and strain 32, conventional AST confirmed that Ba3027 is PEN-S (MIC �

0.06 �g/ml).
ORF 2506 and ORF 2504. In addition to bla1 and bla2, SigP-induced transcription

of ORF 2506 in a PEN-R B. anthracis strain was described previously (18). BLASTX
analysis revealed that ORF 2506 shared similarity with B. cereus group PBP2 (99%
coverage, 100% identity; accession number WP_000662966.1) and contained the con-
served protein domain family FtsI, which is associated with cell cycle control, cell
division, chromosome partitioning, and cell wall/membrane/envelope biogenesis. The
majority (�93.75%) of strains in this study, including all PEN-R strains, contained a
frameshift in a homopolymer region of this gene that is also found in the Ames
Ancestor reference strain (NCBI accession number AE017334) and that resulted in 2
predicted ORFs. The first ORF consisted of the N-terminal 124 amino acids of the
predicted PBP2 and contained a predicted PBP dimerization domain. The second ORF
contained the last 586 amino acids of the predicted PBP2, which includes the trans-
peptidase domain. Only 6.25% (26/416) of the strains did not contain this frameshift
and had a single ORF predicted to represent the full-length PBP2 (710 aa). BLASTX
analysis revealed that ORF 2504 also shared similarity with a B. cereus group PBP2 (99%
coverage, 100% identity; accession number WP_000903320.1). However, ORF 2504 is
translated in the opposite direction from the other ORFs in the sigP-bla1 region and is
not regulated by SigP (18).

Sequencing of PEN-R strains and phylogeny based on whole-genome SNP
calling. The de novo assemblies for all study strains were each �99.8% identical to the
Ames Ancestor reference genome (data not shown). A phylogeny based on whole-
genome SNP calling was created for all strains with mutations in the coding regions of
sigP, rsiP, and/or bla1 (Fig. 2). Strains 32, UT308, and SK57 (15) contained mutations in
sigP and/or rsiP (Table 1) and were included in the phylogenetic analysis as reference
strains. All strains with a mutation in rsiP belonged to clade A. Two of the strains
identified in this screen with rsiP mutations (Ba4065 and Ba4039) fell into the same
clade as the three PEN-R reference strains. In comparison to SK57, Ba4065 (SK57A),
Ba4039 (SK57C), and strain 32 and its derivative UT308 have an additional mutation
in sigP that is predicted to affect protein activity (4). PEN-S Ba3027 harbors the same
rsiP mutation as strains 32, SK57, Ba4065 (SK57A), and Ba4039 (SK57C) but is not in
the same branch as the PEN-R strains. Two other PEN-R isolates with rsiP mutations,
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Ba2823 and Ba1038, were in different branches. The two strains with mutations in
bla1 were members of clade A, and the three strains containing sigP mutations fell
within clade C.

Characterization of Ba3027: Growth, colony morphology, �-lactamase activity,
and bla gene expression. Strain Ba3027 exhibited a slower growth rate in broth
culture than strain SK57, which contains the same rsiP mutation, and 2007740878
(Ba0878), a prototypical PEN-S strain without the rsiP mutation (Fig. 3A). After 24 h of
culture on agar, single isolated colonies of strain Ba0878 were nearly half the size of
strain SK57 colonies, with average colony diameters of 2.82 mm and 5.40 mm, respec-
tively (Fig. 3B). Strain Ba3027 formed smaller colonies (average colony diameter,
0.85 mm) than Ba0878 and SK57. The �-lactamase activity of culture supernatants was
measured in a quantitative nitrocefin assay to evaluate extracellular �-lactamase pro-
duction in Ba3027. Similarly to PEN-S strains Ba0878 and Sterne, �-lactamase activity
was not detected in the culture supernatant from Ba3027 (Fig. 4A). A statistically

FIG 2 Neighbor-joining tree of B. anthracis strains containing mutations within sigP, rsiP, and bla1 identified from
the WGS screen. Strains from the three major B. anthracis clades (A, B, and C) were identified in the WGS screen
(color coded) (24). PEN-R strains are colored in red. Asterisks (*) indicate strains containing an rsiP mutation. Control
strains SK57, UT308, 2000031103 (strain 32), and Sterne, as well as the Ames Ancestor reference strain, were
included for comparison.
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significant difference in activity levels (P � 0.001 to 0.01) was observed for these three
strains compared to �-lactamase-producing strain UT308. SK57 had significantly higher
�-lactamase activity (223 � 4.35 mU/ml) than UT308 (61 � 3.15 mU/ml) (P � 0.001).
Whole-cell lysates of SK57, Ba0878, and Ba3027 were prepared and tested using the
quantitative nitrocefin assay to determine if �-lactamase is produced in Ba3027 but is
not exported to the culture supernatant or associated with the cell wall. �-Lactamase
activity was detected in the PEN-R SK57 lysates but not in the PEN-S Ba3027 or Ba0878
lysates (data not shown).

FIG 3 Growth characteristics of Ba3027. (A) Growth kinetics of strains SK57 (PEN-R, rsiP 10 mutation), Ba3027 (PEN-S, rsiP 10 mutation),
and Ba0878 (PEN-S, wild-type strain) were evaluated over a 12-h incubation at 35°C in broth. Growth was measured by the Segmentation
and Extraction of Surface Area (SESA) algorithm. Graphs represent the average growth value � standard deviations from three replicate
wells. (B) Microscope images (	8) of single colonies were taken following an 18-h incubation at 35°C in ambient air on SBA (top); optical
screen images represent bacterial growth in a 100-�l cell suspension after 7 h (bottom).

FIG 4 �-Lactamase production and semiquantitative RT-PCR analysis of bla1, bla2, and 16S transcripts in B.
anthracis strains. (A) �-Lactamase activity of culture supernatants from strains SK57 (PEN-R, rsiP 10 mutation), UT308
(PEN-R, sigP 183 mutation, rsiP 10 mutation), Ba3027 (PEN-S, rsiP 10 mutation), Sterne (PEN-S), and Ba0878 (PEN-S,
wild-type strain) was measured using nitrocefin. Error bars represent averages � standard deviations. **, P � 0.001
to 0.01 (statistical significance compared to �-lactamase-producing strain UT308); ***, P � 0.001 (statistical signif-
icance of UT308 compared to SK57). (B) Expression of SK57, UT308, Ba3027, Sterne, and Ba0878 bla1, bla2, and 16S
genes was analyzed by semiquantitative RT-PCR after 20 cycles. The molecular marker was run in lane M.
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Semiquantitative reverse transcriptase PCR (RT-PCR) analysis of bla1 and bla2 was
performed to measure bla1 and bla2 transcription in Ba3027 at the exponential phase
of growth in Luria-Bertani (LB) broth. Transcripts of bla1 and bla2 were detected in
Ba3027 but at lower levels than were seen with PEN-R strains SK57 and UT308. No bla1
or bla2 transcript was detected in PEN-S control strains Sterne and Ba0878 (Fig. 4B).
Controls for these assays confirmed that no amplification product was detectable in the
no-transcriptase or no-template reactions for each reaction set (data not shown).

