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ABSTRACT

PLM21 is a temperate phage isolated from Sinorhizobium sp. strain LM21 (Alphaproteobacteria). Genomic analysis and electron
microscopy suggested that ®LM21 is a member of the family Siphoviridae. The phage has an isometric head and a long noncon-
tractile tail. The genome of ®LM21 has 50,827 bp of linear double-stranded DNA encoding 72 putative proteins, including pro-
teins responsible for the assembly of the phage particles, DNA packaging, transcription, replication, and lysis. Virion proteins
were characterized using mass spectrometry, leading to the identification of the major capsid and tail components, tape measure,
and a putative portal protein. We have confirmed the activity of two gene products, a lytic enzyme (a putative chitinase) and a
DNA methyltransferase, sharing sequence specificity with the cell cycle-regulating methyltransferase (CcrM) of the bacterial
host. Interestingly, the genome of Sinorhizobium phage ®LM21 shows very limited similarity to other known phage genome
sequences and is thus considered unique.

IMPORTANCE

Prophages are known to play an important role in the genomic diversification of bacteria via horizontal gene transfer. The influ-
ence of prophages on pathogenic bacteria is very well documented. However, our knowledge of the overall impact of prophages
on the survival of their lysogenic, nonpathogenic bacterial hosts is still limited. In particular, information on prophages of the
agronomically important Sinorhizobium species is scarce. In this study, we describe the isolation and molecular characterization
of a novel temperate bacteriophage, ®LM21, of Sinorhizobium sp. LM21. Since we have not found any similar sequences, we pro-
pose that this bacteriophage is a novel species. We conducted a functional analysis of selected proteins. We have demonstrated
that the phage DNA methyltransferase has the same sequence specificity as the cell cycle-regulating methyltransferase CcrM of
its host. We point out that this phenomenon of mimicking the host regulatory mechanisms by viruses is quite common in bacte-
riophages.

acteriophages are the most abundant and the most genetically

diverse biological entities on Earth, with the global count es-
timated at 10°' (1). These viruses are ubiquitous and can be found
in all reservoirs inhabited by bacterial hosts. They play an impor-
tant role in the cycling of organic matter in the biosphere and
strongly influence the diversity of bacteria (2, 3). After infecting
the host cell, a bacteriophage may induce either lytic infection
(reprogramming the host’s metabolism and destroying the in-
fected cell) or lysogenic infection (where the bacteriophage is in-
tegrated into the bacterial genome and passed on to future gener-
ations (4, 5).

Tailed, double-stranded DNA (dsDNA) bacteriophages ac-
count for about 95% of all known bacterial viruses. Studies on
dsDNA phages revealed their mosaic structure, which is a conse-
quence of horizontal gene transfer of genetic material within the
global phage pool (6). Therefore, the genomic analyses of phages
have significantly broadened our knowledge of their structure as
well as evolution.

Sinorhizobium (Ensifer) is a genus of nitrogen-fixing bacteria
(rhizobia) that are capable of inducing the formation of special-
ized organs (nodules) in the roots of their cognate legume hosts.
Bacteria of this genus significantly enhance the growth of plants,
and thus they are considered agronomically relevant microorgan-
isms (7, 8). Moreover, recent studies reported that sinorhizobia
can promote plant growth even in soils contaminated with heavy
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metals, because they can tolerate high concentrations of these el-
ements. Thus, they are a suitable tool in various bioremediation
technologies (9, 10). Furthermore, the full understanding of the
biology of bacteria important from both the economic and bio-
technological points of view, such as Sinorhizobium spp., also re-
quires the study of their phages.

Our knowledge of Sinorhizobium bacteriophages is still very
limited, and the complete genomic sequences for only three of
them, the T4-like lytic phage ®PM12 (GenBank accession number
KF381361) (11, 12) and temperate phages PPBC5 (AF448724)
and ®16-3 (NC_011103) (13-15), have been assembled.

This study describes the architecture and function of the ge-
nome of the temperate bacteriophage PLM21 of Sinorhizobium
sp. strain LM21, a bacterium isolated from mineral sediments of
Lubin copper mine (Poland) contaminated with heavy metals.
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Our results demonstrate that ®LM21 is not related to any of the
aforementioned Sinorhizobium phages.

Many bacteriophage enzymes have been shown to possess
novel and interesting properties, some with important applica-
tions in molecular biology and biotechnology. We have identified
genes for such target enzymes also in the PLM21 genome. Some of
them have been cloned, expressed, and characterized in detail.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. The follow-
ing strains were used in this study: Escherichia coli TOP10 (Invitrogen), E.
coli ER2566 (New England BioLabs), Agrobacterium tumefaciens LBA 288
(16), Sinorhizobium sp. LM21 (17), Sinorhizobium sp. strain M14 (18),
Sinorhizobium meliloti 1021 (19), S. meliloti 2011 (20), and S. meliloti
SM11 (21).

Sinorhizobium spp. were grown in TY medium (5 g/liter tryptone, 3
g/liter yeast extract, and 10 mM CaCl,) at 30°C. Strains of E. coli and A.
tumefaciens LBA 288 were cultured under standard conditions in lysogeny
broth (LB) medium. When required, media were supplemented with ka-
namycin (Km) at 50 pg ml~ !, ampicillin (Ap) at 100 p.g ml ™! or rifampin
at50 pgml ™.

The following plasmids were used in this work: cloning vector pBlue-
script KS (Ap") (Stratagene), expression vector pET30a (Km®) (Invitro-
gen), mobilizable broad-host-range promoter-probe vector pCM132
(Km', 0riRK2, lacZ reporter gene fusion vector), and helper plasmid
pRK2013 (22).

Standard molecular biology procedures. Standard DNA manipula-
tions were carried out according to the protocols described by Sambrook
and Russell (23). Total DNA was isolated from Sinorhizobium sp. LM21
using a genomic DNA purification kit (Thermo Scientific). Triparental
mating was performed as previously described (24, 25).

PCRs were performed with Phusion high-fidelity DNA polymerase
(Thermo Scientific). The amplified DNA fragments were analyzed by aga-
rose gel electrophoresis and, if necessary, purified using a Gel Out kit
(Thermo Scientific). Subsequently, the PCR products were digested with
restriction enzymes and cloned into appropriate vectors. All the con-
structs were confirmed by dideoxy DNA sequencing.

Induction, purification of phage particles, and phage DNA prepara-
tion. Phages of Sinorhizobium sp. LM21 were induced by mitomycin C
(Sigma-Aldrich). The LM21 culture was grown to optical density at 600
nm (ODyg,) of 0.4. The culture then was treated with mitomycin C (500
ng ml™'), and its growth (with shaking) was continued for 6 h. Phage
particles were purified from the lysate by standard methods (23). Briefly,
lysates were treated with both DNase I (Sigma-Aldrich) and RNase A
(Sigma-Aldrich) at a final concentration of 10 g ml~ ' at room temper-
ature for 1 h. Solid NaCl was added to a final concentration of 1 M and
dissolved by stirring. The lysate was left on ice for 1 h and centrifuged at
8,000 X g for 10 min at 4°C to remove cell debris. To precipitate PLM21,
polyethylene glycol 8000 (PEG 8000) was added to the supernatant to a
final concentration of 10% (wt/vol), followed by an overnight incubation
at 4°C. The precipitated particles of ®LM21 were recovered by centrifu-
gation at 11,000 X g for 10 min at 4°C. The phage pellet was resuspended
in the SM suspension buffer (100 mM NaCl, 10 mM MgSO,, 50 mM
Tris-HCIL, pH 7.5). Solid CsCl was added at 0.5 g per milliliter of phage
suspension and dissolved by gentle mixing. The sample was overlaid on
the CsCl step gradient (three density steps of 1.45 g/ml, 1.50 g/ml, and 1.70
g/ml) and centrifuged at 87,000 X g for 2 h at 4°C (Beckman 45 Ti rotor;
Beckman Coulter, Fullerton, CA). The middle density layer was collected,
diluted 1:10 in SM bulffer, and centrifuged in a Beckman 50.2 Ti rotor for
2 hat 110,000 X g and 4°C. Pelleted bacteriophage particles were resus-
pended in SM buffer.

