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Bam35, a 15-kbp double-stranded DNA phage, infects Bacillus thuringiensis. Recently, sequencing of the
related Bacillus cereus revealed a 15.1-kbp linear plasmid, pBClin15. We show that pBClin15 closely resembles
Bam35 and demonstrate conversion of Bam35 to a prophage. This state is common, as several B. thuringiensis

strains release Bam35-related viruses.

Phage Bam35 was originally isolated from Bacillus thurin-
giensis var. alesti strain 35 (1). As Bam35 could also be isolated
from Bam35-resistant colonies of Bacillus megaterium and
from a sensitive strain of B. thuringiensis var. entomocidus, a
carrier state has been proposed (1). Recently, a clear-plaque
mutant (Bam35c) was sequenced and further characterized
(25). This work showed that Bam35 is related to PRDI1, a
linear double-stranded DNA virus with 5'-terminal proteins
and an internal lipid membrane (4). PRD1 infects gram-neg-
ative bacteria harboring an IncP, -W, or -N conjugative plas-
mid. Structural analyses of PRD1 have, surprisingly, indicated
that this member of the Tectiviridae is similar to the Adenoviri-
dae, Phycodnaviridae, and Iridoviridae, which all infect eukary-
otic hosts (9, 24, 33). This has led to the hypothesis that all
these viruses belong to the same lineage, with a common an-
cestor existing before the separation of the three domains of
life (5, 6).

Phage Bam35 is closely related to Bacillus cereus plasmid
pBClinl5. Bacilli harbor a large variety of plasmids, which
include a linear species of ~15 kb (2, 13, 15, 31, 34). Recently,
the genome sequencing of Bacillus cereus ATCC 14579 re-
vealed the sequence of a linear plasmid (pBClinl5) of 15,100
bp (19). While studying Bam35, we matched putative genes of
the pBClinl5 plasmid in independent database searches for
the Bam35c coat protein and ATPase. After submission of this
note, the nucleotide sequence of a linear B. thuringiensis plas-
mid, pGILO1, which differs from the Bam35c sequence by only
approximately 10 nucleotides was published (32).

To investigate the relationship of pBClinl5 to Bam35c
(14,935 bp), their genomes were compared. The organizations
of the open reading frames (ORFs) of pBClinl5 and those of
Bam35c are highly similar (Fig. 1). Moreover, their sequences
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agree with 45 to 81% identity. The corresponding amino acids
have 18 to 88% identity (Table 1). The gene identification of
Bam35c¢ (25) was based on the reasonably detailed understand-
ing of the corresponding PRD1 genes (7, 8, 16). A similar
annotation shows that pBClinl5 is related to Bam35 and
PRD1 (Table 1). Among the most conserved genes in
pBClin15 are those assigned to viral capsid components. These
include the major coat protein 15 (corresponding to PRDI1
protein P3) and the unique vertex packaging proteins 12, 14,
and 16 (proteins P9, P20, and P22, respectively, in PRD1).
Interestingly, the most conserved protein corresponds to a
LexA-type transcription regulator (17, 21) homologue found in
Bam35 but absent in PRDI.

We then explored the relationship between pBClinl5,
Bam35c, and PRD1 by comparing their major coat proteins.
First, the three sequences were aligned (Fig. 2A). A model was
then made of the pBClin15 protein, based on an earlier thread-
ing of the corresponding Bam35c sequence onto the high-
resolution structure of the PRD1 coat protein, P3 (9, 10; un-
published results) (Fig. 2B). The three proteins clearly have
the same fold, although the sequence similarity between
Bam35c and PRD1 is very low (12% identity). In contrast, the
Bam35c and pBClin15 proteins are very similar (65% identity),
with their differences scattered throughout the molecule (Fig.
2B). Of note, two regions in PRD1 P3 (the N terminus and
I1B2 loop) that interact with the internal membrane (28, 29)
are shorter in Bam35c¢ and pBClinl5. The N-terminal helix
shows some conservation in key residues but lacks the flexible
tip of PRD1 P3 (Fig. 2B).

Plasmid pBClinl5 lacks inverted terminal repeats. Micro-
bial extrachromosomal linear elements so far characterized are
divided into two groups: those carrying covalently closed ends
(hairpins) and those with covalently attached 5'-terminal pro-
teins, similar to those in viral genomes (22, 26). Bacteriophage
PRDI1 contains inverted terminal repeats, has covalently linked
proteins at its 5’ ends, and replicates using a protein-primed
mechanism (3, 7, 11, 30). Bam35c also has inverted terminal



6986 NOTES

>75%
70-75%
65-70%
60-65%
55-60%
<55 %

JrHAEnn

6 10 13
7 1" 14

=S
w
N
(6]
©

7 15
8 12 16 19 |23
f 6| 9 13 |]17 llzo I24
:1M 4 11 : g :25:$- 28
B 10 E}

J. BACTERIOL.

pBClin15
15100 bp

17 19
16 20
‘ 21

] 22@;25 28:

