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ABSTRACT

Addy, H. S., Askora, A., Kawasaki, T., Fujie, M., and Yamada, T. 2012.
The filamentous phage $RSS1 enhances virulence of phytopathogenic
Ralstonia solanacearum on tomato. Phytopathology 102:244-251.

Ralstonia solanacearum is the causative agent of bacterial wilt in many
important crops. ¢RSS1 is a filamentous phage that infects R. solana-
cearum strains. Upon infection, it alters the physiological state and the
behavior of host cells. Here, we show that R. solanacearum infected by
¢RSS1 becomes more virulent on host plants. Some virulence and
pathogenicity factors, such as extracellular polysaccharide (EPS) synthe-
sis and twitching motility, increased in the bacterial host cells infected

with ¢RSSI, resulting in early wilting. Tomato plants inoculated with
ORSS1-infected bacteria wilted 2 to 3 days earlier than those inoculated
with wild-type bacteria. Infection with $RSS1 induced early expression
of phcA, the global virulence regulator. phcA expression was detected in
¢dRSS1-infected cells at cell density as low as 10* CFU/ml. Filamentous
phages are assembled on the host cell surface and many phage particles
accumulate on the cell surface. These surface-associated phage particles
(phage proteins) may change the cell surface nature (hydrophobicity) to
give high local cell densities. RSS1 infection also enhanced PilA and
type IV pilin production, resulting in increased twitching motility.

Ralstonia solanacearum is a gram-negative -proteobacterium
that causes bacterial wilt disease in many important crop plants,
such as eggplant, potato, tobacco, tomato, banana, peanut, ginger,
and mulberry. Because of its wide geographic distribution and
unusually broad host range (more than 50 plant families), it is
responsible for significant crop losses worldwide (22). Once the
bacteria enter a susceptible host, they colonize the intercellular
spaces of the root cortex and vascular parenchyma. The bacteria
eventually enter the xylem and spread into the upper parts of the
plant, causing wilt (31,55,61). The development of bacterial wilt
disease depends on the virulence and pathogenicity of its patho-
gen (6,10).

R. solanacearum virulence is additive, and involves the produc-
tion of multiple virulence factors (17,50). For example, exopoly-
saccharide I (EPSI), a large nitrogen-rich acidic exopoly-
saccharide (42), is thought to be an important virulence factor. It
enhances the speed and extent of stem colonization (46), and is
presumed to cause wilting by restricting water flow through
xylem vessels (15). In addition to EPSI, R. solanacearum secretes
enzymes that degrade the plant cell wall through the type II
secretion system (T2SS). Pectinolytic enzymes fragment pectin
into oligomers, which act as a substrate for bacterial growth (52).
The breakdown of pectin enhances virulence by facilitating bac-
terial movement through pectin-rich regions such as vascular
bundles (19). Cellulolytic enzymes also facilitate bacterial inva-
sion of roots and/or penetration of xylem vessels by degrading
cellulosic glucans in the cell wall (38). In addition to T2SS-
mediated secreted protein, the type IV pilus (Tfp) is believed to
be another virulence factor of R. solanacearum. This protein
forms a surface appendage that is responsible for twitching mo-
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tility and polar attachment to host cells or plant roots, and
enhances the severity of wilt (29,37).

Like many other pathogenic bacteria, R. solanacearum has a
type III secretion system (T3SS), encoded by the hypersensitive
response and pathogenicity (hrp) genes. In contrast to T2SS,
which secretes degrading enzymes, the T3SS allows the injection
of effector proteins such as AvrA (6,43), PopP1 (35,43), and
PopP2 (13) directly into the plant cell through the hrp-pili. The
T3SS is essential for pathogenicity, since R. solanacearum hrp
mutants cannot induce disease in many susceptible plants (28,
54,56,63).

