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In order to better characterize the Bacillus anthracis typing phage AP50c, we designed a genetic screen to identify its bacterial
receptor. Insertions of the transposon mariner or targeted deletions of the structural gene for the S-layer protein Sap and the
sporulation genes spo0A, spo0B, and spo0F in B. anthracis Sterne resulted in phage resistance with concomitant defects in phage
adsorption and infectivity. Electron microscopy of bacteria incubated with AP50c revealed phage particles associated with the
surface of bacilli of the Sterne strain but not with the surfaces of �sap, �spo0A, �spo0B, or �spo0F mutants. The amount of Sap
in the S layer of each of the spo0 mutant strains was substantially reduced compared to that of the parent strain, and incubation
of AP50c with purified recombinant Sap led to a substantial reduction in phage activity. Phylogenetic analysis based on whole-
genome sequences of B. cereus sensu lato strains revealed several closely related B. cereus and B. thuringiensis strains that carry
sap genes with very high similarities to the sap gene of B. anthracis. Complementation of the �sap mutant in trans with the wild-
type B. anthracis sap or the sap gene from either of two different B. cereus strains that are sensitive to AP50c infection restored
phage sensitivity, and electron microscopy confirmed attachment of phage particles to the surface of each of the complemented
strains. Based on these data, we postulate that Sap is involved in AP50c infectivity, most likely acting as the phage receptor, and
that the spo0 genes may regulate synthesis of Sap and/or formation of the S layer.

Bacteriophages are the most abundant entities on Earth; ac-
cording to some estimates, there are approximately 10-fold

more phages than bacteria (1–3). Bacteriophages exhibit very high
specificity to the bacteria that they infect, most often at the species
level and sometimes even at the strain level. This specificity can be
attributed to the interaction of a phage-encoded protein or a
structure present on the bacteriophage with a receptor on the
bacterial surface (4), and it is comparable to the specificity of the
antigen-antibody interaction, making phages highly suitable for
bacterial diagnosis/detection (5–8). Although reports of the use of
phage therapy in Western medicine are rare (9), phages have been
used to differentiate bacterial species and strains (10–13). Bacte-
rium-phage specificity has been exploited for various bacterial
typing schemes for decades; examples include Salmonella, Listeria,
Vibrio cholerae, and Mycobacterium (14–17). Phages have been
used for developing many rapid diagnostic tools for bacterial de-
tection, and it is also conceivable to design universal systems by
modifying the specificities on the surface of the phage (18–20).
While the high specificity exhibited by phages to their bacteria is
desirable for diagnostics, broad-spectrum countermeasures are
desired for therapeutics.

Bacteria and phages are engaged in a constant evolutionary
arms race in which they have developed resistance and counterre-
sistance mechanisms over millions of years (21). An informed
decision about using phages for diagnostic/therapeutic applica-
tions requires knowledge of the phage receptors and resistance
mechanisms of the bacteria. This information is valuable in the

intelligent design of phage cocktails that contain phages that use
different bacterial receptors, so that one can minimize the possi-
bility of emergence of resistance during phage therapy applica-
tions.

Bacillus anthracis, a member of the B. cereus sensu lato group, is
a Gram-positive bacterium that is the etiologic agent of anthrax
illness. Because it readily forms spores that can be aerosolized, it is
considered a bioterror threat. B. anthracis has been the subject of a
great deal of research interest since a series of letters containing
anthrax spores was mailed in the United States in 2001, leading to
the deaths of five individuals (22).

Spores are the virulent form of B. anthracis, and a number of
studies have focused on understanding the mechanisms of sporu-
lation in the genus Bacillus in general, especially in B. subtilis.
Although the factors involved in sporulation of B. anthracis have
not been fully characterized, in B. subtilis, external signals for spo-
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rulation cause phosphorylation of spo0F, which phosphorylates
spo0B, which in turn phosphorylates spo0A, and phosphorylated
Spo0A becomes an active transcription factor (23). The high de-
gree of conservation of these proteins suggests that this cascade
operates in the same way in all members of the B. cereus sensu lato
group (24).

Previously, we characterized a B. anthracis-specific phage of
the Tectiviridae family, AP50, isolated in 1972 (25, 26). We ex-
tended the genetic characterization of AP50 and determined its
genome sequence, which we found to be highly similar to that of
other Gram-positive Tectiviridae phages in genetic organization
and encoded proteins (27). AP50 exhibits a narrow host range,
infecting B. anthracis exclusively, although one B. thuringiensis
strain (ATCC 35646) was shown to possess an AP50-like element.
We identified mutations in the AP50 genome responsible for lytic/
lysogeny control and isolated a clear plaque mutant of AP50 (sug-
gesting that the mutant phage is obligatorily lytic), designated
AP50c, that differs from AP50 by two nucleotides. Spontaneous
bacterial mutants resistant to killing by AP50c produce a polysac-
charide material that coats the cell surface (27).

We were interested in identifying the bacterial receptor of
phage AP50c and characterizing phage resistance mechanisms.
Two parallel approaches were used to achieve this goal. Initially,
spontaneous phage-resistant mutants were isolated, and a whole-
genome sequencing approach was used to identify relevant muta-
tions. In this screen, all the spontaneous phage-resistant mutants
were found to have mutations in the csaB gene (28). CsaB is a
protein involved in cell surface anchoring of various proteins, in-
cluding the S-layer protein Sap (29). Therefore, we hypothesized
that Sap (or the S layer composed of Sap) may be the receptor of
AP50c. In our second approach, described in the present study, we
obtained evidence supporting this hypothesis.

MATERIALS AND METHODS
Media and chemicals. BGGM is brain heart infusion (BHI) containing
10% glycerol, 0.4% glucose, and 10 mM MgCl2. Phage buffer was 10 mM
Tris-HCl, pH 8.0, 10 mM MgCl2, 1% ammonium acetate. Electroporation
competence buffer was 1 mM HEPES, 10% glycerol, pH 7.0.

Plasmids, bacterial strains, and phages. Plasmids and bacterial
strains are listed in Table 1. The transposon insertion vector pJZ037 has
been previously described (30). It is temperature sensitive for replication
and contains a chloramphenicol resistance gene for Gram-positive organ-
isms, as well as a gene encoding the C9 variant of the Himar1 transposase
and an erythromycin resistance gene, located between two inverted re-
peats that are transposed by the transposase.