Phage DNA was isolated by phenol-chloroform extraction and isopro-
panol precipitation (23) and analyzed by 0.7% agarose gel electrophoresis.

Restriction digest assay. Typically, 0.3 jug of phage DNA was digested
with 10 U of a restriction endonuclease (REase) for 2 h in a 20-pl reaction
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volume under conditions recommended by the manufacturer. The diges-
tion products were analyzed by 0.7% agarose gel electrophoresis using a
10-kb Gene-ruler DNA ladder (Thermo Scientific) as a molecular size
standard.

The test for the presence of cohesive ends of the phage genome was
performed as previously described (26), using the restriction enzymes
HindIII, Xhol, Eco32I, Sall, and Smal (Thermo Scientific). Briefly, phage
DNA samples were divided into two parts after restriction digestion. The
first part was loaded on the gel at 0°C, whereas the second part was heated
at 70°C for 10 min prior to loading. Subsequently, all the samples were
immediately separated by electrophoresis, and the DNA band patterns
were compared.

EM. A sample (10 p.l) of the PLM21 phage suspension was deposited
on a carbon-coated Formvar grid, stained with 2% uranyl acetate, and
examined by a transmission electron microscopy (TEM) (LEO 912AB;
Zeiss) at 80 kV with a magnification of X 100,000.

SDS-PAGE and mass spectrometry protein analysis. SDS-polyacryl-
amide gel electrophoresis (PAGE) was performed according to the
method of Laemmli (27). CsCl-purified phage particles were mixed with
SDS-PAGE loading buffer (100 mM Tris-HCI [pH 6.8] containing 200
mM 2-mercaptoethanol, 4% sodium dodecyl sulfate, 20% glycerol, and
0.2% bromophenol blue), heated at 95°C for 5 min, and separated on a
one-dimensional 12% (wt/vol) SDS gel. After staining with Coomassie
brilliant blue R-250 (Bio-Rad), protein bands were excised from the gel
and identified in the Mass Spectrometry Laboratory, Institute of Bio-
chemistry and Biophysics, Polish Academy of Sciences (IBB PAS) (War-
saw, Poland).

Determination of the regions flanking the prophage. The phage-host
junction regions, which included affR and attL, were isolated by inverse
PCR amplification using chromosomal DNA of Sinorhizobium sp. LM21,
cut with Sall enzyme, self-ligated, and used as the template for PCR am-
plification with the primers attLf and attLr or attRf and attRr (Table 1).
The amplicons were cloned into the pBluescript KS vector and sequenced.

Cloning of the lysogeny control region. The noncoding region be-
tween orf19 and orf20 of the PLM21 phage (coordinates 11182 to 11499)
was amplified in two separate PCRs using two different pairs of primers
(1F_ecoR-1R_bam and 2F_bam-2R_ecoR) (Table 1). The PCR products
(representing the two orientations of the analyzed DNA region) were then
cleaved with EcoRI and BamHI, inserted into the mobilizable broad-host-
range promoter-probe vector pCM132, and cut with BglII and EcoRI
enzymes to generate transcriptional fusions with a promoterless lacZ re-
porter gene.

B-Galactosidase activity assay. 3-Galactosidase activity in A. tumefa-
ciens LBA 288 was measured by the conversion of o-nitrophenyl-p-p-
galactopyranoside into nitrophenol, as described by Miller (28). Assays
for B-galactosidase activity were repeated three times.

Determination of phage host range by spot testing. To determine
bacterial susceptibility to phage-mediated lysis, Sinorhizobium strains
were grown in liquid TY medium and plated onto TY agar plates. After
drying, a drop of the phage suspension was placed on the bacterial layer
and incubated at 30°C. The plates were examined for the presence of
bacterial lysis for 72 h.

Cloning, overexpression, purification, and testing the activity of
PLM21 Orf27 (DNA MTase). The DNA encoding Orf27 of PLM21 was
amplified by PCR using primers that appended Ndel and NotI sites at the
5" and 3’ ends of orf27, respectively. The amplified fragment was cleaved
with Ndel and NotI and cloned into the Ndel/NotI-predigested pET30a,
creating pET_ORF27. Protein expression, purification conditions, re-
striction enzyme digestion protection assay, and radioactive DNA meth-
yltransferase (MTase) assay were as previously described (29).

Cloning, overexpression, purification, and testing of the activity of
CcrM; pp;- The genomic sequence of Sinorhizobium sp. LM21 has not yet
been determined. Assuming that there is similarity between the genomic
sequences of the type strain S. meliloti 1021 (accession number AL591688)
and Sinorhizobium sp. LM21, we designed PCR primers (CcrMf and
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TABLE 1 Primers used for cloning

Novel Sinorhizobium Bacteriophage ®LM21

Primer Sequence (5" —3")" Restriction site created
ORF27F GTTGTTCATATGAGCCAGAATACTTCCAGCGCCGTC Ndel
ORF27R AACAACGCGGCCGCTGCCGCCACCTCTTCGCGATAG Notl
ORF65F GTTGTTCATATGAGCGCCATCACCGCTCAG Ndel
ORF65R TCACTCGAGCGCCAACCTCTCGACCTGTTTC Xhol
1F_ecoR GTTGAATTCGTAACCAATGCTCCGATGCG EcoRI
1R_bamH GTTGGATCCCTCCTATCGTCCGCCCAG BamHI
2F_bamH GTTGGATCCGTAACCAATGCTCCGATGCG BamHI
2R_ecoR GTTGAATTCCTCCTATCGTCCGCCCAG EcoRI
attLf GTAGCGGGCCAAGATCATTG

attLr CGGCTCTAGGGGGAAGTCG

attRf CCCGAAGTAAGCAGGTAGACAC

attRr GTAGACGAGGCCTTCACCCTTC

CerMf CGAGTAAGCGTATTTGCGAGTTG

CerMr GGCGGAACTGGTTGATCAG

CcrM_Nde GTTCATATGTCTTCAGTTGTTTCGCTTGC Ndel
CcrM_Xho GTTCTCGAGGTTCAGTTTTGCCAGATCATTTCG Xhol

“ The restriction enzyme site is indicted in bold.

CcrMr) (Table 1) based on the sequence of the S. meliloti 1021 ccrM gene
(SMc00021, NC_003047) so as to amplify the gene ccrM of LM21.

The DNA fragment was amplified by PCR and cloned into the Smal
site of the vector pBluescript KS (to produce plasmid pKS_CcrM) and
sequenced. For the production of recombinant protein, the ccrM, ,,,;
gene was amplified by PCR using primers CcrM_Nde and CcrM_Xho,
with pKS_CcrM DNA as a template (Table 1). The resulting fragment was
digested with Ndel and Xhol, gel purified, and cloned into the Ndel/Xhol-
digested expression vector pET30a. Protein expression, purification con-
ditions, and endonuclease protection assay were performed as described
previously (29).

Cloning, overexpression, and testing the activity of Orf65 (chiti-
nase). The DNA encoding Orf65 of ®LM21 was amplified by PCR using
primers that appended Ndel and Xhol sites at the 5 and 3" ends of orf65,
respectively. The DNA fragment obtained was cleaved with Ndel and
Xhol and cloned into the Ndel and Xhol sites of predigested pET30a
plasmid, yielding pET_ORF65. Plasmid pET_ORF65 was introduced into
E. coli ER2566, and the resulting strain was inoculated and cultured in LB
medium supplemented with glucose (final concentration of 1.0%) to an
ODg of 1.0. The culture was then centrifuged, resuspended in fresh LB
medium, and divided into two equal volumes, one supplemented with
glucose and the other with IPTG (isopropyl-f-p-thiogalactopyranoside)
to a final concentration of 1 mM. Growth of these two cultures was mon-
itored by measuring the optical density.

