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IDENTIFICATION AND CHARACTERIZATION OF GENES UNIQUE TO 
SYSTEMIC Xanthomonas PATHOGENS 

By 

Luz Adriana Castañeda C. 

August 2005 

Chair: Dean W. Gabriel 
Major Department: Plant Pathology 

Suppression Subtractive Hybridization (SSH) was used to identify genes present in 

the systemic pathogen Xanthomonas campestris pv. campestris (XCC), and missing from 

the nonsystemic pathogen Xanthomonas campestris pv. armoraciae (XCA).  Among the 

DNA fragments unique to XCC was Xcc2109, one of eight putative avr genes identified 

in the XCC528T genome (NC 003902).  Individual and sequential deletion and/or 

insertion mutations of all eight putative XCC avr gene loci were made, but no change in 

pathogenicity was observed in any combination of avr mutations, including a strain with 

all eight avr genes deleted.  However, insertion or deletion mutants at the Xcc2109 locus 

lost avirulence (i.e., became virulent) on Brassica juncea, a race-determining differential 

host.  The Xcc2109 ORF as annotated was cloned and found to be nonfunctional.  A 

longer gene, encompassing Xcc2109 and here designated avrXccFM, was defined and 

found to confer avirulence to Xcc2109 mutant strains and to two additional wild type 

xiii 



strains, thereby changing their designation.  Resistance in B. juncea to XCC528T strains 

carrying avrXccFM occurs without a typical HR, but with a vascular HR (VHR). 

A similar but modified SSH was performed between the two systemic pathogens 

Xanthomonas phaseoli (XP) and Xanthomonas axonopodis pv. phaseoli var. fuscans 

(XAP), and the non systemic Xanthomonas axonopodis pv. alfalfae (XAA).  Among 

other gene fragments, a large number of transposable elements as well as gene fragments 

of unknown function were obtained.  Five genes also present in other bacterial pathogens 

were mutagenized in XP.  None of the mutant strains obtained exhibited any effect in 

virulence except for a pthA homolog, a gene earlier identified in XP and included in the 

functional study.  Complementation assays were inconclusive although in detached 

leaves transient expression of the pthA gene homolog obtained from an XPF cosmid 

library, induced a phenotype similar to common bacterial blight of bean. 
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CHAPTER 1 
INTRODUCTION 

Xanthomonads are Gram-negative, plant-associated bacteria.  Cells exist mostly 

alone or in pairs, but chains and filaments may also occur (Swings and Civerolo 1993).  

Cell length is variable even within the same strain, and a single polar flagellum is usually 

observed.  Individual bacterial cells are surrounded by the extracellular polysaccharide 

xanthan gum, and most strains form yellow, water-insoluble pigments (xanthomonadins) 

when grown in culture media (Shaad 1988).  Xanthomonads are biotrophic (derive their 

nutrition from living cells) and capable of intimate, highly-specific host interactions.  

Although the host range of the genus is wide, the host range of any one strain is typically 

quite narrow (the host range of each pathovar is usually limited to few species or genera 

of the same plant family, (Hayward 1993)). 

Bacteria belonging to the genus Xanthomonas produce leaf spots, cankers, and 

systemic blights. Among the Xanthomonas species that cause systemic diseases that are 

relevant for this study are: Xanthomonas campestris pv campestris (XCC) causing 

bacterial blight and black rot of crucifers (Alvarez et al. 1994), Xanthomonas pv. 

phaseoli, (XP) causing common bean blight (Vidaver 1993), and Xanthomonas 

axonopodis pv. phaseoli var. fuscans (XPF) also causing common bean blight (Schwartz 

and Pastor-Corrales 1989).  Xanthomonas species that cause leaf spot that are relevant to 

this study are Xanthomonas campestris pv. armoraciae (XCA) which causes a leaf spot 

of crucifers (Schaad and Alvarez 1993) and Xanthomonas axonopodis pv. alfalfae (XAA) 

which causes leaf spot of alfalfae (Esnault et al. 1993). 

1 
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Up to this date three xanthomonads species have been sequenced: Xanthomonas 

citri strain 306 (da Silva et al. 2002), Xanthomonas campestris pv. campestris strains 

ATCC33913 (synonym 528T), B100 and 8004 (da Silva et al. 2002; Vorhölter et al. 2003; 

Qian et al. 2005), and Xanthomonas oryzae pv. oryzae strain KACC10331 (Lee et al. 

2005). 

The Crucifera-Xanthomonas Pathosystem 

The Host: Cruciferae Family 

The Brassicaceae comprises more than 300 genera and 3000 species of plants 

(Rubatzky and Yamaguchi 1997).  Some of the plant species members of this family are 

recognized for their contribution to human nutrition, and suggestions have been made 

that when consumed fresh, these plants possess cancer-preventive attributes (Talalay and 

Fahey 2001; Mezencev et al. 2003; Keck and Finley 2004).  According to the 2004 FAO 

(FAO statistics, 2004) reports, in the year 2002, oil mainly from rape and mustard seed, 

provided 32 calories per capita per day.  Brassica is the most important genus 

agriculturally with 40 species, and the majority of cultivated ones occur in six species: 

three diploid species with 8, 9 and 10 pairs of chromosomes identified as B, C and A 

genomes of B. nigra, B. oleracea and B. rapa respectively, and three amphidiploid 

species (B. carinata, B. juncea and B. napus) having the BC, AB and AC genomes with 

17, 18 and 19 chromosomes, respectively.  In the United States production of broccoli (B. 

oleracea var. italica), cabbage (B. oleracea var. capitata) and cauliflower (B. oleracea 

var. botrytis) yielded 916,000, 2,433,110 and 397,850 metric tons respectively.  The total 

market value was $1.2 billion in 2003 with California and Arizona being the major 

producers.  Broccoli was the crucifer most cultivated in 2003 in the U.S., with 136,000 

acres harvested, followed by cabbage and cauliflower with 76,850 and 44,000 acres 
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harvested respectively (USDA, NASS, 2004).  According to FAO statistics for 2003, 

cabbage was the most cultivated fresh market crucifer in the world with production of 

65,956,162 metric tons, followed by cauliflower with production of 15,948,166 metric 

tons.  The most cultivated seed crucifers in the world were oil-rape (B. napus), with a 

total yield of 36,145,663 metric tons, followed by mustard seed (B. nigra) with a 632,354 

metric tons yield (FAO statistics 2004). 

Xanthomonas spp. Infecting Crucifer Plants (XCC and XCA) 

XCC is a bacterial species that infects a wide range of plant taxa throughout the 

world (Bradbury 1984). Black rot of crucifers is one of the most destructive diseases 

(Williams 1980) attacking cauliflower, cabbage, kale, broccoli, brussels sprouts, Chinese 

cabbage, collard, kohlrabi, mustards, rape, rutabaga and turnip.  During periods of warm, 

wet weather, black rot may reduce yield by more than 50% (RPD 924 1999).  The 

bacterium can overwinter in plant debris, on seeds from diseased plants, and on weeds.  

The pathogen may survive in diseased crop residue buried in soil for up to two years, but 

not for more than sixty days when free of plant material in the soil.  Crucifer seed is the 

primary means of dissemination (Miller et al. 2002). 

XCC enters the plant primarily through hydathodes, and then colonizes and moves 

through the vascular system (Williams 1980).  The systemic pathogen can spread 

throughout the plant by seed, root or leaf infections (Cook et al. 1952).  In natural 

infections, mechanical or insect wounds are also a major route of entry (Kucharek and 

Strandberg 1981), but natural openings become most important in the absence of such 

wounds (Shaw and Kado 1988).  Extensive yellowing of leaf margins is a common early 

symptom of black rot.  The affected tissue may become necrotic and advanced systemic 

infections can cause darkened leaf veins and vascular tissue within the stem, expanded 
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leaf yellowing, leaf necrosis and leaf wilting.  By contrast, XCA enters the plant mainly 

through stomata (Hugouvieux et al. 1998) and remains localized in the mesophyl tissue 

(McCulloch 1929).  XCA lesions occur near the original point of entry and lesions are 

limited, appearing as circular spots. 

As with other Xanthomonads, XCC requires a hrp system for both pathogenicity on 

host plants and the ability to elicit the hypersensitive response on non-host plants 

(Kamoun and Kado 1990).  The virulence of XCC also depends upon a number of other 

factors including the synthesis of enzymes like proteases (Dow et al. 1990), and the 

extracellular polysaccharide (EPS) xanthan (Crossman and Dow, 2004).  The rpf gene 

cluster (for regulation of pathogenicity factors) positively controls both the production of 

these compounds and the virulence in plants (Tang et al. 1991).  Genes within the rpf 

cluster encode elements of a regulatory system involving the diffusible signal factor, 

(DSF), which has been implicated in regulation of biofilm dispersal (Barber et al. 1997).  

rpf mutation studies show coordinated regulation of endoglucanases, proteases, 

polygalacturosate lyases and EPS xanthan.  rpfB and rpfF control the production of DSF 

which is most probably a lipid or a lipid derivative (Barber et al. 1997).  DSF does not 

accumulate in later growth phases, and it does not function as an auto-inducer (Wilson et 

al. 1998; Dow et al. 2000; Crossman and Dow 2004).  Other enzymatic proteins that are 

involved in pathogenicity include a zinc metalloprotease which has been shown to 

degrade proline-rich glycoproteins in Brassica species (Dow et al. 1998), and an endo β-

(1,4)-mannanase that is required for full virulence in Chinese radish.  The later is 

probably involved in bacterial release from the xanthan-based biofilm to planktonic state 

in order to promote colonization of the vascular system (Dow et al. 2003). 
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XCC was initially shown to be comprised of five races, based on disease reactions 

on different plant species: Brassica oleracea, Brassica rapa and Brassica juncea 

(Kamoun et al. 1992).  Later a new race system was developed which included an 

extended series of Brassica species (B. oleracea var. botrytis and B. carinata (Vicente et 

al. 2001)) and as a result six races were renamed accordingly.  Three major resistance 

genes designated R1, R3 and R4 appear to be present in the host differentials used to 

identify races.  B. juncea has at least one resistance gene (R1) that probably originated 

from the B genome of B. nigra.  The A genome also has one resistance gene (R4), and R3 

likely originated in the C genome (Taylor et al. 2002). 