B. anthracis typing phage AP50c has been previously described (27). It
was grown as a plate stock on the B. anthracis Sterne strain, using PA
medium (31). The phage inoculum was 10,000 PFU. After overnight
growth at 30°C, 5 ml of phage buffer was poured on each plate, and the soft

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmida Description
Source or
reference

Strains
Escherichia coli

GM119 dam dcm mutant 36
C2925 dam dcm mutant New England

Biolabs
B. anthracis

34F2 Sterne/pXO1�/pXO2� P. C. Hanna lab
7702 Sterne/pXO1�/pXO2� T. M. Koehler lab
JB220 7702 �BAS2245 This study
BAP350 7702 �csaB This study
BA749 7702 �BAS0566 This study
BA750 7702 �sap This study
BA751 7702 �eag This study
BA752 7702 �BAS1792 This study
BA753 7702 �BAS3559 This study
BA754 7702 �spo0A This study
BA755 7702 �spo0F This study
DP-B-5747 JB220 �spo0B This study

B. cereus
RS110 ATCC 4342 60
RS112 RTS100 (B. anthracis-like)
RS415 ATCC 25621 61
RS416 ATCC 43881 62
RS417 ATCC 14893 63
RS431 ATCC 27877 64
RS432 ATCC 7064 (NRS201) 60
RS436 B. cereus transition state strain

CDC13100
47

RS437 B. cereus transition state strain
CDC13140

47

RS438 B. cereus transition state strain
CDC32805

47

RS710 B. cereus var. Saigon BGSC 6A6 Simon Cutting
(unpublished
data)

RS711 BGSC 6E1 (GP7)/pBC15/pBC16, Tc 65
RS741 F4431/73 (FRI-30) 66
RS756 E33L ZK (Zebra Killer) 48

B. megaterium
RS712 BGSC 7A1 strain 899 67
RS713 BGSC 7A16 (QM B1551) 68
RS721 ATCC 8245 (� phage sensitive) 69

B. thuringiensis
RS763 HD682
RS766 97-27 (pathogen) 70
RS781 Al Hakam (Iraq) 71
BGSC 4CC1 B. thuringiensis serovar pulsiensis Bacillus Genetic

Stock Center
BGSC 4BA1 B. thuringiensis serovar

pondicheriensis
Bacillus Genetic

Stock Center
BGSC 4AJ1 B. thuringiensis serovar monterrey Bacillus Genetic

Stock Center
BGSC 4AW1 B. thuringiensis serovar andalousiensis Bacillus Genetic

Stock Center

Plasmids
pJZ037 Temperature-sensitive transposon

vector
30

pKSV7 Allelic exchange vector 33
pRP1028 Mutant construction 28
pSS4332 Mutant construction 28
pSW4 E. coli-B. anthracis shuttle vector 40
pET15b Sap �SLH Sap expression plasmid O. Schneewind
pNL9164 Source of cadC promoter Sigma-Aldrich
pNBGD1001 pSW4 with pagA promoter with

NotI-NdeI sites
28

pNBGD1004 pSW4 with cadC promoter with
NotI-NdeI sites

This study

pNBGD1005 pNBGD1004::oriT This study
pNBGD1006 pNBGD1005 carrying sap from 34F2 This study

TABLE 1 (Continued)

Strain or plasmida Description
Source or
reference

pNBGD1007 pNBGD1005 carrying sap from RS438 This study
pNBGD1008 pNBGD1005 carrying sap from RS756 This study
pNBGD1009 pNBGD1001 carrying sap from 34F2 This study
pNBGD1010 pNBGD1001 carrying sap from RS438 This study
pNBGD1011 pNBGD1001 carrying sap from RS756 This study

a Strains with the prefix RS were obtained from Raymond Schuch (formerly of
Rockefeller University).
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agar layer was scraped off. After removal of the agar by low-speed centrif-
ugation, the titer was �7 � 108 PFU/ml.

Expression and purification of recombinant Sap. An expression plas-
mid for recombinant histidine-tagged C-terminal Sap was kindly pro-
vided by Olaf Schneewind. Plasmid pET15b Sap �SLH was transformed
into Escherichia coli C43(DE3). A single colony was inoculated into 3 ml
LB containing 100 �g/ml ampicillin (LB-amp), and the culture was grown
at 37°C to an A600 of 0.5. The full preculture was transferred to a 100-ml
volume of LB-amp and incubated at 37°C to an A600 of 0.5. Isopropyl-
beta-D-1-thiogalactopyranoside was added to a final concentration of 1
mM, and the culture was incubated for an additional 4 h. The full volume
was centrifuged, the pellet was resuspended in 8 ml of lysis buffer (50 mM
NaH2PO4, pH 8.0, 0.5 M NaCl, containing 8 mg/ml lysozyme), and the
mixture was incubated for 30 min on ice. Following sonication on ice, the
preparation was centrifuged for 15 min at 4,000 � g, and the supernatant
was retained. The lysate was applied to a His-Pur nickel-nitrilotriacetic
acid column (Thermo Scientific, Rockford, IL) and rotated for 30 min at
room temperature. The column was washed four times with wash buffer
(50 mM NaH2PO4, pH 8.0, 0.5 M NaCl, 20 mM imidazole), and the
protein was eluted with elution buffer (50 mM NaH2PO4, pH 8.0, 0.5 M
NaCl, 250 mM imidazole). Aliquots were analyzed by SDS-PAGE and
Coomassie staining. Eluates were combined, and the protein was concen-
trated and buffer exchanged using an Amicon Ultra-15 concentrator with
a 30,000-Da-molecular-mass cutoff (Thermo Scientific) into 25 mM Tris-
HCl, pH 7.5.

Assessment of effect of recombinant Sap on AP50c activity. One mi-
croliter of AP50c phage stock was incubated for 45 min at 24°C with a 9-�l
volume of purified recombinant C-terminal Sap (140 �g/ml), with 9 �l of
bovine serum albumin at the same concentration in the same buffer, or
with 9 �l of buffer alone (25 mM Tris-HCl, pH 7.5). The mixtures were
then used in a soft agar plaque assay, using strain JB220 on BHI agar plates
and incubating overnight at 24°C. For a control sample, 1 �l of phage
stock was used. The percent reduction in activity of each phage mixture
was calculated by subtracting the number of plaques on the experimental
plate from the number of plaques on the control plate and dividing the
result by the number of plaques on the control plate. This experiment was
performed three times, and the mean and standard deviation were calcu-
lated.

Construction of a B. anthracis Sterne strain with deletion of the
gene for chloramphenicol resistance. A construct for the deletion of
BAS2245, a chloramphenicol resistance gene, from the Sterne strain 7702
was engineered using splicing by overlap extension PCR (SOE-PCR) (32).
Primers are listed in Table 2. Primers 2245-A and 2245-B were used to
amplify the upstream flanking region. Primers 2245-C and 2245-D am-
plified the downstream flanking region. The fragment obtained with
primers 2245-A and 2245-B (the AB fragment) and the fragment obtained
with primers 2245-C and 2245-D (the CD fragment) were amplified by
PCR with Sterne DNA as the template, and SOE-PCR was used to generate
the final product obtained with primers 2245-A and 2245-D (the AD
product). This fragment was cloned into the Topo TA plasmid (Invitro-
gen, Grand Island, NY), and the EcoRI sites that flank the Topo TA clon-
ing site were used to excise the AD fragment, which was then cloned
into the EcoRI site of the pKSV7 allelic exchange vector (33). The
pKSV7�BAS2245 construct was introduced into the Sterne strain, and
allelic exchange (34) was used to generate strain JB220. The existence of
the deletion was confirmed by PCR assays and Southern blot analysis.

