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The genome organization, gene structure, and host range of five podoviruses that infect Ralstonia sola-
nacearum, the causative agent of bacterial wilt disease were characterized. The phages fell into two
distinctive groups based on the genome position of the RNA polymerase gene (i.e., T7-type and ¢KMV-
type). One-step growth experiments revealed that pRSB2 (a T7-like phage) lysed host cells more effi-
ciently with a shorter infection cycle (ca. 60 min corresponding to half the doubling time of the host)
than ¢pKMV-like phages such as GpRSB1 (with an infection cycle of ca. 180 min). Co-infection experiments
with ¢RSB1 and pRSB2 showed that pRSB2 always predominated in the phage progeny independent of
host strains. Most phages had wide host-ranges and the phage particles usually did not attach to the
resistant strains; when occasionally some did, the phage genome was injected into the resistant strain's
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cytoplasm, as revealed by fluorescence microscopy with SYBR Gold-labeled phage particles.
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1. Introduction

The phytopathogen Ralstonia solanacearum, a soil-borne Gram-
negative bacterium (Betaproteobacterium), causes bacterial wilt
disease in many important crops (Hayward, 1991; Yabuuchi et al.,
1995). The unusually wide host-range of this bacterium extends to
over 200 species belonging to more than 50 botanical families
(Hayward, 2000). R. solanacearum strains are a heterogeneous
group subdivided into five races on the basis of their host range,
six biovars based on their physiological and biochemical char-
acteristics (Hayward, 2000). Race 1 is a poorly defined group with
a very wide host range, and is endemic to tropical, subtropical, and
warm areas. Strains of race 2 mainly infect bananas, and are found
primarily in Southeast Asia and Central America. Race 3 strains are
distributed worldwide, and are principally associated with potato.
Strains of race 4 infect ginger in areas of Asia and Hawaii, and race
5 strains infect mulberries in China. There is no general correlation
between races and biovars. In the recent classification system
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based on phylogenetic information (including nucleotide sequen-
ces of the 16S-23S ITS, egl, hrpB, and mutS), the strains are sub-
grouped into four phylotypes roughly corresponding to their
geographic origin. Phylotype I includes strains originating pri-
marily from Asia, phylotype Il from America, phylotype III from
Africa and surrounding islands in the Indian Ocean, and phylotype
IV from Indonesia (Fegan and Prior, 2005; Remenant et al., 2010).

Recently, Yamada et al. (2007) isolated and characterized var-
ious types of bacteriophage specifically infecting R. solanacearum
strains belonging to different races and/or biovars. Among them,
®RSB1, which was characterized as a podovirus with a wide host-
range, exclusively replicates by a lytic cycle and forms very large
plaques (1.0-1.5 cm in diameter) with the cells of R. solanacearum
strains (Kawasaki et al., 2009). The ¢$RSB1 genome is a linear
double-stranded DNA of 43,079 bp with direct terminal repeats of
325 bp. GRSB1 encodes a total of 47 potential same-direction open
reading frames (ORFs) arranged in three functional classes known
as T7-like podoviruses: one for early functions (Class I), one for
DNA metabolism (Class II), and the other for structural proteins
(Class III) (Dunn and Studier, 1983). The characteristic features of
gene organization in GRSB1 are as follows: (i) the predicted gene
for RNA polymerase (RNAP) is not located in the early gene region
(Class I) but at the end of the Class II region (similar to that found
with pKMV-like phages) (Lavigne et al., 2003); (ii) the predicted
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gene for DNA ligase (DNAL) is in front of the RNAP OREF, in contrast
to the T7 DNAL gene located downstream of the RNAP gene in
Class I (Dunn and Studier, 1983) and to the ¢KMV DNAL gene
located upstream of the gene encoding DNA polymerase (DNAP),
and the DNAP gene is located far away from the RNAP gene
(Lavigne et al., 2003); and (iii) the core promoter sequences con-
served in T3, T7 and SP6 phages are not present in the ¢pRSB1
genes (Kawasaki et al., 2009). For the ¢RSB1 genomic sequence,
podovirus key genes, especially the Class II genes are highly con-
served compared with those of various phages including the
Xanthomonas oryzae phages Xop411 and Xp10 (accession numbers
DQ777876 and AY299121, respectively), Pseudomonas aeruginosa
KMV (AJ505558), LKD16 and LKA1 (Ceyssens et al., 2006), the
Erwinia amylovora Era103 phage (EF160123), and the Burkholderia
cepacia BcepF1 phage (AY616033). Thus far, a few ¢RSB1-like
phages have been reported to infect R. solanacearum but the
molecular biological information is scarce (Tanaka et al., 1990;
Toyoda et al., 1991; Ozawa et al., 2001). Recently, extensive surveys
of such phages have been performed because they may be useful
as tools not only for molecular biological studies of R. solana-
cearum pathogenicity but also for diagnosis and biocontrol of
bacterial wilt (Yamada, 2012). Indeed, many podoviruses have
been isolated from Japan and Thailand where bacterial wilt occurs
very frequently (Bhunchoth et al., 2015).

In this study, we report on the isolation, characterization, and
comparative genomics of various podoviruses (distinct from
¢RSB1) that infect R. solanacearum strains.