The complete genomic DNA sequence of the XCC type species ATCC 33913 

(synonym to 528T) was recently published (da Silva et al. 2002). The genome carries a 

single chromosome of about 5.0 Mb, no plasmids, a GC content of 65% and a total 

protein coding region of 84%.  It also possesses one copy of a type IV secretion system, 

has a conserved type III secretion machine and contains 8 putative avirulence genes.  

Analyses indicate that numerous events of horizontal gene transfer probably occurred in 

this species, based in part on the appearance of 109 different types of transposable 

elements.  A total of 285 genes present in XCC are suggested to have been acquired 

horizontally (Garcia-Vallvé et al. 2003), including three of the eight 

avirulence/pathogenicity effector genes identified. 

The Phaseolus vulgaris-Xanthomonas Pathosystem 

The Host: Common Bean 

Common dry bean, Phaseolus vulgaris, is the most important food legume for 

direct human consumption in the world (Schwartz and Pastor-Corrales 1989, Broughton, 

2003).  The genus Phaseolus comprises 55 species, five of which have been 
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domesticated: P. coccineus, P. acutifolius, P. lunatus, P. polyanthus and P. vulgaris 

(Broughton et al. 2003).  In 2003, 19,038,458 metric tons of dry bean and 5,933,264 

metric tons of green beans were produced in the world.  Of these, 7,000,000 metric tons 

were produced in Latin America and Africa.  In the US, 1,021,260 of dry beans were 

produced on 545,000 hectares and 127,500 metric tons of green beans were produced on 

21,400 hectares during 2003 (FAOSTAT, 2004).  During the same period, the production 

of green beans in the US was valued at $267,762,000 (USDA, NASS, 2004). 

Xanthomonas Infecting Phaseolus sp (XAP, XAPF, XAA) 

X. phaseoli (XP) and X. axonopodis pv phaseoli var. fuscans (XPF) are two 

bacterial species that cause common bacterial blight of bean (CBB).  Both bacteria induce 

identical symptoms on leaves, stems, pods and seeds (Schwartz and Pastor-Corrales, 

1989).  The two bacteria are frequently found in the same field and even in the same 

plant.  Leaf symptoms initially appear as water-soaked spots which enlarge and 

frequently coalesce with adjacent lesions, often surrounded by a zone of lemon-yellow 

tissue.  CBB bacteria enter leaves through natural openings such as stomata and 

hydathodes and wounds.  Cells invade intercellular spaces causing a gradual dissolution 

of the middle lamella.  Colonization of the xylem tissue may cause wilting as a result of 

plugging vessels or disintegrating cell walls.  By contrast X. axonopodis pv. alfalfae 

(XAA) produces only a leaf spot in bean similar to the disease caused by XCA in 

crucifers.   

Yield losses due to CBB can be very high.  For example, in 1967 the disease 

affected at least 75% of 265,000 hectares of Navy bean in Michigan causing between 10 

and 20% losses (Saettler in Schwartz 1989).  In 1975, Wallen and Galway reported yield 

losses of 38% in Ontario, Canada.  In Colombia, natural and artificial infections resulted 
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in yield losses of 22 and 45%, respectively (Yosshi et al. 1976).  In Florida, it is the most 

frequently found bacterial disease on both snap beans and dry beans.  XP can survive and 

multiply as an epiphyte on weed hosts, especially from the legume family (Pernezny and 

Jones 2002). 

There is little molecular information available regarding either organism causing 

common bacterial blight of bean.  The chromosome size of an XPF strain was estimated 

to be 3938 kb based on Pulse-Field Gel Electrophoresis (PFGE) and Southern blots 

(Chan and Goodwin 1999).  Genes involved in the oxidative metabolism of XP have been 

identified (Chauvatcharin et al. 2003; Vattanaviboon et al. 2002, 2003); however, no 

pathogenicity or avirulence genes have been identified. 

Bacterial Effectors 

Most pathogenic xanthomonads deliver effectors through a type three secretion 

system (T3SS), which allows them to inject proteins directly into the plant cytoplasm that 

are crucial for eliciting disease and hypersensitive responses (Galan and Collmer 1999; 

Gauthier et al. 2003; Alfano and Collmer 2004; He S.Y. et al. 2004).  Avirulence (avr) 

genes, considered as a class of effectors, have been identified in both bacteria and fungi 

based on their ability to confer incompatibility in otherwise compatible interactions 

(Ellingboe 1976).  In gene-for-gene systems, dominant avr genes in the pathogen interact 

with specific resistance (R) genes in the host and are known to determine pathogenic 

races and the range of host cultivars attacked (Flor 1956). 

Recent publications (Rohmer et al. 2004) suggest that pathogenic bacteria may 

secrete as many as fifty effectors through its T3SS.  Besides their major role in race-

cultivar specificity, avr genes have pleiotropic functions.  AvrPtoB from Pseudomonas 

syringae pv. tomato inhibits programmed cell death in tobacco and induces a 
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hypersensitive response in tomato plants carrying Pto (Abramovitch et al. 2003); avrE 

confers avirulence to Pseudomonas syringae pv. glycinea, adds pathogenicity to some 

strains of  Pseudomonas syringae pv. tomato and it also complements dsp mutants in 

Erwinia amylovora (Bogdanove et al. 1998).  The avrBs2 gene of X. vesicatoria, which is 

widespread in Xanthomonas, has been shown to contribute to the fitness of the pathogen 

by increasing the in planta growth (Kearney & Staskawicz 1990).  pthA, a member of the 

avrBs3/pthA family is present in X. citri and is necessary for production of symptoms on 

citrus plants, and also for eliciting a hypersensitive response in non-hosts (Swarup et al. 

1992). Spontaneous and marker exchanged avrb6 mutants of X. axonopodis pv. 

malvacearum, also a member of the avrBs3 family had reduced pathogenicity as shown 

by a decrease in water-soaking ability in cotton.  Enzymatic activity has been 

demonstrated for nine effectors and plant defense suppression phenotype for ten effector 

genes (Alfano and Collmer 2004).  Pleiotropic fitness effects are a common feature of 

several avirulence/effector genes and have been reported in several other pathogen 

species (Lorang et al. 1994; Yang et al. 1996; Badel et al. 2003; Wichmann et al. 2004).  

However, there appears to be no associated fitness benefit for some avr effector genes.  

Indeed avrBs1 has been shown to produce a fitness cost when present in the pathogen, 

since when present in X. vesicatoria (XV), it decreases the ability of the pathogen to 

survive in soil and dead plant material (O’Garro et al. 1997). 

Horizontal gene transfer could account for the lack of a fitness advantage of some 

avr genes.  However, it is unlikely that effector genes lack a beneficial function at least in 

some contexts since selection is not expected to maintain genes that incur a high cost 

with no counteracting benefit (Frank et al. 1992).  In fact, Wichmann (2004) found that 
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wild type XV was better fit than all mutant effector genotypes, showing greater ability to 

develop disease lesions.  Different combinations of avr mutations have also given 

different results in transmissibility, demonstrating that complex interaction exist among 

effector genes.  Additionally only after mutation of several effector genes were fitness 

costs observed in terms of lesion development and in planta growth.  These mutations 

contributed to a drastically reduced ability to be transmitted in the field.  

Methods for Cloning and Identification of Bacterial Effectors 

Diverse molecular and genomic approaches have been used to identify potential 

bacterial effectors (Buttner et al. 2003; Nomura and He, 2005).  Among those, the 

complementation of non-pathogenic strains with a genomic library of a pathogenic strain, 

or the transfer of an avirulent strain genomic library into a virulent strain of the same 

pathogen have been widely used (Ronald and Staskawicz 1988; DeFeyter et al. 1991; 

Dong et al. 1991; Whalen et al. 1991 and 1993; Ronald et al. 1992; Chen et al. 1994).  

Recently, reporter fusion systems have been used in which the gene of interest was 

disrupted and fused to a reporter gene; this fusion is measured or detected by RT-PCR, β-

Galactosidase activity, or calmodulin-dependent adenylate cyclase assays (Cunnac et al. 

2004; Losada et al. 2004).  Other gene fusions have also been attempted in which known 

HR inducing domains of genes are fused with the gene of interest in order to obtain a 

hypersensitive response when effector genes are injected.  These include fusions to P. 

syringae pv. tomato AvrRpt2, which were screened in Arabidopsis thaliana carrying 

RPS2 gene (Guttman et al. 2002), or fusions to AvrBs2 from XV screened in pepper 

plants carrying Bs2 (Roden et al. 2004).  Effector induction or co-regulation also can be 

screened in planta by cDNA-AFLP (Noel et al. 2001), or detected by a modified in vivo 

expression technology (Boch et al. 2002).  Finally, another technique that has been used 
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is the Agrosuppresion assay in which the target gene is introduced into a tumorogenic 

Agrobacterium strain in order to detect HR or otherwise to obtain a tumor (Kamoun et al. 

2003). 

In silico identification of genes using common sequences features present on 

effector genes such as PIP and hrp boxes, signatures of horizontal acquisition and an N-

termini with characteristics such as a high percentage of serine residues, aliphatic amino 

acids or proline in the third or fourth position, and the lack of negatively charged amino 

acids in the first two residues and structural motifs for eukaryotic activity (Lloyd et al. 

