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RpfF GENE OF Xanthomonas axonopodis pv. glycines INVOLVED IN THE 

REGULATION OF VIRULENCE FACTOR PRODUCTION AND EPIPHYTIC 

FITNESS OF BACTERIAL PUSTULE PATHOGEN ON SOYBEAN LEAVES  

 

INTRODUCTION 

 

Xanthomonas axonopodis pv. glycines (Xag) is the causal agent of bacterial 

pustule of soybean, a serious disease in Thailand and many other soybean production 

areas worldwide with a warm and humid climates. Soybean pustule lesions are small 

pale green spots with raised centers on either or both leaf surfaces. The spots may 

enlarge and coalesce, leading to premature defoliation (Narvel et al., 2001); the 

disease can cause yield losses of up to 40% (Prathuangwong and Amnuaykit, 1987). 

Severe disease is observed in Central of Thailand during the rainy season, when 

temperatures are warm, rainfall is frequent, and humidity is high (Prathuangwong and 

Amnuaykit, 1987).  

 

Xanthomonas spp. is one of the most important groups of plant-pathogenic 

bacteria, causing diseases with diverse symptoms on at least 124 monocotyledonous 

and 268 dicotyledonous plants. Among the best characterized members of the genus is 

the phytopathogen Xanthomonas campestris pv. campestris, which produces several  

pathogenicity factors including extracellular enzymes, which degrade plant cell  

components, and an extracellular polysaccharide (EPS).  

 

Several factors play essential roles in the pathogenesis of Xanthomonas 

species, including the synthesis of extracellular enzymes (protease, pectinase and 

cellulase) and extracellular polysaccharide (EPS) (Dow and Daniels, 1994). In 

addition, previously reported genes that contribute to virulence of Xag are hrp, hrc 

and hap genes, involved in type III secretion (Kim et al., 2003); xagP, involved in 

pectase lyase synthesis (Kaewnum et al., 2006); and glyA and glyB, involved 

glycinecin synthesis. Production of these pathogenesis factors is regulated by a cluster 

of gene called rpf (for regulation of pathogenicity factors) (Slater et al., 2000). Rpf 
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genes are located within a 21.9 kb region of the chromosome (Tang et al., 1991). 

The rpf cluster consists of at least nine genes (rpfA-I) (Dow et al., 2000).  

 

One of them, rpfF gene is involved in the synthesis of polygalactulonate lyase 

(Barber et al., 1991; Slater et al., 2000); protease, endoglucanase and EPS in Xcc 

(Dow et al., 2000); β-(1,2)-glucans, endoglucanase, xanthan and protease in X. 

axonopodis pv. citri (Siciliano et al., 2006) ; and siderophore in X. oryzae pv. oryzae 

(Chatterjee and Sonti, 2002). Besides, rpfF is involved in regulation the synthesis of 

small diffusible signal molecule or DSF (for diffusible signal factor) (Barber et al., 

1991; Slater, 2000).   

 

DSF regulates functions including extracellular enzymes, EPS, hypersensitive 

response (HR) and pathogenicity (He et al., 2006). In phytopathogenic bacteria, DSF 

are reported to control processes that contribute to virulence, such as extracellular 

enzymes synthesis and EPS. These pathogenicity factors are expressed in a cell 

density-dependent fashion upon the accumulation of a DSF. DSF, which has been 

identified as cis-11-methyl-2-dodecenoic acid (Wang et al., 2004), is synthesized by 

RpfF, a protein similar to enoyl-CoA hydratases (Barber et al., 1991). Other genes in 

the rpf gene cluster of X. c. campestris encode for proteins that sense DSF and initiate 

a regulatory cascade controlling genes required for virulence factors, such as 

exopolysaccharide and exoenzyme biosynthesis (Dow, et al., 2006; Slater et al., 2000; 

Tang et al., 1991). A diffusible signal related to DSF is also produced by X. 

axonopodis pv. citri (Siciliano et al., 2006), Xanthomonas oryzae pv. oryzae 

(Chatterjee and Sonti, 2002), and Xylella fastidiosa (Chatterjee et al.,2008), and dsfF 

mutants of these bacteria exhibit altered virulence towards their plant hosts. The 

functions of these factors affect to both epiphytic fitness (Poplawsky et al., 1997; 

Chun et al., 1997) and pathogenesis (Barber et al., 1991).  

 

Epiphytic bacteria are the stage which bacteria living and multiplying on plant 

surfaces. The plant leave surfaces are important sources of supporting populations of 

bacterial epiphytes. Most of bacterial plant pathogens multiply to large population on 

the healthy leave surfaces before infection process. The epiphytic fitness phase is 

important as one of the first steps in the infection process (Hirano and Upper, 2000).  
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Many bacteria coordinate gene expression in a cell density–dependent 

fashion by producing small, diffusible signaling molecules. Such phenomena, in 

which bacterial traits are expressed only when a population exceeds a minimum 

threshold density, are often referred to as quorum sensing. Density-dependent 

signaling molecules have diverse structures, as N-acyl homoserine lactones (AHL), 

small peptides, butyrolactone derivatives, or fatty acids such as DSF (Wang et al., 

2004), but they share the characteristic of enhanced production with increasing cell 

density. Genes expressed under the control of DSF have many important activities 

such as virulence factor production, antibiotic synthesis, biofilm formation and cell 

communication (Boon et al., 2008).  

 

Cell-cell communication is a communication mechanism of bacteria that 

essesntial for population density and to respond through the regulation of expression 

of particular genes. Gram negative bacteria produce autoinducers, which are DSF that 

can easily pass in and out through bacterial membranes. At high pathogen cell 

density, these reach a threshold level in the external environment detected by the 

bacteria and these result in the regulation of gene expression. A wide range of 

functions is affected by DSF-mediated Quorum sensing regulation, such as biofilm 

formation, swarming motility, stress survival, and the synthesis of colonization and 

virulence factors (Fuqua et al., 2001; Whitehead et al., 2001; Withers et al., 2001). Of 

particular interest is the fact that expression of pathogenicity factors in a variety of 

plant pathogenic bacteria is critically dependent on quorum sensing (de Kievit and 

Iglewski, 2000; Prerson et al. 1999; Whitehead et al., 2001).  

 

Biofilm confer the same fundamental advantages to pathogens. In addition, 

surface attachment is the first step in pathogenesis and aggregation promotes 

virulence and protection against plant defense responses. Bacterial colonizing the 

plant surfaces are confronted with highly variable nutrient and water availability. 

Plant leaves are divided into microhabitats, with preferred niches that support larger 

aggregates located. Biofilms can be dramatically influenced by nutrient release and 

exudation at different sites. Bacteria have adapted to each of these microenvironments 

and the biofilms thus formed reflect the nature of their colonization sites. Vascular 

pathogens survive at the xylem of phloem of plant. Xcc accessing the plant through 
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wound sites. Colonization depends on the rpf quorum-sensing (QS) system and the 

diffusible signal factor (DSF) (Newman et al., 2004). Virulence involves degradative 

exoenzymes and the extracellular polysaccharide, both governed by rpf- encoded 

regulatory proteins and DSF signal synthase (Dow et al., 2003). DSF dependent 

extracellular polysaccharide synthesis is necessary for biofilm formation and 

virulence, but not for bacterial adhesion.  

 

Plant surfaces are usually area for bacterial colonization. Many pathogenic 

microorganisms are capable to reach large population sizes (O’ Brien and Lindow, 

1989). Carbon source for energy generation and growth, a nitrogen source, and certain 

essential inorganic molecules must be present on leaves that essential for pathogen on 

leaves. The nutrients released from the plant to its intact surfaces are adequate to 

support large microbial populations. Microorganisms growing on plant surfaces could 

be competing for a limited amount of nutrients, which in turn would determine the 

microbial carrying capacity of the leaf. Carbon and nitrogen compounds were shown 

to be limiting factors for bacterial population on leaves. This has many implications, 

especially for the biological control of foliar plant pathogens. This is the mechanism 

for inhibition the pathogens which have require a nutrient source to infect plants.  

 

Proteomic analysis is the one way used to explain the functions and 

expressions of proteins that secreted from bacterial cell. Image analysis of two 

dimentional-PAGE that isolated from mass spectrometric analysis is popular used for 

protein separation and identification to identified unknown protein. In this work two 

dimentional-PAGE give the better standing to understand the roles of rpfF gene and 

proteins transfer.  

 

The rpfF gene of Xanthomonas species is involved in the synthesis of 

virulence-associated factors but was not identified previously in Xag. The major aim 

of this study was to identify the rpfF gene in Xag, evaluate its role in pathogenicity 

factor synthesis in comparison with other Xanthomonas species. The function of rpfF 

gene in Xag, evaluate its role in virulence factors synthesis, epiphytic fitness, biofilm 

formation and extracellular protein secretion. Xag rpfF mutant strain may be produce 

different kinds of proteins.  This research is the new report on extracellular protein of 
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Xag and its effect on epiphytic fitness. It was predicted that the rpfF gene played a 

role in infection process of this pathogen. This study might provide new information 

for research and new strategies for plant disease management. 

 
 



OBJECTIVES 

 

 

The objectives of the study were as follows. 

 

1. To determine if the rpfF gene of X. axonopodis pv. glycines is required for 

the production of a diffusible signal factor (DSF), which plays an important role in 

pathogenicity of other Xanthomonas spp.  

 

2. To determine the role of rpfF gene of X. axonopodis pv. glycines in 

virulence and extracellular enyzme and extracellular polysaccharide production.  

 

3. To determine the role of rpfF gene in epiphytic fitness of X. axonopodis pv. 

glycines on soybean leaves.  

 

4. To determine the role of nutrients source in epiphytic fitness of X. 

axonopodis pv. glycines on soybean leaves.   

 

5. To determine the role of rpfF gene in biofilm formation of X. axonopodis 

pv. glycines.  

 

6. To determine the effect of rpfF gene of X. axonopodis pv. glycines in 

extracellular proteins secretion.



LITTERATURE REVIEW 

 

1. Soybean in Thailand 

 

 Soybean, Glycines max L. (Merr.), is an important economic crop worldwide, 

including in Thailand. Soybean originated in China. The soybean plant describes its 

domestication in the 11th century B.C. in the eastern half of China. Cultivation spread 

into Japan, Korea and Southeast Asia between 200 B.C. and 300 A.D. (Hartman et al., 

1999). Soybean arrived in the United States in the early 1800’s and into Europe in 

1712. Soybean contains three macro nutrients required for good nutrition: fat, protein 

and carbohydrate, and also provides vitamins, minerals, calcium, and iron (National 

Soybean Research Laboratory, 2008). Soybean oil is rich in essential fatty acids 

linolenic and linoleic acids, which are not produced in the human body. These two 

essential fatty acids are also precursors to hormone production that regulate blood 

pressure and the growth of healthy cells. Soybean foods are high in proteins, fiber, 

and unsaturated fat and rich in vitamins and minerals. Research has shown many 

anticarcinogenic properties related to the unique benefits of soy isoflavones, the 

phytochemicals which exert biological effects in humans and other animals. 

Additionally, soybean is consumed at an immature stage as vegetables in Japan as 

well as other Asian countries.  Soybean has good potential for production in tropical 

areas but the yields are lower than those in temperate regions. 

 

In 1983, Thailand started to plant soybean for the animal feed industry. The 

soybean production area is in the north and northeast regions including Chiangmai, 

Chiangrai, Lumpang, and Nakorn Sawan. Normally, there are three growing seasons 

for planting; during May to August, June to November and December to April. The 

favorable cultivars of soybean are SJ4, KKU35, Chiang-Mai60 and Rachamongkol1 

which are grown in different areas. However, the current level of soybean production 

is not enough for human consumption and animal feed industrial process. Thailand 

has to increase its soybean imports every year. The major problem in soybean 

production is diseases such as bacterial pustule, anthracnose, sudden death, rust, 
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downy mildew and soybean mosaic virus. The disease severity and dispersal are 

different based on the climate of cultivation areas (Prathuangwong et. al.,1996). 

2. Bacterial diseases 

 

Approximately 170 species of bacteria can cause diseases on foliage plants. 

The main genera of plant pathogenic bacteria are Agrobacterium, Bacillus, 

Curtobactrium, Erwinia, Pseudomonas, Rhodococcus, and Xanthomonas. Bacterial 

plant diseases are disseminated by animals, people, water, rain, soil, and movement of 

infected plant parts. Bacteria cannot penetrate directly into a plant cell, but must enter 

through a wound or natural opening. Moisture and moderate to high temperature are 

generally required for bacterial disease development. When the conditions are 

unsuitable for their survival and multiplication, bacteria remain dormant on living or 

dead plants, soil, tools, insects and other animals (Hartman et al., 1999). Bacterial 

diseases of soybean appear worldwide and cause production losses. Diseases may 

cause premature defoliation, which decreases yield by reducing quality and quantity. 

Bacterial diseases have been reported in most soybean cultivation areas having warm 

weather and high humidity. The most common bacterial of soybean diseases are 

bacterial blight and bacterial pustule. 

 

 Bacteria in the genus Xanthomonas are plant-associated bacteria and are not 

usually encountered in other environments. Xanthomonas spp. causes a variety of 

disease symptom including necrosis, gummosis and/or vascular disease on leaves, 

stem, or fruit.  

 

3. Xanthomonas axonopodis pv. glycines and Bacterial pustule disease 

  

Bacterial pustule occurs in many soybean production areas of the world 

including Thailand with warm temperature and sufficient moisture (Moffett and Croft, 

1983; Sinclair, 1984; Bradbury, 1986). Xag was first discovered in Japan (Nakano, 

1919). The disease is more important in tropical areas and is important factor in 

production of soybean in Thailand (Hokawat, 1993; Prathuangwong, 1985).   
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 The symptoms of bacterial pustule occur on the foliage. Early symptoms are 

minute pale green spots with elevated centers on either or both leaf surfaces. 

Thereafter, a small, raised, light-colored pustule forms in the center, usually in lesions 

on the under surface of the leaf. These symptoms are sometimes confused with 

soybean rust. The pustule lesions are characterized visually by small pustules 

surrounded by haloes. Spots of bacterial pustule vary from minute specks to large, 

irregular, mottled brown areas that arise when smaller lesions coalesce. Then, dried, 

broken remnants of pustules may be seen on small brown necrotic areas surrounded 

by yellowing haloes. Severe infection causes yellowing and death of tissue resulting 

in premature defoliation. The symptoms may develop on the stems and pods of 

susceptible varieties. Symptoms on resistant cultivars are small chlorotic spots 

without well-defined pustules. On susceptible cultivars, the disease causes15-50% 

yield losses (Prathuangwong and Amnuaykit, 1987). 

 

X. axonopodis pv. glycines is a motile Gram- negative rod within the range of 

0.5-0.9x1.4-2.3 micrometer, and motile by a single polar flagellum. Colonies on beef 

infusion agar, nutrient agar and Wakimoto’s agar are pale yellow, circular and smooth 

with an entire margin. The pathogen produces abundant, slimy, yellow growth on 

sugar-containing media (Hokawat, 1978).  Optimum temperature for growth on potato 

dextrose agar is 25-30 oC, with a maximum 35 oC and a minimum of 10 oC (Hokawat, 

1978). 

 

This pathogen can produce acid when grown in media containing tested with 

certain sugars: arabinose, xylose, glucose, manose, fructose, galactose, lactose, 

sucrose, maltose, trehalose, faffinose, cellubinose and glycerol. The yellow pigment 

produced on media such as nutrient glucose agar, beef fusion agar and Wakimoto’s 

agar dissolve in alcohol but not in water (Sinclair, 1982). Wakimoto’s agar is situation 

growth at 30 oC, pH 6.8 (Hokawat and Rudolph, 1993), whereas colonies on 

modification medium for Xag (MXG) are green convex shaped of smooth margin and 

fludial.  
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4. Genetic characterization and diversity of Xanthomonas axonopodis pv. glycines 

Previous research demonstrated variability among Xag strains, as shown by 

DNA fingerprints (Prathuangwong et al, 1996; Prathuangwong and Ketsuwan, 2003). 

This variability might complicate efforts to construct or select soybean plants resistant 

to all strains of Xag. The utility of recently developed methods to classify bacteria on 

the basis of their genomic fingerprint patterns was investigated, using collection of 

both symbiotic and pathogenic plant-associated bacteria. The polymerase chain 

reaction (PCR) is the in vitro, primer-directed enzymatic amplification of nucleic 

acids. Random amplified polymorphic DNA (RAPD) analysis is done by PCR 

amplification of DNA fragments using short (generally 10 bp) synthetic primers of 

random sequence. RAPD analysis commonly used in genetic diversity studies. RAPD 

analysis has been used for many purposes, ranging from studies at the individual level 

(e.g. genetic identity) to studies involving closely related species.  

 

Prathuangwong et al, (1996) analyzed the Xag genome regarding the plasmid 

and virulence diversities using RAPD. No relationship was detected between RAPD 

pattern and soybean growing regions from which strain were obtained. There was a 

strong relationship between disease reaction and result of RAPD reaction type but less 

relation between disease reaction and plasmid profile. Both assays of symptom 

expression and RAPD were capable of distinguishing strongly from weakly 

aggressive strains, but the correlation between the presence of plasmid and the 

variability of pathogenicity remained to be determined.  

 

Genomic fingerprinting of bacteria is based on the use of DNA primers 

corresponding to naturally occurring repetitive elements in bacteria, such as the REP, 

ERIC and BOX elements, and the PCR reaction. Rep-PCR fingerprinting is a highly 

reproducible and simple method to distinguish closely related strains, to deduce 

phylogenetic relationship between strains, and to study their diversity in a variety of 

ecosystems. Rep-PCR genomic fingerprinting coupled with computer-assisted 

phylogenetic analysis and library search programs constitute a useful method for the 

identification of plant pathogenic as well as symbiotic bacteria (de Bruijn, 1992; 

Louws et al.,1994; Louws et al.,  1995). This technique has already been successfully 
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used to study the population structure of plant pathogens and to follow greenhouse 

inoculation. Rep-PCR is also useful in molecular microbial ecology. Thus, the rep-

PCR technique appears to be a rapid, simple, and reproducible method to identify and 

classify Xanthomonas strains, and it may be a useful diagnostic tool for these 

important plant pathogens.  

 

Prathuangwong and Ketsuwan (2003) classified 199 isolates of Xag collected 

from different regions in Thailand by rep-PCR and by pathotypic analyses on 

soybean. Several major rep-PCR products distinguished weakly virulent (group 1) 

from highly virulent (group 2) isolates All group 1 isolates belonging to group 2 and 

were genitically more heterogeneous. These results suggested that the BOX and 

ERIC-PCR methods were useful for the identification of Xag. These methods, 

however, were not useful for determining the geographic origin of the strains. They 

concluded that Xag collected from soybean were genetically heterogeneous and 

weakly and virulent isolates could be distinguished using rep-PCR.  

 

Kaewnum et al., (2005) reported that 26 representative strains of Xag obtained 

from different soybean production areas of Thailand showed differences with regard 

to aggressiveness on soybean and their ability to induce hypersensitive response (HR) 

on different non host cultivars. This information provided background for further 

studies on Xag-host plant interactions and genetic characterization of their 

pathogenicity.  

 

5. Virulence and pathogenicity factors of Xanthomonas axonopodis pv. glycines 

 

Udomsak (2000) reported the effect of extracellular polysaccharide (EPS) on 

Xag pathogenicity. The results indicated that soybean varieties had a similar reaction 

to Xag inoculation and to EPS exposure. Soybean varieties susceptible to pustule 

disease showed greater response to EPS whereas resistant varieties showed low   

response to EPS. The relationship between the amount of EPS production and percent 

disease incidence produced by Xag was studied on soybean. The results indicated that 

no relationship existed between them. Isolates that produce the highest amount of EPS 
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not produce the greatest severity of disease. Extracellular polysaccharide prolonged 

the life of the pathogen and sunlight increased survival rate in the lab, and supported 

growth of the pathogen in soybean tissues.   

 

 Several factors which may contribute to the virulence of X. axonopodis pv. 

glycines have been described, such as production of indoleacetic acid and cytokinin 

(Millar, 1955; Fett et al., 1987), extracellular polysaccharide (Jones and Fett, 1985), 

toxin (Hokawat and Rudolph, 1993), bacteriocins (Fett et al., 1987) or cellulase and 

protopectinase (Hokawat and Rudolph, 1993). The bacterium also secretes amylase, 

gelatinase and protienase. The synthesis of extracellular enzymes and EPS is 

controlled by a cluster of genes called the rpf cluster, for regulation of pathogenicity 

factors (Dow and Daniels, 1994, Slater, 2000).  

 

6. Pathogenicity of plant pathogenic bacteria 

 

 Pathogenicity is the ability of pathogen to induce the disease in a host. 