DNA sequencing. The complete nucleotide sequence of PLM21 was
determined by the Laboratory of DNA Sequencing and Oligonucleotide
Synthesis, IBB PAS (Poland). The high-throughput sequencing of the
multiplex identifier (MID)-tagged shotgun plasmid library was per-
formed using an FLX Titanium genome sequencer (Roche/454 Life Sci-
ences). Newbler de novo assembler software (Roche) was used for se-
quence assembly. Gap closure and sequence polishing were performed by
capillary sequencing of the PCR products using an ABI3730x] DNA Ana-
lyzer (Applied Biosystems).

Bioinformatics. The obtained phage nucleotide sequence was ana-
lyzed using Clone Manager (Sci-Ed8) and Artemis software (30). Similar-
ity searches were performed using the BLAST programs (31) provided by
the National Center for Biotechnology Information (NCBI) (http://blast
.ncbi.nlm.nih.gov/Blast.cgi), the Simple Modular Architecture Research
Tool (SMART) (32), and the UniProt (33) and Pfam databases (34). Pu-
tative tRNA genes were identified using the ARAGORN program (35).
Helix-turn-helix motifs were predicted using the HELIX-TURN-HELIX
MOTIF PREDICTION program (36). Phylogenetic analyses were per-
formed using MEGA5 (37) with the neighbor-joining algorithm (1,000
bootstrap replicates). Highly variable fragments of the alignments were
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eliminated by the use of G blocks (38). The tree was rendered with Tree-
View version 1.6.6 (39).

Nucleotide sequence accession numbers. The nucleotide sequences
of the phage ®LM21 and the ccrM gene of Sinorhizobium sp. LM21 have
been deposited in the NCBI GenBank database with the accession num-
bers KJ743987 and KJ948654, respectively.

RESULTS AND DISCUSSION
Phage morphology. TEM analysis showed that the Sinorhizobium
phage ®LM21 virion had an icosahedral head (71 nm in diameter)
and a flexible, noncontractile tail (about 170 nm long) ending
with a baseplate to which six club-shaped spikes were attached
(Fig. 1). Based on these properties, the phage should be assigned to
the family Siphoviridae.

General features of the ®LM21 genome. Sinorhizobium phage
PLM21 (50,827 bp) had a mean GC content (determined from its

g

FIG 1 Transmission electron micrograph of ®LM21, showing its icosahedral
head connected to a long, flexible, noncontractile tail tube. The baseplate
structure with six small fibers is visible at the distal end of the tail (arrows).
Samples were stained with 2% uranyl acetate. The scale bar represents 50 nm.
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FIG 2 Genome organization of phage ®LM21 and comparison of its protein sequences with those of the other Sinorhizobium-specific phages. Arrows indicate
the transcriptional orientation of the genes. P1 and P2 indicate promoters. The plot shows the GC content of the PLM21 sequence (mean value of 60.6%). The
graphical representation of the proteome comparative analyses of ®LM21 and other Sinorhizobium phages (16-3, PBC5, and ®M12) is shown below the linear
map of PLM21 along with two putative prophage sequences of Sinorhizobium meliloti Rm41 (positions 741832 to 794129; accession number HE995405), named
Rm41 prophage, and S. meliloti AK83 (positions 794767 to 844536; CP002781), named AK83 prophage. White, gray, and black circles indicate the presence of
homologous proteins with levels of amino acid identity ranging between 20 and 49% (white circles), 50 and 74% (gray), 75 and 100% (black).

nucleotide sequence) of 60.6% (Fig. 2). It carried 72 putative open
reading frames (ORFs), which constituted 90.5% of its sequence,
and one tRNA, ., gene (ATG) (positions 21148 to 21224). The
coding density was 1.436 genes per 1 kb, with an average gene
length of 630 bp. Genes located upstream from position 11,200
were oriented leftwards, whereas those positioned downstream
were predominantly transcribed rightwards. The functions of the
proteins encoded by the distinguished ORFs were predicted on
the basis of their similarity to the known proteins. Features of all of
the genes, including their positions and transcriptional orienta-
tions, the sizes of the encoded proteins, and their closest known
homologs, are summarized in Table 2.

Based on the in silico analysis, we were able to assign a putative
biological function to 30 genes (41.7%), while the remaining 42
genes encoded putative proteins with homology to entries in the
databases described as hypothetical proteins. Further analysis of
PLM21 revealed its modular structure. It was possible to distin-
guish putative genetic modules within its genome that encoded
functions crucial for the phage life cycle, such as integration/exci-
sion, early transcriptional regulation, DNA methylation, replica-
tion, packaging, capsid and tail assembly, and lysis (Fig. 2).

After digestion of the phage @®LM21 DNA with the restriction
enzymes, no alteration in the banding pattern was observed after
heating the DNA to 70°C (data not shown), which indicated that
the ends of the PLM21 genome did not form complementary
overhangs and the phage DNA was packaged by a headful mech-
anism (pac type).

Determination of the junctions between the host and pro-
phage genomes. We cloned and sequenced the DNA fragments
containing the junction regions of the host and phage genomes.
This revealed that the phage PLM21 was integrated into a proline
tRNA gene but that its integration reconstituted an intact copy of
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the gene. The 50-nucleotide sequence (coordinates 1 to 50) corre-
sponding to the 3" end of tRNA,,, was located upstream of the
integrase gene, and thus it was predicted to be the attachment site
(attP) of the ®PLM21 phage.

Downstream, at the opposite end of the prophage, we found a
region identical to the first 55 nucleotides (coordinates 1 to 55) of
the phage genome (Fig. 3). We hypothesized that this could be the
attachment site of the host genome (attB).

Integration/excision module. The integration/excision mod-
ule of PLM21 contained two genes, coding for an integrase (Orfl)
and an excisionase (Orf2). The integrase (380 amino acids [aa])
belonged to the superfamily of DNA breaking-rejoining enzymes,
including tyrosine recombinases with an Int/Topo IB signature
motif. The second component of the module, the orf2 gene, en-
coded a putative excisionase (Xis; 104 aa), a small protein that
binds and promotes excisive recombination. The analysis of the
Xis amino acid sequence revealed the presence of a helix-turn-
helix DNA-binding motif (LDSEQAAELLNVSTRTLREFVK, res-
idues 7 to 28) of the HTH_17 superfamily.

Recombination module. The recombination module of
PLM21 was composed of three genes (orf7, orf8, and orf9). A NinB-
like protein is encoded by orf7, whose homologs are expressed during
the recombination of the temperate phage \, governed by the RecF
and RecBCD pathways (40). The o718 gene encoded a YqaJ-like viral
recombinase, which may act as a processive alkaline exonuclease that
digests linear double-stranded DNA with a preference for 5'-phos-
phorylated DNA ends (41). The third gene, orf9, encoded a DNA
single-strand annealing protein of the ERF superfamily, a putative
synaptase (a protein that promotes annealing of single-stranded
DNA [ssDNA] chains and pairing of ssDNA with homologous ds-
DNA), which may function in RecA-dependent and RecA-indepen-
dent DNA recombination pathways (42).
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TABLE 2 ORFs located within phage ®LM21 of Sinorhizobium sp. LM21

