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Bacillus anthracis, a gram-positive, spore-forming bacterium, is the etiological agent of anthrax. It belongs to
the Bacillus cereus group, which also contains Bacillus cereus and Bacillus thuringiensis. Most B. anthracis strains
are sensitive to phage vy, but most B. cereus and B. thuringiensis strains are resistant to the lytic action of phage
v. Here, we report the identification of a protein involved in the bacterial receptor for the vy phage, which we
term GamR (Gamma phage receptor). It is an LPXTG protein (BA3367, BAS3121) and is anchored by the
sortase A. A B. anthracis sortase A mutant is not as sensitive as the parental strain nor as the sortase B and
sortase C mutants, whereas the GamR mutant is resistant to the lytic action of the phage. Electron microscopy
reveals the binding of the phage to the surface of the parental strain and its absence from the GamR mutant.
Spontaneous B. anthracis mutants resistant to the phage harbor mutations in the gene encoding the GamR
protein. A B. cereus strain that is sensitive to the phage possesses a protein similar (89% identity) to GamR.
B. thuringiensis 97-27, a strain which, by sequence analysis, is predicted to harbor a GamR-like protein, is
resistant to the phage but nevertheless displays phage binding.

Bacillus anthracis, the etiological agent of anthrax, belongs
to the Bacillus cereus group which also comprises Bacillus
cereus and Bacillus thuringiensis. B. cereus, a ubiquitous soil
bacterium, is generally considered an opportunistic pathogen,
and some strains cause serious infections. B. thuringiensis is an
entomopathogen. On a genetic basis, these three bacteria are
specialized variants of a single species (12). One of the criteria
used, before the advent of molecular biology, to differentiate
B. anthracis from the other members of the group was sensi-
tivity to the phage v. Indeed, almost all B. anthracis isolates are
v phage sensitive, whereas most B. cereus and B. thuringiensis
strains are vy phage resistant. The y phage was first reported in
1955 as a variant of phage W isolated in 1951 (6, 22). The vy
phage has an icosahedral head and long, sheathless, noncon-
tractile tail (30, 43).

The use of the y phage for B. anthracis identification led to
the search for its receptor. There has been less work on bac-
terial phage receptors in gram-positive than in gram-negative
bacteria. In Bacillus subtilis, teichoic acid has been described as
the receptor for bacteriophage SP50, but other cell wall com-
ponents are also involved in phage-bacterium interaction (2).
In Lactobacillus lactis, saccharides are involved in initial phage
binding. In some cases, this is followed by protein-dependent
secondary binding (9, 42). Contradictory conclusions have
been proposed in different papers concerning the vy phage
receptor. Lantos and Ivanovics reported that y phage binding
was lost after a treatment with 5% trichloracetic at 90°C and
then trypsin, suggesting that the receptor might be a protein
(15). Watanabe and Shiomi suggested that one or a combina-
tion of the following substances, meso-Dap, D-glucosamine,
D-galactosamine, D-mannosamine, constituents of the pepti-
doglycan or the associated polysaccharide (23), and L-lysine,
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constitute the phage receptor site (44). They excluded the
protein hypothesis due to maintenance of phage binding after
solvent treatment. However, the treatments they used would
only affect membrane proteins, not peptidoglycan-anchored
proteins, which were not known at that time.

Published data are therefore consistent with the y phage
receptor being a peptidoglycan-anchored protein. A cell-wall-
protein-anchoring mechanism has been described in B. anthra-
cis, involving a polysaccharide, composed of galactose,
N-acetylglucosamine, and N-acetylmannosamine (23). This
polysaccharide is covalently anchored to the peptidoglycan
stricto sensu. For proteins to bind to it, the polysaccharide has
to be pyruvylated, and mutants unable to pyruvylate the poly-
saccharide, and thus to anchor the corresponding proteins,
have been isolated. These mutations map to an operon termed
csa (23). The proteins that bind to this polysaccharide do so by
a domain termed SLH, for S-/ayer Aomology. This domain was
initially described in S-layer proteins as a triple repetition in
their N termini of a 50-amino-acid motif (17). It has since been
found in many gram-positive cell-wall-anchored proteins. An-
other anchoring mechanism for gram-positive bacterial surface
proteins involves sortases. Sortase catalyzes covalent anchoring
of LPXTG-harboring proteins to the peptide moiety of pepti-
doglycan (19, 33). The sequence of the B. anthracis genome
suggests that it has three sortases and 14 LPXTG proteins (27,
29). The existence of more than one sortase has been sug-
gested in other bacteria, and experimentally demonstrated in
some (3-5, 21, 26, 27, 38). It has been proposed that the
sortases be divided into four classes, A to D, on basis of
sequence (8). Recent data for various gram-positive organisms
suggest that there is a major sortase, SrtA, that generally an-
chors many LPXTG proteins, and that the other sortases have
a more restricted subset of substrates, seemingly linked to a
particular function and to specific LPXTG motif sequence. For
example, sortase B probably only anchors iron acquisition pro-
teins (5, 21). Other non-A non-B sortases seem dedicated to
pilus assembly, or morphological differentiation (3, 8, 21, 38).
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The genes encoding these sortases and their substrates are
often clustered, and are sometimes in the same operon. The
LPXTG proteins have an LPXTG motif followed by a hydro-
phobic tail in their C-terminal region. While the protein trans-
location is arrested in the membrane due to the hydrophobic
region, the sortase covalently links the threonine in the
LPXTG motif to an amino-group of a peptidoglycan precursor
amino-acid in a two-step transpeptidation reaction. The result-
ing molecule is covalently incorporated into the peptidoglycan
(19, 37). In a sortase A mutant, the LPXTG proteins that
depend on it for anchoring are found in the supernatant and
associated with the membrane (14)