2. Results

2.1. Morphology and biological properties of large plaque forming
phages infecting R. solanacearum strains

Bacteriophages ¢pRSB1, GpRSB2, GRSB3, GRS)2 and GRS]5 were
isolated from the soil samples of tomato crop fields and were
selected for their ability to form large clear plaques on R. solana-
cearum strains as hosts. Plaques formed on assay plates (CPG)

Table 1
Comparison of host range of the phages.

sometimes extended to 1.0-1.5 cm in diameter (Supplemental Fig.
S1). Generally, the bacteriophages had wide host-ranges (except
for ®RSB3) and infected more than two-thirds of the strains tested,
including strains with phylotypes I and 1V, races 1, 3 and 4, and
biovars 3, 4, and N2 (Table 1). The widest host-range was seen for
$RSB1, which infected 19 of the 21 strains tested. pRSB3 infected
only five strains of the 21 strains tested. In standard one-step
growth assays for GRSB1, R. solanacearum host cells (strain MAFF
730138) lysed 140 min after infection with a latent period of
80 min. The cells released approximately 10 plaque forming units
(pfu) of new phage particles per cell (burst size) (Supplemental
Fig. S2). This burst size was unexpectedly lower than that obtained
with strain M4S as the host (100 pfu/cell) although the infection
cycle was almost the same (Kawasaki et al., 2009). With such a
variation in the burst size (10-100 pfu/cell), the infection cycle was
almost the same for the other phages (Bhunchoth et al., 2015),
except for pRSB2. In the case of GpRSB2, phage infection occurred
more rapidly with MAFF 730138 as the host, where an infection
cycle of 60 min with a latent period of 40 min (eclipse of 20 min)
give a burst size of ca. 30 pfu/cell (Fig. 1). For comparison, the one-
step growth of GRSB1 with strain MAFF 730138 as the host is given
as a supplemental material (Fig. S2). The characteristic infection
cycles are discussed below. Electron microscopic observation of
negatively stained phage particles from ¢RSB1, ¢pRSB2, (pRSB3,
®RSJ2 and RS)5 revealed short-tailed icosahedral structures
resembling those of T7-like phages of the Podoviridae family, with
a head diameter of approximately 60 nm and a stubby tail with a
length of 8-10 nm. The morphologies and dimensions of the par-
ticles from all these phages were very similar to each other (data
not shown) and to podoviruses isolated in Thailand, where bac-
terial wilt occurred frequently (Bhunchoth et al., 2015).

3. Genome sequencing and ORF identification of Ralstonia
podoviruses

The genomic DNA isolated from particles of each phage always
migrated as a single band of approximately 40-50 kbp in size on

Phage host strain $RSB1 $RSB2 $RSB3

(KMV-like) (T7-like) (KMV-like)

EOP adsorption EOP adsorption EOP adsorption
C319 +(<1) 38.2+5.2 +(100) 953+3.2 - 22410
M4S +(1000) 452+13 - 91+1.2 +(1000) 775+4.2
Ps29 +(100) 812435 - 53426 +(10) 675+ 1.0
Ps65 +(<1) 39.5+6.5 +(100) 85+72 - 09+15
Ps72 +(<1) 453 +2.8 +(1000) 791+14 - 414+3.0
Ps74 +(42) 23.7+25 +(400) 40.1+438 +(70) 67.5+ 1.0
RS1002 +(2) 709 + 1.6 - 85+5.9 - 63.0+4.7
MAFF106603 +(5) 123+5.2 +(1000) 54.6 +12.2 - 292429
MAFF106611 +(2) 388+64 - 38.8+£6.5 - 544 +6.5
MAFF211270 - 333+58 +(3) 66.9 +£5.2 - 51+45
MAFF211271 +(270) 471 +9.7 +(400) 40 +16.5 - 0.0+0.0
MAFF211272 +(4250) 404+43 +(4000) 37.8+39 - 8.0+69
MAFF211514 +(<1) 354 +121 - 261485 +(210) 13.2+24
MAFF301485 +(<1) 579 +72 +(150) 723 +6.3 - 343 +6.1
MAFF301556 +(<1) 823 +0.6 - 26+21 - 52.7+5.7
MAFF301558 +(120) 104 +3.1 +(500) 774 + 4.6 - 18.5+8.0
MAFF327032 - 242 +13.8 +(10) 793 +4.0 - 239477
MAFF730103 +(5) 321 +31 - 16.8 +£3.7 - 76.0 + 114
MAFF730135 +(<1) 76.4+76 - 53437 - 76.0+2.3
MAFF730138 +(120) 141 +5.0 +(300) 42.8+11.8 +(60) 173 £ 5.6
MAFF730139 +(8) 714+ 0.6 +(3400) 32.8+103 - 33458
Total 19 13 5

+, sensitive; —, resistant. Numbers in parentheses are relative efficiency of plating (EOP, original host is shown as 1000). Numbers on the right side are adsorption rates of

the phage (%). Standard deviations were calculated from three independent experiments. For host ranges of $RSJ2 and ¢RS]5, see Bhunchoth et al. (2015).
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Fig. 1. One-step growth curve of $RSB2 with strain MAFF 730138 as the host. Phage
(grown with the same host) was added at a moi of 0.1 and allowed to adsorb for
5 min. The $pRSB2-infected culture was added with 1 mM EGTA at 30 min post
infection. The titers were determined by the standard method with (closed circles)
or without (open circles) chloroform treatment.

Table 2
Genomic comparison of R. solanacearum phages.

Phages G+C (%) Genome size Terminal repeats ORFs Accession no.

75

pulsed-field gels (data not shown) indicating it was a linear
double-stranded (ds) DNA molecule. Because no oligomers were
formed after heat treatment, cohesive ends are absent. The
nucleotide sequence of each phage genome was determined by
shotgun sequencing of DNA purified from the phage particles, as
described in Section 5. In each case, sequences were assembled
into a circular contig, suggesting the presence of long terminal
repeats. By direct sequencing of genomic DNA with outward-
directed primers located outside the possible terminal repeat
region, the precise sequence of the repeat was determined. The
final genomic sequences of pRSB2, GpRSB3, GRSJ2 and PRSJ5 were
as follows: ¢RSB2, 40,411 bp with 214-bp repeats; ¢GRSB3,
44,578 bp with 324-bp repeats; ¢RS]J2, 44,684 bp with 324-bp
repeats; RSJ5, 44,067 bp with 322-bp repeats. These sizes are
comparable with that of pRSB1 (Kawasaki et al., 2009) (Table 2).
The G+C contents of the phage genomes were 60.7-61.7%, which
is significantly lower than the values of 67.04% and 66.86%
obtained for the large and small replicons of the R. solanacearum
GMI1000 genome, respectively (Salanoubat et al., 2002).