Construction of a B. anthracis Sterne strain with deletion of
BAS4339 (spo0B). The procedure for construction of a B. anthracis Sterne
strain with deletion of BAS4339 (spo0B) was the same as that used for
deletion of BAS2245. Additionally, primers 4339-A and -D included re-
striction sites for SalI and PstI, respectively. These sites were used to clone
the final AD product into pKSV7. This plasmid, pKSV7�BAS4339, was
introduced into JB220 as described above, generating DP-B-5747
(�BAS2245, �BAS4339). The existence of the deletion was confirmed
by PCR.

Construction of other B. anthracis Sterne strain deletions. Primers
used to delete other genes and to confirm the deletions by PCR are listed in
Table 2. Markerless, in-frame deletions were engineered as previously
described (28, 35). Briefly, approximately 500 bp of DNA on each side of
the gene to be deleted was amplified from B. anthracis. PCR products were
digested with BsaI and cloned into BsaI (EagI 5= overhang)/BamHI-di-
gested pRP1028 in a three-fragment ligation reaction. Plasmids were
transferred to B. anthracis and integrated into the chromosome following
a temperature shift. Plasmid pSS4332 was transferred to each integrant,
after which I-SceI expression stimulated the second crossover event. Mu-
tations were confirmed by PCR and sequencing.

Construction of transposon insertion libraries. pJZ037 was passaged
through the dam dcm mutant Escherichia coli strain GM119 (36) to gen-
erate unmethylated DNA. B. anthracis Sterne strain derivative JB220 was
grown in BHI to an A600 of 0.5. Cells were collected by filtration on a
Millipore 0.45-�m-pore-size HA filter and then washed twice with elec-
troporation competence buffer. Cells were resuspended in electropora-
tion buffer and divided into 200-�l samples for electroporation. One mi-
crogram of unmethylated plasmid DNA was added to each sample and set
on ice for 15 min. Cells were pulsed at 25 �F, 200 	, and 2.5 kV, and 1 ml
of BGGM was immediately added. The mixture was transferred to a tube
and incubated for 1.5 h at 37°C with shaking. Cells were plated on BHI
agar and incubated at 30°C overnight. Cells were also serially diluted and
plated on BHI agar for enumeration of the library size. On the following
day, all plates were replica plated onto BHI agar containing 1 �g/ml eryth-
romycin and 25 �g/ml lincomycin (Erm-Linc). The cells were incubated
overnight at 30°C. On the following day, all plates were replicated onto
BHI agar containing the same antibiotics and incubated at 42°C to select
against replication of the plasmid and for transposon insertion mutants.
Colonies were counted, scraped, and resuspended in BHI with 40% glyc-
erol for storage at �80°C.

To test for plasmid retention, a series of 10-fold dilutions was prepared
from the frozen stocks of the library. An aliquot of each dilution was
plated on BHI plates with either 10 �g/ml chloramphenicol (to test for the
presence of the plasmid) or 1 �g/ml erythromycin (to test for the presence
of the transposon). Fewer than 1 cell in 1,000 cells retained the plasmid.

Preparation of libraries for AP50 resistance assay. Dilutions of the
library were plated on BHI Erm-Linc agar to obtain single colonies. Indi-
vidual colonies were inoculated into 100 �l of BHI Erm-Linc broth in 51
plates, each containing 96 wells. The first two wells were empty, wells 3 to
6 contained medium alone, wells 7 and 8 contained E. coli, and wells 9 and
10 contained the Sterne strain. Each plate was inoculated into fresh BHI
medium and grown overnight at 37°C with no shaking. On the following
day, plates were back diluted in triplicate into BHI and incubated at 37°C
for 6 h. For two of the three plates, the AP50c phage stock was diluted
1:10,000 into BHI, 10 �l was added to each well, and the contents were
mixed well. The third plate remained uninfected with phage. Plates were
incubated overnight at 37°C without shaking. On the following day, the
A600 of each plate was measured. Most cultures were sensitive to AP50c
and had an A600 of about 0.08. AP50-resistant cultures had an A600 of 0.15
to 0.25. Forty-two of the 4,284 B. anthracis cultures tested had approxi-
mately the same A600 on all three plates.

Sequence analysis to locate the transposon insertions. The trans-
poson insertion sites that resulted in AP50 resistance were sequenced
using a strategy described previously (37). DNA cleavage and primers
were described previously (30).

Tests of transposon insertion mutants for adsorption of AP50. Erm-
Linc-resistant transductants were tested for the ability to produce plaques
of AP50c. Those transductants that failed to produce AP50 plaques were
tested for adsorption as follows: cells were grown overnight at room tem-
perature with shaking in PA medium, giving a cell density of 2 � 108/ml.
AP50c at 7,000 PFU was mixed with 108 cells in 0.5 ml PA medium, and
the mixture was incubated at room temperature for 45 min. The mixture
was filtered through a 0.45-�m-pore-size filter, and 50 �l of the filtrate
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was tested for plaque formation. When all of the PFU passed through the
filter, the strain was considered unable to adsorb AP50.

Transduction of inserted transposons. In order to eliminate strains
with secondary mutations that are unlinked to the transposons, we
transduced them into their parental strain, JB220, using bacteriophage
CP-51 (38, 39). Plate stocks of CP-51were made on the donor strains

using PA medium (38). The JB220 recipient was grown in BHI supple-
mented with 0.5% glycerol to mid-log phase. A total of 2.5 ml of
culture was infected at a multiplicity of infection (MOI) of 0.3 phage
particle per bacterium. The mixture was allowed to sit at room tem-
perature for 30 min and was then incubated with aeration for 2 h at
room temperature. A total of 0.1 ml of the mixture was spread onto