Here, we tried to identify the receptor of the phage y. The
sensitivity of a sortase A mutant was lower than that of the
parental strain. An LPXTG-harboring protein was identified
as being required for phage sensitivity and its involvement in
phage binding was confirmed by electron microscopy.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Escherichia coli TG1 (31)
was used as a host for the cloning experiments. E. coli HB101 harboring pRK24
was used for mating experiments. The B. anthracis strains and plasmids used or
constructed in this work are listed Table 1. E. coli cells were cultured in Luria (L)
broth or on L agar plates. B. anthracis, B. thuringiensis and B. cereus strains were
grown in brain-heart infusion (BHI; Difco Laboratories) or on BHI agar plates.
To induce pag expression, bacteria were grown on CAP plates in a 5% CO,
atmosphere (35). Antibiotics were used as previously described (36).

DNA manipulation. Plasmid extraction, endonuclease digestion, ligation and
agarose gel electrophoresis were carried out as described by Maniatis et al. (18).
PCR amplifications were carried out with long-range, high-fidelity Tag, accord-
ing to the manufacturer’s instructions (Roche), or with Vent polymerase. Se-
quences of the plasmids were determined either from PCR products after an
amplification step or directly from the plasmid DNA. All sequencing reactions
were carried out by Genome Express Sequencing. The B. anthracis mutant gamR
genes and the B. cereus gamR homologue gene were sequenced after PCR
amplification from the chromosomes using the Bas5’ and Bas3’ oligonucleotides
(Table 1).

Construction of recombinant strains. Recombinant plasmids were transferred
from E. coli to B. anthracis, B. thuringiensis, or B. cereus by heterogramic conju-
gation (39). Allelic exchange was carried out as described previously (28).

Genetic constructions. The 1.85-, 1.54-, and 1.68-kb DNA fragments carrying
the srtA (BA068S, BAS0654), the srtB (BA4783, BAS4708), and the srtC
(BA5069, BAS4438) genes and that of 2.53 kb carrying the gamR (BA3367,
BAS3121) gene were obtained by PCR from B. anthracis 7702 chromosomal
DNA, using the primers (Table 1) srt1-5" and sort1-3’ for the srz4 gene, Sort3-5’
and Sort3-3' for the srtB gene, Sort2-5' and Sort2-3’ for the srtC gene, and
prebas5’ and bas3’ for the gamR gene.

The srtA fragment was inserted into pUCI9 giving pSON10. pSON20 was
obtained by replacing the 800-bp Bcll-SnaB1 fragment, from nucleotides (nt) 795
(+1 corresponding to the A of the translational initiation codon) to the end of
the srt4 fragment, with the spectinomycin resistance cassette from pUC1318Spc.
The AsrtA construction was excised from pSON20, by digesting with EcoRI-
HindIII, and inserted into the conjugative suicide vector pAT113 giving pPSON30.

To complement the Asrt4 mutant, the srt4 gene was placed under pag pro-
moter control as follows. First, an integrative plasmid harboring a Ndel cloning
site 3’ to the pag promoter was constructed. An Ndel site was introduced
overlapping the pag ATG codon by directed mutagenesis of the 6-kb BamHI
fragment in pACP1 (7). The 3.4-kb Xhol-BamHI fragment was ligated into the
replicative vector pAT28, giving rise to pACP50. The 2-kb Sphl fragment was
then inserted into the Sphl site of pAT113 giving pPPA10. Then, the srtA gene
was amplified by PCR using the primers sortA-5" and srtl-3'. The primer
sortA-5" contains a Ndel site overlapping the ATG initiation codon of the srtA
gene. The DNA fragment was inserted into pGemT-easy giving pSRTA10. The
srtA gene was excised from pSRTAI10, digested with Ndel and HindIII and
inserted into pPPA10, giving pSRTA40.