Genomic mutations unique to Ba3027. Despite harboring the same RsiP trunca-
tion mutation as four other PEN-R B. anthracis strains, PEN-S strain Ba3027 clustered
with one other PEN-S strain in the WGS SNP-based tree (Fig. 2). To identify chromo-
somal mutations unique to Ba3027, the coding region mutations in Ba3027 were
compared to coding region mutations found in the B. anthracis isolates used to
generate the phylogenetic tree. Forty-six frameshift and missense mutations were
unique to Ba3027. These nucleotide differences were found in a variety of genes,
including those predicted to be involved in cell growth and cell division, peptidoglycan
biosynthesis processes, regulation of transcription, and DNA-directed RNA polymerase
activity (see Table S1 in the supplemental material).

DISCUSSION

WGS can be used to detect the mutations and genes most frequently associated
with drug resistance for bacterial pathogens such as Mycobacterium tuberculosis and
methicillin-resistant Staphylococcus aureus (26–29). For M. tuberculosis, the WGS data
are valuable because it offers a more rapidly determined AST profile for first-line and
second-line anti-TB drugs than the conventional BMD method (28, 30). In the event of
a deliberate release of B. anthracis, antimicrobial susceptibility results would be essen-
tial for the distribution of appropriate antimicrobial agents for PEP and treatment. WGS
of the implicated strain(s) could reveal known, novel, and/or engineered genetic
modifications, including indels and SNPs related to antibiotic resistance. For example,
SNPs located in the quinolone resistance-determining region of B. anthracis can be
analyzed to predict functional ciprofloxacin resistance (31, 32) and can serve as useful
targets during genomic analysis.

The presence of �-lactamase genes is considered predictive of penicillin resistance
for many bacterial species (5). However, B. anthracis is characteristically susceptible to
penicillin despite containing two chromosomal �-lactamase genes. A B. anthracis
anti-sigma factor (rsiP) mutation can lead to �-lactamase gene expression and penicillin
resistance (4). Mutations in sigP and rsiP have been reported only in strain 32 (4) and
in PEN-R strains isolated from cattle following a 2011 anthrax outbreak (18). To more
accurately predict resistance phenotypes from bacterial sequence data, it is critical to
identify mutations that exist among different strains and to determine the impact that
these variations have on the observed PEN-R phenotype (33).

In this work, we analyzed the sigP-bla1 region of 374 strains of B. anthracis from a
strain collection at the CDC to determine the frequency of mutations across the
�6.9-kb region. This collection includes B. anthracis strains isolated from human,
animal, and environmental sources worldwide from the 1950s to 2013 (34). Functional
antimicrobial susceptibility testing was then performed to determine the accuracy of
penicillin resistance prediction. A limitation of this study is that BMD AST was not
performed on every study strain, and we therefore do not know if there are any strains
in the CDC collection that are PEN-R and lack a mutation in the sigP-bla1 region. While
it was not feasible to perform AST for all 374 strains for which WGS data are available,
we screened the WGS data to identify strains containing mutations in the sigP-bla1
region with the goal of identifying strains similar to strain 32.

Few strains (3.5% [13/374]) contained a mutation(s) (SNPs, insertions, or deletions)
in the sigP, rsiP, or bla1 coding region. None of the strains with mutations in sigP or bla1
were resistant to penicillin, indicating that the sigma factor and anti-sigma factor
supression systems are likely fully functional in these strains. Only 5 strains (1.3%
[5/374]) contained a mutation in the rsiP coding region that was predicted to result in
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a truncation of the anti-sigma factor. Four of those five strains that contained an rsiP
mutation were resistant to penicillin, indicating that the anti-sigma factor is likely not
functional.

A single PEN-S strain with a rsiP mutation, Ba3027, displayed a smaller colony size
and a slower growth rate than the wild-type PEN-R and PEN-S strains. While
�-lactamase activity was not detected by quantitative nitrocefin assays, transcripts of
both bla1 and bla2 were detected in Ba3027. This indicates that bla1 and bla2 are
expressed in Ba3027 to some extent but suggests that the production level is not
sufficient to detect �-lactamase activity using the nitrocefin assay or resistance by BMD
AST. The PEN-S phenotype and lack of �-lactamase activity in Ba3027 were unexpected.
To assess whether this phenotype/genotype discrepancy could be explained using
WGS data, we compared sequences of all strains included in the phylogenetic tree to
the Ames Ancestor reference sequence. All coding region mutations unique to Ba3027
are listed in Table S1 in the supplemental material. A total of 46 frameshift and
missense mutations were found, any of which might contribute to the unusual growth
characteristics and/or PEN-S phenotype of Ba3027. For example, one mutation was
found in ftsA, a gene related to the cell cycle. The loss of this gene has been reported
to result in impaired cell division and sporulation in B. subtilis (35). While the specific
genetic basis of this unexpected PEN-S phenotype of Ba3027 was not immediately
identified, these unique mutations represent potential candidates for future investiga-
tion.

Mutations identified at three positions that led to predicted truncated RsiP proteins
of 12, 30, and 163 amino acids were all located in homopolymer regions of the B.
anthracis chromosome, suggesting that these regions are hot spots for insertion or
deletion events (18). We identified two strains with deletions in these homopolymer
regions, but Sanger sequencing data did not confirm the presence of these mutations.
Subsequent AST testing revealed that both strains were PEN-S. Some next-generation
sequencing (NGS) technologies have difficulty resolving homopolymer regions of DNA
sequence (36). This emphasizes the importance of sequence accuracy, especially in
homopolymer regions, for high-confidence detection of mutations. Depending on the
NGS technology used, confirmatory sequencing of these repetitive regions by the
Sanger method may be necessary.

While both SK57 and UT308 are PEN-R by AST, the �-lactamase activity in the culture
supernatant of SK57 (223 mU/ml) was higher than in that of UT308 (61 mU/ml).
�-Lactamases in Gram-positive bacteria are predominantly located extracellularly, but
�-lactamases can also adhere to the peptidoglycan layer (or capsule) or diffuse away
(37). Whole-cell lysates of Ba3027 were tested using the quantitative nitrocefin assay to
assess whether �-lactamase is produced in Ba3027 cells but not exported to the culture
supernatant and is instead associated with the cell wall. However, no �-lactamase
activity was detected (data not shown). This indicates that the level of production of
Bla1 and Bla2 by Ba3027 was too low for detection of cell wall-associated or extracel-
lular �-lactamase activity using the quantitative nitrocefin assay.