22

31 32

Bam35
14935 bp

FIG. 1. A comparison of the pBClin15 and Bam35 genomes. Open reading frames are depicted by block arrows, shaded to show the level of
DNA sequence identity with the corresponding gene in the other phage. Open reading frames with no counterpart are shown in white. The three

levels of arrows reflect the different reading frames.

repeats and may have terminal proteins, as suggested by the
finding that the migration of Bam35¢c DNA in agarose gels is
dependent on protease treatment (25). The 5’ ends of the
nearly identical pGIL01 DNA are also protected by terminal
proteins: in addition to its similar protease-dependent gel mi-
gration, pGILO1 is only degraded by exonuclease III (a 3'-
nuclease) but not by \ nuclease (a 5'-nuclease) (32). Compar-
ison of Bam35c and pBClin15 genome termini revealed similar
5" noncoding regions (over 70% identity at DNA level) of
about equal length, but pBClin15 lacks the inverted terminal
repeats.

Phage Bam35c can convert to a prophage. We investigated
whether Bam35c¢ can establish a carrier state, as proposed by
Ackermann et al. (1). Lysogenic cell lines were obtained by
picking microcolonies from the centers of plaques, as well as
from confluently lysed plates of B. thuringiensis serovar is-
raelensis HER1410 (obtained from the Félix d’Herelle Refer-
ence Center for Bacterial Viruses, Laval University, Quebec,
Canada) infected with Bam35c. To eliminate remaining free
phage particles, single-colony isolations were performed (a
total of eight passages). Two of the cell lines obtained, named
HER1410_L5 and HERI1410 L7, were shown to contain
Bam35c-specific sequences by PCR from single bacterial col-

onies (for method, see reference 20) with specific primers
hybridizing to the ends of Bam35c genes 6 and 14 (GenBank
accession no. AY257527) (Fig. 3A).

The isolated lysogenic cell lines released viruses into culture
supernatants (typically 10* to 10> PFU/ml after 8 h of growth of
cells in Luria-Bertani (27). The phage were shown to arise
from Bam35c by PCR from single plaques (for method, see
reference 18) with specific primers as described above (Fig.
3A). The virus-producing cell lines now carried ~15-kbp DNA
elements, the Bam35c¢ prophage, that were not present in the
original HER1410 (Fig. 3B).

Bam35-like prophage are common in bacilli. To check the
distribution of similar prophages, we investigated several B.
thuringiensis strains from the Bacillus Genetic Stock Center
(Ohio State University, Columbus). Of seven strains tested,
four released viruses into the culture supernatant that were
detectable on the Bam35 host strain HER1410. One of these,
B. thuringiensis serovar israelensis 4Q4 (WHO2013-9), was
identified as carrying a Bam35c-related prophage by colony
and plaque PCR as described above (Fig. 3A). As with the
virus-producing cell lines isolated previously, 4Q4 contains a
specific ~15-kbp DNA element not found in HER1410 (Fig.
3B).
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TABLE 1. Comparison of Bam35c genes with pBClin15 ORFs at the protein and DNA levels”

Bam35c¢ Protein

pBClinl5 protein

Location on

Identity (%)

Identity at DNA

Protein function”

PRD1 protein

(no. of residues) (no. of residues) pBClinl5 (nt) level (%) (no. of residues)
1(58) 1(63) 260-451 17.5 459
2 (167) 2 (167) 432-935 84.5 81.3
3(74) 3(71) 1010-1225 43.2 62.2
4 (245) 4 (233) 1290-1991 31.0 50.0
5(735) 5(729) 2004-4193 46.9 58.5 DNA polymerase P1 (553)
6 (66) 6 (66) 4196-4396 87.9 79.1 Lex A-type repressor
7 (50) 7 (49) 4412-4561 70.0 75.8
8 (46)
9 (57)
10 (145) 8 (118) 4671-5027 36.3 52.8 Unique vertex P6 (166)
11 (252) 9 (243) 4838-5569 36.0 56.5 Assembly P10 (203)
12 (80) 10 (81) 5415-5660 44.4 60.2
13 (102) 11 (106) 5629-5949 59.4 64.8
14 (212) 12 (216) 5921-6571 62.5 63.6 Packaging ATPase P9 (227)
15 (46) 13 (46) 6584-6724 78.3 78.0
16 (46) 14 (45) 6739-6876 65.2 69.5 Unique vertex P20 (42)
17 (84)
18 (356) 15 (355) 6880-7947 65.2 66.4 Capsid protein P3 (395)
19 (76) 16 (76) 7988-8218 429 58.7 Unique vertex P22 (47)
20 (68) 17 (57) 8221-8394 324 52.7
21 (143) 18 (140) 8468-8890 61.9 65.2
22 (58) 19 (58) 8891-9067 67.2 69.5
23 (48) 20 (48) 9064-9210 72.9 71.4
24 (91) 21 (92) 9222-9500 359 53.0
25 (207) 22 (197) 9513-10106 424 543 Infectivity P11 (207)
26 (250) 23 (243) 10110-10841 76.8 75.0 Transglycosylase P7 (265)
27 (170) 24 (173) 10789-11310 79.9 74.9
28 (304) 25 (264) 11323-12117 20.2 48.3
26 (597) 12290-14083
29 (293)
27 (95) 14096-14383
30 (265) 28 (227) 14396-15079 57.2 59.5 Endolysin
31 (40)
32 (141)