2002; Petnicki-Ocwieja et al. 2002; Schechter et al. 2004) are also widely exploted for 

bacteria with genome sequence data. 

Functional Genomics  

In the pre-genomics era (McKusik et al. 1993), mutations to observe a loss of 

function were randomly introduced by physical (X-ray irradiation or UV light), chemical 

(N-methyl-N’nitro-N-nitrosoguanidine (NG) or ethyl methanosulfonate –EMS-) agents, 

or biological agents (transposable elements (Turner et al. 1984)).  In addition, genes that 

are differentially represented in two cDNA populations (Harakava and Gabriel 2003) can 

be isolated by a simplified subtractive hybridization procedure called suppression 

subtractive hybridization (SSH) developed by Diatchenko et al. (1996). 

With the outcome of complete sequences from diverse plant pathogenic bacteria 

(Simpson et al. 2000; Woods et al. 2001; da Silva et al. 2002; Salanoubat et al. 2002, 

Buell et al. 2003; Vorhölter et al. 2003), efforts have been focused to investigate the 

function of genes found in each of the pathogens and their role in disease elicitation.  

This can be done by inactivation of the gene product(s) of interest and analyzing the 

phenotype (Snyder and Gerstein 2003).  Homologous recombination in bacteria has been 

 



11 

used to create such directed mutations.  Techniques based on PCR to introduce mutations 

in the gene of interest include UDG cloning and replacement (Rashtchian et al. 1992), 

marker disruption (O’Reilly et al. 1986), Spliceoverlap PCR (Ho et al. 1989) and FLP 

recombinase (Hoang et al. 1998).  The latter two have been used to induce deletions of 

the target gene allowing multiple rounds of mutations to study the function of several 

genes simultaneously. 

 



 

CHAPTER 2 
COMPARISON BETWEEN SYSTEMIC AND NON-SYSTEMIC BACTERIA OF 

BEAN THROUGH SUPPRESSION SUBTRACTIVE HYBRIDIZATION 

Introduction 

Xanthomonas phaseoli (XP) and Xanthomonas axonopodis pv. phaseoli var. 

fuscans (XPF) are two different bacterial species that systemically infect bean (Phaseolus 

vulgaris) to cause common bacterial blight (CBB).  Both bacteria induce 

indistinguishable symptoms on leaves, stems, pods and seeds (Schwartz and Pastor-

Corrales 1989), even though RFLP and DNA-DNA hybridization studies have shown that 

they are genetically diverse (Gabriel et al. 1989; Vauterin et al. 1995).  The two bacteria 

are frequently found in the same field and even in the same plant.  Growth in most culture 

media (any that contain tyrosine) will differentiate the two bacteria, since XPF produces a 

brown diffusible melanin-like compound, and like most xanthomonads, XP does not 

(Basu 1974). 

At the beginning of the CBB infection process, XP and XPF enter leaves through 

natural openings such as stomata, hydathodes and wounds.  Water-soaked spots appear 

on leaves about 7 days later, which enlarge and frequently coalesce with adjacent lesions.  

As the disease advances, the lesions usually show a zone of lemon-yellow tissue around 

the edges (Schwartz and Pastor-Corrales 1989).  The bacteria then invade intercellular 

spaces, causing a gradual dissolution of the middle lamella that allows them to reach the 

xylem tissue (Schwartz and Pastor-Corrales 1989).  In contrast, a related but a non-

systemic pathogen of bean, X. axonopodis pv. alfalfae (XAA), infects primarily through 
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stomata, causing a water-soaked spot that later turns dark and usually does not exceed 3 

mm in diameter (Moffett and Irwin 1975). 

A simplified subtractive hybridization procedure, called suppression subtractive 

hybridization (SSH), was developed by Diatchenko (1996) to isolate genes that are 

differentially represented in two cDNA populations.  Because bacterial genomes are 

smaller and less complex than most eukaryotic cDNA populations, SSH can be applied to 

find genomic differences between closely related bacterial strains (Akopyants et al. 1998; 

Bogush et al. 1999, Harakava and Gabriel 2003).  A modified SSH experiment was 

performed here in order to find unique sequences present in both XP and XPF and absent 

from XAA. 

Materials and Methods 

Plasmids, Bacterial Strains and Culture Conditions 

Bacterial strains and plasmids used or constructed in this study are listed in 

Appendix A.  Xanthomonas strains were grown in PYGM (Gabriel et al. 1989) at 30°C 

and E. coli strains were grown at 37°C in Luria-Bertani (LB) medium (Maniatis et al. 

1982).  When necessary, appropriate antibiotics were used at the following 

concentrations: ampicillin (Amp), 100 µg/ml; gentamicin (Gm), 3 µg/ml; kanamycin 

(Kn), 20 µg/ml; rifampicin (Rif), 75 µg/ml; chloramphenicol (Cm), 35 µg/ml, and 

spectinomycin (Sp), 50 µg/ml. 

Modified Suppresion Subtractive Hybridization  

DNA from XP and XPF was extracted according to protocol in Appendix B.  XP 

and XPF DNAs was first digested with RsaI and they were each ligated to one of the 

specific SSH adaptors, and XAA DNA was used as driver DNA. The rest of the 

procedure, illustrated in Figure 2-1, was performed according to the instructions of the 
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commercially available SSH kit (PCR-Select Bacterial Genome Subtraction Kit-Clontech 

Laboratories, Inc) with minor changes as follows. 

Two micrograms of DNA from each of three strains (XP strain G66, XPF strain 

203B and XAA strain KX-1) were extracted using the protocol in Appendix B. The DNA 

was digested with 15 units of RsaI for 16 h at 37°C.  The DNA from XP was ligated to 

adaptor 1 and XPF DNA ligated to adaptor 2R (Appendix C). 

Two microliters of XAA DNA was diluted with 1µl of 4x hybridization buffer and 

mixed with 1 µl of DNA from XP and 1 µl of DNA from XPF in separate 0.5 ml tubes.  

The samples were heated at 98ºC for 1.5 m, followed by incubation at 63ºC for 1.5 h.  

The XP/XAA and XPF/XAA samples were then combined and an additional 1 µl 

of XAA DNA melted at 98ºC for 1.5 m was added.  The mixture was heated at 63ºC 

overnight and then PCR amplified with primer 1 at four annealing temperatures (57°C, 

59°C, 61°C and 63ºC) for 35 cycles.  A second round of PCR amplification using the 

product from the first PCR at 61°C was performed with nested primers 1R and 2R at 

58°C, 60°C, 62°C and 64ºC annealing temperatures for 25 cycles. 

Three microliters of the DNA from the second PCR amplification at 64°C 

annealing temperature was ligated into pGEMTeasy according to the manufacturer, 

transformed into DH5α cells, and selected on LB plus Amp plates. 

DNA Sequencing and Analyses 

Primers used in this study were ordered from Integrated DNA technologies, Inc. 

(Coralville, Iowa) and are listed in Appendix C.  All DNA clones resulting from SSH 

were sequenced at the University of Florida ICBR (Interdisciplinary center for 

biotechnology research) DNA Sequencing Core facility.  To confirm that the cloned 

DNA fragments were unique to CBB, all SSH clones were colony PCR amplified with 
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vector-based primers M13R (-48) and M13 (-47).  Two microliters of DNA from the 

PCR amplification were spotted in duplicate on a nylon membrane with a replicator (VP 

408S2a, V & P Scientific Inc. San Diego, CA) and also run on a 1% agarose gel to 

confirm that the amplified products were uniform.  Five hundred nanograms of total 

RsaI-digested DNA from all strains were separately labeled with 32P with the Random 

Primer kit II (Stratagene) according to the manufacturer’s protocol.  The labeled DNA 

was probed against each of the corresponding membranes.  The DNA fragments of 

interest were further confirmed as CBB-specific by Southern hybridization analysis 

(Maniatis et al. 1982).  Probes used were labeled PCR products amplified with vector-

based primers, or with primers specific for internal regions of the sequences (Appendix 

C). 

Molecular Biology Techniques 

For marker interruption, an internal region of the target gene was PCR amplified 

with appropriate primers.  A single bacterial colony taken with a toothpick and swirled 

into the PCR reaction mix, and it was used as template DNA.  PCR reactions were 

performed using Taq polymerase (Invitrogen Corporation, Carlsbad, CA) with the 

Invitrogen PCR buffer, using magnesium chloride, primers and nucleotide concentrations 

as recommended by the manufacturer.  The mix was initially denaturated at 95°C for 3 m 

to release DNA from the cells, and then 35 PCR cycles were performed (30 s at 95°C, 30 

s at the specified annealing temperature, 70°C for the specified extension time) with a 

final 10 m extension at 70°C.  One microliter of the PCR reaction was used for cloning 

into the TOPO vector (Invitrogen Corporation, Carlsbad, CA) and transformed in E. coli 

cells.  Approximately 250 ng of DNA from the TOPO clones containing the insert were 
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electroporated into 40 µl of electrocompetent Xanthomonas phaseoli at 1.8 kV/cm in an 

Eppendorf 2510 electroporator.  PYGM liquid medium was added to the bacteria to bring 

the volume to 1 ml.  The cultures were grown at 30°C for 2 h at 120 rpm and then the 

whole ml was spread onto PYGM plates containing Rif and Kn. Single colonies growing 

on the plates were restreaked and later confirmed to be transformed with the appropriate 

cloned DNA by PCR and Southern hybridization analysis. 

