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Sustainable Production of the Crops and Biomass 
 
Problems: 
(1) Global changes in the climate: Warming, drought,   
      expanding desertification and  low productivity      
(2) Increase in crop diseases 
(3) Huge amounts of chemical agents: insectcides, bacteriocides,  
     pesticides and fertilizers   
(4) Multiple environmental pollution 
(5) Ecosystem disruption 
(6) Increase in drug resistant bugs 
(7) Residual chemicals on the crops 
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Solutions: 
(1) Break away from synthetic chemical agents  
(2) Mild, eco-friendly, safe biotechnological methods 
  
 



Bacteriophage  

Advantageous features             
(1)Specific recognition of host cells 
(2)Harmless to other organisms      
(3)High growth rate                     
(4)Easy-to-use                                
(5)Mass productivity                       
(6)Low cost 



Tomato field suffering from bacteria wilt 
(Shimane Pref., 2005) 

Bacterial Wilt (Aokare) 
 
 

*Bacterial wilt is one of the most important disease of 
crops and is caused by the soil-borne gram-negative 
bacterium R. solanacearum.  
 
*This bacterium has an unusually wide host range, with 
more than 200 species belonging to more than 50 
botanical families, including economically important 
crops.  
 
   
 

 

*For example, bacterial wilt of potato has been 
estimated to affect 3.75 million acres in approximately 
80 countries with global damage estimates currently 
exceeding $950 million per year. 
 

Development of effective 
disease management 
strategies and 
improvement of detection 
and monitoring tools are 
principally required. 

 

*At the current state, protection from losses by bacterial 
wilt will be provided mainly by early detection and 
eradication by host destruction.  
 
 



Ralstonia solanacearum 
Causative agent of bacterial wilt disease 

Betaproteobacteria, Burkholderiales, Burkholderiaceae 

Synonyms: Bacterium solanacearum, Burkholderia 
solanacearum, and Pseudomonas solanacearum.                    

 

Host range: more than 200 plant species belonging to 50 
botanical families. 

Sub-classification: 

 5 races:                                             
Race 1 is a poorly-defined group with a very                               
wide host . 
Race 2 mainly infect bananas. 
Race 3 strains are principally associated 
with potato.  
Race 4  strains infect ginger.  
Race 5 strains infect mulberries. 

 

6 biovars: 
 
4 phylotypes: 
Phylotype I (Asian),  
Phylotype II (American),  
Phylotype III (African),  
Phylotype IV (Indonesian) 
 
 



Electron micrographs showing morphology of bacteriophages infecting R. 
solanacearum. φRSS1 (A) and φRSM1 (B) are filamentous phages of Inoviridae. 
φRSA1 (C) and φRSL1 (E) are myoviruses (Myoviridae) with a contractile tail. φRSB1 
is a podovirus (Podoviridae) with a head and a short tail (D). Several φRSB1 
particles are seen attached to a membrane vesicle. φRSC1 is a l-like phage 
(Siphoviridae) with a non-contractile tail (F). TS, tail sheath. Bar represents 100 nm.   
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Loss of Virulence in Ralstonia solanacearum 
Strains by Infection with RSM Phages 
 



Filamentous phages do not kill 
the host, but establish a 

persistent association with the 
host producing phage particles. 

Presenter
Presentation Notes
Two of the are RSS1 and RSM-type. Both phages are characterized based on their particle and genome as Inovirus or FILAMENTOUS PHAGE like the famous Inovirus, M13 phage. This phage is differ from other phages that does not kill the host cells.



Structure and host recognition of filamentous phages 



Comparison of bacterial growth curves 



Effects of φRSM phage infection 
on host bacterial cells 



Fig. Effects of φRSM3 infection on virulence of R. solanacearum. Tomato plants (4 
weeks old) were injected with cells of MAFF 106603 uninfected or infected with 
φRSM3. As a control, plants were injected with cells of E. coli JM109. Each bacterial 
strain was injected into 20 plants (five are shown for each experiment in the figure) 
Pictures were taken 3 weeks after infection in (A).  
 

Loss virulence in φRSM-infected bacterial cells 



Why does φRSM-infection cause loss of virulence 
in the host bacterial cells? 
 
 
(1)Reduced  twitching motility and reduced amounts of type IV  
      pili (Tfp)? 
(2) Lower levels of β-1,4-endoglucanase (Egl) activity and  
      extracellular polysaccharide (EPS) production? 
(3) Reduced expression of certain genes (egl, pehC, phcA, phcB,  
      pilT, and hrpB)? 
(4) Some genes on φRSM3 affect the expression of virulence  
      genes? 
(5) What about effects of other filamentous phages? 
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Uninfected cells φRSM3-infected 
cells 

Fig.   Morphology of Ralstonia 
solanacearum colonies. Colonies of 
strain MAFF 106603 uninfected (A 
and C) and infected with φRSM3 (B 
and D) were observed 20 h (A and 
B) and 30 h (C and D) after streaking 
on MM (25). Bar = 100 µm. 