Recently, we isolated various bacteriophages that specifically
infect strains of R. solanacearum (60). One of them, pRSS1, was
characterized as an Ff-like phage (Inovirus) based on its particle
morphology, genomic ssDNA, and infection cycle. Kawasaki et
al. (30) characterized the genome organization of ¢RSS1, which
has 6,662 bases of ssDNA. There are 11 open reading frames
(ORFs) located on the same strand (30). In general, the genome of
Ff-like phage is organized in a modular arrangement, in which
functionally related genes are grouped (23,44). Three functional
modules are always present. The replication module contains
genes encoding rolling-circle DNA replication and single-strand
DNA (ssDNA) binding proteins, gII, gV, and gX (40). The struc-
tural module contains genes for the major (gVIII) and minor coat
proteins (glil, gVI, gVII, and gIX), where gene glIl encodes the
host recognition or absorption protein plII (1). The assembly and
secretion module contain the genes (g/ and g/V) for morpho-
genesis and extrusion of phage particles (39). Gene gIV encodes
protein pIV, an aqueous channel (secretin) in the outer membrane
through which phage particles exit from the host cell. The ¢RSS1
genome follows the general arrangement of Ff-like phage. A
database survey revealed ORFs with significant homology to Ff-
like phage proteins, such as ORF2 (pIl), ORF4 (pVIII), ORF7
(pHI), ORFS8 (pVI) and ORF9 (pI) (30). Interestingly, 14 of 15 R.
solanacearum strains tested contained ¢RSS1-related sequences
in their genomes, and the ¢RSS1 hybridization pattern coincided
well with the taxonomical grouping of these strains (60). This
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suggests a temperate phage of RSS1 and a relation to the phylo-
genetic variation of host cells. Other filamentous Ff-like phage
known to have a lysogenic cycle include Xanthomonas campestris
phage Cflc (34), Cf1t (32,33), Cf16vl (8), and ¢Lf (36), Xylella
fastidiosa phage Xf¢fl (51), Yersinia pestis phage CUSO-2 (20),
and Vibrio cholerae phage VGJ¢ and CTX¢ (5,26). The host
bacteria of these phage are pathogenic to plants and animals, and
are frequently involved in pathogenesis.

In this study, we have further characterized the effects of
ORSS1 infection on the virulence of R. solanacearum cells.

MATERIALS AND METHODS

Bacterial strains, phage, media, and growth conditions. R.
solanacearum strains MAFF 106603 (race 1, biovar 3, and phylo-
type I) and MAFF 106611 (race 1, biovar 4, and phylotype I)
were from the National Institute of Agrobiological Sciences
(Tsukuba, Japan). Bacterial cells were cultured in CPG medium
containing 0.1% casamino acids, 1% peptone, and 0.5% glucose
(24) at 28°C with shaking (200 to 300 rpm). In some cases,
bacteria were cultivated in minimal medium (MM) containing
(per liter) 1.75 g of K,HPO,, 0.75 g of KH,PO,, 0.15 g of Na-
citrate, 0.25 g of MgSO,, and 1.25 g of (NH,),SO, (4). Bac-
teriophage ¢RSS1 was described previously (30). ¢RSS1 was
routinely propagated using strain MAFF 106603 as the host. To
collect sufficient phage particles, a total of 2 L of bacterial culture
was grown. When the cultures reached 0.1 unit at ODgg, phage
were added at a dose of 0.01 to 0.05 PFU/host cell. After further
growth for 16 to 18 h, cells were removed by centrifugation in a
R12A2 rotor in a Hitachi Himac CR21E centrifuge (Hitachi Koki
Co. Ltd., Tokyo, Japan), at 8,000 x g for 15 min at 4°C. The
supernatant was passed through a 0.2-um membrane filter, and
phage particles were precipitated in the presence of 0.5 M NaCl
and 5% polyethylene glycol 6000. Phage preparations were stored
at 4°C until use. To isolate single colonies of MAFF 106603
infected with of $RSS1, single pRSS1 plaques were picked from
assay plates covered with a MAFF 106603 lawn streaked onto
CPG plates. Single colonies were repeatedly purified.