The srtB fragment was inserted into pUC19 giving pSTR10. pSTR20 was
obtained by replacing the 479 bp Acc651-Accl fragment, from nt-45 (+1 corre-
sponding to the A of the translational initiation codon) to 220 nt 5" from the end
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of the srtB fragment, with the spectinomycin-resistance cassette from
pUCI1318Spc. The AsrtB construction was excised from pSTR20, by digesting
with EcoRI-HindIIl, and inserted into the conjugative suicide vector pAT113
giving pSTR30.

The srtC fragment was inserted into pUC19 giving pSTO10. pSTO20 was
obtained by replacing the 542-bp BamHI-Hpal fragment, from nt 33 (+1 cor-
responding to the A of the translational initiation codon) to 55 nt 5’ from the end
of srtC gene, with the non-polar spectinomycin-resistance cassette from pSpecH
+ 2 (23). The AsrtC construction was excised from pSTO20, by digesting with
HindIII-EcoRI and inserted into the conjugative suicide vector pAT113 giving
pSTO30. pSTO20E was obtained by replacing the same BamHI-Hpal fragment
with the Erm cassette from pUC1318Erm. The pSTO20E AsrtC construction was
amplified using the pU pR oligonucleotides and inserted into the conjugative
suicide vector pBAK digested by Smal, giving pSTO30E.

The DNA fragment carrying the gamR sequence was inserted into pGemT-
easy giving pPGAR10. pGAR20 was obtained by replacing the 1.1-kb Bcell-Clal
fragment in pGARI10, from nt 317 (+1 corresponding to the A of the transla-
tional initiation codon) to 302 nt 5’ from the end of the gamR gene with the non
polar spectinomycin-resistance cassette from pSpecH + 1. The AgamR construc-
tion was excised from pGAR20, by digesting with Sphl-EcoRI, and inserted into
pAT113, yielding pGAR30.

To complement the AgamR mutant strain, a 2.5-kb DNA fragment harboring
the gamR gene with its own promoter was amplified by PCR with Vent poly-
merase from B. anthracis strain 7702 chromosomal DNA, using primers prebas5’
and postbas3’. This fragment was inserted into the Smal site of the self-repli-
cating shuttle vector, pAT187, giving pGAR40.

Bacteriophages. A y phage stock active against B. anthracis was obtained from
PCB Turnbull (NMRC, U.S. Navy). Phage was amplified by spreading 100 .l of
a log-phase culture of B. anthracis 7702 and 100 pl of the phage preparation onto
BHI Petri dishes and incubating for 16 h at 37°C. The lawns were then taken up
in one ml of BHI and centrifuged at 4°C for 20 min at 6,000 rpm. The superna-
tants were filtered through a 0.45-pm-pore-size membrane. These filtrates usu-
ally had titers of approximately 5 X 10° PFU per ml, as assayed on B. anthracis
strain Sterne (7702).

Sensitivity test. Exponential cultures of B. anthracis cells were spread on BHI
petri dishes and 20 wl of eight consecutive 10-fold dilutions (from non-diluted to
10~7) were spotted onto the surface. The plaques were observed after 16 h of
incubation at 37°C. The sensitivity of B. anthracis wild-type or mutant strains was
defined by determining the number of plaques at the dilution not giving rise to
confluent lysis on that strain. For some strains, sensitivity was also determined
during growth in liquid medium. BHI medium was inoculated with the bacteria,
and when the optical density at 600 nm (ODg) reached 0.5, the culture was
divided into two halves. To one-half, 2 X 107 PFUs were added per ml and
incubation resumed. The ODg, was followed for another 7 h.

Resistant mutant selection. To obtain spontaneous y phage-resistant mutants,
undiluted phage preparations were spotted on a lawn of B. anthracis 7702.
Colonies appearing in the lysis zone were isolated.

Electron microscopy. Bacteria were grown to an ODy, of 0.2. Approximately
10° phage particles were then added to 100 pl of culture and left to adsorb at
37°C for 30 min. The samples were then maintained at 0°C until further treat-
ment. Ten-pl drops of these preparations were applied to grids, and the grids
rinsed twice with 150 wl drops of 10 mM Tris-HCI, pH 7.5, to eliminate remain-
ing salts. Grid processing and negative staining were as previously described (25).