When the entire genomic nucleotide sequences of these phages
were compared with each other by dot-plot alignments, it was
found that the sequence homology and collinearity varied sig-
nificantly between the phages (Supplemental Fig. S3). Extended
sequence homology was seen between ¢RSJ2 and ¢RSJ5 (Sup-
plemental Fig. S4) and sequence collinearity degraded from
®RSB1-pRS]2 to PRSJ2-PRSB3. PRSB2 shared only local and
limited homology with the other phages (i.e., the RNA polymerase-

(bp) (bp) encoding region and the 3'-terminal region) see below.
ORSBI 617 43,079 325 7 AB4S1219 Pote.ntlal ORFs con51st1ng of more th.an. about 50 codons that
GRSB2  61.7 40411 214 50  AB597179 start with ATG or GTG were identified yv1thm each phage genome.
$RSB3  61.0 44,578 324 50  AB854109 The presence of a Shine-Dalgarno ribosome-binding sequence
$RSJ 2 60.9 44,684 324 43 AB920995 preceding the initiation codon was taken into account for the ORF
¢RS] 5 607 44,067 322 42 AB9BITI predictions. To assign possible functions to the ORFs, database
searches were conducted using BLAST, BLASTX, and BLASTP pro-
grams. Accordingly, 50, 50, 43, and 42 potential ORFs oriented in
CLASS I CLASSIT CLASSII
18 193
T7 12 13 4 15 . 16 17 175 187 192 195 39’938 bp
3 57 91 13 1597 202 2 35 43 48
6 810 12 1416 1921 23,2526 2B 31 03B M4 36 37 41 2 “ 45 46 4749 50
@RSB2 > DD S>DO S 40,411 bp
12 3456 78 91(”2]3 14‘5I6 17 18 19 20 21 22 2324 25 26 272329 » 31 33 34 35 36 37 38 3940 41 42434:54047
(pRSB] D-DIDDIIONC>IHCT—) oD —) D D B » S >{ 43,077 bp
(PRSJS lbll n- - = Z: 22 C = )£>i = > - > - )&L&&Sb& 43,745 bp
6 n 4 21 40
@RSI2 AODI-HII-C O > e A S B S S —— >|:>E>1>|:>_mg> 44,380 bp
1 234567 8910112131415 16 17 1819 200 2&2 23 24 25 26 2728 29 30 31 8233 34 35 3 38 39 40 41 42 43 44 45 46 47‘"‘4‘)30 51
(¢RSB3 DIWND-DINDDDII>C>IDEDH DE>TODDDNE——> D D) > 44,578 bp
2 4 6 28 42 45 47
1 3 5 789101112 13 14 15 1617 18 19 20 21 22 23 24 25 26 27 29 30 31 33 34 35 36 37 38 39 40 41 43 44 46 48
(PKMV DDDIDDDDC>-D- O ODED) DE>SCODC>DIE— >0 > D D D> IDDP) 42,519 bp
Il DNAP
Skbp [ RNAP
W MCp
[ Lys
M ligase

Fig. 2. Comparison of the five Ralstonia podovirus gene maps with those of Escherichia coli T7 and Pseudomonas aeruginosa $KMV. The regions corresponding to T7 Class I, II,
and III functional modules are shown. The genes corresponding to DNA polymerase (DNAP), RNA polymerase (RNAP), major capsid protein (MCP), lysozyme (Lys), and DNA

ligase (ligase) are shown in different colors.
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the same direction were assigned to the $pRSB2, GRSB3, $pRSJ2 and
ORSJ5 genomes, respectively (Table 2 and Fig. 2). In many cases,
the stop codon of an ORF overlapped with (or was very close to)
the initiation codon of the following ORF in the phage genomes.

3.1. Comparative genome organization analysis of Ralstonia
podoviruses

In a previous study on ¢RSB1 genes, 13 (orf1-orf13), 13 (orf14-
orf26), and 21 (orf27-o0rf47) of them were assigned to Class I, Il and
IlI, respectively, based on their promoter/terminator positions and
proteomic analysis (Kawasaki et al., 2009). Comparisons with the
$RSB1 gene organization showed that the borders of the Class I-
Class 11, and Class 1I-Class III, were orf13-orfl4 and orf25-orf26 for
ORSJ5, orf14-orf15 and orf25-0rf26 for GRS)2, and orf15-orf16 and
orf31-orf32 for GpRSB3, respectively. Most GpRSJ2 and ¢RS]5 Class [
genes shared high nucleotide sequence similarity with the Class I
genes of (GRSB3, while ¢$RSJ2 and ¢RS]5 Class I genes shared
sequence similarity with the Class I genes of ¢RSB1, thereby
supporting the way in which the gene sorting has been conducted
and suggesting that module exchanges have occurred among the
phages.

For ¢pRSB2, the Class I-Class Il border was unclear because of
the presence of many unknown genes in this region. After orf21,
there was a putative terminator structure and orf23 showed
homology to the DNMP kinase, so the border was tentatively set as
orf21-0rf22 in pRSB2. The Class II-Class Ill border was determined
to be orf34-orf35 by comparing it with the organization of ¢RSB1.