Reduced  twitching motility! 



Molecular 
Marker 

Uninfected 
cells 

φRSM3-infected 
cells kDa 

97 

66 

45 

30 

20.1 

14.4 

HrpY (TGFQAQ) 

PilA (TLIELMI) 

FliC (SAQDD) 

Fig.  Comparison of proteins from cell 
surface structures. Cell surface 
appendages were released by passing 
bacterial cells through a hypodermic 
needle and their protein components were 
solubilized, separated by SDS-PAGE. FliC, 
PilA, and HrpY proteins were identified by 
their N-terminal amino acid sequence as 
described previously .  
 

Reduced amounts of type IV  
      pili (Tfp)! 
 



Lower levels of β-1,4-endoglucanase (Egl) activity and  
      extracellular polysaccharide (EPS) production! 
 



Denny, T. P.:Plant Pathogenic Ralstonia species. In Plant-Associated bacteria pp.573-644 (2006) 

Model of the regulatory 
networks in R. solanacearum. 
The major circuits are shown, 
but there is cross talk between 
many of these activities. 
 



Why does φRSM-infection cause loss of 
virulence in the host bacterial cells? 

Fig. Expression analysis of R. solanacearum genes involved in virulence. 
Transcript levels of each gene were determined by qRT-PCR from RNA 
extracted from MAFF 106603 cells uninfected and infected with φRSM3. The 
expression levels were also analyzed in cells infected with φRSM3-∆ORF15. 
For each gene, expression level was normalized to that of 16S rRNA as an 
internal standard. Mean expression and SD values were calculated from the 
results of three independent experiments. Bars within each gene are marked 
specifically if values differ significantly at 0.01≦P≦0.05 (*) or at 
0.001≦P≦0.01(**), or not significantly at P＞0.05 (ns) compared with 
uninfected cells, according to the Student’s t-test. 
 

Denny, T. P.:Plant Pathogenic Ralstonia species. In Plant-
Associated bacteria pp.573-644 (2006) 

Reduced expression of certain genes (egl, pehC, phcA, and phcB)! 
 



Which gene on φRSM3 affects the expression 
of host virulence genes? 
 

ORF15 encoded on φRSM3 shows homology with DNA-binding 
regulatory proteins  



Fig. Effects of φRSM3 infection on 
virulence of R. solanacearum. Tomato 
plants (4 weeks old) were injected with 
cells of MAFF 106603 uninfected or 
infected with φRSM3 (A) or φRSM3-
∆ORF15 (B). As a control, plants were 
injected with cells of E. coli JM109. 
Each bacterial strain was injected into 
20 plants (five are shown for each 
experiment in the figure). All plants 
injected with φRSM3-uninfected or 
φRSM3-∆ORF15-infected R. 
solanacearum cells showed wilting 
symptoms 1 week after injection. All 
plants injected with φRSM3-infected 
cells or with E. coli cells (control) failed 
to show any symptoms. Pictures were 
taken 3 weeks after infection in (A) and 
1 week after infection in (B). 
 



Why does φRSM-infection cause loss of 
virulence in the host bacterial cells? 

Denny, T. P.:Plant Pathogenic Ralstonia species. In Plant-
Associated bacteria pp.573-644 (2006) 

Fig. Expression analysis of R. solanacearum genes involved in virulence. 
Transcript levels of each gene were determined by qRT-PCR from RNA 
extracted from MAFF 106603 cells uninfected and infected with φRSM3. The 
expression levels were also analyzed in cells infected with φRSM3-∆ORF15. 
For each gene, expression level was normalized to that of 16S rRNA as an 
internal standard. Mean expression and SD values were calculated from the 
results of three independent experiments. Bars within each gene are marked 
specifically if values differ significantly at 0.01≦P≦0.05 (*) or at 
0.001≦P≦0.01(**), or not significantly at P＞0.05 (ns) compared with 
uninfected cells, according to the Student’s t-test. 
 ORF15 encoded on φRSM is responsible for loss of virulence in infected host cells.  



Phytopathology 102:469-477 (2012) 



Fig. Genomic organization of φRSS1-related phages.  

φRSS0 infection also resulted in loss of virulence in host cells.  
φRSS1 is an escaped form derived from φRSS0. 



Utilization of the Avirulent RSM-infected 
Strains as Biocontrol Agents Against Tomato 
Bacterial Wilt and Other Bacterial Diseases 
 
 



Tomato seedlings were pretreated with φRSM-
infected cells before inoculation with virulent 
cells.   