Pathogenic bacteria are showing the pathogenicity by virulence on plants. Virulence 

of pathogen was controlled by genetic. The interaction between bacterial pathogen 

and hosts was fall into two general categories. (1) Compatible, leading to intercellular 

bacterial growth and symptom development in the host plant, and (2) incompatible, 

resulting in the absence of observable diseases. Bacterial population increase and 

distributes into orther parts of the plant and express disease symptom as systemic. The 

incompatible interaction is often expresses by HR. HR can induce necrosis of plant 

cells at the infection site for stop disease spread. Inadditional, almost of plant 

pathogenic bacteria posses a conserved protein secretion system that is thought to 

transfer Avr (avirulence) proteins, with potential activities in both parasitism and 

defense elicitation, into plant cells. The avr genes may be acquired horizontally by 

these bacteria and compositions are highly variable. In the past year, heterologous 

expression experiments have reveals that the products of avr genes could be 

interchanged among different genera of bacteria with retention of secretion, 

pathogenicity, and avirulence activities, suggesting mechanisms for rapid coevolution 

of these parasites with changing plant hosts.  
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6.1 Hypersensitive response and hrp genes   

       

       The hypersensitive response (HR) of plants resistant to microbial 

pathogens involves a complex form of programmed cell death (PCD) that differs from 

developmental PCD in its consistent association with the induction of local and 

systemic defense responses. Hypersensitive cell death is commonly controlled by 

direct or indirect interactions between pathogen avirulence (avr) gene products and 

those of plant resistance (R) genes and it can be from the result of multiple signaling 

pathways (Lindgren, 1997). In this evidence, resistance genes of host plant could be 

detect the pathogen and change the membrane potential and ion permeability of the 

plasma membrane, resulting in suddenly cell death and formation of local lesions, 

which contain antimicrobial compounds. Next, the infected cells undergoing the HR 

will produce reactive oxygen species (ROS; oxidative burst), including super oxide 

anions, hydrogen peroxide, and hydroxyl radicals.  

 

6.2 Pathogenicity and avirulence genes of Xanthomonas sp. 

 

       Avirulence (avr) genes are the most recent genetic variations in the 

evolutionary adaptation process between the host and pathogen. avr genes, first 

identified by Flor (1971) have been cloned from bacteria, fungi, and viral pathogens. 

The avr genes make a pathogen unable to induce disease on a specific variety of the 

host plant. In this way, avr genes determine the host range of the pathogen at the 

species and at the variety level. Their existence was predicted by the central tenet of 

the gene-for-gene hypothesis as the pathogen gene function required, in specific 

combination with either the direct or indirect product of the corresponding plant 

resistance gene, to trigger a plant resistance reaction (Leach and White, 1996). The 

very existence of avr genes begs the question of why they would be maintained in 

bacterial populations, since they do, infact, lower the fitness of strains carrying them 

on particular potential hosts. The simplest model explaining the existence of avr 

genes would be that they encode necessary components of the bacterial pathogenicity 

and/or virulence machinery, and that plant disease resistance genes have evolved to 

recognize these components (Leach and White, 1996). The following experiments 



 

14 

regime is often used to test this hypothesis for estentially every new avr gene 

identified. Marker exchange mutagenesis is used to disrupt the avr gene in the 

bacterial strain from which it was cloned. These marker exchanged strains are then 

tested on resistant and susceptible plant cultivars. The marker exchange strain is 

expected to gain virulence on previously resistant hosts provided no other gene-for-

gene interactions are operation in the particular strain-cultivar combination assayed. If 

the avr gene encodes a product absolutely necessary for pathogenicity, then the 

marker exchange mutant will lose pathogenicity on any previously susceptible host 

and will not gain pathogenicity on resistant hosts. This type of gene would be 

expected to be present in all strains of that particular bacterial pathovar. 

Unfortunately, this has been shown to be true only for the avrBs2 gene from X. 

campestris pv. vesicatoria (Schulte and Bonas, 1992). A variant of this outcome is 

that the marker exchange mutant may only exhibit quantitatively lowered 

aggressiveness on some or all previously susceptible hosts, and will not gain virulence 

on previously resistant cultivars; the avr gene product is thus avirulence factor. This 

has been shown to be true for the pthA gene from X. axonopodis pv. citri (Swarup et 

al., 1992). The highly related avrb6 gene from X. campestris pv. malvacearum and 

the avr RpmI gene from P. syringae pv. maculocola. 

 

The fact that most avr genes seem to have no role in pathogenicity or 

virulence suggests, among other possibilities, that either these genes in fact have no 

positive role in the pathogenic process, or that our infection assay systems by pass the 

stage in the normal plant-microbe interaction where these gene products are required. 

For example, one could imagine the avr gene products encode functions required at 

the switch point between epiphytic bacterial growths on the plant surface, and 

intercellular growth as a pathogen.  

 

The ability of bacterial to cause plant disease, whatever the intensity of the 

symptoms observed, is defined as pathogenicity. Virulence or aggressiveness 

determines the severity of disease symptoms. Bacterial strains that mutated in genes 

that are directly or indirectly involved in the synthesis of virulence factors develop or 

delay the symptoms. The factor that involved in the aggressiveness of bacterial 
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pathogens consists of cell wall degrading enzymes, extracellular polysaccharides, 

siderophore, and toxins. 

 

1. Extracellular plant cell wall degrading enzymes 

 

     An extracellular enzyme or exoenzymes, is an enzyme which is secreted by 

a bacterial cell and that works outside the bacterial cell. It is usually used for breaking 

up large molecules that would not be able to enter the cell otherwise. It is an enzyme 

that organisms secrete into the environment which acts outside the cell.  

 

 Necrotrophic bacteria infect plant cell and living in the plant tissue. The 

pathogens multiply in the intercellular spaces, where they produce the extracelluar 

cell wall degrading enzymes, which results in softening and maceration of plant 

tissue. Infact the infection process of pathogens are dependent on environmental 

conditions, with the synthesis and secretion of the different enzymes subject to refined 

regulation.  

 

 Plant disease bacteria such as Erwinia carotovora and E. chrysanthemi, they 

do not secrete exactly the same cocktail of enzymes. E. carotovora synthesizes 

pectinase (pectin methylesterases, pectate lyases, pectine lyase, polygalacturonase), 

cellulases, proteases and a phospholipase (Collmer and Keen, 1986). In E. 

chrysanthemi, five major isoenzymes, PelA-E, have been identified (Bertheau et al., 

1984; Ried and Collmer, 1986). Mutations in individual pel genes have indicated that 

none of them are essential for maceration (Ried and Collmer, 1988). Unexpectedly, a 

deletion of all pel genes failed to eliminate tissue maceration. Interestingly, Pel 

isoenzymes differ in their relative contribution to maceration and invasion in the plant 

(Ried and Collmer, 1988).  

 

The depolymerisation of the plant cell wall and catabolism of the derived 

residues is one means by which these bacteria obtain nutrients. In E. chrysanthemi, 

certain pectate degradation products act by inducing transcription of genes involved in 

pectinolysis (Nasser et al., 1991), including genes encoding the secretion machinery 
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(Condemine et al., 1992). The secretion system is a type II secretion system for 

pectinases, polygalacturonases, and cellulose are secreted (Chatterjee et al., 1985). 

Protease is secreted via a different chanal to that of other enzymes by type I secretion 

system. 

 

2. Extracellular polysaccharide 

 

      Many plant disease bacteria produce extracellular polysaccharide (EPS). 

EPS covered the bacteria as a capsule or as slime. EPS has been shown in Ralstonia 

solanacearum (Kao et al., 1992), Erwinia stewartii (Coplin and Majerczak, 1990) to 

contribute to wilt or water soak symptoms, without being absolutely required for 

pathogenecity. EPS may provide a selective advantage for bacteria by protecting them 

from stressful conditions.In pathogenicity, the presence of EPS is activation of disease 

symptoms. 

       

3. Siderophore synthesis 

 

      Siderophore is an iron chelating compound secreted by microorganisms. 

Iron Fe3+ ions have a very low solubility at neutral pH and therefore cannot be utilized 

by organisms. Siderophores dissolve these ions by chelation as soluble Fe3+ 

complexes that can be taken up by active transport mechanisms. Many siderophores 

are nonribosomal peptides. 

 

Under anoxic conditions, iron is generally in the +2 oxidation state (ferrous) 

and soluble. However, under oxic conditions, iron is generally in the +3 oxidation 

state (ferric) and forms various insoluble minerals. To obtain iron from such minerals, 

cells produce iron-binding siderophores that bind iron and transport it into the cell. 

One major group of siderophores consists of derivatives of hydroxamic acid, which 

chelate ferric iron very strongly. Other strategies to enhance iron solubility and uptake 

are the acidification of the surrounding such as used by plant roots or the extracellular 

reduction of Fe3+ into the more soluble Fe2+ ions. Examples of siderophores produced 

by various bacteria and fungi are ferrichrome (Ustilago sphaerogena), mycobactin 
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(Mycobacterium), enterobactin and bacillibactin (Bacillus subtilis),  ferrioxamine B 

(Streptomyces pilosus), vibriobactin (Vibrio cholerae), azotobactin (Azotobacter 

vinelandii), (Pseudomonas),  or ornibactin (Burkholderia cepacia).  

 

Pseudomonas Siderophores Like all aerobic bacteria, pseudomonads need to 

take up iron via the secretion of siderophores which complex iron (III) with high 

affinity. Much progress has been made in the elucidation of siderophore-mediated 

high-affinity iron uptake by Pseudomonas, especially in the case of the opportunistic 

pathogen, P. aeruginosa. Fluorescent pseudomonads produce the high-affinity 

peptidic siderophore pyoverdine, but also, in many cases, a second siderophore of 

lesser affinity for iron. Some of the genes for the biosynthesis and uptake of these 

siderophores have been identified and the functions of the encoded proteins known. 

Iron uptake via siderophores is regulated at several levels, via the general iron-

sensitive repressor Fur (Ferric Uptake Regulator), via extracytoplasmic sigma 

factors/anti-sigma factors or via other regulators. Since pseudomonads are ubiquitous 

microorganisms, it is not surprising to find in their genome a large number of genes 

encoding receptors for the uptake of heterologous ferrisiderophores or heme reflecting 

their great adaptability to diverse iron sources. Another exciting development is the 

recent evidence for a cross-talk between the iron regulon and other regulatory 

networks, including the diffusible signal molecule-mediated quorum sensing in P. 

aeruginosa. 

 

Host-pathogen interactions can be thought of as a series of sequential events 

involving the pathogen and the host. The history of genetic studies of bacterial plant 

pathogens has been comprehensively reviewed by Chatterjee and Vidaver (1986). 

Although Agrobacterium, Erwinia and Pseudomonas were increasingly studied 

during the 1970s while as Xanthomonas was a few reported (Chatterjee and Viddaver, 

1986). Early research of transformation of X. campestris pv. phaseoli and X. oryzae 

pv. oryzae have not been followed up and are difficult to evaluate. This demonstrated 

the feasibility of using gene cloning vectors derived from IncP Plasmid to transfer 

DNA into the bacteria. However, the convenience of using recombinant DNA 
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techniques has meant that conventional genetic techniques have not been exploited 

further for the study of pathogenicity function.        

 

 However, within the genus Xanthomonas, several genes have been found 

associated with pathogenicity and virulence. These genes including the avr 

(avirulence), rpf (regulation of pathogenicity factors), and hrp (hypersensitive 

response and pathogenicity) genes are perhaps the most widely studied elements. The 

avr genes encode a known group of effector proteins responsible for controlling the 

ability of bacteria to elicit the hypersensitive reaction in resistant hosts (Leach and 

White, 1996) and may also participate in pathogenicity or virulence in compatible 

interactions. The rpf operon is throught to control the production of important 

pathogenicity factors. The synthesis of extracellular enzymes (protease, pectinase and 

cellulose) and extracellular polysaccharide (EPS) are also important in virulence of 

other Xanthomonas spp. such as Xcc (Dow and Daniels, 1994). 

 

7. Regulatory pathogenicity factor gene (rpf)  

 

Rpf genes or regulatory pathogenicity factor are located within a 21.9 kb 

region of the chromosome (Tang et al., 1991). The rpf cluster consists of at least nine 

genes (rpfA-I) (Dow et al., 2000). rpf gene cluster is required for the pathogenesis of 

this bacterium to plants. Several rpf genes are involved in the coordinate positive 

regulation of the production of virulence factors mediated by the small diffusible 

molecule DSF (for diffusible signal factor) (Fig 1).  

 

RpfF synthesizes DSF, which is a signaling molecule. RpfC/G are involved in 

the perception of DSF and transduction of the DSF signal to target genes. RpfA 

encodes the major aconitase of Xag and is implicated in iron homeostasis (Wilson et 

al., 1995). RpfG and C encode elements of a two-component sensory-transduction 

system (Tang et al., 1991; Slater, 2000, Dow et al., 2003). RpfF encodes for 

biosynthesis of DSF. Besides, rpfF genes are involved in the synthesis of 

polygalactulonate lyase (Barber et al., 1991; Slater et al., 2000); protease, 

endoglucanase and EPS in Xcc (Dow et al., 2000); β-(1,2)-glucans, endoglucanase, 
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xanthan and protease in X. axonopodis pv. citri (Siciliano et al., 2006); and 

siderophore in Xoo (Chatterjee and Sonti, 2002). Besides, rpfF is involved in 

regulation the synthesis of small diffusible signal molecule or DSF (for diffusible 

signal factor) (Barber et al., 1991; Slater, 2000).  DSF is signal involved in cell-cell 

communication same with acylhomoserine lactone (AHL) (Eberhard et al., 1981). 

DSF is a newly identified cell-cell communication signal (Wang et al., 2004) Bacteria 

use DSF to monitor a cell-cell communication mechanism or quorum sensing (QS) 

(Fuqua et al., 1994).  

 

DSF regulates many functions in Xanthomonas spp. such as extracellular 

enzymes, EPS and lipopolysaccharide (LPS) synthesis and secretion, multidrug 

resistance, motility and chemotaxis, iron uptake, protein metabolism, tricarboxylic 

acid (TCA), aerobic and anaerobic respiration, transcription regulators, membrane 

components and transporter, and hypersensitive response (HR) and pathogenicity (He 

et al., 2006). In other phytopathogenic bacteria, AHL control processes that contribute 

to virulence, such as extracellular enzyme synthesis and EPS production. Recently, it 

has been reported in obtaining evidence for the involvement of DSF in the regulation 

of extracellular enzymes, EPS, and xanthomonadin pigment in Xcc (Poplawsky and 

Chun, 1997; Barber et al., 1991). The production of these factors contributes to both 

epiphytic survival (Poplawsky et al., 1997; Chun et al., 1997) and pathogenesis 

(Barber et al., 1991) of Xcc.  
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Figure 1 Physical map of the rpf gene cluster of Xanthomonas species; red box is 

rpfF gene.  
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8. Epiphytic fitness 

 

Epiphytic bacteria are bacteria capable of living and multiplying on plant 

surfaces. Epiphytic fitness, which is defined by the ability to establish and maintain 

epiphytic populations, is probably conditioned by many adaptive traits. The plant leaf 

surfaces are important sources of populations of bacterial epiphytes. Most bacterial 

plant pathogens multiply to large population on the healthy leave surfaces before 

initiating pathogenicity processes. Cells of pathogenic bacteria deposited on plant 

surfaces by water splash, aerosols or other means need to invade the plant tissue in 

order to build up high populations and to cause disease. Only when favorable 

conditions exist, the bacteria may temporarily multiply on plant surfaces. The 

epiphytic fitness phase of bacterial pathogen is one of the first steps in the infection 

process (Hirano and Upper, 2000). Depending on the disease, epiphytic growth may 

precede the infection process. The resident epiphytic phase may also play a decisive 

role for survival of plant pathogenic bacteria.   

 

Especially on leaves, epiphytic population sizes of pathogenic bacteria can 

fluctuate widely. In temperate climates, influencing factors are availability of free 

water, sunlight and particularly ultraviolet light, temperatures, and other bacteria that 

can damage phytopathogenic bacterial cells. To understand the nature of this 

epiphytic phase, it is necessary to determine the preferred sites of multiplication, 

methods of bacterial attachment to plant surfaces, and the effects of humidity and 

nutrients on epiphytic populations.  

 

Large epiphytic bacterial populations have been associated with increased 

amounts of disease caused by plant pathogenic bacteria, including P. syringae pv. 

glycinea, E. amylovora (Thomson et al.,1976), and X. campestris pv. phaseoli (Weller 

and Saettler,1980). The major role in disease development of epiphytic pathogen 

population is probably the inocula for endophytic populations and for spread to the 

surface of plant. As such, they have a critical role in the epidemiology of foliar 

diseases.  
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9. Bacterial- bacterial communication-quorum sensing 

 

 Before infecting leaves, bacteria that are potential pathogens generally inhabit 

the leaf surface, often at low density as saprophytes. In some cases, it appears that for 

disease to occur, high density and/or the presence and expression of essential 

virulence factors are required, and one mechanism that has been identified for 

controlling this is quorum sensing. Quorum sensing is a communication mechanism 

used by bacteria that enables them to sense population density and respond through 

the regulation of expression of particular genes. Gram negative bacteria produce 

autoinducers, which are diffusible signal molecules that can easily pass in and out 

through bacterial membranes. At high cell density, these reach a threshold level in the 

external environment that is detected by the bacteria and these results in the regulation 

of gene expression.  

 

In Pseudomonas aeruginosa, AHL perception directly or indirectly affects the 

expression of 200 genes (Whiteley et al., 1999). A wide range of functions is affected 

by DSF-mediated Quorum sensing regulation, such as biofilm formation, swaming 

motility, stress survival, and the synthesis of colonization and virulence factors, such 

as EPS, surfactants, and extracellular enzymes (Fuqua et al., 2001; Whitehead et al., 

2001; Withers et al., 2001). Of particular interesting is the fact that expression of 

pathogenicity factors in a variety of plant pathogenic bacteria is critically dependent 

on quorum sensing (de Kievit and Iglewski, 2000; Prerson et al., 1999; Whitehead et 

al., 2001).  

 

10. Role of nutrients leaf surface for colonization of epiphytic bacteria 

 

 Aerial plant surfaces are usually colonized by large numbers of 

microorganisms. Many saprophytic and pathogenic microorganisms are capable of 

growth on healthy leaves, where they can reach large population sizes (O’ Brien and 

Lindow, 1989). In order for microbial colonization to occur, a carbon source for 

energy generation and growth, a nitrogen source, and certain essential inorganic 

molecules must be present on leaves. Exogenous nutrient sources, such as aphid 
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honeydew and pollen, have been associated with a dramatic increase in the microbial 

carrying capacities of some leaves (Warren, 1972). However, in the common absence 

of such obvious and abundant nutrient sources, plants are still usually colonized by 

high numbers of bacteria, which can reach 105 to 107 CFU per g of leaf under 

favorable environmental conditions, such as when high relative humidity or free water 

is present (O’ Brien and Lindow, 1989). This indicates that nutrients released from the 

plant to its intact surfaces are adequate to support large microbial populations.  

 

The depletion of nutrients from the leaf surface by microorganisms has been 

demonstrated. Bacteria were also shown to remove radiolabeled amino acids and 

sugars from the leaf surface. This suggests that microorganisms growing on plant 

surfaces could be competing for a limited amount of nutrients, which in turn would 

determine the microbial carrying capacity of the leaf. Depending on the system 

studied carbon compounds alone or both carbon and nitrogen compounds were shown 

to be limiting factors for bacterial population on leaves. This has many implications, 

especially for the biological control of foliar plant pathogens, where nutrient 

competition is a likely mechanism of inhibition of pathogens which have a 

saprophytic growth phase or require a nutrient source to infect plants. 

 

A notable feature of epiphytic bacterial populations is their variation in size on 

different leaves of the same plant species. The population sizes of total epiphytic 

bacteria vary by over 10-fold from one leaf to another, even when leaves of a given 

species of identical appearance and similar age are examined. More importantly, even 

when grown under similar environmental conditions, different plant species support 

greatly different total epiphytic bacterial populations (O’ Brien and Lindow, 1989). 

The factors that lead to such great differences in epiphytic population sizes have not 

been elucidated. If epiphytic bacterial communities are limited in size by the presence 

of available and utilizable carbon and/or nitrogen sources, as suggested by recent 

studies, then it might be expected that the availability of utilizable nutrient sources 

would vary greatly among leaves of the same plant and also among leaves of different 

plant species. There has been no detailed examination of the variation in leaf surface 

nutrient availability among leaves that would enable us to determine its contribution 
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to epiphytic bacterial populations. No study has quantitatively investigated the 

relationship between nutrients leached from a leaf and microbial colonization of that 

leaf. 

 

11. Proteomic analysis 

 

Proteomic analysis is the one way used to explain the functions and 

expressions of proteins that secreted from bacterial cell. Image analysis of two 

dimentional-PAGE that isolated from mass spectrometric analysis is popular used for 

protein separation and identification to identified unknown protein. In this work SDS-

PAGE and two dimentional-PAGE give the better standing to understand the roles of 

rpfF gene and proteins secretion system.  



MATERIALS AND METHODS 

 

1. Bacterial strains, plasmid, media and growth condition 

 

The bacterial strains and plasmids used in this study are described in Table 1. 