TABLE 1. List of primers used in this study

DNA and RNA isolation and molecular techniques. Standard
molecular biological techniques for DNA isolation and digestion
with restriction enzymes and other nucleases were performed as
described by Sambrook and Russell (47). Phage DNA was iso-
lated from purified phage particles by phenol extraction. In some
cases, extrachromosomal DNA [replicative form (RF) DNA] was
isolated from phage-infected MAFF 106603 cells by the plasmid
DNA mini-preparation method (2,3). Total bacterial RNA was
isolated from 3 ml culture at the exponential phase (1 x 108
cells/ml) in MM or in CPG medium using an RNA protect Bac-
teria Reagent kit (Qiagen K.K., Tokyo, Japan), according to the
manufacturer’s protocol. Total RNA was isolated when cell
density reached 10% 10° and 10® CFU/ml. The total RNA was
treated with 10 U RNase-free DNasel (TakaraBio, Kyoto, Japan)
for 30 min at 37°C to remove any genomic DNA contaminants.
DNase I was inactivated by phenol/chloroform extraction. The
absence of DNA contaminants in RNA preparations was con-
firmed by PCR with gene-specific primers (Table 1). Thirty
rounds of PCR were performed under standard conditions in a
MY Cycler (Bio-Rad Laboratories, Hercules, CA). The genomic
DNA of MAFF 106603 was used as a positive control in the PCR
reaction. Quantitative real-time reverse transcriptase PCR (qRT-
PCR) was performed using a Line Gene Fluorescence quantitative
detection system (BioFlux, Tokyo, Japan) with cDNA prepared
from MAFF 106603. A PCR mixture containing SYBR-green
(SYBR premix ExTaq, Takara Shuzo, Kyoto) was used. The 10 ul
of PCR reaction mixture contained 5 ul of PCR mixture, 1 pl of
diluted cDNA, and 0.5 uM each primer (Table 1). PCR conditions
were as follows: 3 min at 95°C and 45 cycles at 95°C for 10 s,
62°C for 10 s, and 72°C for 15 s. At the end of the program, the
specificity of the primer set was confirmed by melting curve
analysis (65°C to 95°C with a heating rate of 0.5°C/min). Relative
expression levels were calculated as the ratio of expression of each
gene against that of the /65 rRNA gene in R. solanacearum (7).

Motility and cell surface structures. R. solanacearum cells
were cultured in CPG broth for 1 day at 28°C. After centrifu-
gation at 8,000 x g for 2 min at 4°C, cells were washed twice with
ddH,O and resuspended in ddH,O (ODgyy = 1.0). For each assay,

Primer name® Oligo sequences (5’ — 3') Amplified genes Product (bp)

phcA298-F GGACATGATCTTCACGGTCAACT phcA 298

phcA298-R* GACTCATCCTCCTTTTCTGCATC

phcB(RT)-F CTACCAGATCGTCGTCAATGAA phcB 172

phcB(RT)-R* GTCGAGGTAGTGCTTGATCTTG

epsB(RT)-F GGGCTACCTGCACCAGTATTTC epsB 194

epsB(RT)-R* AGGTATCCATCAGCTCGACCAT

egl3-F CAGCGCGACCTACTACAAGA egl 299

egl3-R* TCATCAGCCCGAAGATGAC

pelA(RT)-F TTCATAGCCCAGGAACGTCAT pglA/pehA 351

pglA(RT)-R* CTCTTCGCACACAACCACTTCT

pehC(RT)-F GTTGTTCGGATTGCTGTACG pehC 227

pehC(RT)-R* AGTCAAACGATTGCCTGAACTA

chbA(RT)-F CGCTAGCTTCTAATGGCGAACT chbA 230

chbA(RT)-R* CGCATATTTAATGCCATCCTCA

hrpB(RT)-F TTCTCGATGATGTAGCGATAGG hrpB 238
pB( P

hrpB(RT)-R* GCTGGAATTTTCGACTTCCTCTA

hrpY(RT)-F AACACGACGAACACGACGAG hrpY 162

hrpY (RT)-R* GTTCAGGGCGTTCTGCATCT

awr2(RT)-F TGAAATTCTTCTCATTCAGATCGTC awr2 221

awr2(RT)-R* ATCGATGGTCGTCTTGGTGAA

dnaA(RT)-F CTGATCGACGACATCCAGTTCT dnaA 353

dnaA(RT)-R* AAGTTCGAGTACGCCAGGATCT

16SrRNA349-F CTAGAGTGTGTCAGAGGGAGGTAGA 16S rRNA 349

16SrRNA349-R*

ATGTCAAGGGTAGGTAAGGTTTTTC

4 * indicates gene-specific primer used for first-strand cDNA synthesis.
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5 ul of the suspension was dropped onto the test medium: MM for
twitching motility (37) and SWM for swimming motility (25).
Motility was observed by measuring the diameter of the dropped-
culture for 6 days.