1 day 
interval 

1 week 
interval 

2 weeks 
interval 

Left: Control  
without 
pretreatment  

Biocontrol effects of avirulent 
RSM-infected cells of Ralstonia 
solanacearum 

Tomato seedlings (4-6 weeks old) 
 
First injection with φRSM-infected 
cells 
(MAFF106603 at 105 cfu)  
 
Second injection with virulent cells 
(MAFF106603 at 105 cfu) 
 
Wilting symptoms evaluation after 1-2 
weeks. 



  

Fig. Expression analysis of tomato genes involved in defense responses; PR-
1a (A), PR-2b (B), and PR-7 (C). Transcript levels of each gene were 
determined by qRT-PCR from cDNAs isolated from leaves of tomato plants 
injected with φRSM3-infected bacterial cells (φRSM3-plant), with uninfected 
cells (no-phage-plant), or with ddH2O (control). Expression value of each 
gene was normalized to that of the b-actin gene as an internal standard, 
and is shown as a relative values. Mean expression and SD values were 
calculated from the results of 3 independent experiments. 
 

Why does φRSM-infected cells induce 
plant defence activities?   

Defense genes were activated in φRSM-infected 
cells for longer periods.   



Biocontrol effects of avirulent RSM-infected cells of Ralstonia 
solanacearum against other bacterial diseases    
 

Tomato seedlings (4-6 weeks old) 
 
First injection with φRSM-infected cells 
(MAFF106603 at 105 cfu)  
 
Second inoculation (infiltration) with virulent 
cells of Pseudomonas syringae (MAFF3026659) 
or Xanthomonas campestris (MAFF301256) at 
108 cfu/ml) 
 
Disease symptoms evaluation after 1-2 weeks. 
 

Pseudomonas syringae 

Xanthomonas campestris 

+φRSM 

+φRSM 
 

-φRSM 
 

-φRSM 
 

H20 

H20 
 



Detection & 
Isolation of 
Causative 
Bacterial 
Cells 

Conversion 
to Avirulent 
Cells by 
Infection 
with φRSM  

Inoculation 
to Plants 
around the 
Disease 
Area 

Utilization of the Avirulent RSM-infected Strains as Biocontrol Agents 
Against Tomato Bacterial Wilt and Other Bacterial Diseases 
 

Prevent further infection and expansion 
of the disease. Happy harvest! 



CONCLUSION: 
Why does φRSM-infection cause loss of virulence in the host 
bacterial cells? 
(1)Reduced  twitching motility and reduced amounts of type IV  
      pili (Tfp) 
(2) Lower levels of β-1,4-endoglucanase (Egl) activity and  
      extracellular polysaccharide (EPS) production 
(3) Reduced expression of certain genes (egl, pehC, phcA, phcB,  
      pilT, and hrpB) 
(4) The virulence and virulence factors were restored when  
     φRSM3-encoded orf15 was disrupted. 
(5) φRSM3-orf15 may repress phcA and consequently result in  
      loss of virulence. 
(6) Similar effects on loss of virulence were also observed for  
     infection with another group of filamentous phages (φRSS). 
φRSM-infected avirulent strains were demonstrated to be useful 
as biocontrol agents against not only tomato bacterial wilt but 
also other bacterial diseases. 
 



Thank you for your attention! 



     Ralstonia solanacearum                              Phages 

Strain Race, Biovar φRSS1 φRSM1 φRSA1 φRSB1 φRSL1 φRSC1 

C319 1, ND + - + + + + 

M4S 1 . 3 - + + + + + 

Ps29 1 , 3 - + + + + + 

Ps65 1, ND - + + + + + 

Ps72 1, ND - + + + + + 

Ps74 1, ND - + + + + + 

MAFF106603 1 , 3 + - + + + + 

MAFF106611 1 , 4 + - + + + + 

MAFF211270 1, N2 - + + - + - 

MAFF211271 3, N2 + - + + + - 

MAFF211272 4 , 4 - - + + - - 

MAFF301556 1 , 4 + - + + + - 

MAFF301558 3, N2 + - + + + - 

MAFF730135 1 , 4 + - + + + - 

MAFF730138 1 , 3 - + + + + + 

MAFF730139 1 , 4 + - + + + + 

RS1002 1 , 4 + - + - + - 

AA4017 1, ND + - - - + - 

Table. Host range of bacteriophages infecting R. solanacearum 



Fig.  Cross sections of tomato plants injected with GFP-expressing R. solanacearum cells. Tomato seedlings (4 weeks old) 
were injected with uninfected cells or φRSM3-infected cells. After 1 week, stem slices were cut at intervals of 10 mm above 
(A) and below (B) the injection point (0 mm). In tomato plants injected with uninfected cells, GFP fluorescence was 
observed in xylem vessels in sections from above and below injection point, whereas in those injected with φRSM3-
infected cells, GFP fluorescence remained around the injection point.  Arrowhead indicates a specific site of the tissue as 
position marker. The area indicated by a square is enlarged at the upper right. Numbers; distance from the injection point 
(+, upward; -, downward). 
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