The sigP sequence of SK57 is identical to that of the Ames Ancestor reference, but
UT308 contains the sigP mutation that is predicted to be associated with decreased
SigP activity (4). The elevated �-lactamase activity in SK57 compared to UT308 is likely
due to this predicted decreased activity of SigP in UT308. Ross et al. (4) suggested that
constitutive expression of wild-type SigP is detrimental to B. anthracis growth and that
the strain 32 SigP mutation is acting to reduce the activity of the sigma factor and to
alleviate this toxicity. Wild-type SigP activity was noted to be tolerated in the PEN-R
strains isolated from the anthrax outbreak in cattle (18). Our findings indicate that SigP
activity was also tolerated in the 4 PEN-R strains that contained wild-type SigP in this
study. Agren et al. (18) also described a subpopulation that was isolated from the frozen
stock of a PEN-R strain that not only contained the rsiP mutation but also contained a
sigP mutation that abolished SigP activity and resulted in a penicillin-susceptible
phenotype. This was described as a counteracting mutation. Both Ross et al. (4) and
Agren et al. (18) speculated that strains expressing wild-type SigP with rsiP mutations
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acquired detrimental sigP mutations since SigP expression results in growth defects.
Downregulation of �-lactamase genes could offer these strains a fitness advantage (4,
18). None of the PEN-R strains isolated in this study contained both a sigP mutation and
a rsiP mutation; therefore, all of the PEN-R strains are presumed to express the wild-type
sigP gene. Not only was a smaller colony size observed for Ba3027 (Fig. 3), but PEN-R
strains Ba1038, Ba2823, and Ba4065 (SK57A) also had smaller colony diameters than
PEN-R SK57 and Ba4039 (SK57C) as well as other PEN-S wild-type strains (data not
shown). However, it is not uncommon to see variability in growth characteristics and
colony morphologies in wild-type B. anthracis strains (23). Because not all PEN-R strains
in this study exhibited a reduced growth rate and smaller colony size, additional work
is needed to establish whether expression of wild-type SigP is directly associated with
growth defects in B. anthracis.

Work by Ross et al. (4) showed that transforming a B. anthracis sigP-rsiP null mutant
with sigP and rsiP genes from PEN-R B. cereus or B. thuringiensis strains resulted in
�-lactamase activity. This suggests that B. anthracis contains the genes required for
sensing �-lactam antibiotics but that the presence of wild-type (prototypical) SigP and
RsiP is not sufficient for bla induction. Ross et al. propose that the B. cereus and B.
thuringiensis RsiP proteins can respond to the signal when a �-lactam antibiotic is
present and that those species are in turn characteristically PEN-R. The defective
anti-sigma factor could explain why RsiP in prototypical PEN-S B. anthracis strains does
not respond to this signal (4). While the B. cereus and B. thuringiensis rsiP genes are 91%
to 99% identical to the corresponding B. anthracis gene on the nucleotide level, future
work will determine whether any sequence differences are involved in the inability of
B. anthracis RsiP to respond to the �-lactam antibiotic signal.

Molecular phylogenies and comparative genome sequencing have revealed that B.
cereus species group bacteria are closely related and could be classified as a single
species (38, 39). The de novo assemblies for every strain included in this study were
�99.8% identical to those in the Ames Ancestor reference genome. Analysis of the
whole-genome SNP phylogeny revealed that every strain with a mutation in rsiP
belonged to clade A; however, the limited number of clade B and clade C strains
included in this study precluded a definitive association of rsiP mutations or PEN-R
genotypes with clade A strains. Two of the strains with rsiP mutations (SK57A and
SK57C) were located in the same group as the three PEN-R reference strains (strain 32,
SK57, and UT308). The results revealing this monophyletic group, along with the
common frameshift mutation in rsiP, strongly suggest a common origin for all of these
isolates. However, three isolates with rsiP mutations (Ba3011, Ba3027, and Ba1038)
grouped differently, indicating that these isolates evolved independently of the mono-
phyletic group. Strains SK57A and SK57C were isolated from an archival collection of
CDC strains that were originally stored on agar slants overlaid with mineral oil at room
temperature (40). Both strains were isolated in November 1975, but the CDC records
associated with these strains contain few details about the source and there is no clear
association with strain 32 (12).

Despite the underlying genomic similarity, B. anthracis isolates are phenotypically
diverse because of altered gene expression rather than gene content (4, 38). The
control of �-lactamase expression by SigP and RsiP is an example of how trans-acting
factors differentially affect transcription of genes in the B. cereus group species. Here,
we show that analysis of the sigP-bla1 region in B. anthracis was useful in predicting
penicillin resistance in the majority of B. anthracis strains that contained a mutation in
rsiP. This locus should be included in analyses of WGS data to predict antimicrobial
resistance of B. anthracis. However, it cannot be used exclusively, as only four of the five
strains with rsiP mutations were PEN-R by conventional BMD testing. There are a limited
number of PEN-R B. anthracis strains available for analysis, and this makes it difficult to
accurately assess concordance between phenotypic susceptibility and resistance ge-
notypes. To accurately assess clinically relevant �-lactamase production in B. anthracis,
use of a conventional phenotypic method, like BMD AST, remains essential.
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MATERIALS AND METHODS
Biosafety procedures. B. anthracis is subject to select agent regulations (42 CFR part 73). All

procedures using the attenuated, select agent-excluded strains, B. anthracis UT308 and Sterne, were
performed in a biosafety level 2 (BSL2) laboratory by trained personnel wearing appropriate personal
protective equipment (PPE). All procedures involving wild-type B. anthracis strains were performed by
trained personnel wearing PPE (including a powered air-purifying respirator [PAPR] and protective
laboratory clothing) in a class II type A2 biological safety cabinet located in a BSL3 laboratory registered
with the U.S. Federal Select Agent Program. Additional information regarding the facility and equipment
and procedural guidelines for BSL2 and BSL3 laboratories can be found in the CDC/NIH publication
“Biosafety in Microbiological and Biomedical Laboratories,” 5th edition (41).

Bacterial strains. All B. anthracis strains identified in the sigP-bla1 screen and control strains used in
this study are listed in Table 2. PEN-R strains 32, UT308, and SK57 and the PEN-S Sterne and Ba0878
strains were used as control strains in this study.

Growth conditions. B. anthracis strains were cultured on BD BBL Trypticase soy agar II with 5% sheep
blood (SBA) (Thermo Fisher Scientific, Waltham, MA, USA) at 35°C in ambient air from glycerol stocks stored
at �70°C. For microscopy and sizing of single colony isolates, each strain was subcultured at 35°C in ambient
air for 18 h on SBA. For AST, strains were grown overnight (16 to 24 h) at 35°C on SBA in ambient air, following
CLSI guidelines. To assess �-lactamase activity (4) and for RNA isolation (5, 10), each strain was cultured at 37°C
in ambient air on SBA overnight to replicate the culturing conditions described previously. From an overnight
growth culture, a cell suspension equivalent to a 0.5 McFarland density standard was prepared in fresh LB
broth (BD Difco Miller Luria-Bertani; Thermo Fisher Scientific, Waltham, MA, USA) for RNA isolations or in LB
broth containing 0.5% glycerol for �-lactamase activity assays.