Bacterial extracellular structure proteins were isolated from
24-h-old bacterial cells grown on solid MM (37). Cells were
suspended in 10 mM Tris-HCl1 (pH 8.0) buffer, adjusted to the
same cell density (about 4.5 x 10° CFU/ml), and surface struc-
tures were shaved from the cell surfaces by passing the bacterial
suspension through a 25-gauge needle. Bacterial cells were re-
moved by centrifugation at 6,000 x g for 20 min at 4°C (R12A2
rotor, Hitachi Himac CR21E centrifuge). The bacterial surface
structures were collected by ultracentrifugation at 136,000 x g for
60 min (P50S2 rotor, Hitachi Himac CPSOWX centrifuge). The
sedimented materials were separated by Tris-tricine SDS-poly-
acrylamide gel electrophoresis (PAGE) system according to
Schagger and von Jagow (48).

Cell surface hydrophobicity assay. Cell surface hydropho-
bicity was determined according to Denny et al. (12) and com-
pared between ¢RSSI-infected and uninfected cells of MAFF
106603. Bacterial cells were grown in CPG at 28°C for 48 h and
were adjusted to ODg of 0.5 and 1.0. One milliliter of bacterial
suspension was added to 200 pl of xylene (Kanto Chemical Co.
Inc., Japan), and was vortexed for 2 min, allowing by phases to
completely separate (3 h). ODgy of the water phase was deter-
mined. CPG without bacterial cells was included in the same
steps for a negative control. Hydrophobicity was calculated accord-
ing to the equation: (ODgy before — ODgg after/ODgq, before) x
100 = % hydrophobicity (21).

A 30

P 25'
E
E 20
8 15
£
S 10
(a]

5.

oOh'l 2 3 4 uligrs
Incubation time (day)

w

¢RSS1-infected Wild-type
cells

30h 40h 96h

Fig. 1. Twitching motility of Ralstonia solanacearum MAFF 106603. A, Time
course of colony spreading formed on MM plates. Diameter of 10 independent
colonies was measured. Wild-type cells (diamonds), and $RSS1-infected cells
(squares). B, Microcolonies formed on MM plates after 30 h (a and d) and
40 h (b and e) observed under a light microscope. Macroscopic views of
twitching motility following 4 days of incubation (c and f). Wild-type cells
(a to ¢) compared with $RSS1-infected cells (d to f). Bars, 0.1 mm (a, b, d,
and e); 4 mm (¢ and f).
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Assays of endoglucanase activity and extracellular poly-
saccharides. Total endoglucanase activity was determined by
measuring the amount of reducing sugars (41) released. The
culture supernatant was collected by centrifugation (6,000 x g,
10 min, 4°C) from a 72-h-old culture in EG containing 50 mM
Na-KPO,, pH 7, 0.07% (NH,4),SO,, 0.10% casamino acid, 0.10%
yeast extract, 1.0% sucrose, 0.03% MgSO,-7H,0, 0.0003%
ZnS0,, 0.0005% Ca(NO;),, 0.0002% MnSO,, and 0.0003% FeCl,
(49). After filtration through a 0.45-um-pore membrane, the
supernatant was subjected to enzyme assay. The enzyme assay
was performed by incubating 20% (vol/vol) culture supernatant in
120 mM phosphate buffer (pH of 7.0) with carboxymethyl-
cellulose at 15 mg/ml as a substrate, at 50°C for 4 h. One unit of
enzyme activity was defined as releasing 1 nmol glucose per min.
For extracellular polysaccharide (EPS) production, cells were
grown in BG broth for 3 days at 28°C (11). To precipitate EPS,
NaCl was added to the culture supernatant to a final concentration
of 0.1 M, and then four volumes of acetone was added. After
standing overnight at 4°C, precipitated materials were recovered
by centrifugation (8,000 x g, 10 min, 4°C), dissolved in 500 pl of
ddH,0, heated for 10 min at 65°C, and centrifuged at 8,000 x g
for 5 min to remove insoluble material. The concentration of
hexosamine in the culture supernatant was estimated using a
modified Elson and Morgan reaction (16). Appropriately diluted
samples (0.45 ml) were mixed with 0.15 ml of concentrated HCI,
hydrolyzed in sealed tubes at 110°C for 30 min, followed by
colorimetric assays. The As;, was determined, and the hexo-
samine concentration was calculated from an N-acetyl D-glucosa-
mine standard curve. The background due to residual media
components was subtracted. For a control, N-acetyl D-glucosa-
mine standards were subjected to the entire analysis, and added
before the hydrolysis step. EPS production in plant was quantified