Plant Assays 

Xanthomonas cultures grown overnight at 30°Cin liquid PYGM, were centrifuged 

at 5000 rpm for 5 m, washed with sterile tap water and adjusted to 0.3 OD600 

(approximately 108 CFU/ml).  A 1:1000 dilution of each suspension was made for low 

concentration inoculations (approximately 105 CFU/ml) of Phaseolus vulgaris plants 

cultivar California Redloud Kidney (Appendix D).  For each inoculation, 2 cm at each 

side of the trifoliate leaves from 4 week old plants were cut with scissors and dipped in 

the bacterial suspension.  Scissors were flame sterilized between inoculations.  The plants 

were kept in a growth chamber at 27ºC with a 14 h light, 10 h dark cycle.  Symptoms 

were scored daily for up to 3 weeks. 

Results 

DNA Fragments Obtained by SSH  

Since the Clontech procedure for SSH was standardized based on E. coli DNA, 

different temperatures were tested for Xanthomonas DNA.  Figure 2-2 illustrates first and 

second round PCR products from reactions performed at different annealing 

temperatures.  Four temperatures were tested, and the amplified products obtained at 

61°C in the first PCR round and at 64°C in the second PCR round were selected for 

cloning into pGEMTeasy.  Agarose gels were run with the PCR amplified products 
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obtained from 348 colonies (Figure 2-3) to confirm uniformity of concentration prior to 

the dot blots. 

The Majority of Gene Fragments Cloned were Found Only on CBB Strains 

Dot blot analyses (Figure 2-4) showed that the majority of gene fragments cloned 

were present exclusively in CBB.  Only one of the 96 clones spotted on the membrane 

pictured in Figure 2-4 hybridized with XAA labeled total DNA.  Similar results were 

obtained with all plates analyzed (data not shown). 

Gene Fragments Categories 

Three hundred and eighty eight putative CBB-specific pGEMTeasy clones were 

sequenced.  The average size of the sequence reads was 492 bp. 

Forty-two of the insert sequences were eliminated due to the low quality of the 

sequence read and 24 of the clones contained no insert.  Three hundred and twenty two 

sequences were retained for further analysis (Table 2-1), and Blast analysis demonstrated 

that the sequences showed similarity to: transposable elements (104) (Table 2-2, Figure 

2-5), transcriptional regulators (58), S-receptor kinases (34), hypothetical proteins (26), 

pectate lyases (23) and ABC transporters (16) among others.  Forty of the 322 sequences 

(12.4%) were obtained only once.  One avirulence/pathogenicity gene homolog 

belonging to the avrBs3/pthA gene family was found. 

Southern Blot Confirmation 

Twenty-five genes that appeared to be CBB exclusive by dot blot hybridization 

were analyzed by Southern blot hybridization.  Three of the 25 genes tested were not 

CBB unique by Southern hybridization (Figure 2-6, some data not shown).  All others 

were confirmed by Southern hybridization to be present only in the CBB strains (XP and 

XPF) (3 representative Southern hybridization results are shown in Figure 2-7).  Some of 
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the analyses also showed that few of the CBB-specific clones hybridized multiple times 

to different probes, suggesting that the CBB specific DNA could represent portions of 

transposable elements (not shown).  Table 2-3 shows the gene fragments selected after 

Southern hybridization as candidates for mutagenesis, based on their presence only in the 

two CBB strains. 

Mutagenesis Analyses 

Five genes from XP (Table 2-3) were marker interrupted with internal regions 

cloned into TOPO, including XAC2373, a pectate lyase, RSp1239, a hypothetical protein, 

XACa0025, a hypothetical protein, XCC3132, a conserved hypothetical protein, and 

XAC2620, a VirB4 homolog.  Figure 2-8 shows confirmation of one of the mutations 

(homolog of XACa0025) performed in XP strain G66.  None of the mutational inserts 

appeared to affect pathogenicity, morphology or growth. 

Discussion 

Three hundred and twenty two gene sequences putatively conserved in both CBB 

strains of X. phaseoli and X. phaseoli var. fuscans, but not found in a leaf spot strain of X. 

axonopodis pv. alfalfae were identified by SSH.  The modifications used (two tester 

strains instead of one, and different hybridization temperatures) appear to have increased 

the efficiency of the method and resulted in a reduced background, since about 88% of 

the sequences analyzed by Southern hybridizattion were demonstrated to be present only 

in CBB strains.  Analyses between two E. coli strains have shown that the test efficiency 

is close to 50% (clontech manual). 

The appearance of many phage-related sequences in the library is surprising, since 

these elements tend to be strain specific (Winstanley 2002).  However, the fact that XP 

and XPF are frequently found together in the same plant in the field would allow 
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development of a common phage. Bacteriophages could be important components of the 

evolution of CBB strains, as these elements have been shown to be mediators of 

horizontal gene transfer.  Bacteriophages could bring new advantageous genetic material 

to its host and/or interrupt host genes upon integration (Hendrix et al. 1999). 

Some gene sequences obtained through SSH and confirmed as exclusively present 

in CBB strains were not considered for functional analyses since they were present in 

high copy number (>10 copies, data not shown), and elaborate methods would be needed 

to accomplish mutagenesis of such a large number of copies.  Those include ABC 

transporter proteins and S-receptor kinases that are usually involved in a variety of basic 

cellular processes and also in virulence in animal pathogens (Davidson and Chen 2004).  

In the case of pectate lyase, a Southern blot showed that two hybridizing gene fragments 

were present in both CBB strains (Figure 2-6 B).  Nevertheless, an attempt was made to 

mutate one of these by marker interruption, but the mutation had no evident effect on 

virulence.  In order to mutate both copies, a different method, such as splice overlap PCR 

(Horton et al. 1989) or FLP recombinase (Hoang et al. 1998) would need to be used to 

sequentially mutate the additional copy and determine the role of these genes if any, in 

CBB-specific pathogenicity. 

Several copies of the type IV secretion system genes VirB9-VirB10 were found 

only in CBB strains, and a copy of the VirB4 homolog was chosen to knock out the entire 

system, since this gene was also found present in single copy in both CBB strains and not 

in XAA (data not shown). VirB4 plays a major role in the type IV secretion/transfer 

system as an ATPase (Remaut and Waskman 2004) and plays an essential role in 

pathogenicity of Agrobacterium tumefaciens (Sagulenko et al. 2001).  However, mutation 
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of the VirB4 locus did not produce a reduction in pathogenicity.  In XP and XPF, the type 

IV system could be involved solely in plasmid conjugation.  It is also possible that XP 

could be carrying an additional but functional type IV system that is divergent at the 

DNA level, but able to functionally complement the mutation (Xanthomonas ONSA 

FAPESP network.  2001/2002). 

Some genes originally identified as CBB unique and potential pathogenicity factors 

(including HrpD5, pthA, and a conserved hypothetical protein (Figure 2-6), some data not 

shown) were not considered for knock-out experiments after Southern hybridization 

revealed their presence in all three bacterial species. 

Traditional techniques such as complementation of non-pathogenic strains with a 

genomic library of a pathogenic strain (Chen et al.1994), reporter fusion systems (Cunnac 

et al. 2004; Guttman et al. 2002; Roden et al. 2004a), screening of genes induced in 

planta (Noel et al. 2001), and promoter-trap assays (Losada et al. 2004) have been 

successfully used to identify pathogenicity genes present in a given pathogenic strain.  

However, none of these techniques has ever resulted in discovery of genes involved in 

systemic pathogenicity vs. mesophyll-limited pathogenicity.  This study was designed to 

find genes common to two different systemic strains and absent from a non-sytemic.  

This is the first report of an attempt to use the SSH technique with two tester strains and 

one driver. 

SSH followed by limited knock-out mutagenesis did not reveal any genes critical 

for systemic pathogenicity among 322 examined.  There are several possible explanations 

for this: first, the putative gene or genes involved in pathogenicity or systemic movement 

could be present in all three bacteria species but they could be either regulated 
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differently, or they could carry mutations when present in the non-systemic pathogen 

(frame shifts, or short deletions or insertions); such differences would be undetectable by 

SSH.  Second, even though the two CBB species apparently cause the same disease, they 

could potentially utilize different effectors to cause symptoms.  If this were the case, SSH 

would not be useful to detect the genes involved in pathogenicity in each CBB strain, 

since each strain would carry different genes.  Third, Pomati and Neilan (2004) suggested 

that SSH-based techniques preferentially select for genomic regions with high GC 

content.  Since virulence genes are often found in pathogenicity islands that have atypical 

GC content than the rest of the genome (Schmidt and Hensel 2004), it is possible that the 

candidate genes could be present in regions with low GC.  Fourth, since CBB strains 

were used as testers and XAA as driver, the presence of a negative factor present in XAA 

could be responsible for its inability to cause systemic symptoms.  A reverse analysis (i.e. 

by using XAA as tester and CBB as drivers) might be used to obtain this type of gene.   

Some modifications in SSH could improve the results obtained by this technique.  

DNA shearing instead of a RsaI digest, different hybridization temperatures and a 

titration of PCR annealing temperatures, could have help reduce background and obtain a 

more representative group of gene sequences possibly involved in pathogenicity. 
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Figure 2-1 Schematic representation of SSH procedure.  A) Genomic DNA from the three 
strains is digested with RsaI.  B) The two tester DNAs (XP and XPF) are each 
ligated to a different adaptor. C) A hybridization step is performed separately 
for both adaptor-ligated tester DNA samples using an excess of driver DNA 
D). A second hybridization step is performed with fresh denatured driver 
DNA and the two samples from the previous step. E) A fill-in reaction is 
performed followed by two PCR reactions.  The first PCR with a primer 
which sequence is found in both adaptors (primer 1), and the second one with 
two primers, indicated in the figure (Nested primer 1 and Nester primer 2R).  
The molecules type *1 will amplify linearly, since they carry only one 
adaptor.  Molecules type *2 will likely form a panhandle-like structure due to 
the suppression effect.  Type *3 molecules will not amplify due to the lack of 
adaptors.  Only the molecules type *4 that have two different adaptors at their 
ends will be amplified exponentially.  The amplified products obtained are 
then cloned in a PCR cloning vector. 
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Figure 2-2 PCR amplifications.  Five microliters from the 25 µl reactions were run on a 

1% Agarose gel.  Products of first (A), and second round PCR (B) performed 
at different hybridization temperatures are shown.  From left to right, M, 1 kb 
ladder, C, control unsubracted DNA, and SSH mix at the different 
temperatures shown on top of the gels. 