Sequencing and analysis. Genomic DNA was sequenced from 374 B. anthracis strains from the CDC
collection. DNA from isolates was extracted using one of two technologies, a QIAamp DNA blood minikit
(Qiagen, Valencia, CA) or a Maxwell 16 instrument (Promega, Madison, WI). For the QIAamp extraction,
one 10-�l loopful of cells from overnight growth on SBA was inoculated in heart infusion broth (Remel,
Lenexa, KS) and incubated for 18 to 24 h. Cells were harvested by centrifugation for 10 min at 5,000 	 g.
After removal of broth, DNA was extracted from remaining cells using a Qiagen QIAamp DNA blood
minikit following the manufacturer’s protocol for isolating Gram-positive bacteria. For DNA extractions
performed on the Maxwell instrument, four to five colonies of overnight growth from SBA were
mechanically disrupted by vortex mixing for 2 min in a suspension of silica beads and Tris-EDTA (TE)
buffer. The suspension was centrifuged for 30 s at 10,000 	 g. A 300-�l volume of the resulting
supernatant was used for DNA extraction following the manufacturer’s protocol for blood and cells.
Sequencing was performed on an Illumina GAIIx system using TruSeq chemistry (Illumina, San Diego, CA).
Paired-end reads were trimmed, adaptor sequences were removed, and the reads were subjected to
quality checking using SolexaQA�� (42) with a Phred quality score threshold of 20 and minimum length
of 50 bp, Scythe with default parameters, and FastQC, respectively. Paired-end reads for which both reads
passed the quality control were then assembled using IDBA-UD (43) with precorrection and default
parameters, and the resulting scaffolds that were shorter than 500 bp were discarded. A local BLAST (44)
search was performed by querying the sigP-bla1 region (6,892 bp) from a PEN-S reference strain, the
Ames Ancestor (accession number AE017334), against the 374 B. anthracis strains in the CDC WGS
database to identify mutations. Forty-two B. anthracis strains in GenBank for which WGS data were
available at the time of analysis were also included in the BLAST screen (total, 416 strains). The sigP-rsiP,

TABLE 2 B. anthracis strains used in this studya

Strain Alternative ID
Clade/MLVA-8
genotype

Plasmid
content Origin Source

NCBI
accession no. Reference

Sterne* 34F2 A/— pX01�, pX02� South Africa Animal CP009541.1 51
UT308* NA A/— pX01�, pX02� Derived from strain 32 Human QPKP00000000 4
2007740878* Ba0878, BA0018 A/7 pX01�, pX02� Canada Unknown NA 52
2000031656 Ba1656, Ames A/62 pX01�, pX02� USA (Texas) Animal NC_007530.2 53
2000031103 Ba1103, ASC 32, strain 32 A/53 pX01�, pX02� England Human QPKO00000000 12
2007740863 Ba0863, SK57 A/48 pX01�, pX02� England Unknown QPKQ00000000 14
2002734065 Ba4065, SK57A A/— pX01�, pX02� England Unknown SRR5811123 This study
2002734039 Ba4039, SK57C A/116 pX01�, pX02� England Unknown SRR2340304 25
2002013027 Ba3027, AO427 A/4 pX01�, pX02� Unknown Unknown SRR2339620 This study
2000031038 Ba1038, 300, Dole 111 A/71 pX01�, pX02� Unknown Environmental SRR5811163 54
2002013017 Ba3017, AO412 A/4 pX01�, pX02� Unknown Unknown SRR2339614 This study
2000032823 Ba2823, A0048d A/— pX01�, pX02� Unknown Unknown SRR5811071 25
2002013011 Ba3011, SPU A0423 A/118 pX01�, pX02� Unknown Unknown SRR2340484 25
2002013007 Ba3007, AO461 A/4 pX01�, pX02� Unknown Unknown SRR2340462 This study
2000031048 Ba1048, 305, tannery 42 B/107 pX01�, pX02� Unknown Environmental SRR5811217 25
2002734089 Ba4089, SK83, C2291 A/71 pX01�, pX02� USA (New Jersey) Environmental SRR2340461 This study
2002013094 Ba3094, 240 C/133 pX01�, pX02� Unknown Environmental SRR5947106 25
2000031021 Ba1021, 239, LA164B C/— pX01�, pX02� USA (Louisiana) Environmental SRR5947105 This study
2000031052 Ba1052, 278, #25600 C/— pX01�, pX02� USA (Wyoming) Animal SRR5811214 This study
aAsterisks (*) indicate reference strains not included in the sigP-bla1 screen. ID, identifier(s); NA, not available; —, MLVA-8 genotype determination not performed due
to lack of a plasmid.
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bla1, and bla2 promoter regions were also analyzed for the 13 strains that contained a sigP, rsiP, or bla1
mutation. Sanger sequencing of the sigP-bla1 region was performed using an ABI 3130xl or 3500xl
Genetic Analyzer (Applied Biosystems, by Thermo Fisher Scientific, Waltham, MA, USA) as described by
Hakovirta et al. (45) to confirm mutations. The primers used for PCR amplification and sequencing were
as follows: sigP-rsiPFwdPCR (5=-GGAGAACTCGAACTAAATGG-3=), sigP-rsiPRevPCR (5=-GCTGCTCTCGTTACA
TCA-3=), sigP-rsiPIntFwd1 (5=-TGATAAACAAACTCTGTCGG-3=), sigP-rsiPIntFwd2 (5=-CCTAAAAAGCACCGTG
A-3=), sigP-rsiPIntFwd3 (5=-CTGCTCAAGATCCAACAT-3=), sigP-rsiPIntFwd4 (5=-CTGAACCAAAGCGAGAAT-
3=), sigP-rsiPIntRev1 (5=-GCCGACAGAGTTTGTTTA-3=), sigP-rsiPIntRev2 (5=-AATGGTCTTGTATGTTCCC-3=),
sigP-rsiPIntRev3 (5=-CTTTTGATTCTCGCTTTGGT-3=), bla1FwdPCR (5=-AATAAGAGATAGCAGCGG-3=),
bla1RevPCR (5=-GGTTTTTCACGTATCTGG-3=), and bla1IntRev1 (5=-ACACCTAATCGAGCATCA-3=). BLAST and
Sanger sequence data were analyzed using Geneious R8 software, version 8.1.4, and CLC Genomics
Workbench software, version 7.5.1. Mutations in wild-type strains were identified by comparing the
genome assemblies of the wild-type strains to that of the Ames Ancestor reference sequence using the
dnadiff utility from the MUMmer package (46). The SnpEff utility (47) was used to predict the effects of
mutations identified as unique to Ba3027. The Harvest suite of tools (48) was used to determine the
numbers of SNPs in comparisons between all wild-type genomes. These differences were represented as
a distance matrix and used to create a neighbor-joining tree using MEGA 6 (49).

MLVA-8 subtyping. MLVA-8 genotyping was performed as described by Keim et al. (24) and Sue et
al. (25). Briefly, six chromosomal loci (vrrA, vrrB1, vrrB2, vrrC1, vrrC2, and CG3) and two plasmid loci
(pXO1-aat and pXO2-at) were amplified by PCR and the resulting DNA fragments were separated on an
ABI 3130xl instrument or an ABI 3500xl instrument (Applied Biosystems, by Thermo Fisher Scientific,
Waltham, MA, USA).