Strains of Xag, Xcc, and Xoo were grown at 28 oC on nutrient yeast glucose agar 

(NYGA) (Turner et al. 1984), which was composed of: 5.0 g/liter bacto-peptone 

(Difco™, Becton, Dickinson Co., Sparks, Maryland), 3.0 g/liter yeast extract 

(Difco™), and 20.0 g/liter glycerol.  NYGA was nutrient yeast glucose broth (NYGB) 

containing 15.0 g/liter agar at 28 oC. Escherichia coli strains were grown on Luria 

Bertani (LB) agar or broth (10.0 g/liter bacto-typtone, 5.0 g/liter yeast extract 

(Difco™), 10.0 g/liter of NaCl and 15.0 g/liter agar at pH 7.0) at 37 oC. Ten strains of 

Xag were revived from stock cultures of the Department of Plant Pathology, Faculty 

of Agriculture, Kasetsart University and streaked on NYGA. Some Xag strains in this 

study were isolated from cutting infected soybean leaves into 1-2 cm2 pieces, which 

surface sterilized for 5 min in a 10% dilution of household bleach (6% active sodium 

hypochlorite) and sterile distilled water (SDW) for 10 min. After rinsing in SDW, the 

tissue was ground in a droplet of SDW in a Petri dish, streaked onto NYGA medium 

with a wire loop and incubated at 28 oC for 24-48 h. A single yellow-pigmented 

bacteria colony was purified by streaking onto NYGA for Koch’s postulate test on the 

susceptible soybean cultivar. The cultures were stored in a 20% glycerol solution 

were kept at -20 oC, and slant cultures were kept at 4 oC for routine use. Media were 

amended with appropriate antibiotics at the following concentration: tetracycline 50 

µg/ml and kanamycin 50 µg/ml for selection Xag mutant strains, E. coli carrying 

plasmid vector respectively. Methods of plasmid introduction into Xag recipients of 

Xag mutant, gene extraction and expression, media, and culture condition involved 

were separately described in the following experiments. 
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Table 1 Bacterial strains and plasmids used in this study 

 

Strain or 

plasmid 

Relevant characteristic 1/ Reference or source 

X. axonopodis pv. glycines  

   KU-P-34070 Field isolate, pathogenic, 

DSF+, inaZ+ 2/ 

Sukhothai, Thailand  

(Prathuangwong and Choethana 

1998; Kaewnum et al., 2005) 

   KU-P-34075 Field isolate, pathogenic, DSF+ Prachin Buri, Thailand 

(Prathuangwong and Choethana 

1998; Kaewnum et al., 2005) 

   KU-P-34021 Field isolate, pathogenic, DSF+ Nakhon Ratchasima, Thailand 

(Prathuangwong and Choethana 

1998; Kaewnum et al., 2005) 

   KU-P-34064 Field isolate, pathogenic, DSF+ Sukhothai, Thailand 

(Prathuangwong and Choethana 

1998; Kaewnum et al., 2005) 

   KU-P-KPS 01 Field isolate, pathogenic, DSF+ Nakhon Prathom, Thailand 

(Kaewnum et al., 2005) 

   KU-P-KPS 06 Field isolate, pathogenic, DSF+ Nakhon Prathom, Thailand 

(Kaewnum et al., 2005) 

   CM9-015 Field isolate, pathogenic, DSF+ Tusanasarit, Thailand (Kaewnum et 

al., 2005) 

   KU-P-SW005 Field isolate, pathogenic, DSF+ Nakhon Rachasima, Thailand 

(Kaewnum et al., 2005) 

   KU-P-SW008 Field isolate, pathogenic, DSF+ Tusanasarit, Thailand (Kaewnum et 

al., 2005) 

   ST-015 Field isolate, pathogenic, DSF+ Sukhothai, Thailand (Kaewnum et 

al., 2005) 
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Table 1 (Continued) 

 

Strain or plasmid Relevant characteristic 1/  Reference or source 

T3A rpfF::pJEL6531 mutant of KU-

P-34070, DSF- ,TcR (also called 

JL2553) 

This study 

 T3B rpfF::pJEL6531 mutant of KU-

P-34070, DSF- , TcR (also 

called JL2554) 

This study 

T3C rpfF::pJEL6531 mutant of KU-

P-34070, DSF- , TcR (also 

called JL2555) 

This study 

X. campestris pv. campestris  

   8004 Rifampicin-resistant derivative 

of  wildtype strain NCPPB 1145 

Turner et al., 1984 

   8523 rpfF ::Tn5lac mutant of 8004 Barber et al., 1997 

   8523 (pKLN55) DSF reporter strain Newman et al., 2004 

Plasmid   

   pKLN55 DSF-inducible promoter of 

engXCA in pPROBE-KT’, 

resulting in DSF-inducible 

expression of GFP 

Newman et al., 2004 

   pLVC-D pBR322 containing att sites and 

mobilization region from pRK2, 

TcR 

Marco et al., 2005 

   pJEL6351 pLVC-D with 360 bp internal to 

rpfF from X. axonopodis pv. 

glycines KU-P-34070, TcR 

This study 

1/ TcR = tetracycline resistance 
2/ inaZ+= KU-P-34070 is the X. axonopodis pv. glycines strain that carried inaZ and 

rifampicin resistant gene. This strain was mutated by triparental mating technique.  



 

28 

 

2. Pathogenicity tests 

 

All of 15 days-old soybean plants were grown individually in plastic pots 

containing commercial soil and were maintained in greenhouse until used in the 

experiment. Watering and fertilizer were applied as needed. Pathogenicity of Xag 

strains was tested by foliar spray inoculation. Strains were at room temperature (28-

30oC) for 48 h in NYGB. Bacterial suspensions at OD600 = 0.2, corresponded to a cell 

density of about 108 cfu/ml were supplemented with 0.25 ml/l of adjuvant and 

Tension-T7 and sprayed onto foliage a 25-day old soybean plant. Plant sprayed with 

sterile water served as controls in each experiment. The inoculated plants were 

observed 4-14 days after inoculation and scored for disease severity using the method 

described by Prathuangwong et al., (1993). A stencil card of 4x7 cm with 9 puncked-

out circles of 0.5 cm in diameter was place over infected leaves (Fig.2). The number 

of holes with lesions was recorded and divided by the total number of holes (9 holes) 

percentage of infection for each leaf evaluated was used for studies in the next step. 

 

 

 

 

 

 

 

 

Figure 2 The stencil card (4x7 cm with 9 circles of 0.5 cm in diameter punched out) 

used for measuring soybean bacterial pustule severity described by 

Prathuangwong et al., (1993). 
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3.  Diffusible signal factor (DSF) assay technique   

 

  DSF production of Xag strains were detected using a DSF reporter assay 

(Newman et al., 2004).  The DSF reporter Xcc strain 8523 (pKLN55), which has a 

green fluorescent protein reporter gene (gfp) fused to a DSF-inducible promoter 

(Newman et al., 2004). The DSF reporter strain and test strains were grown in NYGB 

at 28oC for 24 h collected by centrifugation and suspended in sterile water to OD600 = 

0.25. Suspensions of test strains were streaked in a single on NYGA plates (Fig 3), 

and plates were incubated for 24 h at 28oC. The reporter strain was then streaked 

perpendicular to the test strain, without allowing the indicator and test strain to touch 

(Fig. 3). Following 24 h incubation at 27 oC, DSF production by the test strains could 

be detected by fluorescence of the reporter strain. Fluorescence was viewed on a Zeiss 

SV11 stereoscope with Kramer epifluorescence/Optronix Color DEI450. The 

experiment was done three times with identical results. 

 

 

 

 

 

 

 

 

 

 

Figure 3 Plate test for DSF assay technique. An NYGA plate steaked of X. 

axonopodis pv. glycines strains and the DSF indicator strain 8523 

(rpfF::Tn5lac). 

 

 
 
4.  Characterization of rpfF of X. axonopodis pv. glycines 

DSF indicator 

Test strain 
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4.1 Primers for rpfF gene  

 

       Primers for PCR amplification of the rpfF genes of Xag were designed 

from the nucleotide sequence of the rpfF genes of Xcc (Barber et al., 1991) and Xoo 

(NCBI accession number KACC10331). The rpfF genes of Xcc and Xoo were 86% 

identical, indicating that the genes are conserved between certain species of 

Xanthomonas (Fig 4). Primers for the polymerase chain reaction were designed to 

conserved regions of the rpfF genes from the two species, with an expectation that 

these regions would also be conserved in Xag.  Using the primers, the rpfF genes 

were amplified from the genomic DNA of strains of Xag found to produce DSF in the 

bioassay as described earlier.   

 

Primers : rpfF Forward : 5’ CCA TCA TCA CGC CTT CCT 3’ 

               rpfF Reverse :  5’ CTG CAG TTC AAC CCT TCA 3’ 

 

4.2 DNA extraction 

 

       The DNA of Xag strains were isolated using a commercial kit (DNeasy) 

(Qiagen Valencia, CA). Xag strains were grown in NYGB at 28 oC for 24 h. Bacterial 

cells were pelleted by centrifugation in a microcentrifuge tube at 7500 rpm for 10 

min. 20 µl of proteinase#K was added to the pelleted cells and incubated at 55 oC until 

cells were completely lysed. The pelleted cells were vortexed occasionally during 

incubation to disperse the pellet. The cells were vortexed for 15 sec, 200 µl of Buffer 

AL was added and mixed thoroughly by vortexing, and the sample was incubated at 

70 oC for 10 min. After incubation, 200 µl of ethanol (96-100%) was added and the 

sample was mixed by vortexing. The DNA was placed into the DNeasy spin column, 

which was placed in a 2 ml collection tube. The tube was centrifuged at 8000 rpm for 

1 min and the flow-through and collection tube were discarded. The spin column was 

placed in a new 2 ml collection tube, and 500 µl of Buffer AW1 was added. The tube 

was centrifuged for 1 min at 8000 rpm and the flow-through and collection tube were 

discarded. The spin column was placed in a new 2 ml collection tube, 500 µl of 
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Buffer AW2 was added. The tube was centrifuged for 3 min at 12000 rpm and the 

flow-through and collection tube were discard. The spin column was placed in a clean 

1.5 ml microcentrifuge tube and 200 µl of Buffer AE was pipeted directly onto the 

DNeasy membrane. The DNA was incubated at room temperature for 1 min and 

centrifuged for 1 min at 8000 rpm. The DNA was kept at -20 oC for use in the next 

step.  

   

 4.3 PCR analysis 

 

                    DNA was amplified in a total volumn of 25 µl. The reaction mixture 

contained 19.5 µl of sterile deionized H2O, 2.5 µl of Thermalase buffer, 0.5 µl of 10 

mM of dNTP, 0.5 µl of each primer, 0.5 µl of Taq thermarase (Qiagen), and 1 µl of 

bacterial DNA. The sample was subjected to PCR cycles. Each PCR cycle consisted 

of 3 min at 98 oC, 30 sec of denaturation at 98 oC, 30 sec of annealing at 51 oC, and, 

10 min of extension at 72 oC.  The last step was maintained at 10 oC. Amplified DNA 

was detected by electrophoresis in a 1% agarose gel in 0.5X TBE buffer (44.5 mM 

Tris base, 4.5 mM Boric acid, 1 mM EDTA), stained with 0.5 g of ethidium bromide 

per ml, and then photographed over a UV transilluminator (GDS8000; Complete Gel 

Documentation Analysis System).   
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Figure 4 Nucleotide sequences of rpfF gene of Xanthomonas oryzae pv. oryzae and 

Xanthomonas campestris pv. campestris that used for rpfF primer designed; 

red arrow is rpfF forward primer and green arrow is rpfF reverse primer.   
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5. Derivation of an rpfF mutant   

 

  The representative virulent strain (wild type) of Xag was selected and grown 

on NYGA at 28oC. E.coli strain S17 was grown on LB medium at 37 oC. A 385-bp 

sequence internal to rpfF was obtained following the PCR with primers: 

 

   rpfF.Forward3 (5’-CACCCCTCGCCGTCAACC-3’)  

   rpfF.Reverse2 (5’- GCACCTCGGGCAATCCCA-3’)  

 

  The PCR product was cloned into the pENTR™/D-TOPO vector  (Invitrogen, 

Carlsbad, CA) and integrated into the destination vector pLVC-D (Marco et al., 2005) 

using the clonase protocol described by the Invitrogen.  The resultant plasmid (pLVC-

D containing 385 bp of rpfF) was introduced into the mobilizing strain E. coli S17-1 

(Simon et al., 1983) by transformation, and transferred from S17-1 to KU-P-34070 

via conjugation, selecting for transconjugants on 925 medium (Langley and Kado, 

1972) amended with sucrose (15 g/l) as a sole carbon source and 10 µg/ml 

tetracycline. Because pLVC-D is a suicide plasmid in Xanthomonas spp., tetracycline-

resistant colonies of KU-P-34070 were expected to have undergone a single-crossover 

event between the DNA cloned in pLVC-D and the corresponding sequence in the 

KU-P-34070 chromosome, resulting in two non-functional copies of rpfF in the 

genome, one with a 3’ and the other with a 5’ truncation. Gene disruption and plasmid 

insertion were confirmed using PCR with primers specific to the pLVCD vector 

(primers LattB2 [5’-CTTTGTACAAGAAAGCTGGGT-3’] and UattB1 [5’-

AGTTTGTACAAAAAAGCAGGCT-3’]) and genomic DNA sequences up- and 

down-stream from the targeted genes (forward primer 5’-

CTGCAGTTCAACCCTTCA -3’, and reverse primer 5’-

ACCCAGATTTCGGTGATGCG-3). The independently-derived mutants of Xag, 

each having the expected insertion in rpfF, were selected for further analysis.     
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6. Hypersensitive response test 

 

  Xag strain KU-P-34070 and Xag rpfF mutants strain T3A, T3B, and T3C were 

tested for their ability to induce an HR on tobacco (Nicotiana tabacum cv. Xanthi), 

tomato (Lycopersicon esculentum cv. Seeda 4), and pepper (Capsicum annuum cv. 

Cayenne). Bacterial suspensions at OD600 = 1.5, which corresponded to a cell density 

of about 5x109 cfu/ml were infiltrated through a pin puncture into the leaf mesophyll 

using a 1-ml hypodermic syringe without a needle (Wei et al., 1992). Test plant 

leaves were inoculated by picking the leaves with a pin and then pressing the leaves 

with a tuberculin syringe against the hole in the top of the leaf while closing the hole 

and supporting the bottom of the leaf with a finger. Infiltrated areas were monitored 

for development of tissue collapse and necrosis for 48 h after inoculation. The 

development of HR was scored 48 h after infiltration. The experiment was repeated 

three times.   

 

7. Virulence assays on soybean   

 

Virulence of KU-P-34070 and rpfF mutants was assessed on soybean cultivar 

SJ4, using previously described methods (Kaewnum et al., 2006). Briefly, aqueous 

cell suspensions of X. a. glycines (OD600 = 0.2, ca. 10 8 cfu/ml), supplemented with 5 

g/l 600 mesh carborundum, were sprayed on leaves of plants maintained in a 

greenhouse. At 7-10 days after inoculation, disease severity was scored for the 

presence or absence of pustules in nine 1 cm 2 diameter sections per leaflet (27 

sections per leaf), as described previously (Prathuangwong et al., 1993). Three leaves, 

one each from the apical, middle or basal portions, were evaluated for each plant. No 

significant differences in lesion numbers were observed among leaves at three 

different positions (top, middle, low) on the plant (P>0.98), nor were significant 

interactions between treatment and leaf position observed. Therefore, values from 

leaves in all positions on the plant were pooled in analyses comparing the virulence of 

KU-P-34070 and rpfF mutants. The experiment was done three times, once with 10 

replicate plants and twice with four replicate plants.  
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8. Extracellular enzyme plate assays 

 

To assess exoenyzme production, KU-P-34070 and the rpfF mutants were 

grown in NYGB at 27 oC overnight, unless a different time is specified below.  Cells 

were pelleted by centrifugation, and the supernatants were collected and sterilized by 

filtration (0.2 um). 30 ul of the filter-sterilized supernatant was placed in a 0.5 cm 

well, made using a cork borer, in an agar medium in a Petri plate.  The medium 

composition, incubation conditions for assay plates, and detection conditions for each 

assay are specified below.  Enzyme activity was estimated from the diameter of zones 

surrounding the culture supernatants of each strain.  All experiments were done twice, 

once with four replicate plates and once with three replicate plates. The production of 

extracellular enzymes, including cellulases, alpha-amylase, protease, endo-β-

mannanase, pectate lyase, polygalacturonate lyase, and endoglucanase, was 

investigated using the following methods.  

 

      8.1 Cellulase activity  

 

             Xag strain KU-P-34070 and Xag rpfF mutant strains T3A, T3B, and T3C 

were grown in NYGB at 28 oC for 24 h. 30 µl of clarified supernatant was dropped 

into a 0.5 cm diameter hole in cellulase assay medium (0.1% carboxymethel cellulose, 

25 mM sodium phosphate pH7, and 0.8% agarose) and incubated at room 

temperature. The cellulose plates were stained with 0.1% Congo red for 20 min and 

washed twice with 1M NaCl. Cellulase was visualized as white halos surrounding the 

wells. 

 

 8.2 Alpha-amylase activity 

 

            Alpha-amylase assay medium (0.5% Yeast extract, 1.0% Tryptone, 0.25% 

NaCl, 0.2% Starch soluble and 0.8% agarose) was as described by Ray (2002) with 

some modifications described by Lory (1998). 30µl of clarified supernatant of Xag 

strain KU-P-34070 and Xag (rpfF mutants) strain T3A, T3B, and T3C was dropped 

into the 0.5 cm diameter hole in the agar medium and incubated at 28 oC for 24 h. 
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Alpha-amylase were stained with Potassium iodine for 10 min. Levels of alpha-

amylase were assessed by measuring the diameter of clear zones.  

 

8.3 Protease activity 

 

       Protease activity was determined by an agar plate assay. The test medium 

contained 1% skim milk, 1% tryptone (Difco), 0.5% yeast extract (Gibco BRL), 0.5% 

NaCl, and 1.5% agar. 30 µl of clarified supernatant of Xag strain KU-P-34070 and 

Xag (rpfF mutants) strain T3A, T3B, and T3C was dropped into a 0.5 cm diameter 

hole in the agar. Extracellular protease production was detected visually as clear halos 

surrounding the wells. 

 

8.4 Endo-β-mannanase activity  

 

       The assay for endo-β-mannanase activity was as described by Bourgault 

and Bewley (2002). Substrate (0.1% w/v) was prepared by suspending 0.5 g locust 

bean gum (LBG) galactomannan (Sigma) in 500 ml of McIlvaine buffer (pH 5). The 

suspension was then heated to 65-80 oC with constant stirring and maintained at this 

temperature for 2 h, after which the heat was turned off and stirring continued 

overnight. The suspension was then centrifuged at 5000 rpm to remove the insoluble 

material and the supernatant was divided into 50-ml aliquots and stored at -20 oC until 

use. To prepare assay gels, 20 ml of substrate was combined with 0.24 g low EEO 

agarose (Sangon, Scarborough, Ontario, Canada) (1.2% w/v) in a 50-ml flask, boiled, 

cooled to approximately 65 oC, and poured into a prewarmed (65 oC) set of gel plates 

preassembled with GelBond film for agarose so that the agarose adhered to the 

hydrophilic side of the film. Following gel solidification (approximately 1 h at room 

temperature) 2 mm holes were punched into the gel 2 cm apart using a cork borer and 

the centers were aspirated off. 2 µl of supernatant of samples were pipetted into the 

hole, followed by incubation for 18-20 h at 32 oC. Following incubation, the gel was 

washed in a 1:4.3 mixture of 0.1 M citric acid and 0.2 M Na2HPO4 (pH7) for 30 min, 

stained for 30 min in 0.5% (w/v) Congo red dye (Sigma), washed for 2 min in water, 

and fixed for 10 min in 80% ethanol. The gel was then washed in three changes of 
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McIlvaine buffer (pH7) for 20 min each and finally developed in several change of 

1M NaCl until color development was complete (approximately 1-2 h.) (Bourgault 

and Bewley, 2001).  

 

8.5 Pectate lyase activity 

 

      Xag and Xag rpfF mutants were grown in NYGA medium for 48 h at 

28oC. One percent agarose plus 0.1% polygalacturonic acid dissolved by boiling in 

either 50 mM potassium acetate (pH 4.5), 100 mM potassium phosphate (pH 6.5), or 

50 mM Tris hydrochloride (pH 8.5) and the solution was poured into Petri dishes. 

Strains were spotted on the surface of the medium with a sterile toothpick, and plates 

were incubated overnight. The surface of the medium was with a stream of water. The 

surface of medium were flooded with 0.05% (wt/vol) ruthenium red for 20 min, and 

rinsed in water. Pectolytic activity was observed as clear zones at points where the 

bacteria were spotted (Kaewnum et al., 2006). 

 

Pectolytic activity was also assessed on slices of potato tubers (Solanum 

tubersum) that were inoculated by stabbing with a toothpick dipped in a bacterial 

culture grown for 24 h on NYGA. Potato slices were incubated on moist filter paper 

in a Petri dish at 28oC for 24 h before observations for symptoms of soft rot.   