M

 
Figure 2-3.  PCR amplification from 18 random pGEMTeasy colonies using M13R and 

M13 primers (Appendix C) were performed and 5 µl of the 25-µl reactions 
were run in a 1% agarose gel.  From left to right M, 1 kb ladder, and PCR 
products from 18 clones. 
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Figure 2-4.  Dot blot hybridization of clone inserts obtained by SSH.  DNA was PCR 

amplified with M13R and M13 primers, spotted twice on each of the 
membranes on each of the three membranes and each one was hybridized 
against 500 ng of labeled DNA from A) Xanthomonas phaseoli strain G66, B) 
Xanthomonas axonopodis pv. phaseoli var. fuscans strain 203B, and C) 
Xanthomonas axonopodis pv. alfalfae strain KX-1. 

Transposase
Transcriptional Regualtor
S-receptor kinase
Hypotetical protein
Pectate Lyase
ABC Transporter
Unknown
VirB9
HrpD5
Integrase
Recombinase
pthA
Others

 
Figure 2-5 Chart summarizing the categories of genes obtained by SSH 
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Figure 2-6 Southern hybridization performed with two of the genes found by SSH.   From 

left to right λ/HindIII, Xanthomoas phaseoli XP (strain G66), Xanthomonas 
axonopodis pv. alfalfae XAA (strain KX-1), and Xanthomonas axonopodis 
pv. phaseoli var. fuscans XPF (strain 203B) DNA.  Total genomic DNA was 
extracted with the Amersham total DNA kit (A) or with protocol in Appendix 
B, (B), digested with EcoRI and hybridized with pthA gene (pUFY 14.5) in A, 
or with a sequence encoding an unknown protein in B. 
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Figure 2-7 Southern blot hybridization of three of the genes found by SSH. Total DNA 

from Xanthomonas axonopodis pv. phaseoli var. fuscans XPF (strain 203B), 
Xanthomoas phaseoli XP(strain G66), Xanthomonas axonopodis pv. alfalfae 
XAA (strain KX-1), Xanthomonas citri (strain 3213), Xanthomonas 
campestris pv. campestris (strain 528T) and Xanthomonas campestris pv. 
armoraciae (417T) was extracted with the Amersahm total DNA kit, EcoRI 
digested and run in a 0.7% gel.  Blots were probed against PCR amplified 
internal regions of: A. A gene encoding a hypothetical protein, B. Pectate 
Lyase and C. A gene encoding a conserved hypothetical protein. 
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Figure 2-8. Southern blot hybridization showing confirmation a gene encoding a 

hypothetical protein (XACa0025 homolog) interrupted in Xanthomonas 
phaseoli (XP) strain G66.  From left to right:  Marker (λ/HindIII), XP (G66) 
and interrupted mutant (M) digested with BglII, XP (G66) and interrupted 
mutant (M) digested with MluI. 

Table 2-1 Summary of sequences found by SSH 
Number of clones obtained 348 
Zero trimmed 8.05% 
Empty vector 6.90% 
Passing sequences 85% 
Average bases reading 492 

 
Table 2-2 Categories of genes found by SSH 

Gene fragment Number Percentage 
Transposases (different classes) 104 32.3 
Transcriptional Regulator 58 18.0 
S-receptor Kinase 34 10.6 
Hypotetical protein 26 8.1 
Pectate Lyase 23 7.1 
ABC Transporter 16 5.0 
Unknown 7 2.2 
VirB9 5 1.6 
HrpD5 3 0.9 
Integrase 2 0.6 
Recombinase 2 0.6 
pthA 1 0.3 
Others 41 12.4 
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Table 2-3 Candidate genes selected from Southern hybridization 
Gene  Organism Gene Number 
Pectate Lyase Xanthomonas citri XAC2373 
Hypothetical protein Xylella/Xanthomonas citri XACa0025, XfasA1573
Hypothetical protein Ralstonia solanacearum RSp1239 
Conserved hypothetical 
protein X. campestris pv. campestrisXCC 3132 
VirB9, VirB10 Xanthomonas citri XAC2620 
Hypothetical protein Ralstonia solanacearum RSp0593* 

*This gene was not interrupted 

 



 

CHAPTER 3 
INTERRUPTION AND TRANSIENT EXPRESSION OF PTHF, AN AVRBS3/PTHA 

MEMBER CLONED FROM XPF 

Introduction 

All members of the Xanthomonas avrBs3/pthA gene family share nearly identical 

DNA sequence and are important in the pathogenicity of some Xanthomonas spp. and 

pathovars (De Feyter et al. 1993; Leach and White 1996).  All of the predicted 

AvrBs3/PthA proteins have tandem leucine-rich repeats that are almost always 34 aa in 

length.  In addition, the predicted proteins (Figure 3-1) encode nuclear localization 

sequences, and a C-terminal eukaryotic transcriptional activation domain (Zhu et al. 

1998; Gabriel 1999).  Most members of the gene family have been shown to be 

avirulence (avr) genes that act in a gene-for-gene fashion to elicit a hypersensitive 

response (HR) on plants that carry cognate resistance genes.  pthA was the first member 

of the gene family shown to be required for pathogenicity (Swarup et al. 1991).  Since 

then, many, but not all (three pthA homologues in X. citri have been shown to be non-

functional, (Al-Saadi 2005)) gene family members have been shown to contribute to 

pathogenicity.  For example, avrb6 allows X. c. pv. malvacearum to release many times 

more bacteria from infected leaves and contributes to water soaking on cotton (Yang et 

al. 1994), and avrXa7 has been shown to be a pathogenicity determinant of bacterial 

blight of rice caused by X. oryzae, (Bai et al. 2000, Yang and White 2004). 

At least 27 members of the avrBs3/pthA family have been identified in diverse 

xanthomonads (Gabriel 1999; Leach and White 1996), including Xanthomonas phaseoli 
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(XP) and X. a. pv. phaseoli var. fuscans (XPF) (De Feyter et al. 1993, Figure 3-2).  In 

order to clone potential avrBs3/pthA homologues from XPF and determine their possible 

role in common bacterial blight of beans, an XPF cosmid library was constructed.  

Cosmid clones containing three pthA homologues were obtained and used for 

complementation tests, transient expression assays and site directed mutagenesis. 

Materials and Methods 

Plasmids, Bacterial Strains and Culture Conditions 

Bacterial strains and plasmids used or constructed in this study are listed in 

Appendix A.  Xanthomonas strains were grown in PYGM (Gabriel et al. 1989) at 30°C, 

E. coli strains in Luria-Bertani (LB) medium (Maniatis et al. 1982) at 37°C, and 

Agrobacterium strains at 30°C in YEB media (Kapila et al. 1997).  When appropriate, 

antibiotics were used at the following concentrations: ampicillin, 50 µg/ml (Amp); 

gentamicin, 3 µg/ml (Gm); rifampicin, 75 µg/ml (Rif); chloramphenicol, 35 µg/ml (Cm) 

and kanamycin (Kn), 20 µg/ml. 

Genomic Library 

The XPF genomic cosmid library was constructed according to standard procedures 

(Maniatis et al. 1992) with some modifications.  Total XPF DNA was extracted 

(Appendix B) and purified by cesium chloride-ethidium bromide density centrifugation.  

The purified DNA was partially digested with Sau3A and size-fractionated by sucrose 

density gradient centrifugation at 26,000 rpm for 16-18 h, and the fraction containing the 

appropriate fragment sizes was used for ligation into the vector.  Cosmid vector 

pUFR043 (DeFeyter and Gabriel 1991) was used for cloning.  The vector was cut with 

EcoRI and SalI to produce two arms and treated with alkaline phosphatase (USB 
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Corporation Cleveland, Ohio) to prevent self-concatamerization.  The treated vector arms 

were then cut with BamHI to create common cloning ends. 

DNA fractionated in the sucrose gradient within the size range of 30-50 kb was 

used for overnight ligations with T4 DNA ligase (Invitrogen Corporation, Carlsbad, CA) 

with the pretreated cloning vector.  The recombinant DNA was packaged with λ packing 

mix using GIGAPACK Gold packaging extracts (Strategene, La Jolla, CA), and 

introduced into E. coli strain DH5α via transfection, according to the manufacturer’s 

protocol.  Six hundred and fifty eight individual colonies were isolated on selective LB 

agar medium containing Gm and Kn and stored in LB broth with 14% glycerol plus 

antibiotics in 96 microtiter well plates and also patched onto agar plates and a nylon 

membrane using a replicator fork. 

A modified alkaline lysis procedure was used to prepare the plasmid DNA of 18 

randomly picked cosmid clones (Appendix E).  The plasmid DNA was digested with 

EcoRI and the resultant DNA fragments were separated using 0.7% agarose gel 

electrophoresis to determine average insert size and test for randomness of the inserts. 

The probe used to screen the clones was an internal BamHI fragment of pthA from 

pZit45 that was gel purified using QIAquick gel extraction kit according to 

manufacturer’s instructions (Qiagen, Valencia, CA).  The probe was labeled with 32P by 

primer extension according to the Prime II kit instructions (Stratagene, La Jolla, CA).  