Novel Sinorhizobium Bacteriophage ®LM21

ORF or Protein % Identity Best BLAST hit
tRNA Coding size (no. of GenBank
no.” region (bp) Strand  (aa) Possible function aa/total) Organism accession no.
1 538-1678 <« 380 Phage integrase 82 (311/380)  Sinorhizobium meliloti WP_018094739
2 1555-1869 <« 104 Excisionase 42 (39/92) Methylobacterium YP_002420437
extorquens CM4
3 2377-3132 <~ 251 Hypothetical protein 53 (70/133) S. meliloti AK8 YP_004548761
4 3129-3512 <« 127 HNH endonuclease 65 (82/126) Rhizobium mesoamericanum ~ WP_007534971
5 3496-3822 <« 108 Hypothetical protein 97 (61/63) S. meliloti WP_017274352
6 3819-4451 <« 210 Hypothetical protein 42 (84/202) Photorhabdus temperata WP_021326040
7 4448-4861 — 137 NinB family protein 87 (118/136)  Rhizobium sp. JGI WP_018114450
0001005-K05
8 4864-5529 «— 221 Exonuclease, YqaJ-like viral recombinase 84 (185/220)  S. meliloti WP_017274349
9 5522-6340 — 272 ERF superfamily protein, single- 81(218/269)  S. meliloti WP_017271906
stranded-DNA-binding protein
10 6352-7374 <« 340 Hypothetical protein 78 (268/342)  S. meliloti WP_017271905
11 7376-7612 «— 78 Membrane protein 63 (49/78) S. meliloti WP_017272348
12 7609-7875 <« 88 Hypothetical protein 71 (63/89) S. meliloti WP_004435199
13 7875-8153 <« 92 Hypothetical protein 49 (31/63) Rhizobium sp. Pop5 WP_008533834
14 8153-8362 «— 69 Hypothetical protein 72 (50/69) Rhizobium sp. 2MFCol3.1 WP_018900377
15 8362-8784 <« 140 Hypothetical protein 71 (27/38) S. meliloti WP_017270469
16 9020-9559 — 179 HNH endonuclease 51 (78/154) Agrobacterium tumefaciens WP_003496558
17 9556-9870 «— 104 Hypothetical protein 54 (54/100) S. meliloti Rm41 YP_006839597
18 1007210473 <« 133 Hypothetical protein 51 (44/86) Agrobacterium radiobacter YP_002543706
K84
19 10497-11180 < 227 Prophage repressor, XRE family 55 (89/161) Bartonella tribocorum CIP YP_001608997
transcriptional regulator 105476
20 11273-11503 — 66 Hypothetical protein, putative Cro-like 53 (37/70) Citreicella sp. SE45 WP_008882915
protein
21 11500-12084 — 194 HNH endonuclease 84 (158/189)  Sinorhizobium medicae WP_018208452
22 12081-13139 — 352 Hypothetical protein 43 (167/390)  S. meliloti Rm41 YP_006839603
23 13629-13871 — 80 Hypothetical protein 66 (44/67) S. meliloti SM11 YP_005720331
24 13817-14212 — 131 Hypothetical protein 80 (107/134)  Sinorhizobium medicae YP_001327584
‘WSM419
25 14209-15033 — 274 Hypothetical protein 72 (181/252)  Mesorhizobium loti R7A ETA72314
26 15033-15560 — 175 Hypothetical protein 71(120/169)  Pseudaminobacter WP_019170726
salicylatoxidans
27 15739-16386 — 215 DNA Methyltransferase 92 (196/214)  Rhizobium gallicum WP_018445547
28 16383-16586 — 67 Hypothetical protein 78 (52/67) S. meliloti SM11 YP_005720334
29 1658916882 — 97 Hypothetical protein 57 (51/89) Bartonella tamiae WP_008037279
30 16879-17073 — 64 Hypothetical protein 83 (53/64) S. meliloti WP_018094767
31 17070-18503 — 477 Replicative DNA helicase (DnaB) 81 (387/476)  S. meliloti WP_018094768
32 18500-19408 — 302 Hypothetical protein 42 (124/297)  Phyllobacterium sp. YR531 WP_008124058
33 19398-19712 — 104 Chromosomal replication initiator 40 (41/102) S. meliloti WP_017270488
protein DnaA
34 19709-20389 — 226 NusG-like transcription anti-terminator 83(182/219)  Rhizobium sp. 2MFCol3.1 WP_018900406
35 20477-21013 — 178 HNH endonuclease 31 (35/112 Chelativorans sp. BNC1 YP_672801
36 2114821224 — tRNA-Met(CAT)
37 21538-21789 — 83 Hypothetical protein 39 (32/83) Xanthobacteraceae WP_018390940
38 22088-22699 — 203 Terminase, small subunit 97 (197/203)  Sinorhizobium medicae WP_018208467
39 2266624117 — 483 Terminase, large subunit 86 (403/469)  Ochrobactrum sp. CDB2 WP_007877921
40 24114-25493 — 459 Portal protein 85 (386/455)  S. meliloti WP_017272682
41 25499-26617 — 372 Hypothetical protein 74 (277/373)  S. meliloti WP_017272683
42 26621-27070 — 149 Hypothetical protein 71 (106/150)  S. meliloti Rm41 YP_006839625
43 27081-28124 — 347 Phage coat protein 74 (258/348)  S. meliloti Rm41 YP_006839626
44 28183-28527 — 114 Hypothetical protein 58 (66/114) Rhizobium leguminosarum WP_017993935
45 28534-29028 — 164 Hypothetical protein 85 (140/164)  S. meliloti WP_017272686
46 29028-29390 — 120 Phage structural protein 88 (105/120) . meliloti WP_017272687
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TABLE 2 (Continued)

ORF or Protein % Identity Best BLAST hit
tRNA Coding size (no. of GenBank
no.” region (bp) Strand  (aa) Possible function aa/total) Organism accession no.
47 29394-29687 <« 97 Hypothetical protein 60 (58/96) S. meliloti AK83 YP_004548187
48 29756-29923 — 55 Hypothetical protein 77 (43/56) S. meliloti AK83 YP_004548188
49 29920-30231 — 103 Hypothetical protein 67 (58/87) S. meliloti AK83 YP_004548189
50 30292-31290 — 332 Head morphogenesis protein 87 (288/332)  S. medicae WP_018208475
51 31290-31772  — 160 Hypothetical protein 77 (123/160)  S. medicae WP_018208476
52 31943-32374 — 143 Tail terminator 85(122/143)  S. meliloti AK83 YP_004548193
53 32432-33169 — 245 Phage tail collar domain protein 86 (210/245)  S. meliloti WP_003528180
54 33169-33585 — 138 Hypothetical protein 77 (106/138)  Rhizobium phaseoli WP_016734102
55 33639-33935 — 98 Hypothetical protein 80 (66/83) S. meliloti Rm41 YP_006839639
56 34034-34723 — 229 Hypothetical protein 32 (41/128) Mesorhizobium sp. WP_023830113
L103C120A0
57 34787-37609  — 940 Phage tail tape measure protein 62 (610/985)  S. medicae WP_018208481
58 37612-38376 — 254 Hypothetical protein 74 (184/250)  S. meliloti WP_003528188
59 38376-38978 — 200 Hypothetical protein 75 (149/199)  S. meliloti WP_018094794
60 38986-39399 — 137 Hypothetical protein 53 (72/135) S. meliloti AK83 YP_004548199
61 3939641609 — 737 Tail fiber protein, fibronectin type III 68 (497/729)  S. meliloti WP_003528193
domain-containing protein
62 41679-44345 — 888 Tail fiber protein 67 (132/198)  S. meliloti WP_018094797
63 44395-45354 <« 319 Methyltransferase, FkbM family domain 32(101/313)  Burkholderia thailandensis YP_007917817
protein MSMBI121
64 45459-45689 — 76 Hypothetical protein 40 (23/58) Rhizobium sp. CFO80 WP_007769068
65 46228-47202 — 324 Chitinase-like protein 89 (287/324)  S. medicae WSM419 YP_001327536
66 47202-47486 — 94 Hypothetical protein 65 (61/94) S. meliloti WP_003528212
67 47377-47628 — 83 Hypothetical protein 76 (63/83) S. meliloti WP_017274957
68 47680-48048 — 122 Membrane protein 75 (91/121) S. meliloti WP_017276882
69 48083-48349 <« 88 Hypothetical protein 68 (52/77) S. meliloti GR4 YP_007192039
70 48931-49122 — 63 Hypothetical protein 57 (36/63) S. meliloti WP_017266545
71 4913549428 — 97 Hypothetical protein 62 (58/94) Rhizobium mesoamericanum ~ WP_007535080
72 49430-49714 <« 94 Hypothetical protein 47 (28/60) Paracoccus sp. TRP WP_010400533
73 49750-50742 — 330 ATP-dependent DNA ligase 77 (228/297)  Sinorhizobium fredii HH103 ~ YP_005188963

@ Simplified names of the genes are used. Therefore, Orfl corresponds to the PLM21_p001, etc., within the appropriate NCBI submission (GenBank accession no. KJ743987).