Antimicrobial susceptibility testing (AST). Broth microdilution (BMD) was performed to determine
antimicrobial susceptibility for penicillin following the CLSI guidelines (19). Cells from four to six isolated
colonies of an overnight culture were suspended in saline solution (Beckman Coulter, Brea, CA) and
mixed using a vortex mixer to a turbidity equivalent to a 0.5 McFarland standard as measured with a
MicroScan turbidity meter (Siemens, Munich, Germany). Each suspension was then diluted 1:20. BMD AST
panels prepared in-house with cation-adjusted Mueller-Hinton broth were inoculated and incubated at
35°C in ambient air for 16 to 20 h. Staphylococcus aureus ATCC 29213 and Enterococcus faecalis ATCC
29212 were used as control strains. The MIC of penicillin for each B. anthracis strain was recorded as the
concentration at the first well where there was no visible growth.

Microscopy and sizing of single colony isolates. Images of individual colonies on SBA were
acquired with a Leica EZ4 HD digital stereo microscope (Leica Microsystems, Wetzlar, Germany). Colony
diameters were measured using a Digimatic Solar Caliper (Mitutoyo America, IL, USA).

Imaging and analysis of bacterial growth in broth culture by optical screening. B. anthracis cell
suspensions equivalent to a 0.5 McFarland density standard were prepared as described previously (23)
from colonies grown overnight on SBA. The cell suspension was diluted 1:100 in cation-adjusted
Mueller-Hinton broth with TES [N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid] (CAMHBT;
Remel Inc., Lenexa, KS). A 100-�l aliquot of each diluted cell suspension was transferred into each well
of a 96-well plate. Optical screening images were generated from scans through a fluid sample using
digital time-lapse microscopy with an oCelloScope instrument (Biosense Solutions ApS, Farum, Denmark)
as described previously (23, 50). The instrument-derived growth values were obtained using the
Segmentation and Extraction Surface Area (SESA) normalized algorithm. Growth kinetic data in Fig. 3
represent the means of triplicate values � standard deviations.

Nitrocefin �-lactamase assays. Broth cultures in the late-exponential-growth phase (105 CFU/ml) of B.
anthracis strains SK57, Ba3027, Ba0878, Sterne (PEN-S, select agent-excluded strain), and UT308 (PEN-R, select
agent-excluded derivative of strain 32) were tested for �-lactamase activity using a nitrocefin-based quanti-
tative �-lactamase activity assay (�-lactamase activity assay kit, MAK221; Sigma-Aldrich, St. Louis, MO)
according to the manufacturer’s instructions. Supernatants from 500 �l of culture from each strain were
collected by centrifugation at 8,000 	 g for 2 min through a 0.1-�m-pore-size polyvinylidene difluoride (PVDF)
Ultrafree-MC spin-filter column (Millipore, Billerica, MA, USA). The absorbance (A490) was measured in a 96-well
microplate reader (SpectraMax i3; Molecular Devices, Sunnyvale, CA) in kinetic mode for 60 min at room
temperature. Two biological replicates were performed for each sample, and three technical replicates were
analyzed for each biological replicate. The statistical significance of differences in levels of �-lactamase
production between strains was calculated with a two-tailed t test (n � 3).

RNA isolation. Total RNA was isolated as previously described (5, 10). Briefly, total RNA was purified
from exponential-phase cultures (105 CFU/ml) grown in LB broth at 37°C in ambient air, without shaking.
Cells were collected on 0.22-�M-pore-size PVDF Ultrafree-MC spin-filter columns (Millipore, Billerica, MA,
USA) by centrifugation at 8,000 	 g for 2 min, resuspended in RNAprotect bacterial reagent (Qiagen,
Hilden, Germany), and stored at �70°C until the time of extraction. RNA was isolated and purified using
a RiboPure RNA purification kit for bacteria, including the DNase I treatment to remove traces of
contaminating DNA, according to the instructions of the manufacturer (Thermo Fisher Scientific, USA).
RNA quantity was assessed using a Qubit RNA HS assay kit and a Qubit fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA). The RNA quality was assessed using an Agilent 2100 Bioanalyzer with an
RNA 6000 Nano kit (Agilent, Santa Clara, CA, USA).

Semiquantitative RT-PCR. Purified RNA (1.0 �g) was subjected to reverse transcription with random
decamers using a RETROscript kit (Thermo Fisher Scientific, Waltham, MA, USA), according to the
manufacturer’s instructions. The resulting reverse transcriptase (RT) mixtures were used as the template
for PCRs with internal primers BLA1-5 and BLA1-6 for bla1, BLA2-5 and BLA2-6 for bla2, and 16S-1 and
16S-2 for the 16S rRNA housekeeping gene, which were previously described by Chen et al. (10).
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Semiquantitative PCRs were carried out with a RETROscript Kit as described by the manufacturer with 2 U
of SuperTaq DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA) in 50-�l reaction mixtures
containing 100 ng of RT mixture template. PCR amplification conditions were as follows: 1 cycle of
denaturation at 94°C for 4 min, followed by 20 cycles of denaturation at 94°C for 30 s, primer annealing
at 55°C for 30 s and template extension at 72°C for 1 min, and 1 cycle of final extension at 72°C for 5 min.
Genomic DNA extracted from B. anthracis Sterne was used as a positive control. A no-RT sample and a
no-template sample were included as negative controls for each reaction set. Amplification products
were detected by gel electrophoresis on a 1% agarose gel, and size was assessed with a DNA ladder
(Invitrogen low-DNA mass ladder; Thermo Fisher Scientific, Waltham, MA, USA).

Accession number(s). All reads were submitted to the NCBI Sequence Read Archive, and the
accession numbers are listed in Table 2.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/

mSystems.00154-18.
FIG S1, TIF file, 2.7 MB.
TABLE S1, PDF file, 0.1 MB.

ACKNOWLEDGMENTS
We thank Peter Turnbull for providing strain 32 and for personal communications

about strains. We thank Bret K. Purcell, U.S. Army Medical Research Institute of Infec-
tious Diseases, for providing strain SK57. We thank Lory Henderson, Cornell University,
for valuable discussions. We thank Julia Bugrysheva, CDC, for valuable discussions and
critical review of the manuscript.

This work was supported by the U.S. CDC Office of Public Health Preparedness and
Response. We thank Theresa Koehler, University of Texas Health Science Center at
Houston, for providing B. anthracis strain UT308.

The findings and conclusions in this report are those of the authors and do not
necessarily represent the views of the Centers for Disease Control and Prevention. The
use of trade names is for identification only and does not imply endorsement by the
Centers for Disease Control and Prevention.

REFERENCES
1. Hendricks KA, Wright ME, Shadomy SV, Bradley JS, Morrow MG, Pavia AT,

Rubinstein E, Holty JE, Messonnier NE, Smith TL, Pesik N, Treadwell TA,
Bower WA; Workgroup on Anthrax Clinical Guidelines. 2014. Centers for
Disease Control and Prevention expert panel meetings on prevention
and treatment of anthrax in adults. Emerg Infect Dis 20. https://doi.org/
10.3201/eid2002.130687.