Colony and Southern hybridization (Sambrook et al 1989) were performed using 

GeneScreen Plus nylon membranes according to the manufacturer’s recommendation 

(Bio-Rad laboratories, Richmond, CA). 
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Molecular Biology Techniques 

For marker interruption of the pthF homologues, pYY40.10, a clone containing a 

StuI-HincII internal region from pthA cloned into pUFR004 was used (Appendix A).  

Approximately 250 ng of DNA were electroporated into 40 µl of electrocompetent X. 

phaseoli strain G66 and X. axonopodis pv. phaseoli var. fuscans strain 203B at 1.8 kV/cm 

in an Eppendorf 2510 electroporator.  An additional 960 µl of liquid PYGM were added 

to the bacteria, the culture was grown at 30°C for 3 h at 120 rpm and then the whole 

culture was spread onto PYGM plates containing Rif and Cm at the appropriate 

concentrations.  Colonies were purified, the DNA extracted, digested with EcoRI and 

BamHI then screened by Southern hybridization. 

For transient expression assays, a 7 kb BamHI fragment obtained from cosmid CC1 

showing a hybridization signal against the pthA probe, was used to replace the BamHI 

fragment from pGZ6.4 (Agrobacterium vector carrying avrb6 (Duan et al. 1999)).  The 

DNA was transferred to Agrobacterium GV2260 via triparental mating (De Feyter and 

Gabriel 1991). 

Plant Assays 

Inoculations were performed on Phaseolus vulgaris California Red Light Kidney 

bean cultivar (Appendix D).  Overnight cultures were grown in liquid PYGM, 

centrifuged at 5,000 rpm for 5 min, washed with tap water and adjusted to an OD600 of 

0.3 (approximately 108 CFU/ml).  A 1:1000 dilution of this suspension was made for low 

concentration inoculations (approximately 105 CFU/ml).  For each inoculation, 2 cm on 

each side of the trifoliate leaves from 4 week old plants were cut with scissors after 

dipping them in the bacterial suspension.  Scissors were flame sterilized between 

 



32 

inoculations.  The plants were kept in a growth chamber at 27ºC with a 16 h light, 8 h 

dark cycle.  Symptoms were scored daily for up to 3 weeks. 

Transient Expression Assays 

Agrobacterium tumefaciens strains (Appendix A) were grown overnight in YEB 

(Kapila et al. 1997) liquid medium supplemented with antibiotics and transferred to 

induction medium (YEB plus 10 mM 2-N-morpholino ethasulfonic acid [MES] pH 

adjusted to 5.6 and 20µM of acetosyringone).  The culture was grown overnight, 

centrifuged and resuspended in MMA medum (MS salts, 10 mM MES, 20 g/l sucrose, 

200 µM acetosyringone, pH 5.6) at an OD600 of 0.8 (Kapila et al. 1997).  The suspension 

was kept at 4°C for 1 h.  Trifoliate leaves from California red light kidney bean plants 

(Appendix D) were detached and submerged in the inoculum in a Petri dish.  Vacuum 

infiltration was applied at 27 mmHg for 10 m and then rapidly released to ensure 

maximum tissue infiltration by the inoculum.  The leaves were washed in distilled water 

and the abaxial side was placed down on a Petri dish containing wet filter paper.  The 

plates were kept in the laboratory at 24°C under constant light. 

Thin Sections 

Tissue subjected to transient expression was cut into 0.5 x 0.5 cm pieces 24 h after 

Agrobacterium inoculation.  Immediately afterwards, the tissue was infiltrated with 

fixation solution (Formaldehyde 10%, acetic acid 5%, ethanol 5%) for 20 m and then left 

shaking in the same solution at 4°C overnight.  The tissue was washed once with PBS at 

30°C, and then successively with 30, 40, 50, 60, 70, and 85% ethanol at 4°C for 60 m.  

The last wash was performed in 95% ethanol overnight.  The tissue was then washed ten 

times with agitation at room temperature as follows: two washes with 100% ethanol for 

30 m, then two washes in 100% ethanol for 60 m, then a wash in 25% histoclear (R.A. 
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Lamb, NC)-75% ethanol for 60 m, then a wash in 50% histoclear-50% ethanol for 60 m, 

then a wash in 75% histoclear-25% ethanol for 60 m, then two washes with 100% 

histoclear for 60 m and finally a wash with 100% histoclear and paraplast chips (Sigma-

Aldrich, St. Louis, MO) overnight.  On day four, the mix was heated at 42°C to melt the 

chips, more chips were added until they melted and then the temperature was increased to 

60°C.  The preparation was left for several hours at 60°C, the wax was poured off and 

new wax was added and melted.  On days 5, 6 and 7, two wax changes were performed 

per day and on day 8, the tissue was placed in 2 cm thick molds.  On day 9 the tissue was 

cut into squares of about 1 x 1 x 0.5 cm with a scalpel, fixed on a piece of wood and cut 

with a microtome into 10 µM sections.  The sections were placed on slides containing 

1ml of water and left at 60°C for 10 m, and then at 42°C overnight.  The slides were 

stained with safranin and fast green according to Ruzin (1999). 

Complementation Attempts 

The cosmid clones that hybridized to pthA were analyzed by restriction enzyme 

digest profiling.  Three cosmid clones that appeared to contain divergent pthA 

homologues (CC1, CD2 and KB4) were extracted with the high-speed plasmid maxi kit 

(Qiagen, Valencia, CA) according to the manufacturer’s instructions.  Approximately 250 

ng of cosmid DNA were electroporated into the mutant strains and selected as before.  

Colonies growing in Gm PYGM were single colony purified and used for plant 

inoculations. 

Results 

Cosmid Library 

Ten microliters of every other 0.5 ml fraction collected from the sucrose gradient 

were run in a 0.7% gel to select fractions with the most suitable fragment size.  Fraction 
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number 34 (Figure 3-3) was used for ligation into pUFR043 and 658 colonies were 

obtained after transfection.  Eighteen of the colonies were randomly chosen for cosmid 

DNA extraction and EcoRI digestion.  Results shown in Figure 3-4 confirmed that the 

library was representative.  The average size of the inserts was estimated to be 41 Kb. 

Several Cosmid Clones Contained a Copy of Three Homologues 

Colony blot hybridizations performed on all 658 colonies indicated that six cosmids 

contained at least one copy of a potential avr/pth homolog (Figure 3-5).  Southern 

hybridization analysis showed that at least three diverse XPF homologues were present in 

the library based on restriction profile with different enzymes (CC1, CD2 and KB4, 

Figure 3-6) and the rest of the hybridizing cosmid clones were duplicates of the same 

three putative genes (data not shown).  The three putative genes were named pthF, pthF1 

and pthF2 and the BamHI internal fragment sizes of these genes were approximately 7, 

3.5 and 3.6 respectively.  The cosmid clones were hybridized with probes containing the 

5’ and 3’ ends of the pthA and were sequenced with vector-based primers to determine if 

the cosmids contained the entire gene homologues. 

Transient Expression Assays and Thin Sections 

A. tumefaciens strain GV2260 carrying pthA (pYD40.1) and an empty vector 

(pYD40.2) were used as controls (Duan et al. 1999).  As shown in Figure 3-7, strain 

GV2260 containing pthA induced an HR after 48 hours and the empty control showed a 

slight chlorosis in bean leaves starting at 72 h.  A. tumefaciens containing pthF (pLZ1.7) 

showed a blight-like phenotype, apparently different from pthA or empty vector at 72 h.  

Thin section experiments showed that pthF induced necrosis to a lesser extent than pthA, 

but pthF expression caused collapse to an extent similar to that seen with pthA (Figure 3-

8). 
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Attempts to Mutagenize pth Homologues 

Several XP and XPF colonies grew on Rf-Cm PYGM plates after attempts to 

marker-interrupt pthA homologues with PYY40.10.  Southerns hybridization patterns 

similar to wild type using pthA as a probe indicated that about half of the colonies were 

spontaneous Cm resistant mutants (data not shown).  Hybridization analyses also showed 

that three mutants had apparently lost an entire plasmid (F3 and F6 from XP and FF19 

from XPF) and two others (F1 and F2) showed interruption of one of the small BamHI 

fragments (Figure 3-9, some data not shown). 

Some Mutants of pthF Caused a Pathogenicity Reduction 

None of the marker-interrupted mutants were affected in growth, in planta, 

pathogenicity or any other obvious characteristic.  Three mutants that apparently had lost 

a plasmid, had also lost the ability to grow in Cm plates, and also exhibited reduced 

pathogenicity on bean plants (F3, F6 and FF19, Figure 3-10, some data not shown).  The 

two mutants showing an interruption in one of the pthF genes (pthF1 or pthF2) showed 

no alteration of pathogenicity. 

Attempts to Complement Pathogenicity Deficient Mutants 

Three cosmid clones from the library were used for complementation assays: CC1, 

CD2 and KB4 carrying pthF, pthF1 and pthF2 respectively.  None of the cosmid clones 

complemented the pathogenicity deficiency in any of the mutants (data not shown). 

Discussion 

Diverse members of the avrBs3/pthA gene family have been shown to be involved 

in pathogenicity in several Xanthomonas spp.  They have been associated with elicitation 

of diverse plant phenotypes, including water soaking, hypertrophy, hyperplasia, 

epidermal necrosis, hypersensitive response and blight (Yang et al. 1994; Duan et al. 
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1999; Yang and White 2004).  In the transient assays reported here, one of the pthA 

homologues from XPF, pthF, consistently elicited a blight-like symptom when expressed 

in bean leaves.  Since empty vector in Agrobacterium elicits a slight chlorosis in bean 

leaves, thin sections were examined to confirm the pthF-elicited phenotype observed.  