We speculate that the protein products of orf8 and orf9 may
form a complex, like other two-component recombinase pairs,
such as Exo/beta protein from coliphage N (Red system), RecE/T
from the Rac prophage of E. coli, YqaJ/K from the skin prophage of
Bacillus subtilis, and G34.1P/G35P from the phage SPP1. Such
complexes contribute to the activity of homologous recombina-
tion with linear dsDNA and are independent of the host recombi-
nation proteins (43). Homologous recombination has been pro-
posed to be one of the pathways for generating substrates with the
correct topology (genomic concatemers) for packaging into infec-
tious viral particles (44).

Lysogeny control region. The predicted prophage repressor was
encoded by orf19. The protein had 60% identity with the putative
prophage repressor of the pathogenic alphaproteobacterium Barto-
nella australis Aust/NH1 (accession number YP_007460904). It be-
longs to the XRE family of transcriptional regulators (COG2932).

The orf19 gene and genes located downstream were transcribed
in the leftward direction, whereas the transcription of the majority
of ORFs within the cluster of 0720 to-73 proceeds in the rightward
direction. We predicted that the intergenic region between orf19
and orf20 (coordinates 11182 to 11499) is involved in early tran-
scription and contains oppositely directed promoters. This region
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of the ®LM21 phage DNA was amplified by PCR and inserted in
both orientations into the mobilizable broad-host-range promot-
er-probe vector pPCM 132 to generate transcriptional fusions with
a promoterless lacZ reporter gene. The resulting constructs were
introduced into A. tumefaciens LBA 288 (which is routinely used
in our laboratory as a host strain for alphaproteobacterial plas-
mids), and B-galactosidase activity assays were used to test the
strength of the promoter. The results suggested that this region
contained divergent promoters, designated P1, a stronger pro-
moter for the repressor gene (3-galactosidase activity of 530 *+ 61
Miller units), and P2, an inversely oriented weaker promoter (3-
galactosidase activity of 230 * 31 Miller units), located upstream
of 0rf20 (encoding a putative Cro-like protein). Localization of the
promoters is shown in Fig. 2.

DNA methylation. Sequence comparisons revealed that orf27
encoded a putative type II N6-adenine DNA methyltransferase
(m°A MTase) which was highly similar to many putative DNA
MTases, e.g., those encoded by Rhizobium gallicum (92% identity;
accession number WP_018445547) and Sinorhizobium medicae
(79% identity; WP_018010767).

The specificity of this MTase was tested by comparative diges-
tion of the pET_ORF27 plasmid DNA isolated from IPTG-in-
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duced and uninduced E. coli cultures with a panel of adenine
methylation-sensitive endonucleases in an REase digestion assay.
The DNA of pET_ORF27 isolated from the induced culture was
cleaved by all restriction enzymes tested, with the exception of
Hinfl (GANTC). In contrast, the pET_ORF27 DNA isolated from
the noninduced culture was susceptible to all restriction enzymes,
including Hinfl (data not shown).

The E. coli ER2566 strain contains EcoDam MTase, which
modifies the adenine residue in the GATC sequence. To deter-
mine whether the GATC sequences also serve as a substrate for
Orf27 modification, phage A dam™~ dem™ DNA was methylated in
vitro using the Orf27 protein. The status of this methylation was
subsequently tested by incubating the treated DNA with an excess
of the following REases: Dpnl (requires adenine methylation of
GATC sites for cleavage), Mbol (inhibited by m°A methylation),
EcoR32I and Mspl (used as controls to confirm the susceptibility
of the substrate DNA to digestion), and Hinfl. The Orf27-meth-
ylated N DNA was cleaved by all restriction enzymes tested except
for Hinfl and Dpnl (Fig. 4).

To assess whether there are other sites (in addition to GANTC)
in the N DNA recognized by Orf27 we used a radioactive methyl-
ation assay with the X DNA digested with HinfI restriction endo-
nuclease. The A DNA cleaved with Hinfl was not methylated by
Orf27, while the same DNA cleaved with HindIII or the intact A
DNA was modified by the Orf27 enzyme (Table 3).

Based on these results, we concluded that the sequence speci-
ficity of Orf27 was GANTC and that this MTase did not show
visible substrate promiscuity, which has been previously demon-
strated for some other DNA MTases (45-48).

It should be noted that the DNA of ®LM21 was resistant to
Hinfl digestion, similar to the case for the chromosomal DNA of
its bacterial host, Sinorhizobium sp. LM21 (data not shown).
However, it is unclear whether this is the result of Orf27 activity or
the action of the host enzyme CcrM. The cell cycle-regulating
methyltransferase CcrM can modify the adenine residue in the
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GANTC sequence and is widespread among members of Alpha-
proteobacteria. It has been demonstrated that the CcrM protein is
essential for the viability of S. meliloti, A. tumefaciens, Brucella
abortus, and Caulobacter crescentus in rich medium cultures (49,
50) and that it participates in the regulation of the bacterial cell
cycle (51, 52).

DNA methylation catalyzed by CcrM is tightly controlled dur-
ing the cell cycle (53, 54). Homologs of CcrM are present in all
Rhizobiaceae genomes sequenced thus far (55). We have cloned

M Mbol Dpnl Eco32l Hinfl Mspl ND M
A\ W A\ W A
o ¢ oo o c o e

FIG 4 Comparison of restriction patterns of A dam™ dem™ DNA (controls,
lanes C) and Orf27 in vitro-methylated N DNA (lanes Orf27) generated with
Mbol, Dpnl, Eco321I, Hinfl, and Mspl REases. ND, undigested N\ DNA. M,
GeneRuler 100- to 10,000-bp size marker.

jviasm.org 13117


http://jvi.asm.org

Dziewit et al.

TABLE 3 Efficiency of in vitro methylation of uncut A DNA and A DNA
cut with Hinfl or HindIII by ORF27 and DNA MTase Hia5

Methylation

Sample level (dpm)
Negative control (no enzyme) 180
Negative control (enzyme heated at 80°C for 15 min 180

before reaction)
N\ DNA cut with Hinfl methylated by Orf27 200
N\ DNA cut with HindIII methylated by Orf27 22,000
Uncut A DNA methylated by Orf27 20,000
\ DNA cut with Hinfl methylated by Hia5“ 149,000
N\ DNA cut with HindIIT methylated by Hia5 171,000
Uncut N DNA methylated by Hia5 153,000

“ The sequence specificity of the m°A MTase Hia5 is BA (where B = C, G, or T), so it
possesses the ability to methylate almost all adenine residues in DNA. We used this
enzyme as a control to show that in the A DNA cut with HinfI, there are other potential
sites to be methylated by the m°A MTase.

and sequenced the ccrM gene of Sinorhizobium sp. LM21 and
found that the predicted amino acid sequence of CcrM ., is
almost identical (94%) to that of the CcrM-like gene (SMc00021)
of S. meliloti 1021 (19, 50). The ability of CcrMy,,; to modify
adenine residues in GANTC sequences was confirmed in vivo and
in vitro (data not shown). Undoubtedly, the DNA MTase of the
phage ®LM21 (Orf27) has the same sequence specificity as the
CcrM enzyme of its host, but the exact function of Orf27 for phage
biology remains to be elucidated.