TABLE 2 Oligonucleotide primers used in this study

Primer Sequence (5= to 3=)a Restriction site(s) Application

1004 GGGCCCCATATGGGATCCCGGGGGGTAAG NdeI pSW PA promoter
1005 GGGCCCGCGGCCGCTTATGTTTAATAGGATGAATCCGAACCTCATTACAC NotI
1064 GGGCCCGCGGCCGCCGCTTGCCCTCATCTGTTAC NotI oriT
1065 GGGCCCGCGGCCGCCTCTCGCCTGTCCCCTCAGT NotI
2484 TATGGTCTCCGGCCGCTTGCATACTACGAACCGTACCAGTG BsaI, EagI Create �BAS0566 mutant
2485 TATGGTCTCCCCGGGTAATGTTTGTTGCATTGTCCTCCTC BsaI, XmaI
2486 TATGGTCTCCCCGGGAATGATAAGGAGGAATAAAAATGAAAAAGATGG BsaI, XmaI
2487 TATGGTCTCGGATCCTCTGCTTTCTTACCAGTTGCTTCAG BsaI, BamHI
2488 TATGGTCTCCGGCCGCAACATTAATATATAAGGAATGTTGG BsaI, EagI Create �BAS0841 mutant
2489 TATGGTCTCCCCGGGGTTAGTCTTTGCCATTTTATATATTTCCTC BsaI, XmaI
2490 TATGGTCTCCCCGGGAAACCTGCAACAAAATAATTAAAAATC BsaI, XmaI
2491 TATGGTCTCGGATCCACTTTCTCAAAAGAAGATTCGACAC BsaI, BamHI
2492 TATGGTCTCCGGCCGCGTAATAATTTTAGTCGAATGTAGTCTG BsaI, EagI Create �BAS0842 mutant
2493 TATGGTCTCCCCGGGGTTAGTCTTTGCCATTTTATAAATTTCCTC BsaI, XmaI
2494 TATGGTCTCCCCGGGAATAACCCAAATCTATAAGTCGATTATAG BsaI, XmaI
2495 TATGGTCTCGGATCCGGTGAAAAATTGTGCTACTACACAC BsaI, BamHI
2496 TATGGTCTCCGGCCGCCGTTAAGAAAAAGTGGATATACTCC BsaI, EagI Create �BAS1792 mutant
2497 TATGGTCTCCCCGGGACCAGTAGCCATCATTCTTAGCCATTTACG BsaI, XmaI
2498 TATGGTCTCCCCGGGCCAGTTCAAAGTAAATAGACTGAATTTTCTGTTG BsaI, XmaI
2499 TATGGTCTCGGATCCTAATACTGTTTTTAAGAAACGTCTC BsaI, BamHI
2500 TATGGTCTCCGGCCGCTCATGCAAATAATGTGCGTCGTGTC BsaI, EagI Create �BAS3559 mutant
2501 TATGGTCTCCCCGGGGATTGATTGCTTCATGTCGAATCCTC BsaI, XmaI
2502 TATGGTCTCCCCGGGTCAATTGAATTAGAGTAGTAATGAATTATTGTAC BsaI, XmaI
2503 TATGGTCTCGGATCCCCTTCTGGACCTAGCTTCCCTGTAG BsaI, BamHI
2504 TATGGTCTCCGGCCGCAAGGCATGGTAATAAAAGTAACAGAC BsaI, EagI Create �BAS4076 mutant
2505 TATGGTCTCCCCGGGTTTAATTTTCTCCACAGCTTTTCCTC BsaI, XmaI
2506 TATGGTCTCCCCGGGGAACATAAGGCTAGCTGAGAATAGAAGAAG BsaI, XmaI
2507 TATGGTCTCGGATCCGAAGAGCGCAAATAAAAGCAACGTC BsaI, BamHI
2512 TATGGTCTCCGGCCGCATTGCTACAACTTCTTCATCTGTTG BsaI, EagI Create �BAS5185 mutant
2513 TATGGTCTCCCCGGGCCCTTCCATAACTCCCAACCTTTCTGTG BsaI, XmaI
2514 TATGGTCTCCCCGGGAATGAGCTCGCTGTAGAGGCTTAAAAATG BsaI, XmaI
2515 TATGGTCTCGGATCCATTTTTCGAAGCTTGAACCATGGTC BsaI, BamHI
2714 GCTTCACCAAGCGGTGCATCAACAC None Confirm �BAS0566 mutant
2715 CACTTTGAAAGAATCTTGCGCACTC None
2716 CTCGTAAAAGCTTGTAAACTTATTCTC None Confirm �BAS0841 mutant
2717 CACATAAAAAAATGATACAAACCGTTAGATG None
2718 GCTTTCAAAAATAGAAGAATACCTC None Confirm �BAS0842 mutant
2719 CAACCAACTATACCAACTCATCGATG None
2720 CCTAATAGTATGAAAGAACGTCTAGAC None Confirm �BAS1792 mutant
2721 CGCTAATACATGTTCTTTCTCCTG None
2722 GAAGTAGACCCAGAAAGCGCTGAG None Confirm �BAS3559 mutant
2723 GGTATAGGAGTTACCGGACCTACTG None
2724 GATATTGAAGTTGTTAGTACAGTAC None Confirm �BAS4076 mutant
2725 CATTATTTCCATCGTCAAAATGATGATG None
2728 GATGCCGACAATAGAGTGTCCATCTG None Confirm �BAS5185 mutant
2729 GATGTGAAACCTGCATCGATTGCTTC None
2245-A GTATTCAAAGATGCTGGGATTAGTA None Create �BAS2245 mutant
2245-B AGCCACTCGTTGCAACTATTACTTACCCTATCAATTACGTGAAACTTCAT None
2245-C ATGAAGTTTCACGTAATTGATAGGGTAAGTAATAGTTGCAACGAGTGGCT None
2245-D GCTTGGATATTCCGCTTCTATTAAT None
4339-A AAAGTCGACAAAGTTCTTTTCGTTGGTGGC SalI Create �BAS4339 mutant
4339-B CCTGATCTATAAACATTATTTCACTGTCCATTTTTTATTCATTTAGATA None
4339-C TATCTAAATGAATAAAAAATGGACAGTGAAATAATGTTTATAGATCAGG None
4339-D TTTCTGCAGTTTCGTTACAGCTGAGATTGG PstI
4339-F1 AAGACAGGTTCCCTAAAGGC None Confirm �BAS4339 mutant
4339-F2 TCAGGTGGTTCAATTCTTTAC None
4339-R1 TATCAAATTTAACACCTTCAGTC None
4339-R2 TGTCCATGCGTTACTAAATCC None
Sap_NdeI_F ACCTCGATCGCCATATGGCAAAGACTAACTCTTAC NdeI sap complementation
Sap_BamHI_R CCTATCGATTGGATCCTTATTTTGTTGCAGGTTTTGC BamHI

a Restriction sites are underlined.
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BHI Erm-Linc agar to select for transductants. Samples of phage and
bacteria alone were also plated as controls.

Cloning of sap genes and complementation of B. anthracis �sap
mutant. The starting plasmid for recombinant Sap plasmids was pSW4
(40), which was modified by inverse PCR to include a NotI-NdeI site on
either side of the pagA promoter using primers 1004 and 1005. The cadC
promoter was amplified from pNL9164 (Sigma-Aldrich, St. Louis, MO),
which is based on pNL9162 (41), a derivative of pCN37 (42), and frag-
ments were digested with NotI and NdeI and cloned, giving rise to pN-
BGD1004. Plasmid pNBGD1005 was derived from pNBGD1004 by intro-
ducing an origin of transfer, oriT, as a NotI fragment at the NotI site. The
oriT fragment was PCR amplified from pIN297, which is a derivative of
pPL2 (43), using primers 1064 and 1065. The sap genes were PCR ampli-
fied using DNA of strains 34F2, RS438, and RS756 (E33L) as the template
and primers Sap_NdeI_F and Sap_BamHI_R. Plasmids pNBGD1006
through pNBGD1008 were derived from pNBGD1005 by cloning NdeI-
BamHI-digested PCR fragments carrying the sap gene sequences from
strains 34F2, RS438, and RS756 (E33L), respectively, into NdeI- and
BamHI-digested pNBGD1005. Plasmids pNBGD1009 through pN-
BGD1011 were derived from plasmids pNBGD1006 through pN-
BGD1008, respectively, by subcloning the NdeI-BamHI fragments carry-
ing the sap genes into NdeI-BamHI-digested pNBGD1001. Plasmids
pNBGD1009 through pNBGD1011 were transformed into competent
cells of the dam dcm mutant E. coli strain NEB C2925, selecting for ampi-
cillin resistance. The plasmids were isolated from NEB C2925 and then
transformed into competent cells of the �sap strain, selecting for kana-
mycin resistance.