There are two distinct subgroups in T7-like podoviruses: the T7
subgroup (Hardies et al., 2003; Molineux, 2006) and the KMV
subgroup (Lavigne et al., 2003; Ceyssens et al., 2006). The most
obvious difference in the genome organization between these two
subgroups is the position of the viral RNAP gene; in T7, it is located
in the Class I region whereas in KMV, it is within the Class II
region of the genome. Using the genomic organizations of T7 and
(GKMV as references, the gene arrangements of the five phages
were compared with each other. As shown in Fig. 2, the RNAP gene
was obviously located within the Class I region in the ¢pRSB2
genome. In this respect, $RSB2 belongs to the T7 subgroup. For the
other four phages (¢pRSB1, GRSB3, $RSJ2, and PRSJ5), the RNAP
gene was located within Class II, downstream of the DNAP gene as
shown in Fig. 2, indicating that all of these phages are the pKMV
subgroup. However, in comparison with the ¢$KMV gene
arrangement, the position of the DNA ligase gene was changed
from a position upstream of the DNAP gene to a position in front of
the RNAP gene in ¢RSB1. This gene order (DNAL-RNAP) was con-
served in the Class I region of ¢pRSB2. The other obvious difference
in the gene arrangement was the location of lys; in the pKMV
subgroup phages, lys was located on the right-hand end region of
the genome, while it was between the RNAP gene and the DNAP
gene in the pRSB2 genome.

3.2. Putative promoter and terminator sequences

A typical prokaryotic promoter sequence resembling that of
Escherichia coli o 7° was found to be repeated several times in a
left, 1000-bp region lacking ORFs in ¢GRSB2, pRSB3, pRSJ2 and
ORSJ5, as seen in GRSB1 (Kawasaki et al., 2009). Searches for the
core promoter-like sequences conserved in T3, T7, and SP6 phages
in the intergenic regions of pRSB1, GRSB3, PRSJ2 and $RSJ5 (the
KMV subgroup phages) did not find any significant ones except
for GRSB2 (the T7 subgroup phage), where a total of 14 sequences
with significant homology to the T3-promoter were detected.
These T3-like promoter sequences were found mainly in the Class
Il and 11l regions after rnap (ORF18) in the ¢pRSB2 genome (Sup-
plemental Fig. S5). The consensus sequence of the (¢pRSB2 PNAP

promoters was 5'-NAT TAA CCC ACA CTR YAG GAR RRS, a sequence
65% identical to that of the T3 phage (5'-AAT TAA CCC TCA CTA
AAG GGA GA). These results indicate that ¢pRSB2 depends on its
RNAP for major genes expressed in the intermediate and late
stages of the infection cycle.

Although a set of sequence elements consisting of a GC-rich
stretch, TTGT, and TCTGG motifs preceding an AG-rich Shine-
Dalgarno sequence were previously suggested to correspond to
$RSB1 promoter sites (Kawasaki et al., 2009), such sequences
were not always conserved in other phages (¢pRSB3, ¢RSJ2, and
PRSJ5). These motifs did not correspond to the nick consensus
sites (Kulakov et al., 2009) and no nicks (Wang et al., 2005) were
detected in these phages. Further detailed searches for promoter
sequences for these phages were not conducted in this study.

3.3. Early genes and DNA replication genes

The genes for early functions encoded in the Class I region of
these Ralstonia phages showed a diverse organization and
sequences (Fig. 2). When the RNAP amino acid sequences of
related phages were aligned and analyzed by ClustalW, three
groups of Ralstonia phages were evident: a cluster of ¢pRSB1, ¢RSJ2
and ¢RSJ5, a T7-cluster including T3 and ¢RSB2, and a PpKMV-
cluster including Pseudomonas phages and ¢pRSB3 (Supplemental
Fig. S6A). The close relationship in the RNAP sequence between T7
and ¢RSB2 was consistent with the location of the ¢pRSB2 RNAP
gene in the Class I region.

In all of these Ralstonia phages, the genes in the Class II cluster
for DNA metabolism were arranged generally in the same order as
that of T7 DNA; they included genes for DNA primase, DNA heli-
case, DNA polymerase, and DNA endonuclease VII. One exception
was the gene for DNA ligase (DNAL), where orf25 encoding ¢pRSB1
DNAL was in front of the RNAP ORF, whereas T7 DNAL was enco-
ded downstream of the RNAP gene at the end of the Class I cluster
(Dunn and Studier, 1983). In the case of ¢pRSB2, the DNAL gene was
immediately upstream of the RNAP gene. As in the Pseudomonas
phage ¢pKMV, the DNAL gene was located upstream of the DNAP
gene in the Class Il gene cluster of pRSB3, $pRSJ2 and ORS)5 (Fig. 2).
When DNAP and DNAL amino acid sequences were aligned and
analyzed by ClustalW for related phages, the DNAP sequences
showed almost the same relationships found for the RNAP
sequences; namely, three clusters of Ralstonia phages (Supple-
mental Fig. S6B). However, the DNAL sequences suggested very
different phylogenetic relationships among these phages, with
$RSB3 forming a close relationship with ¢RSJ2, HRS]5 and PpRSB1
in the Xanthomonas phage cluster (Supplemental Fig. S6C).

3.4. Phage structural proteins and lysis genes

$RSB1 structural genes (Kawasaki et al., 2009) in the Class Il
region were highly conserved in other Ralstonia phages (Fig. 2).
The amino acid sequences of the putative major capsid protein
(MCP) of these phages when compared by ClustalW with those of
several T7-like phages, showed the three-group pattern similar to
that found with the RNAP and DNAP sequences (Supplemental Fig.
S6D). In many T7-like phages, genes for host lysis (lysozyme and a
holin) are placed between the genes for endonuclease and DNA
primase in the Class II cluster. However, ¢pRSB2 ORF27, which
corresponds to lysozyme (LYS), is encoded in the middle of the
Class Il region. In other phages (¢pRSB1, GRSB3, HRSJ2, and PRSJ5),
the gene for LYS is encoded downstream of the structural gene
cluster in the Class Il region (Fig. 2). Three phylogenetic LYS
sequence groups in the Ralstonia phages were revealed by Clus-
talW analysis as shown in Supplemental Fig. SGE.
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3.5. Host selection in Ralstonia podoviruses