DNA MTases are ubiquitous enzymes in the prokaryotic
world, where they play important roles in several cellular pro-
cesses, such as host protection and epigenetic regulation (56-58).
The genomes of various lytic and lysogenic phages have been
shown to encode multi- and monospecific orphan MTases, which
are not associated with any restriction enzymes. The occurrence of
genes that code for solitary MTases is relatively high, reaching
approximately 20% of the currently annotated phage genomes. It
is hypothesized that the temperate phages may retain the MTase
gene due to a conferred advantage, such as the ability to overcome
host restriction-modification systems or improved genome repli-
cation and/or regulation (59).

A few coliphages carry methyltransferases, modifying GATC
motifs just as epigenetic enzymes (Dam MTases) of their bacterial
hosts. There are several hypotheses concerning the role of such
enzymes. Previous studies have shown that the phage-encoded
Dam-specific enzymes do not play a role in the lytic cycles of the
T2 and T4 phages but may protect against accidental MutHLS
endonuclease cleavage of the concatemeric DNA during phage
replication (60). Moreover, it has been shown that, M.EcoP1Dam
participates in the packaging of DNA of the temperate P1 phage
(61). Haemophilus influenzae Rd30 and its temperate phage HP1
have two separate enzymes with the same GATC specificity, but
the role of M.HinHP1Dam in the biology of the HPI bacterio-
phage is yet unknown (62, 63). Bochow and colleagues proposed
that Dam-like methylation plays an important role in the switch-
ing between lytic and lysogenic life cycles in VHML and the other
phages of Vibrio spp., since most of the vibriophages contain the
dam gene. However, this relationship has not yet been demon-
strated experimentally (64). Despite many examples of the pres-
ence of genes encoding Dam-specific enzymes in the genomes of
Gammaproteobacteria bacteriophages, the function of these MTa-
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ses is still not well understood. Our knowledge of the MTases of
Alphaproteobacteria phages is even more limited.

We have shown previously that the three m°A MTases (JCM7
686_1231, JCM7686_2255, and JCM7686_2934) identified in the
prophage regions of the genome of Paracoccus aminophilus JCM
7686 methylated the GANTC sequence (65). It is noteworthy that
all of the genes coding for phage MTases (PLM21 as well as
®Pam-2, PPam-4, and PPam-6 of P. aminophilus) are localized
within the predicted replication module. This may suggest the
relevance of the methyltransferase activity in this stage of the virus
reproductive cycle. Interestingly, the Orf27 and CcrM ,,,, pro-
teins do not show sequence similarity, and what is more, they are
not similar to the three above-mentioned m°A MTases of P.
aminophilus JCM 7686. On the other hand, sequence searches for
the Orf27 homologs performed with the UniProt database have
revealed the presence of 24 closely related proteins encoded by
“active” phages, i.e., those that are able to carry out a complete
infection cycle (e.g., p096 of Rhizobium phage 16-3 [UniProtKB_/
TrEMBL_B4UTY4], putative DNA MTases of Agrobacterium
phage 7-7-1 [J7FA74], vibriophages SHOU24 [W6B327], VD1
[R9TNL7], VPUSM 8 [U3PDF3], K139 [Q8W761], and kappa
[A9ZT15], Campylobacter phage CPt10 [D5GVUS5], and Staphy-
lococcus phage vB_SepS_SEP9 [W5RVC2]). This confirmed the
existence of many similar DNA m®A MTases in the bacteriophage
world, which in turn may suggest the importance of maintaining
the DNA sequence specificity of the phage-modifying enzymes
(identical to CcrM) but not their amino acid sequences.

The genome of PLM21 has 55 GANTC sequences located pre-
dominantly in the coding regions. None of the GANTC sequences
were found within the predicted “lysogeny” control region (see
above). Analysis of the frequency and distribution of GANTC mo-
tifs in the available genomes of Alphaproteobacteria showed a dis-
tribution bias of GANTC motifs between the protein-coding and
intergenic sequences, being on average >1.5-fold overrepresented
in the intergenic regions and slightly underrepresented in the cod-
ingregions (52). It was also shown that the expression levels of 546
genes of C. crescentus were significantly altered in the strain with
constitutive overexpression of CcrM compared to the wild-type
strain, with 214 of these genes being affected >2-fold (52). It can-
not be excluded that the modifications introduced by Orf27 in the
GANTC sequences during the infectious cycle in the host genome
are more important for phage replication than methylation of the
phage DNA. We hypothesize that the activity of Orf27 may lead to
the differences in the methylation state, which in turn would de-
termine the transcriptional changes in the bacterial host that are
essential for the life cycle of the PLM21 phage.

Replication module. Within the predicted replication module
of ®LM21, in addition to the ORFs encoding hypothetical pro-
teins of unknown functions, we have found two genes (orf31 and
orf33) for which putative biological functions have been assigned.
Both genes encode proteins directly involved in the DNA replica-
tion process, i.e., a DnaB-like helicase (Orf31) and a DnaA-like
replication initiation protein (Orf33). Homologs of the orf31-en-
coded DnaB protein are responsible for unwinding the DNA du-
plex at the replication fork. We have found two highly conserved
domains in the protein: (i) an N-terminal domain (residues 8 to
115) which is required for the interactions with other proteins in
the primosome complex and for the DnaB helicase activity and (ii)
a C-terminal domain (residues 193 to 476) containing an ATP-
binding site and therefore most probably involved in ATP hydro-

Journal of Virology


http://www.ncbi.nlm.nih.gov/gene/?term=jCM7686_1231
http://www.ncbi.nlm.nih.gov/gene/?term=jCM7686_1231
http://www.ncbi.nlm.nih.gov/gene/16543117
http://www.ncbi.nlm.nih.gov/gene/?term=JCM7686_2934
http://www.ncbi.nlm.nih.gov/nuccore?term=Q8W761
http://jvi.asm.org

Size (kDa)
170-
130-

=2

dLM21

100- - Orf57, Orf61, Orf62

70 -

- Orf40
55 -

40 -

- -Oris3

35-

S -0rfs3

25-

15-

10 -

'
=}
=
R
©

FIG 5 Analysis of the ®LM21 virion proteins by SDS-PAGE (12%). Lane M,
Page Ruler prestained protein ladder SM0671 (Thermo Scientific). Proteins
identified by mass spectrometry are shown on the right.

lysis (66). The second gene, orf33, encodes a protein with sequence
similarities to the C-terminal part of the bacterial chromosomal
replication initiator protein DnaA, which is involved in DNA
binding (67).

Packaging module. Within the packaging module, we have
identified two genes (orf38 and orf39) for which the putative bio-
logical functions have been inferred. They likely encode small and
large subunits of a hetero-oligomeric enzyme, terminase (terS and
terL), which is responsible for the packaging of double-stranded
viral DNA concatemers. The small subunit of the terminase is
responsible for the formation of a specific nucleoprotein structure
that helps to position the terminase large subunit at the packaging
initiation site. The large subunit demonstrates endonuclease and
ATPase activities (68).

The TerS protein encoded by the phage PLM21 exhibited sig-
nificant similarity with several putative small subunits of termi-
nases encoded by the prophage regions in the genomes of bacteria
belonging to the class Alphaproteobacteria (e.g., Sinorhizobium
medicae), but also with the corresponding protein of Bacillus
megaterium podophage Pony (69). The second subunit of PLM21
terminase (TerL) belongs to a highly divergent PBSX family rep-
resented, e.g., by the TerL protein of Psychrobacter phage
pOW20-A (accession number YP_007673352).

Proteome analysis of the ®LM21 particles. To identify genes
coding for the major virion proteins, the purified phage particles
were subjected to 12% SDS-PAGE, and the five bands visible after
Coomassie blue staining (Fig. 5) were analyzed by mass spectrom-
etry. The protein sequences identified in this analysis indicated
that Orf40, Orf43, Orf52, Orf53, Orf57, Orf61, and Orf62 (Fig. 5
and Table 2) were protein components of the virion. The electro-
phoretic mobilities of the identified peptides were consistent with
their predicted molecular weights, based on the ORF sequences.
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Since Orf43 was the dominant protein band in SDS-PAGE, we
concluded that this was the major capsid protein. When the se-
quence databases were searched for the Orf43 homologs, the best
match was the putative coat protein of S. meliloti Rm41.