kDa 1 2 3

Fig. 2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis separation
of extracellular structural proteins of Ralstonia solanacearum. Lanes: M,
molecular size markers; 1, wild-type cells MAFF 106603 (4.5 x 10° CFU/ml);
2, dRSS1-infected cells (4.5 x 10° CFU/ml); and 3, purified ¢RSS1 particles.
The position of PilA (asterisk) and major capsid protein (MCP) (diamond) are
indicated. Both proteins were identified by N-terminal amino acid sequencing

(2).
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according to Denny et al. (12) with slight modifications. Stems of
tomato plant injected with 3 pl of R. solanacearum (10° CFU)
were cut off about 2 cm upward and downward from the inocu-
lation site 5 days after inoculation. The stems were sliced into
small pieces with sterile razor blade, and each sample was
homogenized with 5 ml of sterile water at 4°C. Plant debris was
removed by centrifugation at 8,000 x g for 30 min at 4°C and five
volumes of 99% ethanol was added immediately. The sample was
incubated overnight at 4°C and the precipitate was collected by
centrifugation for hexosamine assay as above.

Virulence assay of R. solanacearum cells. Cells of R. solana-
cearum were grown in CPG medium for 1 to 2 days at 28°C.
After centrifugation, cells were washed and resuspended in sterile
distilled water. An aliquot of the cell suspension (3 pl, containing
10° CFU) was injected with a needle into the major stem of to-
mato plants (Lycopersicon esculentum ‘Oogatafukujyu’, 6 to
7 weeks old with five to six leaves) at a site between the first and
second leaves. As a control, distilled water was injected in the
same manner. Each bacterial strain was injected into 10 plants and
the virulence assay was repeated three times. Plants were
cultivated in a Sanyo Growth Cabinetat 25°C (16 h light/8 h dark)
for 14 days. The wilting symptoms were graded from 0 to 4 as
described by Winstead and Kelman (59) and modified by
Poueymiro et al. (43).

RESULTS

Effects of $RSS1 infection on the growth of strain R.
solanacearum MAFF 106603. Infection by ¢RSSI1 does not
cause lysis of host cells, but establishes a persistent association
between the host and phage, releasing phage particles from the
growing host cells (60). Although ¢RSS1-type phages are
frequently lysogenized in strains of R. solanacearum, the genome
of MAFF 106603 was confirmed to be free from the ¢RSS
sequence (Supplemental Figure 1). This led us to use this strain
for studying the phage-host interaction in relation to plant
disease. Upon infection by $RSS1, the pRSS1 genome was repli-
cated in MAFF 106603 cells, giving a complex DNA pattern after
separation by agarose gel electrophoresis. To confirm the ds
replicative form (RF) ¢RSS1 genomic DNA, we used a single
Clal site on the genome (30). Digestion of DNA with Clal gave a
6.7-kbp band corresponding to the linear dsDNA of the ¢RSS1
genome, confirming the replication of $RSS1 DNA. Compared
with wild-type cells, MAFF 106603 cells infected by ¢RSS1
showed somewhat abnormal behavior, including less turbidity of
liquid cultures, more mucoid in appearance on plates, higher
motility in minimal medium, decreased growth rate (approxi-
mately 60% of the normal rate), and increased sensitivity to
ampicillin (uninfected cells were resistant to 150 ug ml™', whereas
infected cells were sensitive to 15 pg ml™ in liquid media) (data
not shown).