RESULTS

A cell wall-anchored protein is required for sensitivity to y
phage. The y phage receptor is probably a cell wall-associated
protein. Indeed, some of the substances described as determi-
nants of the phage receptor site are constituents of the pepti-
doglycan or of the associated polysaccharide (23, 44). To iden-
tify the y phage receptor, we assayed the resistance of B.
anthracis mutants deficient in cell wall protein anchoring. The
first mutant tested was strain SM96, a csa mutant which cannot
pyruvylate the cell-wall-associated polysaccharide of B. anthra-
cis and is thus deficient in SLH-harboring-protein anchoring
(23). This mutant had the same sensitivity to the lytic action of
the v phage as the parental strain (data not shown). The vy
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TABLE 1. B. anthracis strains, plasmids, and oligonucleotides used in this study

Strain, plasmid, or oligonucleotide

Genotype or description

Source or reference

Bacillus anthracis

B. thuringiensis 97-27

B. thuringiensis strain harboring a gamR homologue

7702 Sterne strain; pXO1* Laboratory stock
7SBON30 7702 AsrtA (pSON30) This work
7SBON40 7SBON30 srtA complemented (pSRTA40) This work
7SDG30 7702 AgamR (pGAR30) This work
7SDG30(pGAR40) Transconjugant 7SDG30 strain harboring pGAR40; (AgamR + gamR) Kan" This work
7SBTR30 7702 AsrtB (pSTR30) This work
7SBTO30 7702 AsrtC (pSTO30) This work
7SBONTO 7702 AsrtA AsrtC (pSON30, pSTO30E) This work
7SBTRTO 7702 AsrtB AsrtC (pSTR30, pSTO30E) This work
SM96 9131 (plasmidless derivative of 7702) AcsaA AcsaB 23

B. cereus WW3 B. cereus vy phage-sensitive strain 30

Laboratory stock

Plasmid
pUCI19 Cloning vector 45
pGEM-T-easy Cloning vector Qiagen
pAT113 Conjugative suicide plasmid used for gene inactivation in B. anthracis Kan’, Erm" 40
pAT187 Conjugative replicating plasmid used for complementation in B. anthracis Kan" 39
pAT28 Conjugative replicating plasmid used for complementation in B. anthracis 41
pACP1 PUC harboring pag gene 7
pACP50 PpAT28 harboring the pag gene with Ndel overlapping ATG Laboratory stock
pBAK Conjugative suicide plasmid used for gene inactivation in B. anthracis Kan® 24
pSpecH+1 pUCI9 carrying a Spc cassette ending with an rbs and an ATG 23
pSpecH+2 pUC19 carrying a Spc cassette ending with an rbs and an ATG 23
pUCI1318Spc PUCI1318 carrying a Spc cassette 25
pUC1318Erm PUCI1318 carrying an Erm cassette 24
pPPA10 Integrative vector harboring the pag promoter region This work
pSON10 pUCI09 carrying the srtA gene This work
pSON20 pUCI09 carrying the inactivated srt4 gene Spc’ This work
pSON30 pAT113 carrying the inactivated srt4 gene Spc® This work
pSTR10 pUCI09 carrying the srtB gene This work
PSTR20 pUC19 carrying the inactivated srtB gene Spc' This work
PSTR30 pAT113 carrying the inactivated srtB gene Spc” This work
pSTO10 pUCI109 carrying the srtC gene This work
PSTO20 pUCI09 carrying the inactivated srtC gene Spc” This work
PSTO30 pAT113 carrying the inactivated srtC gene Spc* This work
PSTO20E pUCI09 carrying the inactivated srtC gene Erm” This work
PSTO30E pBAK carrying the inactivated sr#C gene Erm" This work
pSRTAI10 pGEM carrying the sortA gene with an Ndel site This work
pSRTA40 pPPA10 carrying the srt4 gene under the control of the pag promoter This work
pGARI10 pGEM-T-easy carrying the gamR gene This work
pGAR20 pGEM-T-easy carrying the inactivated gamR gene Spc* This work
pGAR30 pAT113 carrying the inactivated gamR gene Spc' This work
pGAR40 pAT187 carrying the gamR gene This work
Oligonucleotide
pU CGCCAGGGTTTTCCCAGTCACGAC
pR AGCGGATAACAATTTCACACAGGA
SortA-5 CATATGAATAAGCAAAGAATTTATAGTATA
srtl-5' GGTATTGTATCGACTGTTCTTTATAAAGTT
srtl1-3’ GGAATGATTATCGGACAAATTTTATTTACA
Sort2-5' CCGATCTGTGCAATAGCACTTTTAACAGTA
Sort2-3’ CGCTAATATTTCAAATTCTGTATGTGTTAA
Sort3-5' CCTCGCAAACGGATGAAGATAGAGAAGCGA
Sort3-3’ GGAAACAATGCCAGGCTTTTTAGGATTAGA
Prebas5’ GTCGCCAACCTTTTCGGTCTTTTGGAAAGA
Bas5’ GGATCCGTCATGGGGACAAGTAGAAGCTGAAAC
Bas3’ AAGCTTAGCTGCTTTACGTCTCCATAATACATATGC
Postbas3’ AAGCTTTACAGCTGCCTCTTCACATCCGGC

phage bacterial receptor is therefore not an SLH-harboring
protein.