The other ®LM21 virion proteins identified by mass spec-
trometry analysis were predicted to be tail-related proteins. Orf57
probably is a tape measure protein. It is related to a number of
phage proteins, most of them assumed to be functional analogs
of the tail tape measure protein (gpH) of phage lambda. Proteins
of this kind are involved in determining the tail length (70). Orf61
and Orf62 are similar to tail fiber proteins HI and HII of the S.
meliloti phage 16-3, which are important for host identification
(13). Orf53 is predicted to be the main tail protein and Orf52 the
tail terminator protein. In the mature \ viral particle, the homol-
ogous protein, gpU, is located at the head-tail junction and serves
as an interface for attaching the head to the tail (71, 72).

Orf40 has no homologs with an assigned function in the NCBI
database, but the analysis performed using the Pfam database re-
vealed that it was similar to a family of phage portal SPP1 Gp6-like
proteins. The portal protein forms a dodecamer, which is located
at the 5-fold vertex of the viral capsid. The portal complex forms a
channel, through which the viral DNA is packaged into the capsid
and is ejected to initiate infection. The portal protein is thought to
rotate during DNA packaging (73).

Lysis module. Tailed phages release their progeny by lysing the
host cell; thus, lytic enzymes are expressed late in the infective
cycle. We hypothesize that Sinorhizobium phage ®LM21 uses the
protein product of orf65 for such a purpose. The gene encodes a
chitinase-like protein (COG3179) belonging to the lysozyme-like
superfamily of hydrolases comprising members such as the solu-
ble lytic transglycosylases, chitinases, phage lysozymes, endoly-
sins, autolysins, and chitosanases. Although the members of this
superfamily do not share significant amino acid similarities, they
are all involved in the hydrolysis of B-1,4-linked polysaccharides
and have a structurally invariant core consisting of two helices and
a three-stranded -sheet, which forms the substrate-binding and
catalytic cleft (74).

The chitinase-like protein encoded by ®LM21 belongs to fam-
ily 19 of chitinases, which are found in plants and certain bacteria.
It shows significant similarity with 19 lytic enzymes of “active”
phages, including the Ralstonia solanacearum jumbo virus RSL1
(75) and a temperate phage, Smp131, of Stenotrophomonas malto-
philia (76). A highly conserved motif (Y-[FHY]-G-R-G-[AP]-x-
Q-[IL]-[ST]-[FHYW]-[HN]-[FY]-NY) was found in all of the
aforementioned proteins (including Orf65), which is characteris-
tic for family 19 of glycoside hydrolases (chitinases) (77) (Fig. 6).

We also performed a phylogenetic analysis of the phage-en-
coded chitinases (Fig. 6). Surprisingly, the phylogenetic distance
of the ®LM21 chitinase reflected its relationship with the corre-
sponding proteins of 10 Mycobacterium phages, while the other
chitinases formed two separate clusters (Fig. 6).

It should be noted that the analysis of the ®LM21-encoded
chitinase performed with the use of the Pfam database revealed the
presence of an additional motif, a putative peptidoglycan-binding
domain (DNVRQFQADQRLDVDGDVGPKTRSAM) within the
C-terminal part of the protein. Interestingly, such domains were
not found in any of the homologous chitinases used for the phy-
logenetic analysis.

To verify the function of Orf65, the putative gene was cloned
into the plasmid vector pET30, that was introduced into E. coli
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FIG 6 (A) Phylogenetic analysis of the phage-encoded family 19 chitinases. Twenty protein sequences of phage-encoded family 19 chitinases were used in the
analysis. After removing the variable regions of the alignment, the remaining 122 amino acid positions were used to construct the phylogenetic tree. The unrooted
tree was created using the neighbor-joining algorithm. Statistical support for the internal nodes was determined by 1,000 bootstrap replicates. Values of >50%
are shown. The names of the bacterial hosts and the accession numbers of phages encoding particular chitinases used in the phylogenetic analysis are given in
parentheses. (B) Alignment of the conserved motifs characteristic for family 19 of glycoside hydrolases found in the proteins homologous to ®LM21-encoded

chitinase. The conserved amino acids are shown against a black background.

ER2566, and expression of the protein was induced by IPTG. The
growth of E. coli ER2566(pET30_ORF65) cells was arrested in the
presence of IPTG, and the bacteria lysed after 30 min, which was in
contrast to the case for the control ER2566(pET30_Orf65) non-
induced culture (supplemented with glucose) (Fig. 7). This result
confirmed that orf65 encoded a bacterial lytic enzyme. Phage lytic
enzymes are extremely effective compounds that kill bacteria, and
for this reason, they have been the focus of recent applied micro-
biological research (78, 79). Further characterization of the phage-
encoded lysins (including Orf65) may lead to the identification of
enzybiotics with potential application in food, agricultural, and
industrial sciences.
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FIG 7 Profiles of E. coli cell lysis as a result of Orf65 expression. A
ER2566(pET30_ORF65) culture was grown at 37°C to late exponential phase
(ODgq of 1.0). Untreated cultures (plus glucose, no IPTG) (triangles) or cul-
tures induced by the addition of IPTG to a final concentration of 1 mM (cir-
cles) were monitored for growth. The arrow indicates the time at which IPTG
was added. OD, optical density.
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Other ®PLM21 genes encoding proteins with predicted bio-
logical functions. The genome of Sinorhizobium phage ®PLM21
also contains several other genes encoding proteins whose biolog-
ical functions could be predicted. We found that four ORFs (orf4,
orfl6, orf21, and orf35) encoded putative HNH endonuclease do-
main proteins. We have also identified a gene encoding a putative
NusG-like transcription terminator (Orf34). NusG is a transcrip-
tion elongation factor that modulates Rho-dependent transcrip-
tion termination in E. coli by modifying RNA polymerase to a
termination-resistant form (80). Furthermore, it is also involved
in antitermination during lambda phage transcription (81).The
localization of orf34 downstream of the replication module, as the
last one of the hypothetical early genes in the rightward transcrip-
tion module, suggests its involvement in the regulation of expres-
sion of the late PLM21 genes.

The deduced amino acid sequence of the last gene of the right
arm of the ®LM21 genome (orf73) showed a high similarity to
several Rhizobiaceae ATP-dependent DNA ligases and proteins
containing ligase domains. DNA ligases of bacterial and phage
origin have been known for a long time and are standard labora-
tory tools in molecular biology. Therefore, further characteriza-
tion of the biochemical properties of ORF73 would be of high
interest.

The most unusual gene carried by ®LM21 seems to be orf63,
which encodes a protein similar to the family of proteins contain-
ing methyltransferase FkbM domains. A member of this family
was shown to be required for specific methylation in the biosyn-
thesis of the immunosuppressant FK506 in Streptomyces sp. strain
MA6548 (82). Although the function of this ®LM21 gene remains
unclear, it appears to be of bacterial rather than bacteriophage
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descent. This gene has an opposite orientation in relation to other
genes in this region; thus, we assume that it can be an extra gene
(“moron”), whose function is not directly involved in the phage
replication cycle but which may act as a fitness factor for the lyso-
gen. Further experiments are needed to confirm or exclude the
potential adaptive value associated with this gene.

Comparative genomic analyses. To our best knowledge,
OLM21 is the fourth identified and sequenced virus of the Sinorhi-
zobium genus. It has a modular genome organization, as individ-
ual modules responsible for phage integration, recombination,
transcriptional regulation, replication, packaging, assembly, and
host cell lysis can be distinguished (Fig. 2). Although the overall
order of functional modules is conserved compared with many
other tailed phages, ®LM21 does not exhibit any significant nu-
cleotide sequence similarity with any known bacterial viruses, in-
cluding three other phages specific to Sinorhizobium spp., i.e.,
16-3 (13), PBC5 (accession number AF448724) and ®M12 (11).