S-layer fractionation. Separation of B. anthracis cultures into me-
dium, S-layer, and cellular fractions was conducted as previously de-
scribed (44, 45), with some modifications. Briefly, overnight cultures of
the Sterne strain and derivatives were grown at 37°C in BHI broth supple-
mented with sodium bicarbonate (0.8%). The A600 was measured, and a
volume of culture of each strain equivalent to an absorbance reading of 1.4
was centrifuged at 16,000 � g for 3 min. The supernatants (medium
fractions) were subjected to trichloroacetic acid (TCA) precipitation and
acetone drying, and the precipitates were resuspended in 4� lithium do-
decyl sulfate sample buffer (NuPAGE; Life Technologies, Grand Island,
NY) containing 2% beta-mercaptoethanol. The cell pellets were washed
twice in phosphate-buffered saline (PBS), 100 �l of 3 M urea in PBS was
added, and the samples were heated to 95°C for 10 min and centrifuged.
The supernatants (S-layer fractions) were removed to a separate tube, and
sample buffer was added. The pellets were washed twice in PBS, resus-
pended in 1 ml of PBS, and added to FastPrep microcentrifuge tubes
containing Matrix B (MP Biomedicals, Solon, OH). Tubes were processed
in a FastPrep-24 instrument (MP Biomedicals) using five 1-min cycles at
6.5 m/s and centrifuged, and the supernatants (cellular fractions) were
subjected to TCA precipitation, acetone drying, and resuspension in sam-
ple buffer, as described above. Aliquots were subjected to SDS-PAGE (4 to
12% Novex NuPAGE bis-Tris gels; Life Technologies). Gels were Coo-
massie G-250 stained (SimplyBlue SafeStain; Life Technologies), or pro-
teins were transferred to nitrocellulose (iBlot; Life Technologies). For im-
munoblotting, the membrane was first probed with a rabbit polyclonal
antibody to Sap (45) and horseradish peroxidase-conjugated goat anti-
rabbit IgG secondary antibody (Bio-Rad Laboratories, Hercules, CA).
Following detection of chemiluminescence (ECL Select; GE Healthcare,
Buckinghamshire, United Kingdom), the membrane was washed, incu-
bated for 10 min in Restore PLUS Western blot stripping buffer (Thermo
Scientific), and reprobed with a mouse monoclonal antibody to protective
antigen (catalog number 18726; QED Bioscience, San Diego, CA) and
goat anti-mouse IgG secondary antibody (KPL, Gaithersburg, MD).

SEM and TEM. Standard methods of sample preparation were em-
ployed for transmission electron microscopy (TEM) and scanning elec-
tron microscopy (SEM). Briefly, for TEM and SEM analysis, the bacterial
cells with phage (MOI, 1) and without phage were fixed in 4% parafor-
maldehyde with 1% glutaraldehyde in 0.1 M sodium cacodylate buffer.

After fixation, the samples were washed three times, and a portion was
sterility tested to ensure inactivation. The samples were then postfixed
with 1% osmium tetroxide in buffer and 0.5% uranyl acetate in water. The
samples were then dehydrated through an ethanol series, and a portion of
the suspension was saved for SEM processing. The TEM samples were
dehydrated in propylene oxide, infiltrated with epoxy resin, and cured at
60°C for 48 h. The blocks were sectioned and counterstained with uranyl
acetate and lead citrate. The SEM samples were critically point dried and
coated with gold-palladium prior to imaging. The TEM sections were
imaged in an FEI T12 Spirit TEM at 100 kV, and the SEM samples were
imaged in an FEI Quanta 200 FEG SEM at 5 kV.

RESULTS
Transposon mutagenesis to identify genes that are needed for
AP50c adsorption to B. anthracis vegetative cells. In order to
identify the bacterial receptor of phage AP50c and any additional
genes that may be involved in adsorption of phage AP50c to B.
anthracis vegetative cells, we screened a mariner transposon inser-
tion library of B. anthracis Sterne strain 7702. We used a temper-
ature-sensitive plasmid carrying a Himar1-mariner-based trans-
poson (pJZ037 [30]) to insert an erythromycin resistance gene
into nonessential genes of B. anthracis. Because we planned to
screen for the presence of pJZ037 by chloramphenicol resistance,
we used a derivative of B. anthracis Sterne (JB220) in which a
cryptic chloramphenicol resistance gene (BAS2245) was deleted.
Plasmid pJZ037 was introduced into JB220 by electroporation,
selecting for erythromycin resistance at 30°C. The cells were then
incubated at 37°C to eliminate the plasmid, and loss of the plasmid
was recognized by chloramphenicol sensitivity. A high-through-
put microtiter plate assay for phage infection and growth was used
to screen for insertion mutants that were defective in supporting
AP50c growth. In order to test for resistance to AP50c, we incu-
bated 4,284 independent erythromycin-resistant, chlorampheni-
col-sensitive colonies in replica wells in the presence of AP50c.
Transposon insertion loci in 42 survivors of phage infection were
mapped by an inverse PCR strategy, followed by sequence analysis
of the insertion junctions, as described in Materials and Methods.
The insertions were located in 19 genes. For each of these genes,
one transposon insertion strain was tested for the ability to adsorb
AP50c by incubation with phage, followed by filtration. If all of the
added phage passed through a 0.45-�m-pore-size filter, then the
strain was judged to be unable to adsorb AP50c. Two of the strains
with insertions that blocked AP50c growth still adsorbed phage,
and these genes were not studied further. Presumably, these two
mutants had defects in steps of the phage life cycle postadsorption.
For each of the 17 remaining genes of interest, the erythromycin
resistance of one strain with a transposon insertion in the gene was
transduced into the parental strain, in order to eliminate un-
linked, secondary mutations. This procedure reduced the genes of
interest to seven, which are listed in Table 3. Mutants with trans-
poson insertions in any of these genes were defective for phage
adsorption, as 70 to 100% of the phage remained in the superna-
tant in phage adsorption assays. In the remaining 10 mutants, the
transposon-encoded erythromycin resistance did not cotransduce
with phage resistance; hence, these strains were not characterized
further.