As shown in Table 1, the Ralstonia phages displayed relatively
wide host-ranges for strains belonging to races 1, 3, and 4 and
phylotypes I and IV, except for $pRSB3, which infected five among
21 of the strains tested. There seemed to be no close relationships
between phage sensitivity and taxonomical position of these
strains. To visualize the actual interactions between these phages
and the host strains, the adsorption efficiency of ¢pRSB1, pRSB2,
and $RSB3 was determined for each host strain representative of
the three clusters. The data shown in Table 1 reveals the following
complex patterns for the interactions: (i) all sensitive strains were
adsorbed with their corresponding phages, (ii) some resistant
strains were not efficiently adsorbed with phages (exemplified by
$RSB2 and MAFF 211271), and (iii) some resistant strains were
efficiently adsorbed by phages (exemplified by ¢pRSB2 and M4S).
These results indicate that the adsorption efficiency does not
always determine the infectivity of a phage to R. solanacearum
strains. Consequently, this raises the question as to what happened
in the cells after phage adsorption.

To examine the fate of the adsorbed phages, SYBR Gold-stained
phage particles were added to the cells of each strain and fluor-
escence microscopy was performed. When M4S cells were added
to SYBR Gold-stained ¢pRSB1, the phage particles attached to the
cells and the cells became stained with the dye 30 min post
infection (p.i.) as shown in Fig. 3A. This was most likely caused by
injection of SYBR Gold-stained ¢RSB1 DNA into the host cells. In
contrast, SYBR Gold-labeled ¢pRSB3 particles did not attach to
MAFF 211271 cells (Fig. 3B). This was also the case for C319, Ps65,
MAFF 211270, MAFF 211272, and MAFF 730139 host cells.

Nevertheless, SYBR Gold-labeled ¢pRSB3 particles attached effi-
ciently to cells of the resistant strain (MAFF730135) but no DNA
injection was observed (Fig. 3D). The same results with SYBR Gold-
labeled ¢RSB3 particles were obtained for MAFF 106603, MAFF
106611 and MAFF 730103 cells. However, in some cases, DNA
injection was observed even in the resistant cells (Fig. 3C) when
MAFF 211270 cells were added to SYBR Gold-labeled ¢RSB1 par-
ticles and the DNA injected was retained in the cell for a while. The
same situation was observed for SYBR Gold-labeled ¢$RSB2
and M4S.

3.6. Effects of phage adsorption on the bacterial growth

To see effects of phage adsorption on host cells, the bacterial
growth was monitored in specific combinations of phage and host
strains. Phage was added to exponentially growing cells (at
0ODgpo=0.3) at multiplicity of infection (moi) 0.1, 1.0, or 10, and the
cell growth was measured at ODggo. In the case of strain MAFF
730135 added with ¢RSB3, where phage attachment occurred
without DNA injection (Fig. 3D), no significant difference in the
successive growth was observed between phage added cells (even
at moi 10) and control cells (without phage addition) (Fig. 4A). This
was exactly the same as the results observed for strain MAFF
211271 added with pRSB3 (no attachment occurred, Fig. 3B) (data
not shown). Meanwhile, the growth curve of MAFF 211270 after
addition of ¢pRSB1 showed significant decline in the growth,
depending on moi values (Fig. 4B). When cell viability was tested
by direct plating on CPG plates, 30 min after addition of ¢RSB1,
approximately 4% of MAFF 211270 cells added with phage at moi
1.0 and 12% of cells at moi 10 could not form colonies, respectively

B

Fig. 3. Attachment of SYBR Gold-labeled phage particles to bacterial cells and cell staining by possible injection of phage DNA. (A) SYBR Gold-stained ¢pRSB1 particles (tiny
spots) are attached to the M4S cells (sensitive strain). The cells were stained with the dye at 30 min post infection (p.i.) as shown by arrows. (B) SYBR Gold-labeled $RSB3
particles did not attach to MAFF211271 cells (resistant strain). To visualize the bacterial cells, the bright and dark fields were combined. Arrow indicates a phage particle.
(C) SYBR Gold-labeled ¢$RSB1 particles attached to MAFF211270 (resistant strain) and injected genomic DNA into the cells (arrows). (D) SYBR Gold-labeled $RSB3 particles
efficiently attached to MAFF730135 cells (resistant strain) but no DNA injection was observed. The particles: pfu was different for different strains. Bar=1.0 pm.
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Fig. 4. Time course of bacterial growth after infection with bacteriophages. Cells of R. solanacearum (ODggo=0.3, corresponding to ~10% cfu/ml; vertical arrow) were added
with phages at moi=0.1, 1.0, or 10. (A) Cells of strain MAFF 730135 were added with $RSB3. (B) Cells of strain MAFF 211270 were added with ¢$RSB1. For a control, susceptible
phage ¢RSB2 was added at moi 10 in the sameway. Data from three independent experiments are shown with standard deviations.

(Supplemental Table S2). These results suggested that ¢$RSB1
attachment and DNA injection to MAFF 211270 (Fig. 3C) caused
some inhibitory effects on the cell growth (partially killing effects).