BLASTp similarity searches were performed among the
PLM21 protein sequences and proteins encoded by other Sinorhi-
zobium-specific phages, including “active” viruses 16-3, PBC5,
and ®M12, as well as two putative prophage sequences identified
(in the course of this study) in the genomes of S. meliloti Rm41
(coordinates 741832 to 794129, accession number HE995405)
and AK83 (coordinates 794767 to 844536, CP002781). The anal-
ysis revealed that the “active” phages of Sinorhizobium spp. en-
coded very few proteins sharing homology with ®LM21 peptides
(1 conserved protein encoded by PBC5 and ®M12 and 6 proteins
encoded by 16-3) (Fig. 2). We have performed an identical com-
parative analysis of 24 other known viruses of Alphaproteobacteria,
including the recently found group of narrow-host-range bacte-
riophages that infect Rhizobium etli (83). It revealed only a low
level of amino acid identity between a few (1 to 4) proteins of 9
phages, which suggests a lack of a significant phylogenetic rela-
tionship between ®LM21 and the other analyzed Alphaproteobac-
teria phages.

However, many more conserved proteins are encoded by the
two predicted prophages of the S. meliloti Rm41 and AK83 strains.
They encode 26 and 28 proteins, respectively, sharing at least 29%
amino acid identity (E value, =3e—10) with the cognate proteins
of ®LM21. This finding suggests that the identified prophage se-
quences may be related to PLM21.

In the course of our analysis, we have demonstrated that both
the head and tail structural proteins of ®PLM21 show the highest
levels of amino acid sequence identity (between 47 and 87%) to
the corresponding proteins of prophages of Rm41 and AKS83
strains (Fig. 2). This finding is in agreement with previous obser-
vations indicating that the structural proteins are usually the most
conserved proteins in tailed phages (84). It is worth pointing out
that both distinguished prophage regions of the Rm41 and AK83
strains contain conserved genes encoding chitinase-like proteins
(COG3179), sharing 88 and 89% amino acid identity with the
PLM21-encoded lytic enzyme (Orf65), respectively. However,
among similar proteins, we did not find the large subunit (TerL)
of the terminase. TerL is a relatively well-conserved phage protein
that is utilized mainly as a phylogenetic marker in comparative
genomics of phages (85).

We performed a phylogenetic analysis of the ®LM21-like
phages using the TerL protein. As mentioned above, the PLM21-
encoded TerL protein (Orf39) showed no significant similarity
with the terminases encoded by Sinorhizobium-specific phages
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FIG 8 Phylogenetic analysis of the large subunits of terminases. Seventeen
protein sequences of the large subunits of terminases were used in the analysis.
The variable regions of the alignment were removed, and the remaining 439
amino acid positions were used to construct the phylogenetic tree. The un-
rooted tree was created using the neighbor-joining algorithm. Statistical sup-
port for the internal nodes was determined by 1,000 bootstrap replicates. Val-

ues of >50% are shown. The accession numbers of phages encoding particular
terminases are given in parentheses.

PBC5, 16-3, and ®M12 as well as prophages of the Rm41 and
AKS83 strains. Therefore, for the analysis we used 16 homolo-
gous proteins encoded by other active phages, identified in the
UniProt database. We found that homologous terminases are en-
coded by eight phages derived from Pseudomonas spp. (F8, LBL3,
KPP12, 14-1, NH-4, LMA2, SN, and JG024), two phages of Ed-
wardsiella spp. (PEi2 and a MSW-3), and single phages of E. coli
(ECML-117), Burkholderia ambifaria (BcepF1), Psychrobacter sp.
(pOW20-A), Acinetobacter sp. (IME-AB2), Salicola sp. (CG-
phi29), and Vibrio sp. (vB VchM-138) (Fig. 8).

Phylogenetic analysis of the terminases revealed that the TerL
protein of ®LM21 formed an outgroup in relation to other termi-
nases and seemed to be phylogenetically distinct from the large
subunits of the terminases encoded by other phages (Fig. 8). This
finding further confirmed the uniqueness of phage PLM21.

Phage host range. Some isolated phages have shown a broad-
host-range interaction with the bacterial isolates, while other
seemed to be specific to a single bacterial species and often specific
to a single or only a few strains within that species (86). We have
examined the ability of ®LM21 to infect Sinorhizobium spp. using
spot tests. No plaques were obtained with any of the strains tested,
i.e., the symbiotic nitrogen-fixing species S. meliloti strains 1021,
2011, and SM11, which can live either free in the soil or in a
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symbiotic association with roots of legume plants, and Sinorhizo-
bium sp. M14, isolated from gold mine sediments. This suggests
that ®LM21 is highly specific with respect to the host or has a
narrow host range, possibly confined to the strains living together
with Sinorhizobium sp. LM21 in mineral sediments of the Lubin
copper mine. Unfortunately, LM21 was the only Sinorhizobium
strain isolated from this location (D. Bartosik, unpublished data);
thus, we could not test this hypothesis. An alternative explanation
for the inability to propagate ®LM21 in any of the strains tested
might be that the phage is already undergoing regressive evolution
from an “active” virus to a defective prophage; i.e., it has unim-
paired capacity for lysogenic induction leading to phage produc-
tion and cell lysis but has lost the ability to infect the host cells. If
such a hypothesis is correct, then ®LM21 might serve as an excel-
lent model for studies on the evolution of phages.

Conclusions. The influence of prophages on pathogenic
bacteria is very well documented, as many prophages from bac-
terial pathogens are able to encode virulence factors. However,
our knowledge of the overall impact of prophages on the sur-
vival of their lysogenic nonpathogenic bacterial hosts is still
limited. In this work, we report the isolation and characteriza-
tion of PLM21, a novel temperate phage which is distinct from
other viruses of Sinorhizobium spp. sequenced thus far. Further
evidence for the unique nature of ®LM21 was obtained from a
phylogenetic analysis of the large terminase subunit, which has
positioned PLM21 on a separate branch, clearly different from all
the other phages. Our analyses suggest that ®LM21 represents an
archetype of a virus unrelated to other known Rhizobiaceae bac-
teriophages.

Homology analyses of 72 ®LM21 protein sequences allowed us
to predict putative functions for almost half of them and thus
distinguish integration, regulation, packaging, structure, and lysis
regions. Seven of the ®LM21-encoded proteins were identified
within the viral particle. We performed functional analyses of two
phage-encoded proteins, a lytic enzyme (chitinase) and a DNA
methyltransferase.

We have demonstrated that despite the absence of amino acid
similarity between the DNA MTase (Orf27) of ®LM21 and the cell
cycle-regulating MTase CcrM of Sinorhizobium sp. LM21, both
enzymes showed the same sequence specificity to the GANTC
motif. It is not unusual that viruses mimicking regulatory mech-
anisms of the host can encode an MTase with the same specificity
as the regulatory enzyme of their host. This phenomenon has al-
ready been discovered in phages of Gammaproteobacteria, but to
our knowledge, it has never been studied in phages specific for
Alphaproteobacteria. We have identified the first example of an
MTase in an Alphaproteobacteria phage that could methylate the
GANTC sequence in a temperate phage, ®Pam-6, of P. aminophi-
Ius JCM 7686. We have also demonstrated that two other putative
prophages in the P. aminophilus JCM 7686 genome encoded M Ta-
ses with the same specificity as the host CcrM (65). Here, we report
another example of this interesting phenomenon. We also believe
that it is more common among Alphaproteobacteria phages but
has never been fully recognized.

Further studies are required to understand the role of CcrM-
like methylation in the life cycle of Alphaproteobacteria phages and
the potential effect of this phenomenon on the physiology of the
bacterial hosts.
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