2. Bower WA, Hendricks K, Pillai S, Guarnizo J, Meaney-Delman D. 2015.
Clinical framework and medical countermeasure use during an anthrax
mass-casualty incident. MMWR Recomm Rep 64:1–28. https://doi.org/10
.15585/mmwr.rr6404a1.

3. Turnbull PC, Sirianni NM, LeBron CI, Samaan MN, Sutton FN, Reyes AE,
Peruski LF, Jr. 2004. MICs of selected antibiotics for Bacillus anthracis, Bacillus
cereus, Bacillus thuringiensis, and Bacillus mycoides from a range of clinical
and environmental sources as determined by the Etest. J Clin Microbiol
42:3626–3634. https://doi.org/10.1128/JCM.42.8.3626-3634.2004.

4. Ross CL, Thomason KS, Koehler TM. 2009. An extracytoplasmic function
sigma factor controls beta-lactamase gene expression in Bacillus anthra-
cis and other Bacillus cereus group species. J Bacteriol 191:6683– 6693.
https://doi.org/10.1128/JB.00691-09.

5. Chen Y, Succi J, Tenover FC, Koehler TM. 2003. Beta-lactamase genes of
the penicillin-susceptible Bacillus anthracis Sterne strain. J Bacteriol 185:
823– 830. https://doi.org/10.1128/JB.185.3.823-830.2003.

6. McSwiggan DA, Hussain KK, Taylor IO. 1974. A fatal case of cutaneous
anthrax. J Hyg (Lond) 73:151–156. https://doi.org/10.1017/S00221724
00023949.

7. Gold H. 1967. Treatment of anthrax. Fed Proc 26:1563–1568.
8. Friedlander AM, Welkos SL, Pitt ML, Ezzell JW, Worsham PL, Rose KJ, Ivins

BE, Lowe JR, Howe GB, Mikesell P, Lawrence WB. 1993. Postexposure
prophylaxis against experimental inhalation anthrax. J Infect Dis 167:
1239 –1243. https://doi.org/10.1093/infdis/167.5.1239.

9. Shafazand S, Doyle R, Ruoss S, Weinacker A, Raffin TA. 1999. Inhalational

anthrax: epidemiology, diagnosis, and management. Chest 116:
1369 –1376. https://doi.org/10.1378/chest.116.5.1369.

10. Chen Y, Tenover FC, Koehler TM. 2004. Beta-lactamase gene expression in
a penicillin-resistant Bacillus anthracis strain. Antimicrob Agents Chemother
48:4873–4877. https://doi.org/10.1128/AAC.48.12.4873-4877.2004.

11. Lightfoot NF, Scott RJD, Turnbull PC. 1990. Antimicrobial susceptibility of
Bacillus anthracis. Salisbury Med Bull 68:95–98.

12. Severn M. 1976. A fatal case of pulmonary anthrax. Br Med J 1:748.
https://doi.org/10.1136/bmj.1.6012.748.

13. Turnbull PC, Hutson RA, Ward MJ, Jones MN, Quinn CP, Finnie NJ,
Duggleby CJ, Kramer JM, Melling J. 1992. Bacillus anthracis but not
always anthrax. J Appl Bacteriol 72:21–28.

14. Gill SC, Rubino CM, Bassett J, Miller L, Ambrose PG, Bhavnani SM,
Beaudry A, Li J, Stone KC, Critchley I, Janjic N, Heine HS. 2010.
Pharmacokinetic-pharmacodynamic assessment of faropenem in a le-
thal murine Bacillus anthracis inhalation postexposure prophylaxis
model. Antimicrob Agents Chemother 54:1678 –1683. https://doi.org/10
.1128/AAC.00737-08.

15. Gargis AS, Lascols C, McLaughlin HP, Conley AB, Hoffmaster AR, Sue D.
2019. Genome sequences of penicillin-resistant Bacillus anthracis strains.
Microbiol Resour Announc 8:e01122-18. https://doi.org/10.1128/MRA
.01122-18.

16. Helmann JD. 2016. Bacillus subtilis extracytoplasmic function (ECF) sigma
factors and defense of the cell envelope. Curr Opin Microbiol 30:
122–132. https://doi.org/10.1016/j.mib.2016.02.002.

17. Ho TD, Hastie JL, Intile PJ, Ellermeier CD. 2011. The Bacillus subtilis
extracytoplasmic function sigma factor sigma(V) is induced by lysozyme
and provides resistance to lysozyme. J Bacteriol 193:6215– 6222. https://
doi.org/10.1128/JB.05467-11.

18. Agren J, Finn M, Bengtsson B, Segerman B. 2014. Microevolution during
an anthrax outbreak leading to clonal heterogeneity and penicillin

Penicillin Resistance Prediction in Bacillus anthracis

November/December 2018 Volume 3 Issue 6 e00154-18 msystems.asm.org 13

https://doi.org/10.1128/mSystems.00154-18
https://doi.org/10.1128/mSystems.00154-18
https://doi.org/10.3201/eid2002.130687
https://doi.org/10.3201/eid2002.130687
https://doi.org/10.15585/mmwr.rr6404a1
https://doi.org/10.15585/mmwr.rr6404a1
https://doi.org/10.1128/JCM.42.8.3626-3634.2004
https://doi.org/10.1128/JB.00691-09
https://doi.org/10.1128/JB.185.3.823-830.2003
https://doi.org/10.1017/S0022172400023949
https://doi.org/10.1017/S0022172400023949
https://doi.org/10.1093/infdis/167.5.1239
https://doi.org/10.1378/chest.116.5.1369
https://doi.org/10.1128/AAC.48.12.4873-4877.2004
https://doi.org/10.1136/bmj.1.6012.748
https://doi.org/10.1128/AAC.00737-08
https://doi.org/10.1128/AAC.00737-08
https://doi.org/10.1128/MRA.01122-18
https://doi.org/10.1128/MRA.01122-18
https://doi.org/10.1016/j.mib.2016.02.002
https://doi.org/10.1128/JB.05467-11
https://doi.org/10.1128/JB.05467-11
https://msystems.asm.org


resistance. PLoS One 9:e89112. https://doi.org/10.1371/journal.pone
.0089112.

19. CLSI. 2015. Methods for antimicrobial dilution and disc susceptibility
testing of infrequently isolated or fastidious bacteria, M45, 3rd ed.
Clinical and Laboratory Standards Institute, Wayne, PA.

20. Weigel LM, Sue D, Michel PA, Kitchel B, Pillai SP. 2010. A rapid antimi-
crobial susceptibility test for Bacillus anthracis. Antimicrob Agents Che-
mother 54:2793–2800. https://doi.org/10.1128/AAC.00247-10.

21. Schofield DA, Sharp NJ, Vandamm J, Molineux IJ, Spreng KA, Rajanna C,
Westwater C, Stewart GC. 2013. Bacillus anthracis diagnostic detection
and rapid antibiotic susceptibility determination using ’bioluminescent’
reporter phage. J Microbiol Methods 95:156 –161. https://doi.org/10
.1016/j.mimet.2013.08.013.