3.7. Infectivity compared between ¢)RSB1 (¢)KMV-type) and ¢pRSB2
(T7-type) in the same strain

As described above, RSB1 (pKMV-like) had a wider host range
but a relatively longer infection cycle and ¢RSB2 (T7-like) showed
a limited host range but a short infection cycle. Both phages share
common hosts as shown in Table 1, so that infectivity could be
compared between the two phages in the same host strains. When
¢ORSB1 and $RSB2 were co-infected to the same strain as a host,
($RSB2 always predominated in the phage progeny independent of
host strains. For example, MAFF 211272 giving similar titers for
each phage (Table 1), the percentage of ¢pRSB1 in the phage pro-
geny [ORSB1/(GRSB1+¢dRSB2)] infected at moi=3 was
2.5 + 0.68% (calculated from four experiments). Superinfection by
oRSB2 of gRSB1-infected cells resulted in production of only @RSB2
in the lysate unless superinfection was delayed until close to the
end of the latent period. These results indicated that in R. sola-
nacearum strains, ¢pRSB2 (T7-like) with a shorter infection cycle
(Fig. 1) easily win the competition over ¢pRSB1 (GpKMV-like) with a
longer infection cycle under laboratory conditions. The possibility
of recombination between the two phages was examined by pla-
que hybridization with specific probes of each genomic DNA. No
plaque was detected that hybridized to both probes in the phage
progenies after co-infection (data not shown).

4. Discussion

Podoviruses that infect R. solanacearum strains are widespread
in the environment (Bhunchoth et al., 2015). In most cases, they
form large clear plaques with different hosts. In this study, five
phage isolates from Japan and Thailand, which showed very dif-
ferent genomic DNA-Hincll restriction patterns, were compared
with each other. Based on the genomic organization and sequence
similarity of the main podovirus genes, they generally grouped
into the following two types: T7-like phages (¢pRSB2-type) and
GKMV-like phages, with the latter divided further into two sub-
groups (GRSB1-type and PRSB3-type). pRSB2 encodes its RNAP
gene in the Class I region of the genome (Fig. 2) and has many

phage T3-like transcriptional promoter sequence elements in the
Class II and IIl regions (Supplemental Fig. S5). This genomic
organization fits well with the temporal transcriptional regulation
known for T7-like phages (McAllister and Wu, 1978), where
transcription of phage early genes (Class I) relies on host RNAP and
late transcription (for Class II and III genes) in the phage encoding
RNAP. In contrast, the RNAP gene in ¢pRSB1-type and pRSB3-type
phages is distal to the Class Il region in the genome (Fig. 2) and no
conserved promoter sequence for phage RNAP was obvious. The
genome location of the phage RNAP downstream of the DNA
replication genes, and the absence of conserved T7-like phage
promoter sequences, implies a higher dependency on the host
RNAP for transcription of early phage genes, and perhaps even for
other genes (Fig. 2 and Supplemental Fig. S5). In comparison with
the infection pattern observed for ¢pKMV-type phages such as
$RSB1 (Kawasaki et al., 2009) and ¢pRSJ2 (Bhunchoth et al., 2015),
(RSB2 (T7-type phage) lysed the host cells very quickly. As shown
in Fig. 1, the ¢RSB2 infection cycle took 60 min with eclipse and
latent periods of 20 min and 40 min, respectively. This infection
cycle is considerably shorther than that of ¢pKMV-type phages
(90-180 min for one cycle with a latent period of 60-90 min). In
the case of pRSB2, the gene for RNAP is located within the Class I
module and there are 14 phage-specific promoters distributed
throughout Class I to Il modules (Supplemental Fig. S5), sug-
gesting that an authentic T7-like gene expression strategy oper-
ates in this phage. With the same strain (MAFF 730138) as the
host, pRSB1 (PpKMV-like phage) and $pRSB2 (T7-like phage) pro-
vided a good opportunity to experimentally compare the effi-
ciency of gene expression by the different types of phage-encoded
RNA polymerase. In the co-infection experiments where ¢pRSB1
and ¢RSB2 were added to the same strain as a host, ¢pRSB2 always
predominated in the phage progeny independent of host strains.
This result can be simply interpreted as the faster's win in the
infection race. No recombination between the two phages was
detected. Contrasting to this infective superiority of ¢pRSB2 (T7-
like phage) under laboratory conditions, we observed an obvious
predominant distribution of pKMV-like phages in natural envir-
onments (Bhunchoth et al., 2015). When podoviruses isolated from
different soil samples (more than 15) were characterized by
genomic Southern blot hybridization with ¢pRSB1 RNAP-DNA and
$RSB1 ORF24-DNA (Class Il gene) as probes, all but one (¢pRSB2)
showed the ¢pRSB1-type (pKMV-like) gene organization (data not
shown). There should be some factors affecting the infectivity of
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these phages, for example, stability of phage particles in the nat-
ural environment.

Here, our one-step growth experiments also revealed unex-
pectedly low burst sizes for the phages with some host strains
(e.g., ~10 pfu/cell for GRSB1 with MAFF 730138 as the host). This
burst size is significantly lower than that of coliphage T7 (120 pfu/
cell) . In the one-step growth experiments, this may have been
caused by frequent adsorption of phage particles (filled with DNA)
to the cell debris immediately after release, as was frequently
observed by electron microscopy (data not shown). Phage recovery
was increased by vortexing or addition of 1 mM EGTA to the
$RSB1-infected host culture (the burst size increased from 10 pfu/
cell to 15-20 pfu/cell) (Supplemental Fig. S2). Alternatively,
somewhat unsynchronized lysis (due to poor adsorption) of host
cells might also result in many immature phage particles in the
lytic cycle. Moreover, mechanisms of abortive infection may work
in host cells to resist some types of phage. For ¢pRSB1 infection of
the MAFF 730138 strain, under conditions where more than 50% of
the host cells adsorbed phage particles, a burst size of ~10 pfu per
cell only was obtained. This suggests the possibility that most cells
with phage particles attached died without producing phage
progenies, and only a few were able to do so. This mechanism may
also explain the sensitivity and host range of these phages. Indeed,
we observed cell growth inhibition in MAFF 211270 cells after
($RSB1 attachment and injection of its DNA into the cells (Fig. 4B).