We then assayed the resistance of B. anthracis mutants de-
ficient in LPXTG cell wall protein anchoring. A mutant was
constructed in the sortase gene, srt4, encoding the sortase with

the greatest similarity to that involved in the anchoring of most
LPXTG-proteins in other bacteria (27). This allowed testing
the involvement of as many LPXTG-proteins as possible with
a single mutant. The srt4 mutant was less sensitive than the
parental strain to the lytic action of phage vy on solid medium
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TABLE 2. v phage lytic activity on various Bacillus strains
Strain
Plasmid B. a® parental B. a AsrtA B. a AgamR B. a AsntB B. a AsrtC B. a AsrtA AsrtC B. a AsntB AsrtC B. ¢* B.
strain mutant mutant mutant mutant mutant mutant WWw3 97-27
/ 5 x 10% 5% 107 NL 5 x 10° 3.5 x 10° 2 x 107 2 % 10° 1.5 x 107 NL
pGAR4(* ND 10'° 8 x 10° ND ND 5 % 10° 10'° 2x107 ND

“B. a, B. ¢ and B. t stand for B. anthracis, B. cereus and B. thuringiensis respectively. pGAR40, gamR-harboring plasmid.
® The numbers correspond to the phage plating efficiency on the given strain. All plaques were of the same size NL: not lysed ND: not done.

(Table 2), but was not resistant. The srz4 mutant was comple-
mented by an integrative plasmid harboring the srt4A gene un-
der the control of the pag promoter. The strain was grown
under conditions inducing pag expression, and sensitivity to
phage +y lysis was restored. Indeed, with the same phage stock,
the sensitivity score for the complemented strain was 7.5 X 10°
PFU/ml and that for the parental strain 7702 was 5 X 10°
PFU/ml. This implicates an LPXTG protein in phage vy lysis.
LPXTG proteins are surface proteins, and therefore an
LPXTG protein could be, or be part of, the phage y binding
site.

BA3367 (BAS3121) is required for sensitivity to v phage.
Proteins of a given sortase repertoire contain a defined
LPXTG motif sequence. We analyzed the B. anthracis genome
in silico and found six to eight putative LPXTG proteins pos-
sibly anchored by sortase A. During revision, another in silico
analysis reported that B. anthracis sortase A could anchor 7
LPXTG proteins (10). y phage lysis is nearly B. anthracis spe-
cific, so we searched for putatively sortase A-dependent
LPXTG proteins only found in B. anthracis. When this work
was being carried out, B. cereus ATCC 14579 was the closest
relative of B. anthracis for which the entire sequence was avail-
able (13). The BA3367 (BAS3121) open reading frame en-
codes an LPXTG protein that is absent from the ATCC 14579
genome. Other B. cereus strains have been sequenced since,

and the BA3367 open reading frame is, in fact, not unique to
B. anthracis. Neverthless, for the reasons explained above, we
deleted this gene and tested the mutant, 7SDG30, for phage vy
resistance (Fig. 1; Table 2). 7SDG30 was resistant to phage vy
lytic action in tests on solid medium (Table 2). It was also
tested for phage vy lytic action during growth in liquid medium
(Fig. 1A and B). The ODg, of cultures of the parental strain
declined in the presence of the phage, but the mutant strain
grew equally well in its presence and absence (Fig. 1A and B).
Thus, the mutant is totally resistant to the lytic action of phage
v. The mutant was complemented using a replicative plasmid
carrying BA3367 (BAS3121) with its own promoter. The com-
plemented strain was assayed by both methods for its sensitiv-
ity to vy phage (Fig. 1C; Table 2): it was as sensitive as the
parental strain to the lytic action of phage . The resistance of
the BA3367 (BAS3121) mutant is therefore a consequence of
the deletion. Presumably, BA3367 (BAS3121) encodes a pro-
tein that is, or part of, the receptor for the y phage. The
protein was named GamR (Gamma phage receptor).

A plasmid harboring gamR was introduced into the srtA
mutant, and the strain tested for y phage sensitivity (Table 2).
The complemented strain was more sensitive than the srtA
mutant, and was as sensitive as the parental and AgamR com-
plemented strains. Presumably, GamR was not anchored in the

A

B

C

10 10 10
WIT AgamR AgamR + gamR
1 1 1]
=)
8 * 8 + () *
014 01, 01 1
001 T T T 0Nl T T T onl y T T
0 100 200 300 4m 0 100 200 300 400 0 100 200 300 400
Time (min) Time (min) Time (min)

FIG. 1. The y phage requires the presence of BA3367 (BAS3121) to exert its lytic action. y Phage particles were added (arrows, open circles)
or not added (closed squares) during exponential growth to the control 7702 strain (A), the BA3367 (BAS3121) (gamR)-deleted mutant (7DG30)
(B), and the BA3367 (BAS3121)-deleted mutant complemented with the gamR gene [7DG30 (pGAR40)] (C), and the ODy,, was monitored for

another 7 h.
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FIG. 2. Binding of y phage particles to the surface of B. anthracis.
v phage was added to exponentially growing cultures of strains 7702
(A), 7DG30 (gamR-deleted mutant) (B), 7DG30 (pGAR40) (gamR-
deleted mutant complemented with the gamR gene) (C), 7SBON30

J. BACTERIOL.

srtA mutant strain but nevertheless overproduction of nonan-
chored GamR protein conferred sensitivity.