Targeted deletion of genes to verify their role in AP50c infec-
tion. Because the transducing phage CP-51 carries 150 kb of DNA,
there was still the possibility that our transposon insertion strains
carried secondary mutations that were located very close to the
original insertion site. Therefore, using a markerless allelic ex-
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change method described earlier (28, 35), we attempted to con-
struct targeted in-frame deletions of the seven genes of interest to
check their effect on AP50c growth (Table 3). We succeeded in
engineering strains with deletions of each of six of the seven genes,
with the exception being BAS4338. Of the six strains, only mutants
with deletion of BAS0841 (sap), BAS4076 (spo0A), or BAS5185
(spo0F) were resistant to phage infection. This difference could be
due to a polar effect of the original transposon insertion on down-
stream genes or due to multiple transposon insertions and/or un-
linked mutations elsewhere on the chromosome of the original
insertion. We also constructed targeted deletions of csaB and eag,
which are located in the same chromosomal region as sap. Dele-
tion of csaB resulted in phage resistance, as was reported previ-
ously (28), whereas deletion of eag did not affect phage sensitivity
(Table 3).

Construction of a mutant with a targeted deletion of BAS4338
(GTPase ObgE, a putative sporulation initiation phosphotransfer-
ase) failed after multiple attempts. We surmised that this failure
might be due to the essentiality of the gene (as demonstrated in B.
subtilis [46]) and that the original insertion may not have com-
pletely inactivated the gene. It was also possible that the original
transposon insertion had a polar effect on spo0B, which is located

downstream of BAS4338. In order to determine whether spo0B is
involved in AP50c infectivity, we constructed a mutant with a
targeted deletion of this gene (BAS4339) and found that the
�spo0B mutant indeed exhibited phage resistance.

Other phenotypes of phage AP50c-resistant mutants. Besides
their defects in phage adsorption and infectivity, strains with mu-
tations in the sporulation genes were defective for sporulation, as
expected, whereas the strains with individual sap, csaB, and eag
mutations sporulated normally (data not shown). Additionally,
we conducted scanning and transmission electron microscopy of
bacilli that had been incubated with AP50c. In SEM and TEM of
the wild type and various mutants (Fig. 1), after examining nu-
merous fields of view of cells, we did not observe any phage par-
ticles associated with the cell surface of the �sap mutant (Fig. 1F
and L) or of the �spo0A (Fig. 1C and I), �spo0B (Fig. 1D and J), or
�spo0F (Fig. 1E and K) mutants, whereas phage particles were
associated with the surfaces of the Sterne 7702 (Fig. 1A and G) and
�eag (Fig. 1B and H) strains.

Effect of targeted deletion of spo0 genes on Sap expression
and localization. Considering that strains with targeted deletions
of spo0A, spo0B, or spo0F were resistant to AP50c, we sought to
assess the expression level and subcellular localization of Sap in

TABLE 3 Genes identified from transposon library and targeted deletion to be involved in phage AP50c adsorption/infection

Gene/protein identifier based
on transposon insertion
junction sequence data

ORF in
Sterne

No. of transposon
insertionsa

% phage left
in
supernatant Cotransduction

Targeted deletion
(strain)

Phage
resistance Sporulation

Transcriptional regulator/
TPR domain protein

BAS0566 1 100 Yes Yes (BA749) No NDb

S-layer protein (sap) BAS0841 3 100 Yes Yes (BA750) Yes Yes
Branched-chain amino acid

ABC transporter
BAS1792 1 88 Yes Yes (BA752) No ND

RNA binding protein Hfq BAS3559 1 70 Yes Yes (BA753) No ND
spo0A BAS4076 10 88–100 Yes Yes (BA754) Yes No
GTPase ObgEc BAS4338 9 96–100 Yes Nod ND ND
spo0F BAS5185 3 92–97 Yes Yes (BA755) Yes No
spo0Be BAS4339 0 ND NAf Yes (DP-B-5747) Yes No
eage BAS0842 0 ND NA Yes (BA751) No Yes
csaBe BAS0840 0 62–100 NA Yes (BAP350) Yes Yes
a Out of a total of 41 strains with transposon insertions.
b ND, not determined.
c A putative sporulation initiation phosphotransferase.
d Two attempts failed.
e Targeted deletion.
f NA, not applicable.

FIG 1 Electron microscopic analysis of B. anthracis Sterne and mutant derivatives in the presence of AP50c. Bacterial strains were prepared for TEM (A to F) and
SEM (G to L), as described in Materials and Methods, in the presence of AP50c phage at an MOI of 1. Phage particles are visible in association with the surfaces
of strains Sterne (7702; A and G) and BA751 (�eag; B and H) but not with the surface of strain BA754 (�spo0A; C and I), DP-B-5747 (�spo0B; D and J), BA755
(�spo0F; E and K), or BA750 (�sap; F and L). Bars, 0.2 �m (A to F) and 0.5 �m (G to L). Arrowheads, AP50c phage particles associated with the bacterial surface.

Plaut et al.

1148 jb.asm.org Journal of Bacteriology

http://jb.asm.org


these strains. We grew broth cultures of the various strains and
performed fractionation into medium, S-layer, and cell fractions.
Coomassie staining of SDS-polyacrylamide gels revealed a differ-
ence in the overall pattern of protein expression in the spo0 strains
compared to the parent strain (Fig. 2). Replicate gels were trans-
ferred to nitrocellulose and probed with a rabbit polyclonal anti-
body to Sap. In the S layer of the sap deletion strain BA750, the
anti-Sap antibody detected a protein or proteins migrating at ap-
proximately the same molecular mass seen in the S-layer fraction
of the Sterne strain, although the intensity of the band was sub-
stantially reduced (Fig. 2); the presence of a very low intensity
band of approximately the same molecular mass as Sap could
reflect cross-reactivity of the rabbit polyclonal anti-Sap antibody
with EA1 (with which Sap shares substantial homology). In the
S-layer fraction of each of the strains with targeted deletion of
spo0A, spo0B, or spo0F, there was a reduction in the amount of
protein reacting with the anti-Sap antibody in comparison to that
in the S-layer fraction of the Sterne strain. Additionally, in the
medium fractions of the spo0 deletion strains, a doublet of bands
was apparent, whereas in the medium fraction of the Sterne strain,
only a single band was seen; whether the additional band repre-
sents a modified form of Sap or EA1 is unknown. Taken together,
the resistance to AP50c and the reduction in the amount of Sap in
the S-layer fractions of these strains are evidence that the presence
of Sap in the S layer is important for AP50c activity.

Reduction of AP50c activity following incubation with puri-
fied Sap. We reasoned that if Sap is the receptor for AP50c, then
incubation of phage with purified Sap should reduce the number
of infective particles (PFU) in the phage preparation. When an
AP50c phage lysate was incubated with purified recombinant C-
terminal Sap (lacking the S-layer homology domain), the activity
of the phage was substantially reduced. Specifically, incubation of
phage with bovine serum albumin reduced the titer by 2%
(
2.0%), incubation with buffer alone reduced the titer by 17%

(
2.0%), and incubation with purified recombinant C-terminal
Sap reduced the titer by 83% (
8.1%). These results provide ev-
idence that Sap is indeed the receptor of AP50c.