22. Bugrysheva JV, Lascols C, Sue D, Weigel LM. 2016. Rapid antimicrobial
susceptibility testing of Bacillus anthracis, Yersinia pestis, and Burkhold-
eria pseudomallei by use of laser light scattering technology. J Clin
Microbiol 54:1462–1471. https://doi.org/10.1128/JCM.03251-15.

23. McLaughlin HP, Gargis AS, Michel P, Sue D, Weigel LM. 2017. Optical
screening for rapid antimicrobial susceptibility testing and for observa-
tion of phenotypic diversity among strains of the genetically clonal
species Bacillus anthracis. J Clin Microbiol 55:959 –970. https://doi.org/
10.1128/JCM.02209-16.

24. Keim P, Price LB, Klevytska AM, Smith KL, Schupp JM, Okinaka R, Jackson
PJ, Hugh-Jones ME. 2000. Multiple-locus variable-number tandem re-
peat analysis reveals genetic relationships within Bacillus anthracis. J
Bacteriol 182:2928 –2936. https://doi.org/10.1128/JB.182.10.2928-2936
.2000.

25. Sue D, Marston CK, Hoffmaster AR, Wilkins PP. 2007. Genetic diversity in
a Bacillus anthracis historical collection (1954 to 1988). J Clin Microbiol
45:1777–1782. https://doi.org/10.1128/JCM.02488-06.

26. Koser CU, Ellington MJ, Peacock SJ. 2014. Whole-genome sequencing to
control antimicrobial resistance. Trends Genet 30:401– 407. https://doi
.org/10.1016/j.tig.2014.07.003.

27. Maningi NE, Daum LT, Rodriguez JD, Mphahlele M, Peters RP, Fischer
GW, Chambers JP, Fourie PB. 2015. Improved detection by next-
generation sequencing of pyrazinamide resistance in Mycobacterium
tuberculosis isolates. J Clin Microbiol 53:3779 –3783. https://doi.org/10
.1128/JCM.01179-15.

28. Phelan J, O’Sullivan DM, Machado D, Ramos J, Whale AS, O’Grady J,
Dheda K, Campino S, McNerney R, Viveiros M, Huggett JF, Clark TG. 2016.
The variability and reproducibility of whole genome sequencing tech-
nology for detecting resistance to anti-tuberculous drugs. Genome Med
8:132. https://doi.org/10.1186/s13073-016-0385-x.

29. Gordon NC, Price JR, Cole K, Everitt R, Morgan M, Finney J, Kearns AM,
Pichon B, Young B, Wilson DJ, Llewelyn MJ, Paul J, Peto TE, Crook DW,
Walker AS, Golubchik T. 2014. Prediction of Staphylococcus aureus anti-
microbial resistance by whole-genome sequencing. J Clin Microbiol
52:1182–1191. https://doi.org/10.1128/JCM.03117-13.

30. Salamon H, Yamaguchi KD, Cirillo DM, Miotto P, Schito M, Posey J, Starks
AM, Niemann S, Alland D, Hanna D, Aviles E, Perkins MD, Dolinger DL.
2015. Integration of published information into a resistance-associated
mutation database for Mycobacterium tuberculosis. J Infect Dis 211:
S50 –S57. https://doi.org/10.1093/infdis/jiu816.

31. Price LB, Vogler A, Pearson T, Busch JD, Schupp JM, Keim P. 2003. In vitro
selection and characterization of Bacillus anthracis mutants with high-
level resistance to ciprofloxacin. Antimicrob Agents Chemother 47:
2362–2365. https://doi.org/10.1128/AAC.47.7.2362-2365.2003.

32. Serizawa M, Sekizuka T, Okutani A, Banno S, Sata T, Inoue S, Kuroda M.
2010. Genomewide screening for novel genetic variations associated
with ciprofloxacin resistance in Bacillus anthracis. Antimicrob Agents
Chemother 54:2787–2792. https://doi.org/10.1128/AAC.01405-09.

33. Davis JJ, Boisvert S, Brettin T, Kenyon RW, Mao C, Olson R, Overbeek R,
Santerre J, Shukla M, Wattam AR, Will R, Xia F, Stevens R. 2016. Antimi-
crobial resistance prediction in PATRIC and RAST. Sci Rep 6:27930.
https://doi.org/10.1038/srep27930.

34. Pena-Gonzalez A, Rodriguez RL, Marston CK, Gee JE, Gulvik CA, Kolton
CB, Saile E, Frace M, Hoffmaster AR, Konstantinidis KT. 2018. Genomic
characterization and copy number variation of Bacillus anthracis plas-
mids pXO1 and pXO2 in a historical collection of 412 strains. mSystems
3:e00065-18. https://doi.org/10.1128/mSystems.00065-18.

35. Beall B, Lutkenhaus J. 1992. Impaired cell division and sporulation of a
Bacillus subtilis strain with the ftsA gene deleted. J Bacteriol 174:
2398 –2403. https://doi.org/10.1128/jb.174.7.2398-2403.1992.

36. Besser J, Carleton HA, Gerner-Smidt P, Lindsey RL, Trees E. 2018. Next-
generation sequencing technologies and their application to the study
and control of bacterial infections. Clin Microbiol Infect 24:335–341.
https://doi.org/10.1016/j.cmi.2017.10.013.

37. Livermore DM. 1997. �-Lactamases: quantity and resistance. Clin Micro-
biol Infect 3(Suppl 4):S10 –S19.

38. Schmidt TR, Scott EJ, II, Dyer DW. 2011. Whole-genome phylogenies of
the family Bacillaceae and expansion of the sigma factor gene family in
the Bacillus cereus species-group. BMC Genomics 12:430. https://doi.org/
10.1186/1471-2164-12-430.

39. Helgason E, Okstad OA, Caugant DA, Johansen HA, Fouet A, Mock M,
Hegna I, Kolsto AB. 2000. Bacillus anthracis, Bacillus cereus, and Bacillus
thuringiensis– one species on the basis of genetic evidence. Appl
Environ Microbiol 66:2627–2630. https://doi.org/10.1128/AEM.66.6
.2627-2630.2000.

40. Marston CK, Hoffmaster AR, Wilson KE, Bragg SL, Plikaytis B, Brachman P,
Johnson S, Kaufmann AF, Popovic T. 2005. Effects of long-term storage
on plasmid stability in Bacillus anthracis. Appl Environ Microbiol 71:
7778 –7780. https://doi.org/10.1128/AEM.71.12.7778-7780.2005.

41. U.S Department of Health and Human Services (U.S. HHS) CfDCaPC,
National Institutes of Health (NIH). 2009. Biosafety in Microbiological and
Biomedical Laboratories, 5th ed, vol 533. Government Printing Office,
Washington, DC.

42. Cox MP, Peterson DA, Biggs PJ. 2010. SolexaQA: at-a-glance quality
assessment of Illumina second-generation sequencing data. BMC Bioin-
formatics 11:485. https://doi.org/10.1186/1471-2105-11-485.