GamR is anchored by the sortase A. The GamR mutant is
totally resistant to the lytic action of phage <y, whereas the
sortase A mutant is only partially resistant. Either GamR
serves as a receptor despite not being anchored, or it could be
anchored by another sortase. To test this possibility, single
mutants were constructed in each of the other two sortases,
namely sortase B and sortase C. Both sortase B and sortase C
single mutants displayed the same sensitivity as the wild-type
strain (Table 2). However, efficient sortase A anchoring of
GamR could mask the absence of a weak anchoring by another
sortase. We therefore tested double mutants. The sensitivity of
the double sortase A sortase C mutant was the same as that of
the sortase A mutant (Table 2). Furthermore, the overproduc-
tion of GamR in that strain and in the A srt4 strain gave similar
sensitivity scores. Thus, sortase C is not responsible for resid-
ual phage sensitivity of the sortase A mutant strain. The sor-
tase B sortase C double mutant was as sensitive as the wild-
type strain and the overproduction of GamR did not modify
the sensitivity. This strongly suggested that sortase B is not
involved in GamR anchoring either (Table 2). This suggested
that GamR is exclusively sortaseA dependent.

GamR is required for y phage binding. We studied y phage
binding to the bacteria by electron microscopy (Fig. 2). The vy
phage bound uniformly over the surface of the parental strain
(Fig. 2A). There was no detectable phage binding to the GamR
mutant strain (Fig. 2B), but phage binding was restored in the
complemented strain (Fig. 2C). This confirms that GamR is
required for vy phage binding. In the complemented strain, the
gamR gene was under its own promoter on a multi-copy plas-
mid, and therefore there was probably more GamR protein
than in the parental strain. Consistent with this, more phage
particles were bound to the surface of the complemented strain
than to that of the parental strain (Fig. 2A versus 2C). This
indicates a direct link between the number of GamR protein
molecules anchored at the surface of the bacterium and the
number of bound phage particles. The gamR gene was similarly
introduced into the srt4 mutant strain (Fig. 2D and 2E). The
AsrtA mutant bound phage particles but bound fewer than the
parental strain, consistent with the sensitivities (Fig. 2D). The
Asrt4 mutant overproducing GamR bound more phage parti-
cles than the control Asrt4A mutant (Fig. 2D versus 2E), but
fewer than the GamR mutant strain complemented with
GamR (Fig. 2C versus 2E).

GamR integrity, y phage binding, and bacterial sensitivity.
The susceptibility of a bacterium to phage infection is primarily
dependent on bacteriophage attachment to receptors (16).
Spontaneous resistant mutants of the B. anthracis parental
strain were therefore sought and indeed, colonies grew in vy
phage lysis areas. Four mutants, from two independent lysis
zones, were studied (see Materials and Methods). The gamR
gene (595 codons in the parental strain) in each was amplified
and sequenced. In all the four mutants, gamR had a non-sense
mutation (Fig. 3). Two mutations (clones 1 and 3) were 1-bp

(srtA-deleted mutant) (D), and 7SBON30 (pGAR40) (srtA-deleted
mutant complemented with the gamR gene) (E). The bound particles
were visualized by electron microscopy. Bar, 500 nm.
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wt  TCGTTTGGAACGTATGTAAAAGGCATTGATGGCTTAATGGCCGGGGCTACAAGCGGCTGGCTATATGATGTAAATGATCAA
S F G T ¥ VvV X ¢ I b L MAGA AT S G WIL Y DV N D Q

Clone 1

TCGTTTGGAACGTATGTAAAAGGCATTGATGGCTTAATGGCCGGGGCTACAAGCGCTGGCTATATGATGTAAATGATCAAT
S F ¢ T ¥ v X ¢ I D G&GLMAG G AT S A G Y MM *

Clone 3

TCGTTTGGAACGTATGTAARAGGCATTGATGGCTAATGGCCGGGGCTACRAGCGGCTGGCTATATGATGTAAATGATCAAT

S F 6 T Y V X G I D G *

1651/551

wt GTTAAARATAAAAAATCCGGAAACGGTAGCACATTACCGAAAACAGGAGCATCTTCTCATAGTGCAGCGACAGAAGTAGET
vV K N XK XK $ ¢ N G §s TL P XK T GA S S H S AATE V G