 

8.6 Polygalacturonate lyase  

 

      For measurement of polygalcturonate lyase activity, Xag and Xag rpfF 

mutants were grown in minimal medium for Xanthomonas (Daniels et al. 1984) 

supplemented with casamino acid (1.5 g/l) and 1 mM of MgSO4 (MMX medium) at 

25 oC.  For induction of polygalcaturonate lyase, neutralized polygalacturonic acid 

was added to a final concentration of 0.25% (w/v). For preparation of 

polygalcturonate lyase, cells were grown in a 250 ml Erlenmeyer flask containing 100 

ml of medium supplemented with 0.25% (w/v) polygalacturonic acid (PGA). These 

flasks were inoculated with 10 ml of an overnight culture in medium without PGA 

and incubated for 24 h before harvesting by centrifugation. Polygalacturonate lyase 
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was assayed spectrophotometrically at 25 oC by measuring changes in absorbance at 

235 nm (Nasuno and Starr, 1967). The assay mixture (1 ml) contained 0.05 M Tris-

HCl buffer, pH 8.5, 1 mM CaCl2 and 0.25% w/v PGA.  One unit of activity causes the 

liberation of 0.5 µmole of unsaturated product per minute. The assay was done three 

times, with four replicate cultures in each assay.     

 

8.7 Endoglucanase 

 

       For measurement of endoglucanase activity, Xag and Xag rpfF mutants 

were grown in NYGA supplemented with 0.125% carboxymethylcellulose (Barber et 

al. 1997). After inoculation, plates were stained with 0.1% congo red for 30 min, 

rinsed with water, and washed twice with 1M NaCl. Endoglucanase activity was 

observed by radial diffusion of a pale yellow zone of clearing in contrast to a red 

background, as described by Gough et al. (1988).  

 

9. Extracellular polysaccharide (EPS)  

 

 Cultures were grown in NYGB medium for 48 h, and the supernatants 

were collected following centrifugation of cultures at 14,000 rpm for 10 min. Two 

volumes of ethanol were added into the supernatants, and the resulting solution was 

held at -20oC for 30 min. The precipitated EPS was collected by centrifugation, dried 

overnight at 55 oC, and dry weights were recorded as an estimate of EPS (Tang et al. 

1991).  Four replicate cultures were assessed in each assay, and three independent 

assays were done. 

 

10. Siderophore production assay  

 

Siderophore production was evaluated on the siderophore indicator medium 

CAS-PSA (containing 2.5 g of peptone, 2.5 g of sucrose, 0.25 g of sodium glutamate, 

225 ml of water, agar 3.75 g, and pH 7.0) plates containing 100 µM 2,2’-dipyridyl, 

with or without 30 µM of FeSO4, as described by Chatterjee and Sonti (2002). 10 µl 

of an aqueous suspension (OD600 = 0.1) of Xag and Xag rpfF mutant was spotted on 
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the agar surface and incubated for 24 h at 28 oC.  Siderophore production was 

observed as a yellow zone surrounding the bacterial growth on the agar surface.    

 

11.  RT-PCR analysis 

11.1 RNA purification  

        Four replicate cultures of X. a. glycines strain KU-P-34070 and three 

replicate cultures of the rpfF mutant T3A were grown at 27ºC with shaking in yeast 

extract broth, which was composed of (per l): 5 g yeast extract, 10 g tryptone, 5 g 

NaCl, 5 g sucrose, 0.5 g MgSO4 7H2O, pH 7.0 (Wrather et al., 2001). Because rpfF 

is known to effect gene expression by stationary-phase cells of X. c. campestris grown 

in this medium (He et al., 2006), cultures of X. a. glycines were grown to early 

stationary phase (OD600 _ 3.5). Cells were pelleted by centrifugation and washed 

with 0.02 mM NaOH and 0.3 mM NaCl. Washed cell pellets were resuspended in 5 

ml of RNA Protect (Qiagen, Valencia, CA), then vortexed immediately. Cells were 

pelleted again and stored at -80ºC. RNA was extracted by using the Qiagen 

RNA/DNA Midi Kit, and DNA was removed using an on-column DNAse treatment 

(RNeasy Mini Kit with DNAse I; Qiagen). PCR was performed on 0.5 µg of the RNA 

to determine that detectable DNA had been removed, and RNA samples were 

analyzed for quality using the BioAnalyzer 2100 (Agilent, Palo Alto, CA) at the 

Center for Genomic Research and Biocomputing Core Laboratories, Oregon 

StateUniversity. cDNA was generated from 5 µg RNA using SuperScript II 

(Invitrogen) and random hexamers. To confirm that DNA was removed, samples 

processed in parallel without reverse transcriptase served as negative controls in 

quantitative PCR experiments (Q-PCR) described in the following paragraph. 

Following reverse transcription, RNA was hydrolyzed with 2.5M NaOH, and samples 

were neutralized with 2M HEPES free acid.  

11.2. Quantitative RT-PCR 

 
          The expression of genes encoding for protease (pro), cellulase 

(engXCA), and pectate lyase (pelB) was determined by quantitative PCR of cDNAs 



 

42 

isolated from X. a. glycines strain KU-P-34070 and the rpfF mutant T3A. Because the 

nucleotide sequences of pro, engXCA, and pelB in X. a. glycines are unknown, 

primers were designed from conserved regions of these genes in other Xanthomonas 

spp. PCR amplification products were sequenced to confirm that the expected gene 

was amplified in each case (Table 2). Q-PCR was performed on 1 µg of the cDNA 

using LightCycler FastStart DNA MasterPLUS SYBR Green I (Roche, Indianapolis, 

IN) on a Roche Lightcycler II (Roche, Indianapolis, IN) following manufacturer’s 

specifications. An external standard curve, generated using a purified ihfA (integration 

host factorA) (9) PCR product over a dilution range of known concentrations, was 

used to estimate template concentrations (in pg). Primers for ihfA were 5’ 

TGACGAAAGCGGAGATGGCCG-3’ and 5’- TGCCCGGATCCAGCATAAGCC-

3’. Melting curve analysis was used to verify amplification of a specific product. The 

concentration of amplification products from negative controls (RNA samples to 

which no superscript was added) was non-detectable (pro) or at concentrations of 10 -

4 (engXCA) or 10 -2 (pelB) that of the corresponding cDNA samples, indicating lack 

of interference from contaminating DNA.  

     
Table 2 Quantitative PCR primers 

  

Gene 

Product 

size 

(bp) 

Forward Primer (5’-3’) Reverse Primer (5’-3’) 

ihfA 289 TGACGAAAGCGGAGATGGCCG TGCCCGGATCCAGCATAAGCC

rpfF 358 TCACCGGCTACCAGAG CACATGAAAGAGTAGGCG 

pro 254 CGTCAAATACAAAGACGG GGTACATGATCTGGTCG 

cel 327 CCTCTCCAATAAGGAACGA GTCTTGAGCACTTCCG 

pel 360 GTGACATGGTCCACCC CGAGTTGAAAGCTGCATT 

 

 

 

 

 

 



 

43 

12. pTnMod-KmOLacZ mutagenesis 

 

Xag rpfF mutant T3A was selected for double mutation. Xag rpfF mutant 

(T3A) was mutated by using the pTnMod-KmOLacZ plasposon. The plasposon was 

introduced into electrocompetent cells of Xag rpfF mutants by electroporation.  A 

plasposon fragment containing, amongst others, a promoterless LacZ gene, a 

kanamycin resistence gene and ORI will be inserted into the host genome. The 

fragment contains and is delineated by two inverted repeats at the ends. These can be 

used to trim the plasposon flanking sequences obtained after sequencing with, for 

instance, primers LaciF and LaciR. Upon insertion in the host genome, approximately 

9 bp was duplicated, so that the plasposon insertion is flanked on both sizes by an 

identical 9 bp fragment. After plasposon rescue and trimming of the sequences 

flanking the plasposon insert, one of these 9 bp sequences needs to be removed before 

joining the two flanking sequences. Primers to sequence the regions flanking the 

plasposon are: 

 

LaciForward: 5’- GGC GAT TAA GTT GGG TAA CG -3’ 

LaciReverse: 5’- TTG TGC AAT GTA ACA TCA GAG -3’ 

 

12.1 Xag electrocompetent cell preparation 

 

         Electrocompetent cells of Xag rpfF mutant T3A were produced as 

described by White et al., (1999). T3A was grown on NYGA plate at 28 oC for 48 h 

and suspended in NYGB and incubated at 28 oC on a rotary shaker for 18-24 h at 220 

rpm to obtain a cell density of OD600 = 0.5. Subsequently, cells were concentrated a 

50 ml sample by centrifugation at 4,000 g at 4 oC for 10 min. The cell pellet was 

washed in 0.5 and 0.25 vol (25 ml and 12.5 ml) of cold SDW and vortexed well to 

resuspend cells before pelleting again by centrifugation. Cells were resuspended in 10 

ml of cold 10% sterile glycerol, concentrated by centrifugation, and resuspended in 10 

ml of cold 10% sterile glycerol. The cell suspension was transferred to a sterile 

microcentrifuge tupe, centrifuged at 12,000 g for 1.5 min at 4 oC, and resuspended in 
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a volume of 0.5 ml of cold 10% sterile glycerol to yield a final cell concentration of 

and kept on ice. The competent cells were stored at -80 oC.  

12.2 Electroporation 

 

         The mixture between 1 µl pTnMod-KmOLacZ plasposon and 50 µl Xag 

rpfF mutant T3A were mixed and put in 0.25 cm electroporation cuvette on ice. The 

cells were electroporated with a BioRad Gene Pluser Xcell electroporation system 

(Hercules, CA, USA) at 25,000 volts/cm, 200 ohms and 25 µ farads. A milliliter of 

NYGB broth was added to the cells, which were placed into microcentrifuge tubes 

grown at 28 oC on a rotary shaker for 18-24 h at 220 rpm. Transformation mixtures 

were placed onto NYGA supplemented with 50 µg/ml of kanamycin. The cultures 

were incubated at 28 oC 48 h. Selective and nonselective platings were tested for 

pathogenicity on soybean, and indication of HR, pectate lyase production, as 

described above.   

  

13. Biofilm formation 

 

  13.1 Biofilm assay 

 

           Starting the culture an overnight in NYGB, dilutions containing 

approximately 106cfu/ml. For biofilm experiment, 24 wells of a round-bottomed 

polystyrene 96-well microtiter plate. 100 ul of each dilution and 24 control wells were 

filled with NYGB sterile medium. Following 4 h of adhesion, the suspension was 

removed from each well and plates were rinsed using 100 ul of physiological saline 

(PS). Then, 100 ul of fresh medium was added to each well and the plates were 

further incubated for 24 h. After adhesion and 24 h incubated, the suspension was 

removed and the wells were rinsed with 100 ul of PS buffer. All assays were repeated 

at 4 times. 
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  13.2 Biofilm quantification  

 

          Crystal violet assay (CV assay). For biofilm fixation, 100 % methanol 

was added 15 min, after which supernatants were removed and the plates were air-

dried. Then, 100 ul of a crystal violet solution was added to all wells. After 20 min, 

the excess crystal violet was removed by washing the plates under running tap water. 

Finally, bound crystal violet was released by adding 150 ul of 33 % acetic acid 

(Sigma). The absorbance was measured at 590 nm. All steps were done at room 

temperature. 

 

14. Epiphytic fitness of Xag and derivative Xag mutants 

 

  14.1 de Wit replacement analysis 

 

            Xag strain KU-P-34070, T3A and KU-DM-1 were cultured on NYGA 

for 18 h at 28oC. The cell suspensions were adjusted to an OD600 = 0.1, 105 cfu/ml. 

Appropriate volumes of the cell suspensions were combined in 11 different 

proportions (strain A-strain B, 0:1 through 1:0), at a constant total concentration, for 

each strain pair. Fifteen day-old plants of SJ4 soybean cultivar were spray-inoculated 

with suspensions of the bacterial strain pairs in 11 different proportions, each at a total 

concentration of 105 cfu/ml. Each inoculum mixture was replicated on five plants. The 

plants were maintained in a greenhouse to maintain a high relative humidity. Plants 

were sampled 5 days after inoculation. Twenty leaves were collected from plants 

treated with each inoculum mixture, and an individual leaf was placed in 20 ml of 

sterile washing buffer (0.1 M potassium phosphate buffer, 0.1% Bacto-peptone (Ph 

7.0)). The tubes were sonicated in an ultrasonic cleaning bath for 7 min, and serial 

dilutions of leaf washings were plated on selective medium. KU-P-34070 was 

enumerated on NYGA supplemented with rifampicin (50 µg/ml). T3A was 

enumerated on NYGA supplemented with tetracycline 50 µg/ml. KU-DM-1 was 

enumerated on NYGA supplemented with kanamycin (50 µg/ml). The mean log-

transformed population size of each strain pair was estimated from 20 individual 

leaves at each inoculum proportion. The arithmetic back-transformed mean log10 
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population size of each strain and the arithmetic back-transformed mean log10 total 

population sizes were plotted against the inoculum proportion. 

 

  14.2 Epiphytic fitness analysis 

 

           Soybean leaves were inoculated with Xag strain KU-P-34070, T3A and 

KU-DM-1 to examine the relative fitness of each strain inoculated individually or 

coinoculated at a 1:1 ratio, and KU-P-34070 and KU-DM-1 at a 1:1 ratio. Bacterial 

cultures were prepared as described above to a final concentration of 106cfu/ml. 20 ml 

of bacterial suspensions was used to spray four pots containing 10 soybean plant 

(SJ4). Three leaves were taken randomly from the 10 plants in each pot, making a 

total 12 leaves per day. Estimation of bacterial numbers and the relative proportions 

of double mutant, mutant, and wildtype were collected at 1 to 15 days after 

inoculation. 

 

  14.3 Effect of carbon source utilization on epiphytic fitness 

 

            Carbon and nitrogen utilization of KU-P-34070 and T3A strains were 

investirated on soybean surface leaves. All strain were cultured in NYGA and 

incubated with shaking (200 rpm) at room temperature for 24 h. Cell were collected 

by centrifugation, and suspension in sterilized distilled water to an optical density of 

0.2 OD (A600nm). 20 ml of 10% (v/v) glucose, fructose, proline, and NH4
+ were 

sprayed on 15 day-old soybean, and then 20 ml of bacterial suspension was sprayed 

on the same plants Populations of bacteria were estimated at 1 to 15 days after 

inoculation as described above for the epiphytic fitness analysis.  

 

15. Screening of extracellular protein of Xanthomonas axonopodis pv. glycines 

 

The efficacy of extracellular protein of Xag wild type and Xag rpfF mutant 

strain were determined by inoculating with cotyledon and detach leaves bioassay onto 

susceptible soybean cultivar (SJ4) and resistant cultivar (CM60) comparing with the 

inoculating by bacterial fresh cell. 
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 15.1 Extracellular protein preparation  

 

 Xag strain KU-P-34070 and T3A were grown in 100 ml of NYGB at 28 
oC for 48 h. Bacterial cells were centrifuged at 10,000 rpm at 4 oC for 10 min. 

Extracellular proteins were kept separated from the bacterial cell. The bacterial cell 

and extracellular protein were kept at 4 oC for used in the next step. In the experiment 

were used ; 1) cell of KU-P-34070 (wild type), 2) cell of T3A (rpfF mutant), 3) 

extracellular protein of KU-P-34070, 4) extracellular protein of T3A, 5) cell of KU-P-

34070 + extracellular protein of T3A, and 6) cell of T3A + extracellular protein of 

KU-P-34070.  

  

15.2 Cotyledon bioassay  

 

Cotyledon assay was done as described by Hwang et al. (1992). The 7-

day old soybean seedling grown in a greenhouse was surface sterilized with 0.5% 

sodium hypochloride for 3 min and washed with sterile distilled water for 5 min. The 

cotyledon was punctured with multiple pins. 50 ul of each suspensions of extracellular 

protein, bacterial fresh cell (108 cfu/ml), and mixture suspension (extracellular protein 

+ bacterial cell) of Xag wild type and rpfF mutant were dropped on the wound site. 

Inoculated cotyledons were kept in high moisture conditions with 16-h photo period at 

room temperature. The cotyledons were observed by absence of chlorotic symptoms 

around the inoculation site within 48 h after inoculation. 

 

 15.3 Leaf bioassay 

 

 Disease induction was tested by inoculation extracellular protein, 

bacterial fresh cell, and mixture suspension (extracellular protein + bacterial cell) of 

Xag wild type and rpfF mutant into soybean leaves by tissue infiltrated. 10 ul of each 

suspension by infiltrated in soybean leaves. Disease symptom of each treatment was 

detected at infiltrated area at 1 to 5 days after infiltration.  
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15.4 Virulence test 

 

  Each treatments were sprayed on leaves of plants maintained in a 

greenhouse. At 7-10 days after inoculation, disease severity was scored for the 

presence or absence of pustules in nine 1 cm 2 diameter sections per leaflet (27 

sections per leaf), as described previously (Prathuangwong et al., 1993). Three leaves, 

one each from the apical, middle or basal portions, were evaluated for each plant. The 

experiment was done with 10 replicate plants.  

 

16. Proteomic analysis of extracellular proteins 

 

 This experiment was to determine the specific extracellular proteins of Xag 

that were regulated by rpfF gene. These proteins might be involved in epiphytic 

fitness and biofilm formation of Xag.  

 

16.1 Extraction of protein 

 

                    Xag strain KU-P-34070 and T3A were grown in 100 ml of NYGB at 28 
oC for 48 h. Bacterial cells were harvested by centrifugation at 10,000 rpm at 4 oC for 

10 min, and then filtrated through a 0.2 nm nitrocellulose membrane. Following, 20 

ml of 50 % TCA (trichloroacetic acid) was added to the pellet cells, mixed well and 

placed on ice for 30 min. The proteins were centrifuged at 12,000 rpm at 4 oC for 15 

min, washed three times in cold 70 % ethanol (-20 oC), dried and dissolved in IEF 

(isoelectric focusing) sample buffer consist of 8 M urea (Sigma U6504), 2 M thiourea 

(Sigma T7875), 2 % CHAPS (3-(3-cholamidopropyl) dimethylammonio)-1-

propanesulfonate, Sigma C9426), 2 % Triton X-100 (Sigma T8532), 50  Mm DTT 

(dithiothreitol, Sigma D9163), and 0.5 % ampholytes (Bio-Rad 163-1152). Finally, 

the total proteins content of the samples was quantified by Bradford assay (Bradford, 

1976). 
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16.2 Electrophoresis of extracellular protein 

 

          IEF was performed using 18 cm IPG strips, with a linear gradient of pH 

ranging from 4-7. Extracellulars protein preparations dissolved in the 10X of IEF 

sample solution was applied to the first dimension. IPGs were focused for 15 h at 

400V followed by 1 h at 600V using a Multiphor II (Amersham Pharmacia). After 

placing in equilibration buffer A (50 Mm  Tris/HCl, pH 6.8, containing 8 M urea, 30 

% (v/v) glycerol, 2.5 % SDS (sodium dodecyl sulfate, Sigma –Aldrich 436143) and 

0.25 % DTT) for 15 min and buffer B (50 mM Tris/HCl, pH 6.8, 8 M urea ,30 % (v/v) 

glycerol, 2.5 %SDS, 0.25 % DTT and 4.5 % iodoacetamide (Sigma, 1149) for 15 min, 

the isoelectric focusing gels were embedded in 0.25 M Tris/HCl, pH 6.8, 0.25 % SDS, 

1 % agarose onto 14 % SDS polyacrylamide gels for Xag wildtype and rpfF mutant.  

16.3 SDS-PAGE proteins analysis  

 

         Xag strain KU-P-34070 and T3A were grown in 100 ml of NYGB at 28 
oC for 48 h. Bacterial cells were centrifuged at 10,000 rpm at 4 oC for 10 min. The 

supernatants were taken as the extracellular fraction. Extracellular proteins were 

separated by SDS-PAGE (Laemmli, 1970). The gels were strained with silver nitrate 

as described by Sambrook and associates (1989). The molecular mass markers used 

were obtained from Pharmacia Biotechnology (Uppsara, Sweden). 

 

16.4 Analysis of 2D electrophoresis gels  

 

        Image were visualized by staining with colloidal coomassie blue G-250 

(17 % ammonia sulphate, 34 % methanol, 3.6 % orthophosphoric acid, 0.1 % 

coomassie blue G-250 (Sigma B0770)). The gels were fixed in destaining solution (80 

% ethanol and 20 % acetic acid mixture) and washed by 70 % ethanol. The gels were 

analyzed for visible extracellular protein spot using Image Master Software 

exclusively or at higher intensity in the gel containing of extracellular protein spots of 

KU-P-34070 wild type compared with T3A rpfF mutant. The spots were identified by 

mass spectrometry analysis, as modified from described by Voigt et al. (2006) and 

Domon and Aebersold (2006). Place a clean glass plate on the light box, rinsed gel in 
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the sterile distilled water and placed on the glass plate and excised spots with the spot 

picker and placed into a microfuge tube. Added 200 ul of Modified De-strain and fill 

out from MS/MS. Gel pieces were washed three times with 100 ul of 50 mM 

ammonium bicarbonate, pH 8.2, 50 % CAN and dried using a SpeedVac centrifuge 

for 20 min. Trypsin in 50 mM ammonium bicarbonate (20 ug/ul) was added to each 

gel piece and incubated at 30 oC for 16 h. The peptides were extracted by sonication. 