Twitching motility and cell-surface structural proteins of
¢RSS1-infected cells. Since the colonies of $RSS1-infected cells
showed more ragged edges on MM plates, we suspected that
infection of PRSS1 may have affected host motility. We investi-
gated the motility, such as swimming and twitching, and found

that both wild-type and ¢RSS1-infected MAFF 106603 cells
exhibited similar swimming motility (not shown). However, as
described above, they were significantly different in twitching
motility (Fig. 1A). The wild-type MAFF 106603 cells growing on
the surface of MM agar plates formed colonies with irregular rafts
or tendrils (Fig. 1Ba and Bd), a reticulate appearance, and ragged
edges that were thin or layered with multiple irregular projection
(‘spearheads’) (Fig. 1Bb and Be). However, colonies of ¢RSS1-
infected cells showed more ragged edges, and were larger than
those of wild-type MAFF 106603 (Fig. 1Bc and Bf). These
results indicate that host bacteria exhibit more active twitching
motility after infection with RSS1. We also isolated extracellular
structural proteins from cells used in the twitching motility assay,
and compared them by SDS-PAGE analyses. The results showed
that a band of approximately 18 kDa, corresponding to major type
4 pilin (PilA) was more abundant in $RSS1-infected cells than in
wild-type cells (Fig. 2; asterisk).

Host extracellular polysaccharides production and endoglu-
canase activity. On agar plates, colonies of $RSS1-infected cells
contained more mucoid in appearance than those of wild-type
cells after 48 to 72 h, suggesting enhanced EPS production (Sup-
plemental Figure 2). EPS quantification based on hexosamine
amounts showed that ¢RSS1-infected cells produced 3.53 times
higher EPS compared with uninfected cells (Table 2). Moreover,
in bacterial inoculated plant stems, ¢RSS1-infected cells pro-
duced 2.47 times higher EPS compared with uninfected cells
5 days after inoculation (Table 2). However, no significant dif-
ference was observed in Egl activity between ¢RSS1-infected and
uninfected cells. EPS is positively regulated by the transcriptional
regulator PhcA, which is known to activate many virulence genes
in R. solanacearum (10,50,62). Therefore, we compared expres-
sion levels of phcA between wild-type and RSSl-infected cells
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Fig. 3. Expression of phcA depending on the cell density in Ralstonia
solanacearum. Transcript level of phcA was determined by quantitative real-
time polymerase chain reaction from total RNA isolated from wild-type cells
of MAFF 106603 (white) and ¢RSS1-infected cells (gray). Expression level
was normalized to that of /65 rRNA as an internal standard. Mean expression
and SD values were calculated from three independent experiments. Bars
within each cell density are marked with different letters if values differ
significantly at P < 0.05 according to the Student’s ¢ test.

TABLE 2. Endoglucanase activity and extracellular polysaccharides (EPS) of Ralstonia solanacearum MAFF 106603

Hexosamine concentration in culture

Hexosamine concentration

Strains EPS rating® supernatant (pug/ml)® in plant stem (ng/g)* Endoglucanase activity (U/ml)¢
Uninfected ++ 926.84 £ 139.44 24.43 £10.01 0.31£0.02
dRSS1-infected cells +H++ 3,270.00 + 825.65 60.26 £ 11.28 0.39 £0.02

4 Rating of EPS produced by a colony growing on CPG plate for 72 h by comparing mucosity of the colony surface.
b Hexosamine concentration was determined with 3-day-old culture fluid in BG medium (10) broth by measuring N-acetyl-D-glucosamine content. Average of five

independent experiments.

¢ Hexosamine concentration was determined in plant stem 5 days postinoculation. Average of three replications.
9 One unit (1U) released 1 umole/min of reduction sugar per minute. Average of four independent experiments.
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at different growth phases (different cell density) (14). Interest-
ingly, cell density-gene expression relationship showed that phcA
was expressed at earlier growth stages (at lower cell densities) in
ORSS1-infected cells compared with wild-type cells (Fig. 3).
Apparent phcA expression was detected in 10-h-old cultures
(10* cells/ml) of dRSS1-infected cells, but expression in wild-
type cells was not detectable. At higher cells densities (>10°
cells/ml) both cell types expressed phcA. Expression was always
higher in ¢RSS1-infected cells than wild-type cells. These data
suggest that RSS1 infection enhances expression of phcA, and
thereby activates production of virulence factors, such EPS.