Clone 2

GTTAAAATAARAAATCCGGAAACGGTAGCACATTACCCGAARACAGGAGCATCTTCTCATAGTGCAGCGACAGAAGTAGGTA

V XK I K N P E T V A

Clone 4

Y R K Q E H L L I V Q R Q K *

GTTAAAAATAAAAAATCCGGAAACGGTAGCACATTAAAAGAAAACAGGAGCATCTTCTCATAGTGCAGCGACAGAAGTAGG
V X N X K § G N GG S T UL KENUR S I s

FIG. 3. Mutations in the gamR gene and deduced GamR proteins harbored by the spontaneous B. anthracis y phage-resistant clones. The gamR
wild-type sequence (wt) and the mutant sequences are given from nt 244 to 325 and 1651 to 1732 to show mutations in clones 1 and 3, and 2 and
4, respectively. The deduced translated sequences are indicated below the nucleotide sequences. The mutations are highlighted in bold underlined
characters in the wild-type sequences. Where a bp is deleted, the surrounding nucleotides are underlined in the mutant sequence; the substitution/

insertion is also underlined.

deletions near the start of the sequence. These mutations give
rise to stop codons at the 94th and 104th codons (Fig. 3, clone
3, clone 1). The other two mutations were near the 3’ end of
the gene (Fig. 3, clone 2, clone 4). Both modify the LPKTG
motif, yielding proteins that, if stable, cannot be anchored to
the peptidoglycan by sortase A. Furthermore, the mutations
generating either subsitutions followed by a stop codon in the
membranous domain (clone 2) or a stop codon (clone 4) be-
fore that domain, these two mutant proteins are expected to be
devoid of the membranous domain. In clones 1, 2, and 3, the
mutations were single bp deletions. However, clone 4 is more
complex with four consecutive bp substituted, followed by a
2-bp insertion. These mutants were tested for complementa-
tion with the wild-type gamR gene, and y phage sensitivity was
restored in all cases (data not shown).

Phage v is nearly specific to B. anthracis strains. However,
some B. cereus strains are sensitive to its lytic action. In our
hands, B. cereus WW3 was lysed by the phage (Table 2), but
was not as sensitive as B. anthracis: with the same phage stock
the sensitivity score was 1.5 X 107 PFU/ml for B. cereus WW3
and 5 X 10° PFU/ml for B. anthracis (Table 2). We tested
WW3 for a GamR protein by amplifying a DNA fragment and
sequencing (accession number bankit705279 DQO057580). A
fragment of 1.6 kb, which is the expected size, was obtained.
The deduced amino acid sequence shows 89% identity with
GamR; it includes a 21-amino-acid insertion at the 210th
codon but is otherwise 93% identical to GamR. We studied vy
phage particle binding to WW3 (Fig. 4A). Note that B. cereus
and B. thuringiensis, unlike B. anthracis, harbor appendages
(Fig. 4B and D). Phage particles bound to the surface (Fig.

FIG. 4. Binding of vy phage particles to the surface of a sensitive B. cereus WW3 strain (A) and a resistant B. thuringiensis 97-27 strain (C). The
same strains are shown without addition of phage particles (B and D, respectively). The experiment was carried out as in Fig. 2. Bar, 500 nm.
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4A). The B. anthracis gamR gene was introduced into WW3
(Table 2), but this did not enhance the sensitivity of the strain.
Other strains from the B. cereus group, with sequences similar to
GamR have been described since this work was started. For
example, B. thuringiensis 97-27 possesses an LPXTG protein shar-
ing 96.8% identity with GamR (BT9727_3108). However, vy
phage was unable to lyse B. thuringiensis strain 97-27 (Table 2).
Interestingly, electron microscopy analysis revealed that phage
bound to the surface of strain 97-27 (Fig. 4C, D) although fewer
particles bound to strain 97-27 than to the sensitive bacteria.

DISCUSSION

We deleted a single gene from B. anthracis and this rendered
it resistant to vy phage lytic action. The deleted gene encodes
GamR, a surface-anchored protein. Moreover, the phage did
not adsorb onto the surface of this mutant strain. Four spon-
taneous B. anthracis y-phage-resistant mutants were analyzed
and all harbor mutations in the gamR gene. GamR overpro-
duction in the AgamR mutant strain led to more phage parti-
cles binding to the bacterial surface. This indicates that GamR
is directly involved in the vy phage receptor. Interestingly, se-
quence analysis suggests that BA3367 (BAS3121), encoding
GamR, is the first gene of an operon putatively involved in
cobalt transport. Indeed, BA3366 to BA3363 encode proteins
with similarities to lipoproteins, cobalt transport protein (ABC
type), ABC ATPase, and a membrane protein with six trans-
membrane-domains, respectively. That the phage receptor is
part of a transporter is not unusual.