Identification of B. cereus strains that are sensitive to AP50c
infection. We also took a genetic approach to test whether the Sap
present in the S layer is the AP50c phage receptor. We hypothe-
sized that B. cereus strains that are sensitive to AP50c infection
might produce an S layer that is similar to the B. anthracis S layer.
We screened a collection of B. cereus sensu lato strains for suscep-
tibility to AP50c infection, including strains that are closely related
to B. anthracis on the basis of multilocus sequence typing analysis
(47). Of the 20 B. cereus strains screened, 2 were sensitive to
AP50c. For B. cereus RS438 (CDC2000032805) (47), the efficiency
of plating (EOP) of AP50c was 60% of that on JB220. For B. cereus
RS756 (E33L ZK; Zebra Killer [48]), the EOP was 68% of that on
JB220.

Furthermore, we generated a phylogenetic tree on the basis of
whole-genome sequence data for all the B. cereus sensu lato strains
available in the PATRIC database (49) and mapped the strains that
carry Sap protein similarities with a cutoff of 95% over 95% of the
protein sequence. This analysis revealed that one of the two B.
cereus strains (RS756 [E33L]) and three B. thuringiensis strains (B.
thuringiensis serovar pondicheriensis BGSC 4BA1, B. thuringiensis
serovar monterrey BGSC 4AJ1, and B. thuringiensis serovar pul-
siensis BGSC 4CC1) possess Sap sequences similar to the Sap se-
quence of B. anthracis (Fig. 3). Because the whole-genome se-
quence of RS438 was not available, the sap gene from this strain
was PCR amplified and sequenced by the Sanger method. Se-
quence analysis indicated that the sap genes of RS438 and RS756
(E33L) encode proteins whose lengths are similar to the length of
B. anthracis Sap but that differ from B. anthracis Sap at three po-
sitions each (RS438, S405A, T571K, and K654E; RS756, K57T,
T190S, and T571K; Table 4). The Sap proteins of RS438 and
RS756 (E33L) are distinctly different from those of strains outside
the group that includes B. anthracis and its close neighbors (Fig.
4). B. thuringiensis strain BGSC 4CC1 encodes a Sap protein iden-
tical to that of B. anthracis, whereas the BGSC 4AJ1 and BGSC
4BA1 Sap proteins differ from the Sap protein of B. anthracis by
one (V421L) and two (V421L, T586K) amino acid changes, re-
spectively. Although the three B. thuringiensis strains possess Sap
proteins similar to the Sap protein of B. anthracis, AP50c did not
infect these strains, even at high phage concentrations, and they
adsorbed AP50c to various degrees (JB220, 99%; BGSC 4CC1,
90%; BGSC 4BA1, 0%; and BGSC 4AJ1, 69%; Table 4). Compar-
ison of the amino acid sequences of the Sap proteins of the five
strains (RS438, RS756, BGSC 4CC1, BGSC 4AJ1, and BGSC
4BA1) indicated that the amino acid residues V421 and T586 may
be critical for adsorption, because combined changes in these two
positions completely abolished adsorption (BGSC 4BA1),
whereas a change in one of these positions (BGSC 4AJ1) partially
abolished adsorption (Table 4).

Intra- and interspecies complementation of the sap deletion
strain with wild-type sap genes restores phage sensitivity. We
tested whether complementation of the �sap mutant with a wild-
type sap gene from B. anthracis Sterne 34F2, B. cereus RS438, or B.
cereus RS756 (E33L) would restore AP50c sensitivity. The respec-
tive sap genes were cloned into a pSW4 derivative as described in
Materials and Methods. A �sap mutant, BA750, was transformed
with each of the recombinant plasmids, and the transformants
were tested for AP50c infection. The results clearly showed that

FIG 2 Effect of deletion of spo0 genes on Sap expression. Broth cultures of
Sterne (wild type [WT]), BA750 (�sap), BA754 (�spo0A), DP-B-5747
(�spo0B), and BA755 (�spo0F) were fractionated into medium (M), S-layer
(S), and cell (C) fractions, and aliquots of each fraction were separated by
SDS-PAGE. Replicate gels were either Coomassie stained or transferred to
nitrocellulose membranes. (Top) Coomassie stain; numbers along the left side
mark the migration points of molecular mass markers (in kDa); arrowhead,
migration point of Sap and/or EA1; (middle) membranes were probed with a
rabbit polyclonal antibody to Sap (�Sap); (bottom) membranes were stripped
and probed with a mouse monoclonal antibody to protective antigen (�PA).
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the mutants carrying the sap plasmids were completely sensitive to
AP50c and that the B. cereus sap genes could restore infectivity in
B. anthracis (Fig. 5). The complemented strains plated AP50c with
EOPs approximately 10 times higher than the EOP of Sterne 7702

(data not shown), perhaps because of overexpression of Sap from
the plasmid.

In order to visualize the bacterial cell surface and the associa-
tion of phage particles with bacilli, we incubated strains with

FIG 3 Distribution of Sap homologs in B. cereus genomes. Phylogenetic tree based on whole-sequence data for all the B. cereus sensu lato strains available in the
PATRIC database. B. cereus genomes that encode predicted Sap proteins with greater than 95% sequence identity to the Sap protein of B. anthracis Ames using
BLASTp (57) are highlighted in red. BLAST analysis was performed using the PATRIC web server (49). The whole-genome phylogeny of B. cereus group genomes
was downloaded from PATRIC in March 2013.
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AP50c and conducted scanning and transmission electron mi-
croscopy (Fig. 6). Phage particles were visible in association with
the bacterial surface of 7702 (Fig. 6A and F) and the comple-
mented strains (Fig. 6C to E and H to J) but not with that of the
�sap strain (Fig. 6B and G). These data provide further evidence
that Sap acts as the receptor of phage AP50c.

DISCUSSION

In this study, we strove to identify the B. anthracis receptor for
phage AP50c using a genetic/genomic approach. Our results
strongly suggest that the S-layer protein Sap or the S layer com-
posed of Sap is the receptor. Although we show that purified Sap
can reduce AP50c infectivity, further clarification of whether the

active form of phage receptor is Sap itself or the S layer containing
Sap awaits future study.