The peptide solution was automatically desalted and concentrated using Zip Tips from 

Millipore (Bedford, Mass. USA) in a Map II/8 (Bruker-Daltonik, Karlsruhe, 

Germany) liquid handling unit and spotted onto the Axima matrix-assisted laser 

desopption/ionization (MALDI) target plate with 1.5 ul alpha-cyano-4-hydroxy-

cinnamic acid. Peptide mass fingerprints of tryptic peptides were generated by 

MALDI-TOF-MS using an Axima CFR (Kratos, Manchester, UK). Multiply changed 

peaks of sufficient intensity were automatrically fragmented in the argon collision cell 

and the resulting MS spectra were processed in Masslynx 4.0 before submission to 

MASCOT (Matrix Science) for searches against the NCBI database. 

 

 
 



RESULTS AND DISCUSSION 

 

RESULTS 

 

1. Isolation and characterization of Xanthomonas axonopodis pv. glycines  

 

The 10 strains of Xanthomonas axonopodis pv. glycines (Xag) originated from 

different soybean production areas of Thailand (Table 1). Most strains were isolated, 

identified and classified in virulence groups based upon phenotypic characteristics 

and rep-PCR analysis by Ketsuwan (2005). 10 virulence strains is the representative 

from each area. All strains of Xag that induced necrosis symptoms were tested for the 

HR tomato (Lycopersicon esculentum cv. Seeda) and tobacco (Nicotiana tabacum cv. 

Xanthi). All of the Xag strains showed HR symptoms with necrotic lesions on tobacco 

and tomato leaves within 24 h (data not shown). The necrosis symptom was not 

differed between Xag strains.  

 

The pathogenicity of these bacterial strains was reevaluated using foliar spray 

inoculation on the 14 days-old susceptible soybean cultivar SJ4. The incidence and 

severity of bacterial pustule were determined using the methods of Prathuangwong et 

al. (1993). The ten strains of Xag were showed the different in virulence, causing on 

48 to 78% of the leaf surface at 7 days after inoculation (Table 3). Xag strain KU-P-

34070 was caused the highest disease severity on soybean leaves, so it was selected 

for further study. The symptom of all Xag strain was not different from other strains. 

The first symptoms are small, yellow-green spots with reddish-brown centers on the 

upper leaf surface at 7 days after inoculation. The central portion of each spot 

appeared slightly raised and developed into a small pustule, especially on the 

underside of the leaves. Several infections on the same leaf produced large, yellow to 

brown areas with small, dark brown spots. The brown, necrotic areas on older leaves 

sometimes broke apart, causing a ragged appearance. In the later stage, the pustules 

ruptured and dried. Severe infections caused defoliation. The disease severity of Xag 

strains not related with the original area.   
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2. DSF Bioassay detection  

 

Ten strains of Xag, isolated from soybean in different regions of Thailand 

(Table 1), produced a diffusible signal recognized by Xcc, as assessed using a DSF 

reporter strain (Table 3 and Fig. 5). DSF detected by green fluorescence microscope, 

petri-dish was putted the on the microscope’s stage then observed the fluoerescence 

light. Observeing the DSF production by fluorescence light from the reporter strain. 

Ten strains of Xag showed the light of green fluorescence. The level of fluorescence 

might be depended on the severity of disease.  

 

 DSF synthesis was depended on rpfB and rpfF (Siciliano et al., 2006). The 

resulted indicated that Xag have the rpfF gene on the chromosome. In addition, one 

with a mutation in the rpfF gene of Xac, leading to an inability to synthesis the DSF 

signals. Diffusible signal factor also modulates other functions including biofilm 

dispersal, toxin resistance, and bacterial survival (He et al., 2006). In addition, DSF 

regulated belonging to 12 functions including extracellular enzymes, 

lipopolysaccharide (LPS), polysaccharide production and secretion, multidrug 

resistance and detoxification, flagellar synthesis, motility and chemotaxis, 

hypersensitive response, iron uptake, protein metabolism, tricarboxylic acid (TCA) 

cycle, aerobic and anaerobic respiration, transcription regulators, membrane 

components and transporter, and fatty acid metabolism and others. Addition of DSF 

can restore virulence factor production (He et al., 2007). He et al., (2007) suggested 

DSF signal pathway is essential for regulation of bacterial virulence.  
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Table 3 Ability of X. axonopodis pv. glycines (Xag) different strains causal bacterial 

pustule disease symptom on SJ4 susceptible soybean cultivar and produced 

diffusible signal factor (DSF) 

 

Xag strain  Disease severity (%) 1/ DSF production 2/ 

   KU-P-34070 78a DSF+ 

   KU-P-34075 60b DSF+ 

   KU-P-34021 58c DSF+ 

   KU-P-34064 48d DSF+ 

   KU-P-KPS 01 68ab DSF+ 

   KU-P-KPS 06 75a DSF+ 

   CM9-015 70a DSF+ 

   KU-P-SW005 65ab DSF+ 

   KU-P-SW008 58c DSF+ 

   ST-015 63ab DSF+ 

CV. 12.5 DSF+ 
1/ Disease severity was expressed as the percent leaf area exhibiting disease 

symptoms. Disease was evaluated at 7 days after inoculation by the method of 

Prathuangwong (1993). Means in the column followed by the same letter are not 

significantly different (P < 0.05) according to Duncan’s New Multiple Range 

Test.  
2/ DSF production detected by fluorescence of the reporter strain. Fluorescence was   

viewed on a Zeiss SV11 stereoscope with Kramer epifluorescence/Optronix Color 

DEI450. 
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Figure 5 The DSF reporter strain X. c. campestris 8523 (pKLN55), 

which has a green fluorescent protein reporter gene (gfp) 

fused to a DSF-inducible promoter, is grown to the right of 

test strains A) X. a. glycines KU-P-34070, B) the rpfF mutant 

T3A of X. a. glycines, C) the known DSF- producing strain 

8004 of X. c. campestris, which served as a positive control, 

and D) the rpfF mutant X. c. campestris strain 8523, which 

served as a negative control. Green fluorescence indicates the 

detection of DSF, which has diffused from the test strain to 

the reporter strain. Fluorescence was viewed on a Zeiss SV11 

stereoscope with Kramer epifluorescence/Optronix Color 

DEI450; write arrow is reporter strain and red arrow is test 

strain. 
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3. Presence of rpfF in 10 strains of X. axonopodis pv. glycines 

 

RpfF was detected in 10 Xag strains following PCR analysis. Using primers 

complementary to conserved regions for rpfF in Xcc and Xoo. An amplification 

product of 650-bp was observed for all Xag strains (Fig 6). The rpfF gene sequence 

was been determined in 10 strains of Xag. The primers that used for identified rpfF 

nucleotide sequence are rpfF forward; 5’ CCA TCA TCA CGC CTT CCT 3’ and rpfF 

reverse; 5’ CTG CAG TTC AAC CCT TCA 3’. The nucleotide sequences are 870 bp 

in rpfF gene of Xag (Fig 7). The rpfF sequence was aligned the nucleotide by BioEdit 

program. The total nucleotide sequences of rpfF consist of 870 bp (Fig 7).  

 

The deduced sequence of the 289 aa (Fig 7) product is most closely related to 

RpfF of Xanthomonas campestris pv. vesicatoria str. 85-10 (CAJ23597)(98% 

identical), Xcc strain ATCC33913 (AAM41146) (97% identical), X. oryzae pv. 

oryzicola BLS256 (ZP_02243158), and X. o. oryzae strains (AAL06345, YP_201508, 

and YP_451752) (95% identical) (Fig 8). Therefore, both a diffusible signal 

recognized by a DSF reporter bacterium and a homolog of rpfF, which is essential for 

the biosynthesis of DSF in other Xanthomonas spp., were detected in Xag. 

 

The result indicated that 10 strains of Xag have the rpfF gene. The rpfF gene 

nucleotides sequences of Xag strains are very high percent identical among Xag 

groups. The high percent identical might be use for identified Xanthomanas spp. 

Besides, The sequences are 289 amino acids in length of rpfF gene (Fig 9). The amino 

acid sequences of Xag used to compare with Xanthomonas groups or orther groups of 

pathogenic bacteria. The amino acid sequences of Xag showed the highest percent 

similarity with Xoo by BioEdit program analysis.  
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Figure 6 PCR amplification product of Xanthomonas campestris pv. 

glycines amplified by primers designed from conserved 

regions of the rpfF gene of X. campestris pv. campestris 

and X. oryzae pv. oryzae. The PCR amplification product 

of rpfF gene from 10 strains of X. axonopodis pv. glycines 

were amplified in 1% agarose gel, lane 1-13 = KU-P-

34070 (1),   KU-P-34075 (2), KU-P-34021 (3), KU-P-

34064 (4), KU-P-KPS 01 (5), KU-P-KPS 06 (6), CM9-

015 (7), KU-P-SW005 (8), KU-P-SW008 (9), ST-015 

(10), X. oryzae pv. oryzae (11), P. syringae pv. syringae 

(12), no template (13) and 1Kb marker (M) yellow marker 

showed identical band.  
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1 ATGTCTGCAG   TTCAACCCTT   CATTCGCACC    AACATCGGCT   CGACCCTACG 50 

51 CATCGTTGAA   GAACCGCAGC  GTGACGTGTA   CTGGATCCAT   ATGCATGCCG 100 

101 ACCTCGCCGT   CAACCCGGGG  CGTGCCTGCT    TTTCGACGCG   CCTGGTCGAC 150 

151 GACATCACCG   GCTACCAGAG   CAACCTTGGT  CAACGACTGA   ACAACGCCGG 200 

201 CGTGCTGGCT   CCGCACGTGG    TGCTGGCATC  CGACAGCGAC   GTGTTCAACC 250 

251 TGGGCGGCGA   TCTGGCGTTG    TTCTGCCAAC   TCATTCGCGA   AGGCGACCGT 300 

301 GCTCGACTGC   TTGATTACGC    CCAACGCTGT   GTACGCGGTG   TGCACGCATT 350 

351 CCATGTCGGC   CTCGGCGCAC   GCGCGCACAG   CATCGCCCTG   GTGCAGGGCA 400 

401 ACGCGCTCGG   CGGCGGTTTC   GAAGCAGCAT   TGAGTTGCCA   CACCATCGTC 450 

451 GCCGAGGAAG   GCGTGATGAT  GGGATTGCCC    GAGGTGCTGT   TCGACCTGTT 500 

501 CCCGGGGATG   GGCGCCTACT  CTTTCATGTG C  CAGCGCGTC A  GTGCGCAAC 550 

551 TGGCGCAAAA   AATCATGCTC   GAAGGCAATC   TGTACTCCGC   CGAAGAGTTG 600 

601 CTCGGCATGG   GCCTGGTCGA   TCGCGTCGTG    CCGCGCGGTC  AGGGCGTGGC 650 

651 GGCCGTCGAA   CAAGTGATCC   GCGAAAGCAA  GCGCACACCG  CATGCCTGGG 700 

701 CGGCGATGCA   GCAAGTGCGC   GAAATGACCA  CGGCGGTACC  GCTGGAGGAA 750 

751 ATGATGCGCA   TCACCGAAAT   CTGGGTCGAT   ACGGCAATGC  AGTTGGGCGA 800 

801 AAAGTCATTG   CGCACCATGG   ACCGTCTGGT   CCGCGCGCAA   TCGCGCCGCT 850 

851 CAGGGCTCGA  CGCCGGCTGA 900 

                                                        * 

     

Figure 7 Nucleotide sequence of rpfF gene of Xanthomonas axonopodis pv. glycines 

strain KU-P-34070. The number on the right and left refer to the positions 

of the nucleotides. The beginning of coding regions and stop codons are 

indicated by broken arrows and asterisks, respectively.  
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Figure 8 Percent identical of the rpfF nucleotide sequence between 10 strains of 

Xanthomonas axonopodis pv. glycines (A), X. axonopodis pv. glycines with X. 

campestris pv. campestris (A), and X. axonopodis pv. glycines with X. oryzae 

pv. oryzae (B) respectively.  
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Figure 9 Amino acid sequence of rpfF gene of Xanthomonas axonopodis pv. glycines 

strain KU-P-34070 when compared with Xanthomonas oryzae pv. oryzae. 
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4. Derivation of an rpfF mutant  

 

  Strain KU-P-34070, which was characterized as a highly aggressive pathogen 

of soybean was choosen for site-directed mutagenesis of rpfF. Site-directed mutation 

was to inserted into target chromosome of target strain KU-P-34070 by triparental 

conjugation mating with plasmid (pLVC-D containing 385 bp of rpfF). The 3 colonies 

of transconjugants were obtained on NYGA supplemented with 50 µg/ml tetracycline. 

Three Xag mutants were T3A, T3B, and T3C. All of Xag rpfF mutant strains obtained 

from pLVC-D plasmid were inserted into Xag strain KU-P-34070. Three strains of 

Xag rpfF mutant (T3A, T3B, and T3C) were not produced DSF by DSF assay 

technique (data not shown). The T3A, T3B, and T3C were not shown green 

fluorescence. All of strains were not amplified by rpfF primer (Fig. 10, 11 and 12). 

The result indicated that the plasmid was inserted at rpfF gene of Xag strain KU-P-

34070. All of Xag rpfF mutant strains were individually purified by streak on NYGA 

medium plate containing with 50 µg/ml tetracycline before used in the next step. 

Based on these result and given that these pathogenicity factors are reduced induced 

by DSF.  

 

  This result demonstrates that rpfF are required for a DSF pathway.  Barber et 

al., (1997) the gene rpfF which is necessary for DSF synthesis are propably involved 

in fatty acid metabolism and the fact that certain fatty acids can substitute for DSF 

suggests that DSF is related to fatty acid. Besides, DSF is considered to be an 

essential component of a regulatory network affecting enzyme synthesis. Its effective 

concentration can be influencedby external factor, including chemical modification, 

nutrient uptake, and uptake system. Thus, DSF seems to have evolved a novel small-

molecule-based regulatory system which is essential for pathogenicity.  
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Figure 10 Molecular structure of TOPO cloning vector containing 385 bp of rpfF 

gene. Plasmid pLVCD were contained partial of rpfF gene and tetracycline 

resistance gene. 
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Figure 11 Molecular structure of Xanthomonas axonopodis pv. glycines containing 

rpfF gene. Plasmid pLVCD were contained rpfF gene and tetracycline 

resistance gene. 

 

5’ 3’ rpfF 

5’ 3’ 

Tet R 

5’ 3’ 3’ 5’ 
Tet R 

pLVCD 



 

63 

 
 
 
 
 
 
 
 
 
 
 
Figure 12 PCR Amplification products from genomic DNA of Xanthomonas 

axonopodis pv. glycines rpfF mutants amplified by rpfF-specific primers, 

lane 1-4 = KU-P-34070 (1), T3A (2), T3B (3), T3C (4), and 1Kb marker 

(M) yellow marker showed identical band.  
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5. Screening of Xag rpfF mutants  
 

  5.1 HR induction  

           

         The Xag rpfF mutants (T3A, T3B, and T3C) induced HR which produced 

a necrosis symptom on tomato and tobacco (Table 4 and Fig. 13). Xag concentration 

of about 1x108cfu/ml was infiltrated into plant cells.The infiltrated zone showed tissue 

cell collapse within 24 h after infiltration and then, within 3-4 days the infiltrated zone 

became dry. The symptoms were not different between KU-P-34070 and Xag rpfF 

mutant strains. The HR was observed as a rapid localized death of plant cells. The 

result suggested that the rpfF gene mutant did not affect HR of tomato and tobacco. 

From this study, 10 strains of Xag were showed consistently HR on both of nonhosts 

within 24 h.  
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Table 4 Efficacy of X. axonopodis pv. glycines (rpfF mutant) and X. axonopodis pv. 

glycines (wildtype) KU-P-34070 for hypersensitive response on different 

nonhosts, tobacco and tomato at 48 h after cell concentration at 0.2 OD was 

infiltrated 

 

Xag strains HR induction 1/ 

Tomato Tobacco 

RpfF mutant strains   

        T3A + + 

        T3B + + 

        T3C + + 

Wildtype KU-P-34070 + + 

dH2O - - 
 

1/ HR = hypersensitive response; + = positive reaction, - = negative reaction, 

infiltrated areas were monitored for development of tissue collapse and 

necrosis for 48 h post inoculation. The negative response was no visible 

necrosis. The positive reaction was complete collapse and necrosis of the 

entire infiltrated area.  
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Figure 13 Hypersensitive response (HR) tested, all of X. axonopodis pv. glycines 

(rpfF mutant) including wildtype X. axonopodis pv. glycines KU-P-34070 

could induce HR on nonhost plant tobacco (A) and tomato (B). Red 

arrows are the necrosis of plant tissue.   
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  5.2 Pathogenicity test on soybean 

 

      Strain KU-P-34070 is characterized as a highly aggressive pathogen of 

soybean (Prathuangwong et al., 1993). Accordingly, lesions characteristic of bacterial 

pustules were observed on 61 to 67% of 1-cm 2 soybean leaf sections evaluated at 7 

days following spray inoculation with strain KU-P-34070 in three replicated 

experiments (Table 5, Fig 14). In contrast, lesions were observed on only 19-26% of 

the leaf sections on soybean plants sprayed with rpfF mutants of KU-P-34070. 

Therefore, the rpfF mutants were less virulent than the parental strain of X. a. 

glycines. In two of the three experiments, mutant T3b caused slightly higher levels of 

disease than did the other two rpfF mutants. The variation in disease severity caused 

by the different mutant strains (ca. 4 %) was small in contrast to the 34-44% reduction 

in disease severitycaused by the wildtype strain relative to the mutants. Therefore, we 

concluded that all mutants exhibited reduced virulence and did not further investigate 

the small differences among them that were seen in some experiments.  

 

  Mutation of rpfF of Xag showed the influence on phenotypes and 

pathogenicity. However, the importance phenotype that is apparent after mutate of 

rpfF is virulence expression. These mutants of rpfF showed lower disease severity 

compared with wild-type. Many reports revealed rpfF gene of Xcc, Xoo, and Xac 

regulated the disease severity (Siciliano et al., 2006, Dow et al., 2003, Poplawsky et 

al., 1998). In addition, the symptoms of mutants as same as the wild-type symptom, 

but the symptom expression is delayed. We predicted that rpfF of Xag could affect the 

plant disease development. These result stongly indicated that rpfF is important role 

in regulation of virulence of Xag and similar to the previously reported for Xoo, Xcc 

and Xac.  
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Table 5 Virulence of X. axonopodis pv. glycines KU-P-34070 and rpfF mutant on SJ4 

susceptible soybean cultivar 

 

Xag strains  % Leaf segments exhibiting symptoms 1/ 

Experiment 1 Experiment 2 Experiment 3 

KU-P-34070 63a 67a 61a 

T3A 22c 26b 21c 

T3B 26b 26b 25b 

T3C 19c 25b 23bc 
1/ Virulence was assessed in three experiments evaluating three leaves on each of four 

replicate plants (Experiment 1 and 2) or ten replicate plants (Experiment 3). The 

percentage of leaf segments exhibiting lesions typical of bacterial pustule was 

calculated for each replicate plant. Values followed by different letters differed 

significantly (P=0.05) according to the Duncan’s multiple range test. 
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Figure 14 Disease severity of X. axonopodis pv. glycines (rpfF mutant) strains 

on SJ4 soybean cultivar ; T3A (A), T3B (B), T3C (C), and X. 

axonopodis pv. glycines strain KU-P-34070 (D).   
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6. Extracellular enzyme assay  

 

Due to the influence of rpfF on exoenyzme production by other Xanthomonas 

spp. (Barber et al., 1997; Dow et al., 1987; Siciliano et al., 2006; Slater et al., 2000; 

and Tang et al., 1991), and the important role of the exoproducts in virulence of 

Xanthomonas spp., we compared KU-P-34070 and rpfF derivatives for exoenzyme 

production. rpfF mutants exhibited reduced production of protease, cellulase, endo-

mannanase, and endo-glucanase, and less pectolytic activity compared to the parental 

strain KU-P-34070 (Table 6, Fig. 15, and 17). In contrast, alpha-amylase production 

did not differ detectably between KU-P-34070 and rpfF derivatives. The rpfF mutants 

also produced less polygalacturonate lyase (Fig. 16) than was produced by the 

parental strain.  

 

In addition to regulation of synthesis of pathogenicity factors, the result 

indicated rpfF Xag regulated extracellular enzymes (cellulose, alpha-amylase, pectase 

lyase, endoglucanase, protease, mannanase, and polygalacturonate lyase (PGL)). In 

contrast, mutation of rpfE led to a less pronounced reduction of protease, 

endoglucanase synthesis than mutation of rpfF (Dow et al., 2000). In this study, these 

mutations led to the less production of cellulase, protease, and PGL but not alpha-

amylase than wild-type. These result to similar with Xac (Siciliano et al., 2006) and 

and Xcc (Dow et al., 2000), that rpfF mutant show decreased synthesis of protease 

and endoglucanase. In contrast, Xcc rpfF mutant were produced higher protease than 

wild-type (He et al., 2006).  