The difference in sensitivity between the AsrtA and the
AgamR mutants could be the consequence of the protein being
present in the Asrt4 mutants, whereas it is totally absent from
the AgamR mutants. The B. anthracis sortase repertoires have
not yet been defined, but available knowledge about sortases
suggests that a given LPXTG-harboring protein is anchored by
a given sortase (8) (and references herein). The involvement of
sortase B in GamR anchoring is improbable: the plating effi-
ciency of the phage was unaffected in AsrtB and AsrtB AsrtC
mutants; sortase B in other species is extremely specific for the
NPQTN motif and GamR has a classical LPKTG motif (20);
and sortase B, is specialized in iron uptake in all bacteria in
which it has been studied (5). The sequences of the locus to
which gamR belongs do not suggest iron acquisition proteins.
We constructed Asr#C mutants to test the involvement of sor-
tase C. The AsrtC, and AsrtA AsrtC mutants were as sensitive to
the vy phage as the parental and the AsrtA strains, respectively,
indicating that sortase C is not involved in GamR anchoring.
Thus, GamR is anchored by sortase A.

In the srtA mutant, GamR like other LPXTG proteins in
sortase mutants, is presumably not covalently linked to the
peptidoglycan but only transiently associated with the mem-
brane (14). A direct consequence is that at any given time,
fewer GamR molecules are exposed at the bacterial surface.
The phage may still bind, but the instability of the non-an-
chored proteins at the surface might reduce the efficiency of
infection, lowering the plating efficiency. It is probable that the
overproduction of GamR in the srt4 mutant partially compen-
sates for this effect. Indeed, the plating efficiency is restored in
the GamR-overproducing strain. However, it bound fewer
phage particles than did the AgamR strain complemented with
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GamR as assessed by electron microscopy. This reinforces the
view that fewer GamR molecules are exposed at the surface of
a AsrtA mutant strain than at that of a sortase A wild-type
strain. Plating efficiency may be proportional to the binding
efficiency only up to a certain threshold, where lysis becomes
independent of the binding of additional particles. Note that
two of the gamR mutants we obtained (clones 2 and 4) carried
substitutions in the LPKTG and substitutions and/or a stop
codon in the following hydrophobic sequences. These mutants
are unsurprisingly resistant because, not only are the putative
proteins not properly anchored (lacking the LPKTG motif),
but also they are not even expected to linger in the membrane.

The adsorption of phages onto the bacterial surface has
been suggested to proceed in two steps (1). The first is revers-
ible binding to a recognition molecule, followed by an irrevers-
ible step, probably the DNA ejection step or an irreversible
adsorption. This second step can be phage dependent as is the
case for $29 (11). It can also depend on molecular aggregates,
or on a bacterial protein, as described for B. subtilis YueB
which is required for irreversible binding of phage SPP1 (16,
32). In our model, GamR is the recognition protein involved in
the first step. The four spontaneous mutants analyzed were all
GamR mutants. This suggests that either there is no other host
protein involved in vy phage infection of B. anthracis, or that
mutants in the bacterial component(s) other than in GamR are
more difficult to obtain, as would be the case for essential or
metabolically important proteins.

A B. cereus strain and a B. thuringiensis strain were tested for
their sensitivity to the lytic action of phage vy. B. cereus WW3
was confirmed to be sensitive and B. thuringiensis 97-27 was
shown to be resistant. Interestingly, both possess a GamR-like
protein very similar but not identical to GamR (89 and 96%
identity, respectively). Electron microscopy showed that vy
phage binds to the surface of both strains. Thus, in both cases
the protein is present at the surface. However, fewer phages
were adsorbed by these strains than by the B. anthracis strain.
This could be due to less GamR-like protein being present at
the surface of the bacteria. Alternatively, the sequence differ-
ences could affect the recognition site and modify the affinity.
Furthermore a second component, necessary for efficient bac-
terium-y phage interaction, such as B. subtilis YueB (32), may
be divergent in B. cereus. The complete insensitivity of the B.
thuringiensis 97-27 strain suggests that this putative second
component is completely absent. Alternatively, a protein of
phage origin could be necessary for phage y to exert its lytic
activity. An obvious candidate is PlyG (34), a y-phage-encoded
lysin that mediates lawn clearance when added to B. anthracis
but not B. cereus or B. thuringiensis cultures; its hydrolytic
activity specificity reflects that of the y phage.

Our data also indicate that at least some LPXTG proteins
do not have to be properly anchored to display some activity.
It may therefore be possible to delete genes encoding sortases
that catalyze the anchoring of essential proteins without abol-
ishing viability. Similarly, virulence could be more affected by
LPXTG protein deletions than by that of the sortases.
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