As can be seen in Table 1, the five Ralstonia podoviruses have
different host ranges. Three different conditions in the phage-
resistant cells were revealed by fluorescence microscopy of cells
infected with SYBR-gold labeled phages: (i) low adsorption of
phages to the cell, (ii) positive adsorption but no injection of phage
DNA into the cells, and (iii) positive adsorption and injection of
DNA into the cells. The former two conditions may be explained by
the insufficient interaction between phage receptors on the cells
and host binding proteins on the virion. The last condition invokes
several possibilities including the following: phage resistance
systems acquired by bacterial cells (Labrie et al., 2010) include
restriction-modification systems (Tock and Dryden, 2005), abor-
tive infection (Chopin et al., 2005), Argonaute-based interference
(Swarts et al., 2014), and clustered regularly interspaced short
palindromic repeats (CRISPR) and associated protein (Cas) adap-
tive immune system (Barrangou and Marraffini, 2014; Van der
Oost et al.,, 2014). The toxin-antitoxin systems may also work in
cells attached by phages (Anantharaman and Aravind, 2003).
Recently, BREX, a novel system for bacteriophage exclusion in
bacteria was reported as an innate immunity mechanism against
virulent and temperate phages (Goldfarb et al., 2015). The phage-
resistant strains displaying a type iii response (Fig. 4) may drive an
unknown abortive infection mechanism. It is important to
understand such a mechanism if there is to be efficient utilization
of bacteriophages for the biocontrol of plant diseases.

5. Materials and methods
5.1. Bacterial strains and phages

The R. solanacearum strains used in this study are listed in
Supplemental Table S1. The host species and taxonomic features of
these strains are also included in the Table. Bacterial cells were
cultured in CPG medium containing 0.1% casamino acids, 1% pep-
tone and 0.5% glucose (Horita and Tsuchiya, 2002) at 28 °C with
shaking at 200-300 rpm. Bacteriophage ¢pRSB1 was the same line
as that used in previous work (Kawasaki et al., 2009). Phages
$RSB2 and ¢RSB3 were isolated and purified from soil samples
collected in August, 2008 from tomato crop fields in Higashi-Hir-
oshima, Japan in the same way as described previously (Yamada et

al., 2007). Phages ¢RS]2 and ¢RS]5 were isolated from soil samples
collected in tomato fields in Chiang Mai, Thailand, 2013
(Bhunchoth et al., 2015). Phages were routinely propagated in
strains M4S (for ¢RSB1 and $RSB3) or MAFF106603 (for ¢pRSB2,
®RSJ2 and GRSJ5) as the hosts. At 16-24 h of culture, the bacterial
cells grown in CPG medium were diluted 100-fold with 100 ml of
fresh CPG medium in a 500-ml flask. To collect sufficient phage
particles, 1.0 L of bacterial culture was grown. When the cultures
reached a 0.2 unit of ODggg, the phage was added at a multiplicity
of infection (moi) of 0.001-1.0. After further growth for 9-18 h, the
cell debris was removed by centrifugation in the R12A2 rotor of a
Hitach himac CR21E centrifuge (Hitachi Koki Co. Ltd., Tokyo, Japan)
at 8000 x g for 15min at 4°C. The supernatant was passed
through a 0.2-um membrane filter and the phage particles were
precipitated by centrifugation with a P28S rotor in a Hitachi
CP100p centrifuge at 40,000 x g for 1 h at 4 °C and then dissolved
in SM buffer (50 mM Tris-HCl at pH 7.5, 100 mM NaCl, 10 mM
MgS0O,4, and 0.01% gelatine). Purified phages were stored at 4 °C
until use. For the morphological studies, phage particles purified
by CsCl-gradient ultracentrifugation (with a P28S rotor in a Hitachi
CP100p ultracentrifuge) were stained with Na-phosphotungstate
before observation in a Hitachi H600A electron microscope,
according to the method of Dykstra (1993). A phage particles were
used as an internal standard marker for size determination. E. coli
XL10 Gold and pBluescript Il SK(+ ) were obtained from Stratagene
(La Jolla, CA).

5.2. DNA manipulation and sequencing

Standard molecular biological techniques for DNA isolation,
digestion with restriction enzymes and other nucleases, and con-
struction of recombinant DNA molecules were followed according
to the methods of Sambrook and Russell (2001). Phage DNA was
isolated from purified phage particles by phenol extraction. For
genome size determination, the purified phage particles were
embedded in 0.7% low-melting-point agarose (InCert agarose, FMC
Corp, Philadelphia, PA) and after treatment with proteinase K
(1 mg/ml, Merck Ltd., Tokyo, Japan) and 1% Sarkosyl, were sub-
jected to pulsed-field gel electrophoresis using CHEF MAPPER
electrophoresis apparatus (Bio-Rad Lab., Hercules, CA) according
to Higashiyama and Yamada (1991). Shotgun sequencing was
performed at Hokkaido System Science Co., Ltd. (Sapporo, Japan)
using a Roche GS Junior Sequence System. The draft assembly of
the sequences obtained was achieved using GS De Novo Assem-
bler, GS Reference Mapper v2.6 (Roche). The sequences analyzed
corresponded to 30, 40, 174, and 236 times the final contig sizes of
GRSB2 (40,197 bp), GRSB3 (44,254 bp), PRSJ2 (44,360 bp), and
PRSJ5 (43,745 bp), respectively. Potential ORFs larger than 150 bp
(50 codons) were identified using Glimmer (Delcher et al., 1999)
and GeneMark (http://exon.gatech.edu/GeneMark/). Homology
searches were performed using BLAST/RPS-BLAST (Altschul et al.,
1997) against the UniProt sequence database (UniProt Consortium,
2007) and the NCBI/CDD database (Wheeler et al., 2007), using an
E-value lower than 10~# as a cutoff for notable similarity. Multiple
sequence alignments were generated using the DNASIS program
(version 3.6; Hitachi Software Engineering, Co., Ltd., Tokyo, Japan).
For phylogenetic analysis of RNA polymerase (RNAP), DNA poly-
merase (DNAP), DNA ligase (DNAL), tail fiber (TF) and major capsid
(MCP) proteins, the unrooted dendrograms were constructed with
the Treeview tool using the maximum likelihood method based on
the complete protein sequence alignment of the corresponding
proteins from other phages using ClustalX. The terminal repeat
sequences of each phage DNA were determined according to the
method used for ¢pRSB1 (Kawasaki et al., 2009).
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5.3. Host range and efficiency of plating