Expression of virulence and pathogenicity genes. To clarify
the mechanism by which ¢RSS1 enhances R. solanacearum viru-
lence and pathogenicity, we performed qRT-PCR and compared
the transcription profiles of GRSSl1-infected cells to wild-type
cells. We used cells grown in minimal medium (approximately
10 CFU/ml), because pathogenicity and virulence factors are
known to be expressed under these conditions mimicking the
natural environment in plant tissues (18). We targeted ten major
genes that are related to virulence and pathogenicity and one
house keeping gene (dnaA) as a control. Our data showed that
expression of several genes including phcB, phcA, egl, eps, pglA,
pehC, and awr2 were significantly increased (Fig. 4), many of
which are known to be under phcA regulation (10,50). Therefore,
enhanced expression of phcA caused by ¢RSS1 infection may
resulted in activation of these virulence and pathogenicity genes.
On the other hand, four genes were not significantly affected by
infection with ¢RSS1. Interestingly, eg/ and hrpB were retained at
comparatively low levels, indicating less significance in ¢RSS1-
induced virulence enhancement.

Plant virulence assays of ¢RSS1-infected MAFF 106603
cells. Previously, we demonstrated that when strain C319 was
infected with $RSS1, it became more virulent in tobacco (60). To
see whether pRSS1 infection also affects the virulence of MAFF
106603, we injected 3-ul cultures containing 10° cells into the

1.00E+05

major stem of tomato plants, and observed for wilting symptoms
for 14 days. All three plants inoculated with wild-type bacterial
cells showed wilt symptoms starting 3 days postinfection and then
completely wilted after 8 days (wilting grade 4). Meanwhile, the
three plants inoculated with ¢RSS1-infected MAFF 106603 cells
showed wilting symptom as early as 2 days postinfection and died
at 5 days postinfection (wilting grade 4) (Fig. 5A and B).

Increase cell surface hydrophobicity in ¢RSS1-infected
cells. Filamentous phages like $RSS1 assemble on the host cell
membrane and accumulate on the cell surface (39,40). Some-
times, host cells are surrounded by high densities of filamentous
phages (often tightly interwoven into complex-lattice-works
surrounding the cells) (58). We considered the possibility that
ORSS1-infection might change the cell surface nature, which
results in local cell aggregation giving a high cell density. This
might be the cause to enhance phcA expression at a low cell
density (10* CFU/ml compared with ~10° CFU/ml for wild type
cells). To see such changes in surface nature, we examined the
cell surface hydrophobicity. As shown in Figure 6, ¢RSSI-
infected MAFF 106603 cells showed significant increase in the
cell surface hydrophobicity.

DISCUSSION

Like other filamentous Ff-type phages that infect plant patho-
genic bacteria, including X. campestris phage Cflc (34), Cflt
(32,33), Cfl6vl (8), and ¢Lf (36,53), and X. fastidiosa phage
Xfof1 (51), infection with oRSS1 does not cause host cell lysis.
Instead, it establishes a persistent association between the host
and phage, releasing phage particles from the growing host cells.
Therefore, infection by phage can mediate conversion of the host
bacterial phenotype. Upon infection by $RSS1, host cells demon-
strate enhanced EPS production and enhanced twitching motility
(Table 2 and Fig. 1). More interestingly, virulence in tomato
plants was also enhanced compared with wild-type cells (Fig. 5).

] Uninfected cells
®RSS1-infected cells

1.00E+04 B

1.00E+03
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Copy number per 107 of 16S rRNA
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phcB  phcA epsB egl

pglA

pehC  chbA hrpB hrpY awr2 dnaA

R. solanacearum MAFF 106603 genes

Fig. 4. Expression analysis of Ralstonia solanacearum genes involved in virulence. Bacterial cells were grown in MM with initial cell density of approximately
10? CFU/ml and incubated at 28°C with shaking (150 rpm) until the cells reached 10 CFU/ml. Transcript levels of each gene were determined by quantitative
real-time polymerase chain reaction from wild-type MAFF 106603 (white) and $RSS1-infected cells (dot-filled). For each gene, expression level was normalized
to that of /65 rRNA as an internal standard. Mean expression and SD values were calculated from three independent experiments. Bars within each gene are
marked with different letters if values differ significantly at P < 0.05 according to the Student’s f test.
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Several filamentous phage are involved in plant pathogenesis
(27,53). However, the molecular mechanisms have not been well
characterized. One possible mechanism by which phage may
contribute to virulence is through the provision of virulence deter-
minants. For example, with animal pathogens, virulence can be
transmitted between strains of Vibrio cholerae by the filamentous
phage CTX¢, which carries the genes coding for cholera and RTX
toxin (9,57).