 

These virulence factors were regulated by rpfF of Xag, except alpha-amylase, 

which to help the pathogen infect the hosts. Furthermore, one enzyme has established 

role in virulence in Xag is pectase lyase. RpfF of Xag could regulate the pectase lyase 

synthesis. These enzymes degrade polygalacturonates and other pectic components in 

plant cell walls are caused of tissue maceration (Gomathi and Gnanamanickam, 

2004). In Xag, xagP gene which involved pectase lyase synthesis (Kaewnum et al., 

2006). we expect that rpfF gene is involved or participated with xagP for pectase 

lyase synthesis.  
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Table 6 Extracellular enzymes and extracellular polysaccharide production by X. 

axonopodis pv. glycines KU-P-34070 strain and rpfF mutants  

 

Strain Diameter of Clear zone (cm) 1/ EPS 2/ 

(mg/ml) Protease Cellulase Pectate 

lyases 
Endo 

glucanase 
Mannanase 

KU-P-34070 2.1 2.8 2.6 1.7 2.2 1.8 

T3A 0.5 1.3 1.5 0.7 1.2 1.3 

T3B 0.5 1.4 1.4 0.7 1.2 1.3 

T3C 0.5 1.3 1.4 0.8 1.2 1.3 
1/ Filtrates of overnight cultures grown in NYGB were placed in wells (0.5 cm diam) 

in agar media specific for detection of each exoenzyme. Enzyme activity was 

estimated from the diameter of zones surrounding each well. A value of 0.5 cm, the 

diameter of the well, indicates that no enzyme activity was detected. All 

experiments were done twice, once with four replicate plates and once with three 

replicate plates. The standard deviation for each assay was 0.1 cm. 
2/ Extracellular polysaccharide (EPS) was extracted from four replicate cultures grown 

in NYGB medium for 48 h, dried, and mean dry weights are presented. The 

standard deviation for each treatment (strain) was _0.1 mg/ml. Three independent 

experiments were done, and results from a representative experiment are presented.  
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Figure 15 RpfF mutants exhibited reduced production of cellulose (A), 

pectate lyase (B), endoglucanase (C), alpha-amylase (D), 

protease (E), and mannanase (F) compared to the parental strain 

KU-P-34070. 
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Figure 16 Polygalacturonate lyase (PGL) activity exhibited by X. a. glycines KU-P- 

34070 and rpfF mutants (T3A, T3B and T3C).  

 

 

 
 
 
 
 
 
 
 
       Figure 17 Pectolytic activity on potato slices of Xanthomonas axonopodis pv. 

glycines wildtype KU-P-34070, and Xanthomonas axonopodis pv. 

glycines double mutants; T3A, T3B, and T3C. 
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7. Extracellular polysaccharide (EPS) production 

 

  The Xag mutant strains T3A, T3B, and T3C showed a reduction in the 

synthesis of (EPS) compared to the wildtype strain (Table 6 and Fig. 18). T3A, T3B, 

and T3C produced of 1.21, 1.29, and 1.23 mg/ml EPS respectively. KU-P-34070 

produced higher amount of EPS at 1.8 mg/ml. These results indicated that the rpfF 

gene affected EPS synthesis.   
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Figure 18 X. axonopodis pv. glycines rpfF mutants, T3A, T3B, and T3C, 

were reduced production of extracellular polysaccharide (EPS) 

compared to the parental strain KU-P-34070. 
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8. Siderophore production 

 

KU-P-34070 produced a siderophore on CAS-PSA medium, which was 

detected by an orange halo surrounding bacterial growth (Fig. 19). The rpfF mutants 

produced larger zones than the wildtype on the medium, which typically indicated 

siderophore overproduction (Schwynn and Neilands, 1987, Chatterjee and Sonti, 

2002). The result indicated that the rpfF gene of Xag to have impact on siderophores 

production phenotype.   

 
      Siderophore is an iron chelating compound that secreted by 

microorganisms. The pathogen had to change the form before use. In this result 

indicated that rpfF mutants were shown the efficacy to use the siderophore better than 

wild type. The wild type was reduced because it was not use siderophore for survival. 

This result might be use the mutant strain control the wild type survival.  
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Figure 19 Siderophore production was exhibited as yellow zones surrounding 

bacterial colonies on a universal siderophore production medium. 
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9. Quantitative RT-PCR 

  

Reverse transcriptase-PCR was done to determine if the effect of the rpfF 

mutation on exoenzyme production was associated with an effect on gene expression. 

Transcript abundance for genes encoding cellulase (engXCA), protease (pro), and 

pectate lyase (pelB) were lower in the rpfF mutant T3A than in the wildtype strain 

KU-P-34070 (Fig 20). Therefore, the influence of rpfF on the production of these 

exoenzymes was associated with a reduction in the rate of transcription or transcript 

stability in Xag. Besides, the period or cycle was directly related to RNA 

concentration (data not shown). The rpfF mutant strain was produced the mRNA less 

and slower than wild type. The result confirmed that rpfF regulated cellulose, 

protease, and pectate lyase gene. 
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Figure 20 Transcript levels of several genes whose products are influenced 

by rpfF were determined by quantitative RT-PCR: rpfF, pectate 

lyase (pel) (A), cellulase (cel) (B), and protease (pro) (C).  
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10. Analysis of Xag double mutant  

 

 Plasposon was more efficacies which induced several mutant colonies of Xag 

isolates. The mutant colonies were selected by growth on NYGA supplemented with 

50 µg/ml kanamycin. Plasposon insertion was confirmed by PCR analysis following 

kanamycin insertion by primers that described in method above. Fourteen strains 

were grown on NYGA supplemented with 50 µg/ml kanamycin. The mutant strains 

are KU-DM-1, KU-DM-2, and KU-DM-3. Three strain of mutants were amplified the 

target product but KU-P-34070 was unabled to amplify the product (Fig. 21). The 

mutant strain was used in the next step.    

 

The mutant strains (KU-DM-1, KU-DM-2, and KU-DM-3) did not rot potato 

tubers but the KU-P-34070 wildtype strain did cause rot of potato tubers held for 24 h 

in a moist chamber. The appearance of soft rot symptoms was caused by KU-P-

34070.  

 

The mutant strains (KU-DM-1, KU-DM-2, and KU-DM-3) did not produce 

pectate lyase whereas Xag wildtype KU-P-34070 produced a big clear zone around 

the hole in the medium, which contrasted with the red background (Fig 21). T3A was 

reduced in pectate lyase synthesis but KU-DM-1, KU-DM-2, and KU-DM-3 

produced no detectable pectate lyase. The result showed pectate lyase synthesis was 

controlled by pel gene. 

 

       After confirming the insertion of the plasposon in T3A  by PCR, the mutant 

strains KU-DM-1, KU-DM-2, and KU-DM-3 were tested for induction of HR on  on 

tobacco (Nicotiana tabacum cv. Xanthi), tomato (Lycopersicon esculentum cv. Seeda 

4), and pepper (Capsicum annuum cv. Cayenne). The mutants did not induce HR on 

the three nonhost plants but the Xag wild type KU-P-34070 and Xag T3A induced 

HR within 24 h (Fig. 22). Cell collapse of the infiltrated zone was seen within 12 h 

and then, within 3-4 days the infiltrated zone became dry (data not shown).  
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  The Xag double mutant strains KU-DM-1, KU-DM-2, and KU-DM-3 caused 

symptoms on 1.83-2.56 % of leaf area at 10 days after inoculation. Whereas, the 

wildtype KU-P-34070 was showed the 81.4 % disease severity at 7 days after 

inoculation. The symptom of Xag double mutant strains KU-DM-1, KU-DM-2, and 

KU-DM-3 were not differed from wildtype strain but the symptom was expressed 

slower than wildtype (Fig 23). The double mutant strains were not lost of disease 

induction. The result indicated that the Xag were used more than rpfF gene and 

pectate lyase gene for infect the plant cell.    
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Figure 21 Polymerase chain reaction (PCR) amplified the plasposon of Xanthomonas 

campestris pv. glycines rpfF mutant by LaciF and LaciR primers. The 

PCR fingerprinting pattern of mutants, KU-DM-1 (1), KU-DM-2 (2), 

KU-DM-3 (5), KU-P-34070 (6), no template (5). 

 

 
 
 
 
 
 
 
 
Figure 22 Pectolytic enzyme activities on plate assay and hypersensitive response 

on tobacco and nonhosts. Clear zone of pectate lyase enzyme was 

expressed on assay medium (A). The KU-P-34070 (WT) produced 

pectate lyase enzyme but not for KU-DM-1(M). HR on tobacco (B), 

tomato (C), and pepper (D); WT= KU-P-34070, M= KU-DM-1 

(mutant).  
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Figure 23 Disease severity of X. axonopodis pv. glycines KU-P-34070 

(A) and the mutant strains; KU-DM-1(B), KU-DM-2 (C), 

and KU-DM-3 (D) on SJ4 soybean cultivar. 
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11. Biofilm formation of X. axonopodis pv. glycines    

  

11.1 Biofilm assay in microtiter plate  

 

         In a preliminary assay, bacterial conducted the biofilm formation in 

microtiter plates was analyzed by crystal violet staining. Bacterial were grown 

overnight in NYGB medium, and then fixed of the biofilm by crystal violet. This 

experiment showed the significant differences in the formation of biofilm. After 24 h 

incubate, the wells of T3A showed significantly high crystal violet staining when 

compared with KU-P-34070 (Fig 24A). This result suggests that rpfF gene played a 

role in biofilm formation or bacterial initial adhesion.    

   

  11.2 Biofilm quantification of X. axonopodis pv. glycines by crystal violet 

assay 

 

         Bacterial adhesion in microtiter plate also was studied. The wells of 

microtiter plate were inoculated with Xag wild type KU-P-34070 and rpfF mutant 

T3A and incubated at room temperature for 24 h. The bacterial attachments were 

revealed by crystal violet staining. The biofilm quantification was measured the 

absorbance at 590 nm. The experiment showed the significant differences in 

absorbance. The wild type showed the highest value when compared with rpfF mutant 

(Fig 24B).  

 

            In addition, the formation of pustule may depend on bacterial population 

that attached and form biofilms on leaf surfaces. Examined the role of biofilm 

formation in bacterial pustule disease, we examined the ability of Xag to develop a 

biofilm by bacterial population on soybean leaves. To assess the importance of the 

ability to form biofilms, biofilm formation was detected by plate count technique. 

KU-P-34070 were increased the population on soybean leaves surface more than 

T3A. Besides, KU-P-34070 showed the disease severity higher than TA3 and the 

pustule spot appeared faster than rpfF mutant. The KU-P-34070 showed the first spot 

at 4 days after inoculation but T3A expressed the symptom at 7 days after inoculation. 
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The symptom characterization was differed between wild type and mutant strain. The 

wild type spot was bigger and more elevated than mutant strain (data not shown). The 

resulted indicated that biofilm might be involved the virulence of disease and 

pathogen colonization.  
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Figure 24 Bacterial adhesion and biofilm formation on microtiter plate surfaces were 

assessed by the use of absorbance; 1=control, 2=T3A rpfF mutant, and 

3=KU-P-34070 wild type (A), and bacterial adhesion and biofilm 

formation on microtiter plate were assessed by spectrophotometer (B). 
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12. Epiphytic fitness of Xanthomonas axonopodis pv. glycines and mutants  

  

 12.1 de Wit replacement analysis 

 

  12.1.1 Replacement series between T3A and its wild type KU-P-34070 

 

                 In a de Wit replacement series were performed the interaction 

between T3A and its wild type KU-P-34070, it was necessary to make a reporter 

before used in analysis. The inaZ (Ice+) gene from Pseudomonas syringae used as a 

marker for KU-P-34070. The Ice+ gene showed ice nucleation at -4 oC (data not 

shown) (Jaruwat and Sutruedee, 2004). The total inoculum concentration of 106cfu/ml 

was used in the experiment. The population density of KU-P-34070 when inoculated 

alone (KU-P-34070:T3A, 1:0) was higher than the population size of the T3A strain 

when inoculated alone (KU-P-34070:T3A, 0:1) on all of soybean cultivars and plant 

age. The populations of KU-P-34070 in the co-inoculations were more than T3A in 

the co-inoculations were less than expected for an equally competitive interaction. 

The total population of KU-P-34070 and T3A was less than the expected from the 

population sizes when the strains were alone inoculation (Fig 25). This result showed 

that KU-P-34070 was colonized on soybean leaves better than the rpfF mutant T3A. 

This replacement series were performed in the competitive interaction. The relation 

ship between KU-P-34070 and T3A indicated that the both of strains might be need 

the same resources and habitat.  

          

  Moreover, the difference cultivars were affected to the population size of both 

strains. The both of populations were highest when inoculated on SJ4 cultivar when 

compared with Spencer and CM60 cultivar (data not shown). The CM60 cultivar 

showed the least both of bacteria. The cultivars of soybean were affected to the 

bacterial population, bacterial attachment, bacterial colonization or bacterial multiply. 

The CM60 is the resistance cultivar that might be having plant disease defense 

response. The structure of resistant cultivar was consisted of structures that interrupt 

the pathogen attachment or colonization such as trichomes, wax, and stomata 

characteriazation. For SJ4 and Spencer cultivar, both of strains were survived and 
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multiply on SJ4 better than Spencer. Both of them are susceptible cultivar but Spencer 

is the foreign cultivar. KU-P-34070 and T3A were increased the population on SJ4 

better than Spencer. The Xag test strains were isolated from soybean in Thailand 

which might be colonized on local cultivar better than import cultivar. 

 

  Besides, the plant age is affected to the epiphytic fitness of bacteria. The 

population size of KU-P-34070 more than T3A in both of plant age (15 and 30 days-

old plant). The relation ship is competition, and the KU-P-34070 was colonized on 

soybean. In addition, the both of bacterial population were multiplied on 15 days-old 

soybean plant better than 30 days-old soybean plant (Fig 25 and 26). The age of plant 

was affected to bacterial attached and colonized. The younger plant was affected to 

bacterial attachment because the older plant might be conducted the defense structure 

or collected some compound of plant defense response. 

 

  The result indicated that rpfF affected to epiphytic fitness of Xag. The results 

also showed the competition between KU-P-34070 and T3A and KU-P-34070 needed 

the same ecological niche as T3A. Besides the competition between some kinds of 

epiphytic bacteria were affected to epiphytic fitness, the cultivar and plant age are the 

important factor for bacterial fitness also.   
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Figure 25 de Wit replacement analysis between KU-P-34070 and T3A. The cell 

density of the inoculum (KU-P-34070 + T3A) was held constant at 

1x106cfu/ml on 15 days old of SJ4 cultivar. Error bars show + 1.4 

standard errors of the mean derived from three replicate 

experiments.    

 

 
 
 
 
 
 
 

 
 
 

Figure 26 de Wit replacement analysis between KU-P-34070 and T3A. The cell 

density of the inoculum (KU-P-34070 + T3A) was held constant at 

1x106cfu/ml on 30 days old of SJ4 cultivar. Error bars show + 1.4 

standard errors of the mean derived from three replicate 

experiments.    
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 12.2 Epiphytic fitness analysis 

        

                      12.2.1 Epiphytic fitness analysis between KU-P-34070 and T3A 

   

                                 Epiphytic fitness on soybean leaves of each strain showed the 

different population density in each day. By 24 h after inoculation, the population of 

wild type had increased higher than the mutant strain. In individual inoculation, KU-

P-34070 was showed higher population than T3A at the 1 day after inoculation (Fig 

27). The result showed KU-P-34070 was colonized and survived on soybean leaves 

better than T3A. This indicated that the site directed mutation at rpfF gene might have 

reduced epiphytic fitness. The slope of population density graphs of both strains is 

similar. The early stage, the population densities were reduced and started to increase 

the population at 3 or 4 days after inoculation. KU-P-34070 showed the higher 

population than T3A all of day. The result showed that KU-P-34070 was colonized, 

multiplied the population, and survived on soybean leaves better than T3A.  

 

  Besides, this experiment showed the disease severity of KU-P-34070 and T3A 

on the each soybean plant of 77.7 and 18.5% respectively in individual inoculation 

(data not shown). KU-P-34070 was observed the first spot at 4 days after inoculation 

but T3A was delayed than wild type, this strain was observed the first spot at 8 days 

after inoculation. The result indicated rpfF gene might be affected to the infection 

period. The lost of virulence factors might be the main factors that involved the 

infection process of bacterial pathogen. The spot of Formation of spots may depend 

on bacterial colonization and biofilm formation. The symptom of KU-P-34070 was 

larger and more elevated than T3A. The rpfF gene might be affected to the wound 

formation directly or affected with biofilm that made the differed morphology of 

wound. The resulted indicated that rpfF gene was involved the virulence of disease 

and were conducted the symptom.  

 

Besides, co-inoculation between KU-P-34070 and T3A showed similar graph 

with individual inoculation. But the both of population were lower than individual 

inoculation. The populations were decreased in the early stage, and then they were 
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increased in the next time as individual inoculation (Fig 27). Moreover, the both of 

population were less than individual inoculation. This is the competition between KU-

P-34070 and T3A. KU-P-34070 and T3A might need for the same habitat and 

ecological niche or nutrients on soybean leaves surface. Besides, the competition 

between both strains might be the cause for disease reduction. The disease severity 

that observed at 4 day was lower than individual inoculation. Moreover, the symptom 

observation at 9 day showed the total severity lower than individual inoculation. T3A 

was used for biological control agent for bacterial pustule disease control or used for 

induce the plant defense response.     
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(B) 

Figure 27 Population density of Xanthomonas axonopodis pv. glycines strain 

KU-P-34070 and T3A after individual inoculation of each strain, at 

a concentration of 1x106 cfu/ml, onto soybean leaves in a 

greenhouse experiment : (A) individual inoculation and (B) co-

inoculation.  
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13. Effect of nutrients source on epiphytic fitness 

 

The effect of nutrients affect to epiphytic fitness of bacteria was test with co-

inoculation between KU-P-34070 and T3A and then sprayed 10% (v/v) of glucose, 

fructose, praline and NH4
+. Both of bacterial strains were increased when compared 

with inoculation without nutrients. The result indicated that glucose is the nutrient that 

pathogen needed. The nutrient additions were reached the population of bacteria (Fig 

28). The resulted indicated that nutrients were increased the efficacy of mutant strain 

to control the bacterial pustule disease and increased the plant defense mechanism.  
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Figure 28 Population density of KU-P-34070, and T3A after co-inoculation in a 

proportion of 1:1 of each strain, at a concentration of 1x106 cfu/ml, onto 

soybean leaves which sprayed 10% (v/v) glucose (A), fructose (B), 

proline (C), and NH4
+ (D) at 1 day before pathogen inoculation.  
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14. Disease induction by extracellular protein  

 

 Following treatment of Xag and Xag rpfF mutant were tested on host plant, 

susceptible soybean cultivar (SJ4) and resistance cultivar (CM60) with cotyledon 

assay and detached leaf technique.  

 

14.1 The cotyledon assay 

 

         Each of treatments was tested for pathogenicity on 20 cotyledons that cut 

from soybean plant. All of treatments were shown the efficacy to induce the chlorosis 

symptom on cotyledon of SJ4 soybean cultivar in different time (Fig 29). The cell of 

KU-P-34070 was shown the initial water soak at 6 h after infiltration (Table 7 and Fig 

29) and showed the initial necrosis at 12 h after infiltration and showed the clear 

necrosis within 24 h. For rpfF mutant, it was induced the necrosis on the soybean 

cotyledon as well wild type strain but used the incubation period longer than wild type 

(Table 7). Besides, the both of extracellular protein of wild type and rpfF mutant were 

induce the necrosis symptom. Interestingly, The bacterial cell of T3A that 

complemented with extracellular protein of KU-P-34070 were induced the symptom 

faster than extracellular protein of T3A only. The resulted indicated that cell of KU-P-

34070 were secreted or synthesized some factor for increase the symptom. 

 

For CM60 soybean resistant cultivar, all of treatment was shown the chlorosis 

symptom on cotyledon but it was not severed when compared with susceptible 

cultivar (Fig 29). The result indicated that that virulence factors that important for 

disease induction were restored in bacterial cell and extracellular protein. In the 

extracellular protein that secreted from the cell might have some enzyme or toxin that 

involved the pathogenesis.  

 

This result indicated that the virulence factor were stored in the bacterial cell 

and were secreted from the cell to outside. The virulence factor might be extracellular 

enzymes, extracelular polysaccharide and toxin. Moreover, the cotyledons on the 

plant were still protected the pathogen infection better than dried cotyledons.   
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Table 7 Development of necrotic lesion on soybean cotyledon by infiltration. 

 

Time after 

inoculation 

(h) 

Development of necrotic lesion 1/ 

Treatment 2/ 

1 2 3 4 5 6 Control

1 - - - - - - - 

6 W - - - - - - 

8 W W W W W W - 

12 + W + W W W - 

18 ++ + + + + + - 

24 +++ ++ ++ + ++ ++ - 

48 +++ +++ +++ ++ +++ +++ 

 

- 

1/ Infiltrated areas were monitored for development of tissue necrosis after infiltration 

in which + = slightly necrotic spot ; ++ = moderated necrosis at margins of 

infiltrated area; +++ = clear necrosis of the infiltrated area with yellow tissue ; - = 

no visible necrosis and W = water soak. 
2/ Treatment are 1) bacterial suspension of KU-P-34070 (wild type), 2) bacterial 

suspension of T3A (rpfF mutant), 3) extracellular protein of KU-P-34070, 4) 

extracellular protein of T3A, 5) cell of KU-P-34070 + extracellular protein of 

T3A, and 6) cell of T3A + extracellular protein of KU-P-34070. 