In the chromosome of B. anthracis, sap is located upstream of
eag, which encodes EA1, the other S-layer protein (50). Upstream
of sap is an operon that includes csaB, which encodes the pyruvyl
transferase responsible for anchoring S-layer homology-contain-
ing proteins (including Sap and EA1) to the bacterial surface (29).
In a previous study, we found that spontaneous and targeted mu-
tations in csaB, leading to changes in the CsaB protein, or targeted
deletion of the entire gene resulted in AP50c resistance (28). We
reasoned that phage resistance in these mutants could be the result

TABLE 4 Amino acid differences in select positions among selected B. anthracis, B. cereus, and B. thuringiensis Sap proteins

Strain

Amino acid at positiona:
AP50c
adsorptionb AP50c plating57 190 405 421 571 586 654

B. anthracis Ames K T S V T T K ��� Yes
B. thuringiensis serovar pulsiensis BGSC 4CC1 K T S V T T K ��� No
B. cereus RS438 CDC2000032805 K T A V K T E ��� Yes
B. cereus RS756 (E33L ZK) T S S V K T K ��� Yes
B. thuringiensis serovar monterrey BGSC 4AJ1 K T S L T T K �� No
B. thuringiensis serovar pondicheriensis BGSC 4BA1 K T S L T K K � No
B. cytotoxicus NVH 391–98c K S S V T K K NT NT
B. cereus 03BB102c E S A L T T K NT NT
B. cereus AH187c A S V L K E A NT NT
B. cereus NC7401c A S V L K E A NT NT
B. cereus FRI-35c A S V L K N A NT NT
B. cereus Q1c A S V L K K D NT NT
B. cereus biovar anthracis CIc E S V L K E A NT NT
B. cereus AH820c E S V L K E A NT NT
B. cereus F837/76c E S V L K E A NT NT
B. thuringiensis Al Hakamc E S V L K E A NT NT
a Position of the amino acid residue in the 814-amino-acid Sap protein of B. anthracis Ames; residues in bold are those that differ from the residues of Sap of B. anthracis Ames.
b ���, �66 to 100% adsorption; ��, �34 to 66% adsorption; �, 0% adsorption; NT, not tested.
c Additional differences in the Sap proteins of these strains are not listed.

FIG 4 Phylogenetic tree based on Sap amino acid alignment of a subset of the
strains in Fig. 3. The maximum-likelihood tree is based on amino acid align-
ment of the Sap protein sequences from 21 strains belonging to the B. anthracis
(Ban), B. cereus (Bce), and B. thuringiensis (Bth) groups obtained using the
Phylogeny Fr website (http://www.phylogeny.fr/version2_cgi/index.cgi). The
phylogeny was calculated using the PhyML program (58), and the tree was
generated by the TreeDyn program (59).

FIG 5 In trans complementation of the �sap mutant with B. anthracis and B.
cereus sap genes. The recombinant plasmids carrying the sap genes from B.
anthracis Sterne and B. cereus strains RS438 and RS756 (E33L) were trans-
formed into BA750 (�sap), and the resulting transformants were tested for
AP50c sensitivity by spot tests. Ten microliters of 10� serial dilutions of phage
was spotted on a lawn of each strain. Clearing in the spots after overnight
incubation indicates lysis of the bacteria and phage sensitivity. (A) 7702; (B)
BA750 (�sap); (C) BA750 complemented with RS438 sap; (D) BA750 comple-
mented with RS756 (E33L) sap; (E) BA750 complemented with 34F2 sap. In
panel C, undiluted AP50c phage stock was spotted both in the center of the
plate and at the 12 o’clock position; in the other panels, undiluted phage stock
was spotted only at the 12 o’clock position.
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of a failure to display the receptor on the surface. The random
mutagenesis approach that we employed in this study led us to
focus on the S-layer homology-containing protein Sap. We noted,
however, that Sap and EA1 are very similar in their first 200 resi-
dues (66% identity, 74% similarity) (51). We therefore engineered
a markerless, in-frame deletion strain of eag; this strain remained
sensitive to AP50c, demonstrating the specificity of the phage-
receptor interaction. We note that in these two studies, spontane-
ous phage-resistant mutants arose with alterations in csaB,
whereas random transposon mutagenesis and screening for phage
resistance identified changes in sap. The reason for this mutation
spectrum bias is not clear, although differences in the mechanisms
of spontaneous mutagenesis (replication errors) versus trans-
poson mutagenesis (target specificity) could account for such a
bias.

Two B. cereus and three B. thuringiensis strains with high de-
grees of sap homology to B. anthracis were identified in this study.
The placement of these strains on the whole-genome phylogenetic
tree indicates that the sap genes of the B. thuringiensis strains and
B. anthracis were most likely acquired by a common ancestor,
whereas the sap gene of RS756 (E33L) probably represents an in-
dependent acquisition.

A closer look at the B. cereus and B. thuringiensis strains carry-
ing sap genes similar to the sap gene of B. anthracis shows that they
also have the neighboring genes in the csa operon intact, yet B.
thuringiensis strain BGSC 4CC1, which has a Sap protein identical
to that of B. anthracis, did not support AP50c growth, although
adsorption was normal. We speculate that the failure of the B.
thuringiensis strains to support phage growth may be due to de-
fects in steps subsequent to phage adsorption. There may be in-
herent differences in factors that are needed for the replication,
morphogenesis, or lysis/release of progeny particles of AP50c, or
these factors may be absent in these hosts.

Although the S layer of B. anthracis can be composed of the two
proteins Sap and EA1, previous studies have shown that the com-
position of the S layer varies with growth phase. Specifically, dur-
ing exponential growth, the S layer is mainly composed of Sap, but
during stationary phase, it mainly consists of EA1 (52, 53). Our
finding that Sap is the AP50c receptor suggests that susceptibility
to AP50c infection may vary with growth phase, although we have

not yet tested this experimentally. Moreover, some in vitro studies
in the presence of bicarbonate (to mimic conditions found in vivo)
suggest that Sap may not be expressed during infection (54); if this
prediction were found to be true in vivo, then AP50c may there-
fore not be a good candidate for use in bacteriophage therapy.

We found that deletion of any of the sporulation-related genes
spo0A, spo0B, or spo0F led to a reduction in the amount of Sap in
the S layer and to resistance to AP50c. It is likely that the transcrip-
tion factor Spo0A (which, of these three proteins, is the furthest
downstream in the phosphorelay system [23]) controls Sap levels
in some way. The effect may be on transcription, translation, Sap
protein stability, posttranslational modification, targeting of Sap
to the surface, or assembly of the Sap S layer.

The sap promoter is thought to be under the control of RNA
polymerase containing the alternative sigma factor 
A (52). How-
ever, the repressor PagR can bind to a sequence that overlaps the

A binding site, preventing sap transcription (54). The master
regulator AtxA activates PagR (55) and therefore negatively regu-
lates Sap expression (54). Moving up the pathway, we note that
AtxA is negatively regulated by AbrB, which is negatively regulated
by phosphorylated Spo0A (56). Considering this entire cascade of
events, deletion of Spo0A (or deletion of any protein upstream of
Spo0A in the phosphorelay system) would be expected to lead to
an increase in Sap expression rather than a decrease. Our interpre-
tation is that if the connection between the spo0 genes and the
presence of Sap in the S layer does indeed involve AtxA, then the
system must be more sophisticated than the current scientific lit-
erature suggests, perhaps with the involvement of unknown fac-
tors. Although our results strongly suggest a connection between
the Spo0 phosphorelay cascade and the amount of Sap in the S
layer, further study is clearly needed to elucidate the mecha-
nism(s) involved.
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AP50c phage particles associated with the bacterial surface.
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