Host ranges of purified phages were generally determined by
the serial dilution spot test method with a panel of R. solana-
cearum strains as hosts. Soft agar overlays (0.75% in CPG) con-
taining 100 pl bacterial cells (~108 cfu/ml) as an indicator host
were allowed to solidify, spotted with 10-ul drops of serially
diluted phage preparatons, and assayed after incubation at 28 °C
for 3-5 days. Filtrates producing either plaques of cleared zones
were serially diluted in SM-buffer and assayed by using the
overlay method, where 100 pl of each dilution was mixed directly
with the host suspension in tempered soft agar before overlaying.
Efficiency of plating (EOP) was determined by calculating the ratio
of the phage plaque titer obtained with a heterologous (non-
propagating) host to that obtained with a homologous
(propagating) host.

5.4. Single-step growth experiments and phage adsorption assays

Single-step growth experiments were performed as described
previously (Carlson, 1994; Kawasaki et al., 2009) with some
modifications. R. solanacearum MAFF 730138 cells (0.5 U of ODggo)
were harvested by centrifugation and resuspended in fresh CPG
(ca. 3 x 107 CFU/ml). Phage (grown with MAFF 730138 as the host)
was added at a moi of 0.1 and allowed to adsorb for 5 min at room
temperature. After centrifugation and resuspension in CPG, the
cells were incubated at 28 °C. The phage-infected culture was
added with 1 mM EGTA at 30 min post infection. Samples were
taken at 10-min intervals up to 3 h with or without chloroform
treatment, and the titers were determined by the double-layered
agar plate method (Kawasaki et al., 2009). The phage adsorption
assay involved adding phage to a 450-ul culture of R. solanacearum
(0.5 U of ODggg in CPG; ~50 pl, diluted with CPG) at a moi of 0.01
in an Eppendorf tube followed by incubation at 28 °C for 30 min.
After centrifugation (6000 x g, 5 min), 200 ul of the supernatant
was filtrated through a membrane filter (0.45-pm pore size), then
subjected to the plaque assay. E. coli XL10 Gold grown in LB was
used as a control. Experiments were repeated three times and the
data were statistically treated. Adsorption ratio=100 x (1-X/X),
where X and X, were the number of plaques that appeared on the
assay plates with a tested strain and a control, respectively. The
host strains used for propagation and plaque assays were M4S for
¢RSB1 and ¢$RSB3 and MAFF106603 for ¢RSB2, respectively.

5.5. Coinfection of pRSB1 and ¢pRSB2 in different host strains

To compare growth efficiency between GpRSB1 (pKMV-like)
and ¢RSB2 (T7-like) in the same strain, coinfection experiments
were conducted. Each of ¢RSB1 and pRSB2 was propagated in
strain MAFF 730138 as the common host and their respective titers
were determined by plaque forming assay for test strains (het-
erologous strains) as hosts, including MAFF 211272 (the titer was
different depending on the heterologous strains). For phage
infection, each host strain was grown in 6 ml of CPG at 28 °C to
0.1 U of ODggp and added with a mixture (1 ml) of ¢pRSB1 and
(RSB2 at a moi of 3 (for each phage). After adsorption for 15 min,
the cells were spun down by centrifugation at 4000 x g for 5 min
at room temperature, resuspended in CPG, and incubated at 28 °C.
Samples were taken and filtrated through a membrane filter (0.45-
nm pore size) at 3 h after infection. Individual plaques (900 pla-
ques or more) formed from these samples on CPG plates with the
same host strain were tested for infectivity to strain MAFF 327032
and M4S as the host to identify whether pRSB1 or ¢HpRSB2.

5.6. Staining of bacterial cells by SYBR Gold-labeled phages

Phage labeling and phage-treated bacterial cell observation
were performed according to Mosier-Boss et al. (2003). To 100 ml
of phage lysate, 10 ul of 10* x SYBR Gold (Molecular Probes, Inc.,
Eugene, OR, USA) in DMSO was added. After 10 min, the labeled
phage particles were precipitated by centrifugation with a P28S
rotor in a Hitachi XI[100f centrifuge at 40,000 x g for 1 h at 4 °C.
Three washes with 1 x PBS were performed to ensure excess SYBR
Gold was removed. A 1-ml sample of an overnight culture of R.
solanacearum was mixed with 4-ml CPG and allowed to grow until
an ODggp of 0.5 was reached. A 10-pul sample of the bacterial cul-
ture was added to 10 ul of SYBR Gold-labeled phage and the
solution was incubated for 10-60 min. The particles: pfu was dif-
ferent for different strains.

As a control, a culture of E. coli J]M109 was treated in the same
way. The bacterial cells were observed under a fluorescence
microscope with filter sets (Olympus BX-2 fluorescence micro-
scope; Olympus, Tokyo, Japan). Microscopic images were recorded
with a CCD camera (Keyence VB-6010; Osaka, Japan).

5.7. Nucleotide sequence accession numbers

The sequence data for genomic DNA from ¢RSB2, ¢RSB3,
PRS2, and PRSJ5 have been deposited in the DDBJ database under
the accession numbers AB597179, AB854109, AB920995 and
AB983711, respectively.
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