 

 

 

 

 

                                 (A)                                                                        (B)                            

Figure 29 Pathogenicity test using cotyledon bioassay; cell of KU-P-34070 (1), cell 

of T3A (2), extracellular protein of KU-P-34070 (3), extracellular protein 

of T3A (4), cell of KU-P-34070 mixed with extracellular protein of T3A, 

and cell of T3A mixed with extracellular protein of KU-P-34070 on SJ4 

cultivar (A) and on CM60 cultivar (B). 

1 2 3 4 5 6 1 2 3 4 5 6
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14.2 Detached leaf assay 

 

The pathogenicity of Xag KU-P-34070 and T3A rpfF mutant were shown in 

Fig 30. Each of treatments was tested for pathogenicity on 10 soybean leaves by 

infiltrated. KU-P-34070 were shown the cholosis severity than T3A. KU-P-34070 

were induced the water soak at 9 h after infiltration whereas T3A (rpfF mutant) 

showed the water soak symptom at 15 h after infiltration. All of treatments except 

KU-P-34070’s suspension were expressed the water soak between 13-15 h after 

infiltration. The KU-P-34070 were started the necrosis symptom at 21 h but T3A were 

induced the necrosis at 28 h after infiltration (Table 8 and Fig 30). For extracellular 

proteins of KU-P-34070 and TA were induced the necrosis symptom same as 

bacterial suspension infiltrated. The extracellular protein of KU-P-34070 and T3A 

were showed the water soak at 13 and 15 h after infiltration respectively and showed 

the necrosis at 27 and 29 h respectively (Table 8 and Fig 30). The resulted indicated 

that extracllular protein from bacterial cell consist of some factors for disease 

induction. Besides, the cell of KU-P-34070 complement with extracellular protein of 

T3A and cell of T3A complement with extracellular protein of KU-P-34070 were 

induced the necrosis symptom. The result indicated that cell, extracellular protein and 

cell mixed with extracellular protein of two strain were induced the symptom on 

soybean leaves. The virulence factors that important for pathogenesis were stored in 

the cell and extracellular protein.    
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Table 8 Development of necrotic lesion on soybean leaves by infiltration 

 

Time after 

inoculation 

(h) 

Development of necrotic lesion 1/ 

Treatment 2/ 

1 2 3 4 5 6 Control

9 W - - - - - - 

14 W - W - - - - 

15 W W W - W W - 

18 W W W W W W - 

21 + W W W W W - 

22 + W W W W W - 

23 ++ W W W W W - 

26 +++ W W W W W - 

27 +++ W + W W W - 

28 +++ + + W + W - 

29 +++ + + + ++ + - 

30 +++ ++ ++ ++ ++ + - 

31 +++ ++ +++ ++ +++ ++ - 

48 +++ +++ +++ ++ +++ ++ - 
1/ Infiltrated areas were monitored for development of tissue necrosis after infiltration 

in which + = slightly necrotic spot ; ++ = moderated necrosis at margins of 

infiltrated area; +++ = clear necrosis of the infiltrated area with yellow tissue ; - = 

no visible necrosis and W = water soak. 
2/ Treatment are 1) bacterial suspension of KU-P-34070 (wild type), 2) bacterial 

suspension of T3A (rpfF mutant), 3) extracellular protein of KU-P-34070, 4) 

extracellular protein of T3A, 5) cell of KU-P-34070 + extracellular protein of 

T3A, and 6) cell of T3A + extracellular protein of KU-P-34070. 
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Figure 30 Pathogenicity test by detached leaf assay cell of KU-P-34070 (1), cell of T3A (2), 

extracellular protein of KU-P-34070 (3), extracellular protein of T3A (4), cell of -

P-34070 mixed with extracellular protein of T3A, and cell of T3A mixed with 

extracellular protein of KU-P-34070. The treatments were sprayed on the 14 

days-old soybean on SJ4 cultivar; 18 h (A), 28 h (B), and 48 h (C) and (D). 

A B C D 

1 

2 

3 

4 

5 

6 
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14.3 Pathogenicity test 

 

            The pathogenicity test were sprayed the bacteria suspensions, extracellular 

proteins, and cell mixed with extracellular protein on soybean leaves. The suspension 

of KU-P-34070 (wild type) showed the initial pustule symptom at 7 day after 

inoculation. Whereas, the suspension of T3A (rpfF mutant) was expressed the 

symptom at 10 day after inoculation. The KU-P-34070 and T3A were induced the 

disease severity at 77.78 and 22.23 % respectively. This result indicated that T3A 

were loss the efficacy for infect the plant cell. The incubation period of mutant strain 

is longer than wild type. The longer incubation period might affect from the mutation 

of rpfF gene. However, the soybean plants that sprayed with extracellular protein of 

KU-P-34070 and T3A were not showed the symptom. This result showed the 

extracellular protein without bacterial cell was not infected the plant. The bacterial 

cell was attached and infected the plant cell but extracellular protein was not passed 

the plant cell wall. For bacterial cell mixed with extracellular proteins were induced 

the symptom on soybean. The severity of cell of KU-P-34070 mixed extracellular 

protein of T3A, and cell of T3A mixed extracellular protein of KU-P-34070 were 53 

and 42 % respectively (data not shown).  

 

In addition, the extracellular proteins that secrete from the cell consist of the 

virulence factor. The disease induction might be used the metabolism from bacterial 

cell. The extracellular protein alone might be induced the symptom but not higher 

severity than fresh cell. The resulted indicate that the disease induction have to consist 

of plant, pathogen and the environment. This work showed the virulence factors store 

in the cell and secrete outside the bacterial cell. The disease development had to 

interact with the plant and environment.  

 

15. Extracellular protein analysis 

 

15.1 Protein analysis from SDS-PAGE 
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         The total proteins isolated from the extracellular fractions of Xag strain 

KU-P-34070 and T3A were analyzed by SDS-PAGE with silver nitrate staining. The 

proteins from bacterial cell and extracellular protein were not shown the different 

bands. The protein bands of both strain is very similar (Fig 31). Several prominent 

protein bands of bacterial cell and extracellular protein (approximately 100, 75, 45, 40 

and 30, 25, 22 and 20 kDa) were observed in both of strains (Fig 31).  

 

Besides, the protein from the cell of Xag wild type and rpfF mutant were 

analyzed by SDS-PAGE same described above. The T3A were produced prominent at 

least 11 bands (aproximately 116, 100, 45, 40, 33, 31, 27, 25, 21, 19, and 16 kDa) that 

difference from wild type. Several protein bands were differed from extracellular 

protein. 
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Figure 31 Proteins expression profiles of Xanthomonas axonopodis pv. glycines KU-

P-34070 and T3A rpfF mutant in the produce of extracellular proteins that 

was assessed by SDS-PAGE ; lane 1 = marker, 2= protein in bacterial cell 

of KU-P-34070, 3= extracellular protein of KU-P-34070, 4= protein in 

bacterial cell of T3A, and 4=extracellular protein of T3A. Green arrows 

are the protein that discover in wild type but not in rpfF mutant. 
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15.2 2-D GEL analysis 

 

  The 2-D dimension protein profile tested with the different between 

wild type (KU-P-34070) and rpfF mutant (T3A). Analysis of these 2-D gel images 

identified spots that appeared to be differentially expressed between the two strains of 

Xag. These proteins were analyzed by nanospray quadrupole (Qq) TOF tandem MS 

(MS/MS) for protein identification. The proteomics of extracellular proteins secreted 

from Xag wild type KU-P-34070 and Xag rpfF mutant T3A by across a gradient pH 

3-10 and pH 4-7. The both of strains were grown in NYGB. The intense protein spots 

observed in the gel from the in vivo condition were analyzed by MS or MS/MS. The 

2-D dimension protein profile tested with the different between wild type (KU-P-

34070) and rpfF mutant (T3A). Analysis of these 2-D gel images identified spots that 

appeared to be differentially expressed between the two strains of Xag. These proteins 

were analyzed by nanospray quadrupole (Qq) TOF tandem MS (MS/MS) for protein 

identification. The proteomics of extracellular proteins secreted from Xag wild type 

KU-P-34070 and Xag rpfF mutant T3A by across a gradient pH 3-10 and pH 4-7. The 

both of strains were grown in NYGB. The intense protein spots observed in the gel 

from the in vivo condition were analyzed by MS or MS/MS.   In total, KU-P-34070 

was produced total proteins more than T3A. KU-P-34070 was produced around 370 

spots and T3A was generated around 340 spots.  

 

Comparison between the gel images revealed importance 10 spots that 

produced only by Xag wild type strain but were lost in mutant strain (Fig 32A). 

Altogether 10 protein spots could be predicted from the database and reports. In this 

study, we found many protein spots involved in pathogenicity of the pathogen. Protein 

spot number 3 showed involved with diffusible signal factor (DSF) production of 

Burkholderria cenocepacia (Boon et al., 2008). DSF of B. cenocepacia is structurally 

similar to the DSF that is produced by the RpfF enzyme of Xanthomonas campestris 

(Boon et al., 2008). For keeping up their competitive advantages, many plant 

pathogen appear to produce, release and response collectively to specific small signal 

molecules to regulated the importance activities including virulence factor production, 
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antibiotics biosynthesis and biofilm formation. DSF is commonly mechanism known 

as quorum sensing (Whitehead et al., 2001).  

The wild type strain was showed the protein size about 116 kDa (spot number 

1) that produced more than mutant. This protein was involved in fecA gene. FecA was 

regulated iron transport system. The result indicated that the rpfF gene was 

participated in FecA gene expression. In addition, mutation of rpfF gene was reduced 

level of FecA. The DSF system is involved in iron uptake mediated by FecA, 

ultimately affecting growth (Mathesius et al., 2002). Iron plays important roles in 

bacterial growth, survival and pathogenesis (Poole and McKay, 2003). FecA is 

regulated by the rpf/DSF cell-cell communication system.  

 

The protein spot number 2 (44 kDa) involved the GumK regulation of 

Xanthomonas campestris (Abdian, 2004). GumK gene regulated xanthan gum 

synthesis. Gram negative bacteria were produced an exopolysaccharide known as 

xanthan gum. Xanthan is involved in biological functions including pathogenesis. 

However, these protein spots might involved in extracellular polysaccharidesynthesis. 

EPS were played essential roles in pathogenesis (Dow and Daniels, 1994). EPS of 

pathogens play essential roles in the pathogenesis of Xanthomonas species (Dow and 

Daniels, 1994) and EPS in Xcc (Dow et al., 2000. These factors were supported the 

pathogen to infect and survive on plant.  

 

The protein spot number 4 or 5 (26.4 kDa) reported that involved in psrA gene 

function of Pseudomonas aeruginosa (Chatterjee et al., 2007). PsrA is required for 

the full activation of transcription of the type III secretion system. PsrA is involved in 

full expression of effectors of the type III secretion system as well as the secretion 

pathway. In addition, psrA gene of P. syringae pv. syringae involved aefR is a tetR-

like regulatory, and it is known to control epiphytic fitness and AHL production. 

Besides, psrA gene was influence with rpoS gene (Chatterjee et al., 2007). Jorgensen 

et al. (1999) reported that rpoS required for stress resistance, such as resistance to 

heat, high osmolarity, low pH, and H2 O2. RpoS may play an important role in 

secondary metabolite production and that this sigma factor may also affect bacterial 

ability to cope with various stresses. Interestingly research indicated rpfF gene could 
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also play important role in stress adaptation in plant and environment. In Xcc 

determined the new functions of DSF resistance of hydrogen peroxide (H2O2) (He et 

al., 2006). The mechanism of plant response to pathogen infection, the first one 

activate plant defense response involved increased synthesis and accumulation of 

reactive oxygen species (ROS). The ROS consist of H2O2, organic hydroperoxide and 

superoxide anions. This is the function as direct inhibitors of bacterial survival. In 

addition, the bacterial oxidative stress response requires coordination of cellular 

activities. Many reports indicated that DSF involved in stress resistance. We indicated 

that T3A rpfF mutant might be loss the stress resistance and the mutant strain were 

not tolerant with plant defense response. This study were used the rpfF mutant strain 

for induce the plant defense response for plant disease control. 

 

In addition, DSF regulated to 12 functions including extracellular enzymes, 

lipopolysaccharide (LPS), polysaccharide production and secretion, multidrug 

resistance and detoxification, flagellar synthesis, motility and chemotaxis, 

hypersensitive response, iron uptake, protein metabolism, tricarboxylic acid (TCA) 

cycle, aerobic and anaerobic respiration, transcription regulators, membrane 

components and transporter, and fatty acid metabolism and others. Addition of DSF 

can restore virulence factor production (He et al., 2007). In phytopathogenic bacteria, 

DSF are reported to control processes that contribute to virulence, such as 

extracellular enzymes synthesis and EPS. The functions of these factors affect to both 

pathogenesis (Barber et al., 1997) and epiphytic survival (Poplawsky et al., 1996; 

Chun et al., 1997). Xag rpfF mutant strain T3a showed influence on phenotypes and 

pathogenicity. T3A were lost in extracellular enzymes and extracellular 

polysaccharide synthesis.  

 

The protein spot number 6 (22 kDa) showed the high similarity with the type 

II secretion system (Lee et al., 2004). Type II secretion machinery is consist of 12 to 

15 proteins for translocating extracellular proteins pass the outer membrane of 

bacteria. In the Xanthomonas campestris pv. campestris, several hydrolytic enzymes 

such as alpha-amylase, protease, pectate lyase, and cellulose, are secreted by type II 

secretion system (Lee et al., 2004).  
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Spot number 8 showed the fimA and fimF regulation of Xylella fastidiosa (Feil 

et al., 2003). fimA and fimF, genes encoding the major fimbrial protein FimA and a 

homolog of the fimbrial adhesion, played important role in the attachment process. 

The role of fimbriae in the virulence of X. fastidiosa to plants such as grape could be 

complex. Colonization of plants by X. fastidiosa proba-bly involves both attached and 

mobile phases in the population of pathogen cells.  

 

The protein spot number 9 showed the similarity with polyketide synthesis 

(Chu et al., 2005). Microorganisms synthesize the polyketide metabolites which are 

important for exhibit the antibacterial. All of protein spots that produced by Xag wild 

type were the important weapons for damage the plant cell. The functions were linked 

for the pathogenesis process.  

 

Besides, out of 10 spots that reported, other protein might controlled biofilm 

formation. The stages of biofilm development were recognized: bacterial attachment, 

formation of aggregates, and finally the formation of structured biofilm on leaves 

(Rigano et al., 2007). Biofilm are known to protect bacteria from environmental 

stresses, host defense mechanism, and antimicrobial compounds (Branda et al., 2005). 

Besides, biofilm formation was involved in the development of bacterial disease in 

plant (Crossman and Dow, 2004). Bacterial attachment and survival on host required 

biofilm formation (Dow et al., 2003). The formation of pustule may depend on 

bacterial attach and from biofilms on leaves surfaces. The KU-P-34070 and T3A were 

showed the different symptom but were not studied. The formation of wound might 

influence from biofilm formation because the population of wild type more than 

mutant on soybean leaves. In Xac, examine the ability of Xanthomonas spp. to 

develop a biofilm on lemon leaves. The disease symptoms were differed between wild 

type and biofilm mutant. Biofilm formation was detected by green fluorescence 

protein (GFP) after inoculation on epidermal cells. From the result, Xac cells were 

attached perpendicularly and horizontally and also were found distributed randomly 

on the lemon leaves (Rigano et al., 2007). The evidence indicated biofilm were 

affected the pustule. The height of pustule symptom might depend on the bacterial 

population and/or biofilm formation.    
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Besides, the T3A rpfF mutant strain was over produced some protein more 

than wild type (Fig 32B). Several proteins expressed were related mainly to the 

metabolism. The spots were selected and successfully sequencing and then identified. 

All of different extracellular proteins were secreted from the KU-P-34070 and T3A, 

were played an importance role in pathogenicity.  
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Figure 32 Two-dimensional gels of extracellular proteins secreted by Xanthomonas 

axonopodis pv. glycines KU-P-34070 wild type (A) and T3A (rpfF 

mutant) (B) run on 11 cm of 4-7 IPG strips in the first dimension and 

14% SDS-PAGE in the second dimension. Red circle are proteins that 

produced only by wild type strain and pink circle are the proteins that 

produced by rpfF mutant strain. 
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DISCUSSION  

 

Bacterial pustule caused by Xanthomonas axonopodis pv. glycines (Xag) is an 

important disease in warm temperature and high humidity area (Prathuangwong et al., 

1990 ; Prathuangwong et al., 1996). The disease effected to quality and quantity of 

soybean production. The disease increased the severe losses when the susceptible 

cultivar is grown (Prathuangwong et al., 1990; Prathuangwong et al., 1996). The 

understanding of the gene regulation that involved virulence factor production of Xag 

and epiphytic fitness on plant leaves surface will lead to improve strategies for 

soybean diseases protection and management.  

 

The application of molecular genetic strategies to investigation of the 

mechanisms of pathogenicity of bacteria to pants has led to the discovery of many 

genes and products essential for the pathogen interaction (Dangl, 1994). Several 

factors which involved to the virulence of plant pathogens including Xanthomonas 

have been described, suh as production of extracellular polysaccharide (Jones and 

Fett, 1985), toxin (Hokawat and Rudolph, 1993), bacteriocins (Fett et al., 1987) or 

extracellular enzymes (Hokawat and Rudolph, 1993). Extracellular polysaccharide 

prolonged the life of the pathogen and increased survival rate, and supported growth 

of the pathogen in soybean tissues. The synthesis of extracellular enzymes and EPS is 

regulated by a cluster of rpf genes (for regulation of pathogenicity factors) (Dow and 

Daniels, 1994).  

 

 Previously, evidences have indicated that rpfF plays an important role in 

regulation of pathogenicity factor production and virulence of the plant pathogens. 

The rpfF of Xoo mutants are deficient for virulence and DSF production (Chatterjee 

and Sonti, 2002) and the characteristics of the rpfF mutant of Xcc reduced levels of 

disease severity, extracellular polysaccharide (EPS) and extracellular enzymes   

(Barber et al., 1997). Besides, in Xac, the rpfF gene leads to an ability to cause canker 

disease of lemon (Siciliano et al., 2006) but has not previously been identified in Xag. 

This work was the most collected the functions of rpfF gene. 
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The results demonstrate that ten strains of Xag obtained from various soybean 

growing regions of Thailand produce an extracellular diffusible factor that was 

recognized by a DSF-reporter bacterium. These ten strains possess rpfF, as 

demonstrated by PCR analysis, and the gene from one strain was sequenced and 

shown to be nearly identical to rpfF from other Xanthomonas spp. The chemical 

nature of the extracellular factor remains to be determined, but the high degree of 

similarity between the rpfF genes of Xag and Xcc, which is known to encode for the 

biosynthesis of DSF (Wang et al., 2004), along with the recognition of the factor by 

the DSF reporter strain suggests that the extracellular factor is closely related to DSF. 

Quorum sensing systems having a DSF-related molecule as a cell-to-cell signal are 

known to exist in several species of Xanthomonas (Chatterjee et al., 2002; Siciliano et 

al., 2006 ; Wang et al., 2004) and in Xylella fastidiosa (Chatterjee et al., 2008), and 

this work extends the known range of the system to Xag. 
 
 

DSF have identified 165 genes as the core members of DSF regulon. DSF is a 

newly characterized cell-cell communication signal (Wang et al., 2004), and little 

information is available regarding its biosynthesis profile and the regulatory 

mechanism. The previously showed that DSF represents a new type of cell-cell 

communication signals conserved in both prokaryotic and eukaryotic kingdoms. 

However, DSF is similar to other cell-cell communication systems, such as the well-

characterized AHL quorum sensing systems (Schuster et al., 2003).  

 

The Furthermore, rpfF was present in the genomes, as determined from 

nucleotide sequences of amplification products from PCR of genomic DNA using 

primers identify to rpfF of other Xanthomonas spp. The strain KU-P-34070, that 

highest disease severity was shown related to be the best green fluorescent light. 

Many publication papers reported that Besides, DSF regulated to 12 functions 

including extracellular enzymes polysaccharide production, and hrp genes. Addition 

of DSF can restore virulence factor production (He et al., 2007). Besides, DSF was 

controlled biofilm formation in Xanthomonas spp. (He et al., 2006). Thus, DSF light 

concentration was related with the severity of disease. He et al., (2007) suggested 

DSF signal pathway is essential for regulation of bacterial virulence. 
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Our findings indicate that rpfF plays an important role in virulence and 

exoenzyme and EPS production by Xag. Three independently-generated rpfF mutants 

of Xag strain KU-P-34070 were defective in the production of DSF, as expected if 

rpfF encodes for the biosynthesis of DSF in Xag, as in other Xanthomonas spp. As for 

rpfF mutants of Xoo (Chatterjee et al., 2002), Xcc (Barber et al., 1997; Dow et al., 

2003; Slater et al., 2000; Torres et al., 2007), and Xac (Siciliano et al., 2006), the rpfF 

mutants of Xag exhibited reduced virulence on a compatible plant host. Despite the 

common role of DSF in virulence of Xanthomonas spp, the mechanisms by which 

DSF acts are quite distinct among these pathogens. rpfF mutants of Xcc and Xac 

produce less than wildtype levels of EPS and the extracellular enzymes cellulase and 

protease (Barber et al., 1997; Siciliano et al., 2006), which was also observed for rpfF 

mutants of Xag in this study. rpfF mutants of Xcc also produce less than wildtype 

levels of endo-1,4-mannanase (Dow et al., 2003) and polygalacturonate lyase (Barber 

et al., 1997), characteristics that were exhibited by rpfF mutants of Xag. Pectolytic 

activity, which has been associated with the hypersensitive response in Xag 

(Kaewnum et al., 2006), was also diminished by an rpfF mutation in Xag. To our 

knowledge, rpfF was not known previously to influence pectolytic activity of 

Xanthomonas spp. Although rpfF mutants of Xcc, Xac and Xag share the phenotypes 

of diminished extracellular enzyme and EPS production, rpfF mutants of Xoo produce 

these compounds at wildtype levels. In Xoo, DSF appears to be a key regulator of iron 

metabolism, and rpfF mutants overproduce siderophores, which is a physiological 

response to severe iron limitation that was also observed for the rpfF mutants of Xac 

in this study. Therefore, the DSF signaling pathway in Xac shares components with 

Xcc, Xac, and Xoo, including the effects on extracellular products and iron 

acquisition found in these other pathogens.  
 