¢ Each ORF was compared with the other whole genome (Align X/ Vector NTI 7.0). The ORFs of pBClin15 and the corresponding genes of Bam35¢ and their proteins were then compared individually. The known
biochemical and structural properties of related PRD1 proteins and proposed functions of Bam35 proteins are listed in the last two columns. The accession number for Bam35c is AY257527. The accession number for
pBClin15 is NC_004721. The genome has been reannotated, and the ORF numbering does not correspond to that used in GenBank. Stop codons are included in the given nucleotide coordinates. Location numbering
for pBClinl5 refers to NC_004721.

> From reference 25.
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FIG. 2. Major capsid proteins. (A) A sequence alignment of the
major coat protein, P3, of phage PRDI1 with those predicted for
Bam35c¢ (protein 18) and pBClinl5 (protein 15). The Bacillus phages
and prophages show high identity (65%; purple), whereas PRD1 P3 is
more distantly related (12%, red). The secondary structural elements
for PRD1 P3, determined by X-ray crystallography, are shown above
the alignment with a-helices as rods and B-strands as arrows. The two
eight-stranded viral jelly rolls that define the structure are shown in
green and blue (strands marked B1-11 and B2-12 [9]). Note that the
deletions in the Bacillus phage/prophage relative to PRD1 occur in the
loops connecting the strands of the jelly rolls. These affect the loops at
the top of the molecule forming the viral surface (FG1, HI1, and HI2)
and the I1B2 loop at the base (see below). (B) A model of the
pBClinl5 coat protein based on a threading of the corresponding
Bam35c¢ sequence onto the PRD1 P3 crystal structure with the align-
ment as a guide. The residues that are identical in the Bam35c and
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FIG. 3. Detection of Bam35-related genomes. (A) PCR amplifica-
tion of Bam35-specific sequences from lysogenic cell lines and plaques
with specific primers against Bam35¢ ORFs 6 and 14, producing PCR
products of 235 bp and 810 bp, respectively. Lane 1 contains Generuler
DNA ladder mix (MBI Fermentas). Lanes 2, 3, 5, and 7 contain PCR
products obtained by colony PCR of host strain HER1410, lysogenic
cell lines HER1410_L5 and HER1410_L7, and strain 4Q4, respec-
tively. Lanes 4, 6, 8, and 9 show PCR products obtained by plaque PCR
of cell lines HER1410_L5 and HER1410_L7, strain 4Q4, and a
Bam35c plaque, respectively. Lane 10 contains the PCR products ob-
tained from purified Bam35¢c DNA (control). (B) The lysogenic cell
lines HER1410_L5 and HER1410_L7 and strain 4Q4 carry ~15-kbp
DNA molecules that cannot be found in the original Bam35 host strain
HER1410. Lanes 1 and 2 contain purified PstI-digested A DNA and
purified Bam35¢c DNA, respectively. Lanes 3 to 6 contain purified
DNA (Wizard Genomic DNA purification kit; Promega) from host
strain HER1410, lysogenic cell lines HER1410_L5 and HER1410_L7,
and strain 4Q4, respectively. The arrowhead depicts the ~15-kbp
DNA element found in the lysogenic cell lines and strain 4Q4.

Is the Bam35 carrier state maintained by protein-primed
replication? The Bacillus anthracis phage AP50 (23) is also
related to Bam35 and PRD1 (4). We have shown here that B.
thuringiensis strains carry Bam35-like prophages and that B.
cereus plasmid pBClinl5 is closely related to Bam35. Obvi-
ously, these three bacilli carry related phage/prophage systems.
The likely mechanism by which the prophage state is main-
tained is intriguing. The Bam35c genome, analogously to
PRD1, may contain terminal proteins (25). These proteins are
used as primers for initiating replication, and protein-primed
replication mechanisms occur in lytic bacteriophages, such as
PRD1 and ¢29, and also in adenovirus and linear plasmids
(26). The idea that protein-primed replication can also operate
in the carrier state is novel, as this mechanism has so far not
been reported for prophages (12, 14). As pBClinl5 does not
contain inverted terminal repeats, it may be a degenerating
prophage that cannot give rise to virus particles. These obser-
vations open interesting avenues for future research in the
Bam35-like virus-plasmid system.

pBClin15 proteins are shown in purple, and the ones that differ are in
green. Interactions with the membrane occur through residues in the
N-terminal helix and I1B2 loop at the base of the molecule. Both
features are shorter in Bam35¢ and pBClin15 than in PRD1.
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