The analyses showed that pthF induced symptoms similar to those elicited by pthA in 

bean, although less necrosis was observed with pthF.  In both cases the intercellular 

spaces were greatly reduced when compared with empty vector alone.  However, pthF 

knock-out mutations were not obtained and therefore the potential role of pthF in 

pathogenicity of XPF or XP was not determined. 

Since fragments that hybridize to pthA have been found in all examined CBB 

bacteria, a role for pthF and other avrBs3/pthA genes in bean blight is likely.  Marker 

interruption mutations in pthA homologues were all equally pathogenic to the wild type.  

Plasmid cured strains revealed reduced virulence when compared to wild-type strains, but 

these were not complemented by any of the three XPF pthA homologs.  None of the 

mutants obtained occurred in pthF that was used for transient expression. 

There are several reasons that might explain why complementation of a plasmid 

cured strain failed when using single genes.  First it is possible that additional genes 

present in that plasmid besides the pthF gene could also be needed for full pathogenicity.  

Second, it is possible that the clone chosen for complementation was not functional.  

Third the plasmid vector may have been unstable in XPF even though repW has been 

demonstrated to be highly stable in all other Xanthomonas tested, including X. citri, X. 

malvacearum, X. albilineans and X. campestris (De Feyter et al. 1990). 
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A new study using different techniques for interruption of homologous genes is 

needed since Southern hybridizations showed that the plasmid containing the pthF gene 

was apparently lost after incorporation of the suicide vector.  A different and more 

quantitative inoculation method also needs to be developed in order to detect possible 

subtle differences in pathogenicity between mutant and the wild type strains. 
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Figure 3-1 Diagram of pthF showing restriction sites and domains of the predicted 

protein: Leucine zipper–like area (LZ), casein kinase 2 (CK), nuclear 
localization signals (NLS) and transcriptional activator (TA).  Letters 
appearing on top of the figure represent the following enzymes: BamHI (B), 
StuI (S), HincII (H), AatII (A) and SstI (Ss). 
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Figure 3-2 Southern blot of total DNA from XPF probed with an internal fragment from 

pthA.  DNA from XPF strain 203B was cut with BamHI, run in a 0.7% 
agarose gel. Arrows indicate the locations of bands corresponding to pthF, 
pthF1 and pthF2. 
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Figure 3-3 Fractions collected after sucrose density gradient centrifugation of XPF, 

partially digested Sau3A DNA were run on a 0.7% agarose gel.  Fraction 34 
was used for constructing the cosmid library. 
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Figure 3-4 Eighteen XPF cosmid clones, digested with EcoRI, and run on a 0.7% gel.  

Cosmid DNA from randomly chosen colonies was extracted and digested with 
EcoRI.  The outside lanes carry marker DNA (λ/HindIII). 
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Figure 3-5 Colony hybridization of 48 clones from the XPF cosmid library probed with 

pthA.  Three hybridizing clones are shown. 
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Figure 3-6 Southern hybridization of the three different cosmid clones.  Clones CC1 (1), 

CD2 (2) and KB4 (3) were extracted, digested with the indicated enzymes, run 
on a 0.7% gel and probed with pthA. 

pthF Empty
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Figure 3-7 Transient expression of pthF and pthA in bean leaves.  From left to right LZ 
1.7 (pthF), pYD 40.2 (empty vector) and pYD40.1 (pthA). 
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Figure 3-8 Transient expression of pthF in detached bean leaves.  Thin sections of A, LZ 

1.7 (pthF); B, pYD 40.2 (empty vector), and C, pYD40.1 (pthA). 
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Figure 3-9 Southern blot hybridization of four putative pthF mutants (F3, F6, F1 and F2) 

and X. phaseoli (XP) strain G66.  In panels A and C the total DNA was 
probed with pthA and in B, with pUFR004 vector DNA.  Gel D was used for 
blots A and B and E used for blot C.  In A, B, and D total DNA was digested 
with EcoRI and in C and E with BamHI.  The asterisk in panel C indicates 
pthF band. 

 
Figure 3-10 Bean leaf inoculated with F6 mutant on the right side and with the wild type 

XP (G66) on the left side of the leaf.  The picture was taken 6 days after 
inoculation. 

 

 



 

CHAPTER 4 
SITE DIRECTED MUTAGENESIS IN THE REGIONS IN THE C-TERMINUS OF 

TWO AVRBS3/PTHA MEMBERS  

Introduction 

Xanthomonas campestris pv. malvacearum (XCM) causes cotton blight and 

Xanthomonas citri (XC) causes citrus canker disease.  Avrb6 from XCM and PthA from 

XC are effector genes that function in avirulence and pathogenicity and belong to the 

Xanthomonas AvrBs3/PthA family.  These genes have been shown to contribute 

significantly to cotton blight and citrus canker diseases respectively (Yang et al. 1994; 

Swarup et al. 1991).  All members of the AvrBs3/PthA family are very similar in 

sequence and all carry three nuclear localization sequences (NLS), a C-terminal 

eukaryotic transcriptional activation domain (TA), and a 34 amino acid, tandem direct 

repeat region (Figure 4-1, Gabriel 1999; Zhu et al. 1998). 

NLS, TA and repeat region domains of the protein family have been shown to be 

required for the specific pathogenicity and/or avirulence phenotypes that are determined 

by the proteins.  The one notable exception is avrBs3-2 (synonym avrBsP), which elicits 

gene-for-gene avirulence in tomato without the NLS and/or TA domains (Canteros et al. 

1991).  The three NLSs function additively in avirulence and pathogenicity (Van den 

Ackerveken et al. 1996, Duan et al. unpublished).  The repeat region is essential for host-

pathogenic specificity and for gene-for-gene avirulence specificity (Yang et al.1994); the 

repeat region is also essential for homo-dimerization of the proteins before entering the 
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nucleus (Gurlebeck et al. 2005).  The eukaryotic transcriptional activation domain (TA) is 

also required for pathogenicity and avirulence (Yang et al. 2000; Zhu et al. 1998). 

The purpose of this study was to examine the potential role of three additional 

regions in the function of pthA and avrb6: a leucine zipper-like region (LZL), a casein 

kinase 2 (CK2) site and a randomly selected region between the LZL and CK2 (Upstream 

of Casein Kinase (UCK)). 

Materials and Methods 

Plasmids, Bacterial Strains and Culture Conditions 

Bacterial strains and plasmids used or constructed in this study are listed in 

Appendix A.  Xanthomonas strains were grown in liquid PYGM at 30°C and E. coli 

strains were grown at 37°C in Luria-Bertani (LB) medium (Maniatis et al. 1982).  When 

appropriate, antibiotics were used at the following concentrations: ampicillin, 50 µg/ml 

(Amp); gentamicin, 3 µg/ml (Gm); kanamycin, 20 µg/ml (Kn); rifampicin, 75 µg/ml (Rf); 

spectinomycin, 50 µg/ml (Sp) and tetracycline, 50 µg/ml (Tc).  DNA constructs were 

introduced by triparental mating into B21.2, and KX-1 strains (De Feyter and Gabriel 

1991) and inoculated into their hosts Citrus paradise (grapefruit) and Phaseolus vulgaris 

(common bean), respectively (Appendix D).  For introduction into HM2.2S, the DNA 

was first methylated as described (Yang et al. 1996), introduced into the strain by 

triparental mating and then inoculated on cotton (Gossypium) plants (Appendix D). 

Site-Directed Mutagenesis  

UDG cloning (Rashtchian et al. 1992, Figure 4-2) was used to introduce specific, 

site-directed mutations.  The respective primers were synthesized by Gibco BRL 

(Carlsbad, CA), and are listed on Appendix C.  The regions of interest were amplified 

using pQY107.1 as target DNA (3’ end of pthA extending from the HincII site to HindIII, 
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refer to Figure 4-1).  For PCR standardization, 1, 10 and 100 ng of DNA template, and 

0.5 mM, 1 mM and 2 mM of magnesium chloride were used with Taq Polymerase 

(Gibco, Carlsbad, CA) and the remaining components at concentrations recommended by 

the manufacturer (Gibco, Carlsbad, CA) in a 50 µl PCR mix.  Denaturation was at 95°C 

for 4 m, followed by 25 cycles at 94°C for 45 s, 62°C for 30 s and 72°C for 90 s, with a 

final extension of 5 m at 72°C. 

Following amplification, 10 µl of the PCR product was treated with DpnI for 30 m 

at 37°C to degrade methylated residues in the template, and then the enzyme was heat 

inactivated for 30 m at 65°C.  The mix was then incubated with 1.5 Units of UDG at 

37°C for 30 m to degrade the deoxy-uracyl residues contained in the primers, followed by 

incubation for 10 m at 65°C to both inactivate the enzyme and to melt the remaining 

oligonucleotides (12 bp) adjacent to the uracils.  The mix was annealed at room 

temperature for 1 h and then transformed in DH5α without ligation.  Plasmid DNA from 

transformed cells was extracted with the alkaline lysis protocol in Appendix E, cut with 

NcoI, and plasmids showing the expected restriction profile (pLZ7.1 for LZL, pUCK for 

UCK and pCK2.1 for CK2) were sequenced at the ICBR (Interdisciplinary center for 

biotechnology research) core facility (http://www.biotech.ufl.edu/Genomics/).  Plasmids 

with the correctly mutated sequence were cut with AatII and SstI and the mutated region 

was substituted for the wild type region in pthA using pYD9.4 cut with SstI and then 

partially cut with AatII.  The desired bands from pYD9.4 and pLZ7.1, pUCK1 or pCK2.1 

were gel purified using Qiagen columns (Qiagen, Valencia, CA) and ligated.  The 

resulting plasmids were cut with EcoRI-HindIII and the fragment carrying the modified 

pthA gene was recloned into shuttle vector pUFR047 to form pAC1.16, pAC14.1 and 
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pAC6.1, respectively.  The internal wild type StuI-HincII region from avrb6 was 

swapped with the same region in pAC1.16, pAC14.1 and pAC6.1 to form pAY8.1, 

pUCK3 and pALZ4, respectively. 