43. Peng Y, Leung HC, Yiu SM, Chin FY. 2012. IDBA-UD: a de novo
assembler for single-cell and metagenomic sequencing data with
highly uneven depth. Bioinformatics 28:1420 –1428. https://doi.org/
10.1093/bioinformatics/bts174.

44. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local
alignment search tool. J Mol Biol 215:403– 410. https://doi.org/10.1016/
S0022-2836(05)80360-2.

45. Hakovirta JR, Prezioso S, Hodge D, Pillai SP, Weigel LM. 2016. Identifica-
tion and analysis of informative single nucleotide polymorphisms in 16S
rRNA gene sequences of the Bacillus cereus group. J Clin Microbiol
54:2749 –2756. https://doi.org/10.1128/JCM.01267-16.

46. Delcher AL, Phillippy A, Carlton J, Salzberg SL. 2002. Fast algorithms for
large-scale genome alignment and comparison. Nucleic Acids Res 30:
2478 –2483. https://doi.org/10.1093/nar/30.11.2478.

47. Cingolani P, Platts A, Wang Le L, Coon M, Nguyen T, Wang L, Land SJ, Lu
X, Ruden DM. 2012. A program for annotating and predicting the effects
of single nucleotide polymorphisms, SnpEff: SNPs in the genome of
Drosophila melanogaster strain w1118; iso-2; iso-3. Fly (Austin) 6:80 –92.
https://doi.org/10.4161/fly.19695.

48. Treangen TJ, Ondov BD, Koren S, Phillippy AM. 2014. The Harvest suite
for rapid core-genome alignment and visualization of thousands of
intraspecific microbial genomes. Genome Biol 15:524. https://doi.org/10
.1186/s13059-014-0524-x.

49. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. 2013. MEGA6:
Molecular Evolutionary Genetics Analysis version 6.0. Mol Biol Evol
30:2725–2729. https://doi.org/10.1093/molbev/mst197.

50. Fredborg M, Andersen KR, Jorgensen E, Droce A, Olesen T, Jensen BB,
Rosenvinge FS, Sondergaard TE. 2013. Real-time optical antimicrobial
susceptibility testing. J Clin Microbiol 51:2047–2053. https://doi.org/10
.1128/JCM.00440-13.

51. Sterne M. 1939. The use of anthrax vaccines prepared from avirulent
(uncapsulated) varients of Bacillus anthracis. Onderstepoort J Vet Sci
Anim Ind 13:307–312.

52. Keim P, Kalif A, Schupp J, Hill K, Travis SE, Richmond K, Adair DM,
Hugh-Jones M, Kuske CR, Jackson P. 1997. Molecular evolution and
diversity in Bacillus anthracis as detected by amplified fragment length
polymorphism markers. J Bacteriol 179:818 – 824. https://doi.org/10
.1128/jb.179.3.818-824.1997.

53. Ravel J, Jiang L, Stanley ST, Wilson MR, Decker RS, Read TD, Worsham P,
Keim PS, Salzberg SL, Fraser-Liggett CM, Rasko DA. 2009. The complete
genome sequence of Bacillus anthracis Ames “Ancestor”. J Bacteriol
191:445– 446. https://doi.org/10.1128/JB.01347-08.

54. Derzelle S, Aguilar-Bultet L, Frey J. 2016. Comparative genomics of
Bacillus anthracis from the wool industry highlights polymorphisms
of lineage A.Br.Vollum. Infect Genet Evol 46:50 –58. https://doi.org/10
.1016/j.meegid.2016.10.019.

Gargis et al.

November/December 2018 Volume 3 Issue 6 e00154-18 msystems.asm.org 14

https://doi.org/10.1371/journal.pone.0089112
https://doi.org/10.1371/journal.pone.0089112
https://doi.org/10.1128/AAC.00247-10
https://doi.org/10.1016/j.mimet.2013.08.013
https://doi.org/10.1016/j.mimet.2013.08.013
https://doi.org/10.1128/JCM.03251-15
https://doi.org/10.1128/JCM.02209-16
https://doi.org/10.1128/JCM.02209-16
https://doi.org/10.1128/JB.182.10.2928-2936.2000
https://doi.org/10.1128/JB.182.10.2928-2936.2000
https://doi.org/10.1128/JCM.02488-06
https://doi.org/10.1016/j.tig.2014.07.003
https://doi.org/10.1016/j.tig.2014.07.003
https://doi.org/10.1128/JCM.01179-15
https://doi.org/10.1128/JCM.01179-15
https://doi.org/10.1186/s13073-016-0385-x
https://doi.org/10.1128/JCM.03117-13
https://doi.org/10.1093/infdis/jiu816
https://doi.org/10.1128/AAC.47.7.2362-2365.2003
https://doi.org/10.1128/AAC.01405-09
https://doi.org/10.1038/srep27930
https://doi.org/10.1128/mSystems.00065-18
https://doi.org/10.1128/jb.174.7.2398-2403.1992
https://doi.org/10.1016/j.cmi.2017.10.013
https://doi.org/10.1186/1471-2164-12-430
https://doi.org/10.1186/1471-2164-12-430
https://doi.org/10.1128/AEM.66.6.2627-2630.2000
https://doi.org/10.1128/AEM.66.6.2627-2630.2000
https://doi.org/10.1128/AEM.71.12.7778-7780.2005
https://doi.org/10.1186/1471-2105-11-485
https://doi.org/10.1093/bioinformatics/bts174
https://doi.org/10.1093/bioinformatics/bts174
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1128/JCM.01267-16
https://doi.org/10.1093/nar/30.11.2478
https://doi.org/10.4161/fly.19695
https://doi.org/10.1186/s13059-014-0524-x
https://doi.org/10.1186/s13059-014-0524-x
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1128/JCM.00440-13
https://doi.org/10.1128/JCM.00440-13
https://doi.org/10.1128/jb.179.3.818-824.1997
https://doi.org/10.1128/jb.179.3.818-824.1997
https://doi.org/10.1128/JB.01347-08
https://doi.org/10.1016/j.meegid.2016.10.019
https://doi.org/10.1016/j.meegid.2016.10.019
https://msystems.asm.org

	RESULTS
	BLAST analysis of the sigP-bla1 region in B. anthracis strains. 
	Sequence analysis and AST of strains with sigP, rsiP, and bla1 coding region mutations. 
	sigP. 
	bla1. 
	rsiP. 
	ORF 2506 and ORF 2504. 
	Sequencing of PEN-R strains and phylogeny based on whole-genome SNP calling. 
	Characterization of Ba3027: Growth, colony morphology, -lactamase activity, and bla gene expression. 
	Genomic mutations unique to Ba3027. 

	DISCUSSION
	MATERIALS AND METHODS
	Biosafety procedures. 
	Bacterial strains. 
	Growth conditions. 
	Sequencing and analysis. 
	MLVA-8 subtyping. 
	Antimicrobial susceptibility testing (AST). 
	Microscopy and sizing of single colony isolates. 
	Imaging and analysis of bacterial growth in broth culture by optical screening. 
	Nitrocefin -lactamase assays. 
	RNA isolation. 
	Semiquantitative RT-PCR. 
	Accession number(s). 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