 
  T3a (rpfF mutant) showed influence on phenotypes and pathogenicity. 

However, the important phenotype that was apparent after mutate of rpfF virulence 

was expressed. These muants induced hypersensitive response on tobacco and tomato.                 

The result suggested that the rpfF gene did not affect HR. The evident effect could be 

elucidated that DSF not involved HR gene. Morever, the rpfF mutant was still able to 

induce a hypersensitive response (HR) characteristic of incompatible interactions with 
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resistant plant (Arlat et al., 1991). In contrast, hrp mutant, which are affected in both 

virulence and induction of HR, produce normal enzyme and polysaccharide levels 

(Arlat et al., 1991). Besides, T3A showed lower disease severity compared with wild-

type. The symptoms were the same as the wild-type symptom, but the symptom 

expression was delayed about 3-4 days. It was indicated that rpfF of Xag could affect 

the disease development but not affected the lesion characterizaion. These results 

stongly indicated that rpfF played an important role in regulation of virulence of Xag 

which was similar to the previous report of Xoo, Xcc and Xac. 

  

Besides, In addition to regulation of synthesis extracellular enzymes and 

extracellular polysaccharide, the results indicated that rpfF Xag regulated extracellular 

enzymes including cellulose, alpha-amylase, pectase lyase, endoglucanase, protease 

and polygalacturonate lyase (PGL). In contrast, mutation of rpfE led to a less 

pronounced reduction of protease, endoglucanase synthesis than mutation of rpfF 

(Dow et al., 2000). In this study, these mutations led to the less production of 

cellulase, protease, and PGL but not alpha-amylase than the wild-type. These results 

were imilar with Xac (Siciliano et al., 2006) and Xcc (Dow et al., 2000), that rpfF 

mutant showed decreased synthesis of protease and endoglucanase. In contrast, Xcc 

rpfF mutant were produced higher protease than the wild-type (He et al., 2006).  

 

Previously, genetic identification indicated that extracellular enzymes 

(protease, alpha-amylase, and PGL) are virulence factors for Pseudomonas, 

Xanthomonas, and Erwinia species (Deny and Baek, 1991; Salmond, 1994; Coplin 

and Cook, 1990; Dow et al., 1990). These virulence factors regulated by rpfF of Xag, 

except alpha-amylase, that to help the pathogen infecting the plants.  Furthermore, 

one enzyme has established role in virulence in Xag is pectase lyase. RpfF of Xag 

could regulate the pectase lyase synthesis. These enzymes degrading 

polygalacturonates and other pectic components in plant cell walls are the cause of 

tissue maceration (Gomathi and Gnanamanickam, 2004). In Xag, xagP gene which 

involved pectase lyase synthesis (Kaewnum et al., 2006), It was expect that rpfF gene 

is involved or participated with xagP for pectase lyase synthesis. Production of 

extracellular enzymes capable of degrading plant macromolecules to utilizable 
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substrates for growth would alleviate starvation and allow further bacterial growth 

(Barber et al., 1997). Recently, have independently obtained evidence for the 

involvement of DSF in the regulation of synthesis of extracellular polysaccharide 

(EPS) in Xcc (Barber et al., 1997). The production of these factors contributes to both 

epiphytic survival (Chun et al., 1997) and pathogenesis (Barber et al., 1997) of Xcc.  

  

The influence of rpfF on extracellular enzyme production by Xag was 

evaluated at the transcriptional level for three genes conferring exoenzyme 

production: a protease, cellulase, and pectate lyase. Transcript levels for all three 

genes were lower in the rpfF mutant than in the parental strain. These data correspond 

well to results from Xcc (He et al., 2006), Xac (Andrade et al., 2006), and Xylella 

fastidiosa (Chatterjee et al., 2008), in which DSF or rpfF influence transcript 

abundance of genes encoding DSF-regulated products. In Xcc, the DSF regulon 

includes transcripts of 165 genes, including those involved in extracellular enzyme 

production (He et al., 2006). As in Xcc, genes encoding for extracellular cellulase 

(engXBC), protease (pro), and pectate lyase (pelB) were positively regulated by rpfF 

in Xag. According to a current model (Dow et al., 2006), DSF may serve as a primary 

signal in a signal transduction pathway that links the sensing of a specific 

environmental cue, cell density, to the physiology of the bacterial cell via the 

secondary intracellular signal cyclic di-GMP (bis-(3_-5_)-cyclic di-guanosine 

monophosphate). As the primary signal, DSF is thought to trigger a phosphorelay 

cascade mediated by a two- component regulatory system composed of the hybrid 

sensor RpfC and the response regulator RpfG. By analogy to other two component 

systems, signal transduction may involve autophophorylation of RpfC in response to 

DSF binding, followed by phosphotransfer to RpfG. Upon phosphorylation, RpfG 

functions as a cyclic di-GMP phosphodiesterase, which alters the level of cyclic di-

GMP in the cell (Dow et al., 2006). Mechanisms of cyclic-di-GMP signaling in 

bacteria are not fully understood, but they are known to include regulation of 

downstream products at the transcriptional, translational, and posttranslational levels 

(Jenal and Malone, 2006), which is consistent with the effects of rpfF on transcript 

abundance that was observed in this study.  
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The rpfF of Xag could affect siderophore. The rpfF Xag mutants were able to 

express an overproduced siderophore the same as rpfF Xoo (Chatterjee and Sonti, 

2002). In Xoo, rpfF mutants are virulence deficient and this deficiency is corrected by 

iron supplementation (Chatterjee and Sonti, 2002). rpfF mutant of Xoo constitutively 

overproduce siderophores and are sensitive to iron chelation (Chatterjee and Sonti, 

2002). It was predicted that the rpfF of Xag involved in iron uptake. The result was 

similar to the previous report of Xoo. The result was suggested that rpfF may be 

involved in controlling an iron-uptake system and that an inability to cope with the 

conditions of low iron availability in the host may be the reason for the virulence 

deficiency of the rpfF gene mutant. The overproduction of siderophores by the rpfF of 

Xoo mutants, compared with the wildtype strain under standard laboratory growth 

condition, indicates that the mutants are experiencing iron limitation and are 

responding by increasing production of one or more siderophores (Chatterjee and 

Sonti, 2002). This suggests the possibility that, even under field conditions, the extent 

of iron vailability within the host plant might influence the severity of the disease. 

 

Biofilm formation is the structure for protect the bacterial cell. Plant 

pathogenic bacteria within biofilms are generally better resistant to environmental 

stress and host defense response (Crossman and Dow, 2004). The ability of plant 

disease bacteria to form biofilm may have advantage for colonization on leave surface 

and within host plant, dispersal throughout the plant and the completion of the disease 

cycle (Crossman and Dow, 2004). In X. campestris had identified biofilm formation 

were regulated by rpfF gene (Barber et al., 1997). Besides, the rpfF mutant was 

leading to reduce biofilm formation on the initial rate of bacterial attachment. T3A 

which disturbed in rpfF region was affected to biofilm formation and survival 

efficacy. The result indicated that rpfF were involved in biofilm synthesis and linked 

to the virulence of disease. In addition, Pyrenophora teres caused of barley net blotch 

indicated that the extracellular protein ranging in size between 10 and 100 kDa were 

involved in symptom induction (Sarpeleh et al., 2007). The result showed Xag rfpF 

mutant were loss some proteins between 10 and 100 kDa and might affected with the 

symptom of disease. 
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  de Wit replacement analysis showed the rpfF gene plays an important role in 

epiphytic fitness. T3A were colonized and multiplied the population on soybean 

leaves lower than wild type. KU-P-34070 and T3A were competed on leaves surface. 

The population of T3A was decrease because both of them might be needed the same 

ecological niche and same nutrient on leaves surface. For the epiphytic fitness 

analysis showed the result similar with de Wit replacement series. The KU-P-34070 

showed the high efficacy to colonization, multiplication, and survival better than T3A. 

These result indicated rpfF gene involved in epiphytic fitness of the Xag. Besides, 

carbon source (glucose and fructose), nitrogen (NH4
+), and proline that sprayed on 

soybean leaves before pathogen inoculation were induced the population of both 

strain of Xag. In addition, the cultivar and age of soybean plant were affected to 

epiphytic fitness of Xag. The defense structure and compounds which produced for 

against the pathogen were changed following the age of plant. The older plant might 

conduct the structure such as cutin, wax, leaf thickening, stomata characteristic, that 

were not suitable for bacterial colonization. Besides, the cultivars of soybean were 

affected to bacterial survival also. The susceptible cultivars were good habitat for 

bacteria.  

 

In proteomic analysis, we found the different protein spots involved important 

functions of Xag. The total proteins of KU-P-34070 were secreted more than T3A at 

least 11 bands. Mathesius et al. (2002) reported that AHL were regulated the protein 

accumulation. AHL is the strong effects on the levels of individual proteins. These 

reason supported the result that T3A was decreased the AHL synthesis. Besides, AHL 

level was important factor in plant defense response (Mathesius et al., 2002). For 

legume model, Medicago truncatula, suggested that the host plant may have a 

different pattern of response between low and high AHL levels. This result might be 

applied to use T3A rpfF mutant to induce plant defense response.  

 

The wild type strain was showed the protein size about 116 kDa that produced 

more than mutant. This protein was involved in fecA gene. FecA was regulated iron 

transport system. The result indicated that the rpfF gene was participated in FecA 

gene expression. In addition, mutation of rpfF gene was reduced level of FecA. The 
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DSF system is involved in iron uptake mediated by FecA, ultimately affecting growth 

(Mathesius et al., 2002). Iron plays important roles in bacterial growth, survival and 

pathogenesis (Poole and McKay, 2003). FecA is regulated by the rpf/DSF cell-cell 

communication system. 

 

Besides, Stenotrophomonas maltophili is human’s disease. It was previously 

identified as Pseudomonas maltophilia and then renamed Xanthomonas maltophilia 

before being reclassified in a new genus, Stenotrophomonas (Palleroni and Bradbury, 

1993). The DSF of S. maltophili does not play a role in biofilm formation, 

lipopolysaccharide (LPS) biosynthesis, protease production but conversely the DSF of 

Xag were regulated biofilm formation, lipopolysaccharide (LPS) biosynthesis, 

protease production. This is might be the different function of DSF of plant 

pathogenic bacteria and human disease bacteria.  

 

Besides, some kind of protein spot was regulated biofilm formation. The 

stages of biofilm development were recognized: bacterial attachment, formation of 

aggregates, and finally the formation of structured biofilm on leaves (Rigano et al., 

2007). Biofilm are known to protect bacteria from environmental stresses, host 

defense mechanism, and antimicrobial compounds (Branda et al., 2005). Besides, 

biofilm formation was involved in the development of bacterial disease in plant 

(Crossman and Dow, 2004). Bacterial attachment and survival on host required 

biofilm formation (Dow et al., 2003). The formation of pustule may depend on 

bacterial attach and from biofilms on leaves surfaces. The KU-P-34070 and T3A were 

showed the different symptom but were not studied. The formation of wound might 

influence from biofilm formation because the population of wild type more than 

mutant on soybean leaves. In Xac, examine the ability of Xanthomonas spp. to 

develop a biofilm on lemon leaves. The disease symptoms were differed between wild 

type and biofilm mutant. Biofilm formation was detected by green fluorescence 

protein (GFP) after inoculation on epidermal cells. From the result, Xac cells were 

attached perpendicularly and horizontally and also were found distributed randomly 

on the lemon leaves (Rigano et al., 2007). The evidence indicated biofilm were 
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affected the pustule. The height of pustule symptom might depend on the bacterial 

population and/or biofilm formation.    

 

Besides, the some of protein spots were encoded extracellular polysaccharide 

and extracellular enzyme secretion. Extracellular enzyme and extracellular 

polysaccharide were played essential roles in pathogenesis (Dow and Daniels, 1994). 

Several extracellular enzymes of pathogens play essential roles in the pathogenesis of 

Xanthomonas species, including the synthesis of extracellular enzymes (protease, 

pectinase and cellulose) and extracellular polysaccharide (EPS) (Dow and Daniels, 

1994). and polygalactulonate lyase (Barber et al., 1997; Slater et al., 2000); protease, 

endoglucanase and EPS in Xcc (Dow et al., 2000) ; DSF, β-(1,2)-glucans, 

endoglucanase, xanthan and protease in Xac (Siciliano et al., 2006). These factors 

were supported the pathogen to infect and survive on plant.  

 

Interestingly research indicated rpfF gene could also play important role in 

stress adaptation in plant and environment. In Xcc determined the new functions of 

DSF resistance of hydrogen peroxide (H2O2) (He et al., 2006). The mechanism of 

plant response to pathogen infection, the first one activate plant defense response 

involved increased synthesis and accumulation of reactive oxygen species (ROS). The 

ROS consist of H2O2, organic hydroperoxide and superoxide anions. This is the 

function as direct inhibitors of bacterial survival. In addition, the bacterial oxidative 

stress response requires coordination of cellular activities. Many reports indicated that 

DSF involved in stress resistance. We indicated that T3A rpfF mutant might be loss 

the stress resistance and the mutant strain were not tolerant with plant defense 

response. This study were used the rpfF mutant strain for induce the plant defense 

response for plant disease control. 

 

This work identified the important roles of rpfF gene that were produced some 

pathogenicity factors for pathogenisis. The rpfF were regulated DSF signaling that to 

be essential factor for extracellular enzymes and extracellular polysaccharide 

production. Besides, rpfF was increased the level of siderophore. The overproduction 

of siderophore was increased the efficacy for plant disease control.  Importantly, rpfF 
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gene plays role in epiphytic fitness of pathogen. The rpfF mutant strains were reduced 

the efficacy for colonization or multiplication on plant leaves surface.  rpfF gene 

mutant was directly affected to population density on plant leaves surface and were 

difficultly to reach the high population of bacteria. We created the map that showed 

the function and network of rpfF gene; 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This work has identified rpfF gene and roles in the regulation of pathogenicity 

in Xag. Ti was the first report to indicate that rpfF of Xag regulated DSF syntheis, 

extracellular enzymes, extracellular polysaccharide played a role in virulence. The 
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rpfF of Xag plays specific role in quorum sensing is being investigated. However, 

further work is to be needed in order to identify rpfF function. These findings could 

underpin the new strategies to prevent and control this important diseases or other 

disease. 
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CONCLUSION  

 

From the experiment results and discussion of this study, the conclusion can 

be drawn as follow : 

 

1. Ten strains of Xag, isolated from soybean in different regions of Thailand 

produced diffusible signal recognized by Xcc, assessed by a DSF reporter strain.  

Furthermore, rpfF was present in the genomes of each of the ten strains, as 

determined from nucleotide sequences of amplification products from PCR of 

genomic DNA using primers complementary to rpfF of other Xanthomonas spp. 

 

2. Three rpfF derivatives of one strain, KU-P-34070, were derivered through 

allelic exchange mutagenesis.  DSF production by KU-P-34070 was detected by the 

green fluorescence of the DSF-reporter strain, Xcc strain 8523 (pKLN55), whereas 

the three rpfF mutants did not produce DSF detectable by the reporter strain. 

 

3. Lesions characteristic of bacterial pustules were observed on 61-63 % of the 

soybean leaf area 7 days following spray inoculation with strain KU-P-34070.  In 

contrast, no lesions were visible on leaves sprayed with rpfF mutants of KU-P-34070 

7 days after inoculation. 10 days after inoculation, lesions were observed on 19-26 % 

of the leaf surfaces sprayed with the three rpfF mutants of KU-P-34070.  Therefore, 

symptoms were both delayed and reduced on plants inoculated with rpfF mutants 

versus the parental strain of Xag. 

  

  4. rpfF mutants exhibited reduced production of pectate lyase, protease, 

cellulase,  and endo-glucanase compared to the parental strain KU-P-34070. In 

contrast, α-amylase production did not differ detectably between KU-P-34070 and 

rpfF derivatives. In experiment, enzyme plate assay for detected exoenzymes secreted 

of Xag KU-P-34070 strain and T3A. All of the strains were differed in quantity of 

secretions. 
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  5. The mutation on rpfF gene of Xag showed a reduction in the synthesis of 

extracellular polysaccharide (EPS). rpfF Xag mutants produced EPS in NYGB 

medium supplemented with 2% glucose less than wild type. The dry weight of EPS of 

rpfF Xag mutants is lower than wild type.  

 

6. KU-P-34070 produced a siderophore on CAS-PSA medium, which was 

detected by an orange halo surrounding bacterial growth.  The rpfF gene of Xag had 

impact on siderophores production phenotype.  

 

7. Quantitative RT-PCR indicated rpfF regulate the pathogenicity factor 

production and confirmed the virulence factors were influenced by diffusible signal 

factor (DSF). rpfF gene involved DSF synthesis, protease, cellulose, andpectate lyase 

which play an important role in pathogenicity.  

 

8. T3A was selected to mutant by plasposon mutagenesis. Plasposon insertion 

insertion showed the several effects to Xag, including pectolytic activity on potato 

tuber, pectolytic enzyme assay, HR on several nonhosts, and disease induction.  

 

9. KU-DM-1 was decreased the disease severity. The symptom wer not 

differed between KU-P-34070 wildtype and T3A. rpfF was affect to disease severity 

but was not affect characterized of disease symptom.   

 

10. The rpfF gene plays an important role in epiphytic fitness. T3A showed 

the less ability to colonization and multiplication on soybean leaves surface.  

 

11. Cell-free filtrates from both strains infiltrated into leaves of susceptible 

and resistant cultivars of soybean showed different response of disease symptoms. 

 

12.  The rpfF gene was regulated extracellular protein secretion that involved 

in epiphytic fitness of Xag. 
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13. This work was the first report to indicate that rpfF of Xag regulated in 

pathogenicity factors. These findings could underpin the new strategies to prevent and 

control this important disease. 
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1. Recipes of media    

 

1.1 Nutrient glucose agar (NGA) and nutrient broth (NGB)* 

Per L 

Beef extract   3.0 g 

Bacto peptone    5.0 g 

Glucose     2.5 g 

Agar      15.0 g 

 

Nutrient agar (NA) or nutrient broth may be purchased in dehydrated from 

Difco,     * Do not add agar if nutrient broth is desired. 

 

1.2 Nutrient yeast glycerol agar (NYGA) and nutrient yeast glycerol broth 

(NYGB)* 

Per L 

Beef extract    3.0 g 

Yeast extract    2.5 g 

Glycerol     20.0 g 

Agar      15.0 g 

 

Nutrient yeast glycerol broth may be purchased in dehydrated from Difco, 

* Do not add agar if nutrient broth is desired. 

 

1.3 Modified medium for Xanthomonas axonopodis pv. glycines (MXG) 

      Per L 

K2HPO4    0.8 g 

KH2PO4    0.6 g 

Yeast extract   0.7 g 

Glucose    2.5 g 

Agar    15.0 g 

Methyl green solution  1.0 ml 

After autoclaving aseptically add the following antibiotics: 
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Cyclohexamide   1.0 ml (50 ppm) 

Bacitracin    0.2 ml (10 ppm) 

Cephalexin   1.0 ml (50 ppm) 

 

1.4 Luria bertani (LB) agar and Luria bertani broth* 

Per L 

        Bacto typtone   10.0 g 

       Yeast extract    5.0 g 

        NaCl    10.0 g 

            Agar    15.0 g 

         

       Do not add agar if nutrient broth is desired. 

 

      1.5 PS CAS agar (250 ml) 

      Per L 

                   Bacto peptone   2.5 g 

                   Sucrose    2.5 g 

                   Sodium glutamate  0.25 g 

                  Agar    7.0 g 

    dH2O    225 ml 

 

    After autoclave add 25 ml of 10X CAS stock and 250 µl of 100 Mm 

dipyridyl stock. 

       

    CAS stock (10X) 

    Chromeazurol S   60.5 mg 

    Dissolve in 50 ml of dH2O. Add 10 ml of 1mM FeCl3.6H20 in 10 mM HCl. 

    Dissolve 72.9 mg of HDTMA (hexadecyl trimethyl ammonium bromide) in 

40 ml dH2O (This takes a while and sometimes requires).   
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