The ¢RSS1 genomic DNA encodes 11 ORFs in three functional
modules as in many Ff-phage (30). However, ORF10 and ORF11,
without known functions, appear to replace gIV (corresponding to
phage secretin) in the assembly-secretion module. Introduction of
these genes connected to an expression vector (31) into the host
cells did not bring any obvious changes in the cells (Y.
Nakahama, T. Kawasaki, M. Fujie, and T. Yamada, unpublished
data). Therefore, it is unlikely that these genes are involved in
virulence. Instead, filamentous phage assembled on the host cell
surface and phage particles accumulated on the cell surface.
These surface-associated phage particles may change cell surface

nature (ex. hydrophobicity) and enhance cell to cell interactions,
resulting in high local cell densities. A similar situation was
reported for small colony variants (SCVs) formation in Pseudo-
monas aeruginosa that was dependent on phage Pf4 activity
(45,58). We found that phcA, the gene for the transcriptional
regulator PhcA playing a critical role in pathogenicity (10,50,62),
was expressed at a very early stage of growth in ¢RSS1-infected
cells (at a cell density of ~10* cells/ml) (Fig. 3). Usually, higher
cell densities are required for phcA expression (Fig. 3, wild type
cells). Early expression of phcA and accumulation of functional
PhcA may have resulted in activation of many virulence factors,
especially the production of EPS. Tomato plants inoculated with
ORSS1-infected cells started to wilt as early as 2 days post-
inoculation (Fig. 5A). This possible effects of surface-accumu-
lated filamentous phage particles to induce host virulence genes
may also explain other cases of phage-enhanced virulence in
phytopathogenic bacteria. For example, infection of X. campestris
pv. oryzae NP5850 by the filamentous phages Xf and Xf2,
resulted in enhanced virulence, possibly because of overproduc-
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Fig. 5. In planta virulence assay of Ralstonia solanacearum cells. Tomato plants (6 to 7 weeks old) were inoculated with bacterial cells (10° CFU) into the stem at
a site between the first and second leaves. Distilled water injected in the same manner served as a control. The wilting symptoms were graded from 0 to 4
according to Winsted and Kelman (59). A, Time course of wilting. Each experiment included 10 plants and was repeated three times (three plants of each
treatment as representative picture). Wild-type cells (diamonds), ¢RSS1-infected cells (squares), and H,O-control (triangles). B, Tomato plants injected with

bacterial cells 5 days postinoculation.
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Fig. 6. Cell surface hydrophobicity. Mean hydrophobicity and standard devia-
tion values were calculated from three independent experiments. For experi-
mental details, see Materials and Methods. Bars are marked with different
letters if values differ significantly at P < 0.05 according to the Student’s 7 test.

tion of extracellular polysaccharides (EPS) by the phage-infected
bacterial cells (27). Tseng et al. (53) also reported that infection of
X. campestris pv. campestris by the filamentous phage Lf
increased virulence via enhanced EPS production.

Another effect on the cells caused by ORSSI-infection was
enhanced-twitching motility (Fig. 1). Twitching motility driven
via Tfp in R. solanacearum was reported by Liu et al. (37). Its
importance to infection processes, especially invasion and coloni-
zation of the bacterial cells in plants has been suggested previ-
ously. Kang et al. (29) showed that a pilA mutant lacking the
major Tfp pilin of strain AW1 did not exhibit polar attachment to
cultured tobacco cells, or to tomato roots, and became less
virulent. We detected elevated levels of PilA protein in ¢RSS1-
infected cells compared with wild-type cells (Fig. 2), consistent
with enhanced twitching motility in ¢RSS1-infected cells. This
result indicates the importance of Tfp-mediated functions, and
twitching motility in bacterial virulence.

As shown in the previously, ¢RSS1-related sequences were
detected at a high frequency (to date, 17 of 18 strains tested) in
the chromosomal DNA of R. solanacearum strains isolated from
wilted plants in Japan (60). Under favorable infection conditions,
ORSS1-infected bacterial cells might have become dominant in
the population because of growth advantages conferred by the
phage, as described above. However, database searches for the
ORSS1 sequence revealed only three other examples of R.
solanacearum strains containing a significant ¢RSS1 homolog
(strains CFBP2959, IPO1609, and Z04), although there may be
local sequence variation.
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