In the LZL region replaced in pAC1.16 (pthA) and pAY8.1 (avrb6), two residues 

were changed from leucine to methionine (L918 to M918 and L925 to M925 in pthA, and 

L790 to M790 and L797 to M797 in avrb6).  In the UCK region replaced in pAC14.1 

(pthA) and pUCK3 (avrb6), one residue was changed from arginine to proline (R955 to 

P955 in pthA and R827 to P827 in avrb6).  In the CK2 region replaced in pAC6.1 (pthA) 

and pALZ4 (avrb6), one residue was changed from glutamic acid to valine (E997 to 

V997 in pthA, and E867 to V867 in avrb6). 

Plant Inoculations 

All citrus plants (Appendix D) were grown under greenhouse conditions and 

inoculated in the quarantine facility at the Division of Plant Industry, Florida Department 

of Agriculture in Gainesville, Florida.  Cotton (Gossypium hirsutum) and common bean 

plants (Phaseolus vulgaris) (Appendix D) were grown under greenhouse conditions and 

after inoculations they were kept in growth chamber conditions with a 16 h light 8 h dark 

cycle at 30°C.  Bacterial cultures were grown in PYGM at 30°C, suspended in sterile tap 

water to 109 CFU/ml, and inoculated into newly expanded leaves by pressure inoculation 

with the blunt end of a tuberculin syringe as described by Swarup et al. (1991). 

Results  

UDG Cloning 

Different PCR conditions were tested for the three site directed mutations 

performed.  Figure 4-3 shows a 1% agarose gel with the products obtained at different 

conditions for mutation of the leucine zipper-like region.  In this case, the PCR product 
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obtained with 0.5 mM of magnesium chloride using 10 ng of DNA as template was used 

for treatment with UDG and then transformed into E. coli cells. 

No Change in the Non-Host HR on Bean 

When pZit45 (pthA) was introduced into X. axonopodis pv. alfalfae strain KX-1, it 

elicited a strong HR on common bean 24 h after inoculation.  When the different mutated 

versions of pthA were introduced into KX-1 and inoculated on bean, none showed a 

change in the timing or intensity of the HR when compared to strains carrying pZit45, 

(Figure 4-4, some data not shown). 

No Change in Water-Soaking or the Non-Host HR on Cotton 

HM2.2S is an X. c. pv. malvacearum strain in which six of the twelve avr genes 

have been mutated, including avrb6; this strain releases approximately 1600 times less 

bacteria than the wild type and is nearly asymptomatic on cotton, including resistant lines 

(Yang et al. 1996).  When avrb6 is re-introduced into HM2.2S, water soaking symptoms 

were restored on resistant cotton line AcalaB6.  When the different mutated versions of 

avrb6 were introduced into HM2.2S strain, all conferred the same phenotype as the wild 

type gene. 

Mutations of CK2 or the UCK, but not LZL Region, Resulted in Reduced Canker 
Symptoms 

B21.2 carries a Tn5 mutation in pthA and is unable to induce canker on citrus; 

when pZit45 carrying pthA is introduced in this strain, the canker phenotype is restored 

(Swarup et al. 1991).  B21.2 strains carrying pthA mutated in the LZL region exhibited 

canker symptoms comparable to that of wild type strains.  However, pthA mutated in the 

CK2 or the UCK regions was and introduced into B21.2, reduced canker symptoms 

compared to strains carrying pZit45 (Figure 4-6). 
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Discussion 

AvrBs3/PthA proteins are unique effectors with eukaryotic features.  They 

apparently function as transcriptional activating factors, which often contain leucine 

zipper motifs (Jakoby et al. 2002).  A detailed analysis of the amino acids present in 

Avrb6 and PthA showed that they do not have leucine zipper motifs, but a region very 

similar to leucine zippers with four hydrophobic amino acids for every seven residues.  

However, instead of forming an α helix, which is necessary for the structure of this type 

of transcriptional factor, two proline residues are present in the LZL region that would 

break the potential α helix.  No difference between wild type pthA or mutated avrb6 LZL 

was observed in the non host-HR on bean, host HR on cotton or pathogenicity on cotton 

and citrus plants.  The methionines used to replace the leucines in these mutants have the 

same neutral and hydrophobic characteristics as the leucines.  It is possible that charged 

amino acid substitutions would have revealed a different phenotype. 

Some bacterial effectors are known to induce phosphorylation of host proteins that 

in turn activate resistance signal response cascades in plants (Mackey et al. 2002).  No 

studies have been conducted to demonstrate phosphorylation in AvrBs3/PthA proteins, 

but CK2 regions are known to be important in nuclear localization (Jensen et al. 1998).  

Individual mutations in the CK2 and the UCK region demonstrated their importance in 

canker elicitation by pthA on citrus, but not in blight or water soaking elicitation by avrb6 

in cotton, and not in host on non-host HR responses by either gene.  The difference 

between the two pathogenicity phenotypes could be explained by the nature of the two 

diseases.  While transient expression assays (canker vs. water soaking on blight) have 

demonstrated that pthA alone induces canker lesions in citrus leaves, similar experiments 
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in cotton expressing avrb6 were unsuccessful in eliciting blight or water soaking in 

cotton (Gabriel lab unpublished).  In addition, knock-out mutations of pthA (as in B21.2) 

cause reduction of growth in planta, whereas knock-out mutations of avrb6 cause no such 

loss of in planta growth (Yang et al. 1996).  X. malvacearum carries at least six other 

members of the gene family, and it is likely that some other members are functional such 

as a partial loss of nuclear localization ability would not be detected.  It is also possible 

that through hetero-dimerization, a partial loss of nuclear localization ability would not 

be detected, although hetero-dimerization has not been reported.  Yang et al. (1996) 

reported that there are 2 CK2 sites (at positions 994-997 and 1068-1071 in pthA) and one 

of them was mutated in this study, possibly a non-functional one.  Reanalysis of the gene 

family for CK2 sites also reveals the possibility that two additional sites (at positions 

892-895 and 1120-1123 in pthA) are also present in the gene family. 
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Figure 4-1 Map of typical avrBs3/pthA gene.  Leucine zipper–like area (LZL), casein 

kinase 2 (CK2), nuclear localization signals (NLS) and transcriptional 
activator (TA).  Coding region extends from ATG to TGA and letters 
appearing on top of the figure represent the following enzymes: BamHI (B), 
StuI (S), HincII (H), AatII (A), SstI (Ss), and HindIII (Hi). 

A. Synthesize primers

B. PCR amplify

C.Treat with UDG

D. Transform without
in vitro ligation

 
Figure 4-2 Schematic representation of the UDG cloning technique.  A. Primers with 

uracil (U) replacing thimidine (T) are synthesized.  B. PCR amplification is 
performed.  C. Treatment with Uracyl DNA Glycosilase (UDG) D. The mix is 
incubated at room temperature and then transformed directly into E.coli. 
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Figure 4-3 PCR amplification of the HincII-HindIII region of pthA in pUC19.  Five 

microliters from of the 25-µl reaction were run in a 1% agarose.  From left to 
right: M, λ/HindIII marker; 1, control plasmid cut with EcoRI; 2, 2 mM 
MgCl2; 3, 1 mM, and 4, 0.5 mM of magnesium chloride used with 10 ng of 
DNA as template. 

 
Figure 4-4 California Light Red Kidney bean plant inoculated with KX-1 carrying 

pUFR047 (KX-1) and mutants in the leucine rich area (KX-1/pAC1.16 and 
1.19).  The picture was taken 36 hours after inoculation. 
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Figure 4-5 Acala 44 cotton plants (A) and AcalaB6 cotton plants (B) inoculated with: 1, 

HM2.2S; 2, HM2.2S containing pUFR047; 3, HM2.2S containing avrb6, 4, 
HM2.2S containing avrb6 mutated in Leucine zipper-like area; 5, HM2.2S 
containing avrb6 mutated in casein kinase 2, and 6, HM2.2S containing avrb6 
mutated and upstream casein kinase (6). 
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Figure 4-6.  Citrus leaf inoculated with mutant versions of pthA in B21.2: A, F, pAC6.1 

(CK2 mutated); B, pZit45 (pthA wild type); C, pUFR047 (empty vector), and 
D, E, pAC14.1 (UCK mutated). 

 

 



 

CHAPTER 5 
INDIVIDUAL AND SEQUENTIAL MUTAGENESIS OF XCC AVR GENES, 

IDENTIFICATION OF A FUNCTIONAL AVR GENE, ATTEMPTS TO 
DEMONSTRATE HR SUPPRESSION BY AVR GENES 

Introduction 

Xanthomonas campestris pv. campestris (XCC) causes black rot of crucifers, a 

systemic bacterial infection that generates serious economic losses worldwide.  

Xanthomonas campestris pv. armoraciae (McCulloch 1929) Dye 1978b (XCA), also 

infects crucifer plants, but causes only localized leaf spots and hydathode necrosis (Black 

and Machmud 1983).  Genes determining systemic movement of XCC have not yet been 

identified.  Like most other phytopathogenic xanthomonads, hypersensitive response and 

pathogenicity (hrp) gene mutations in XCC result in a loss of the ability to induce a 

hypersensitive response (HR) on nonhosts and pathogenicity on hosts (Kamoun and Kado 

1990), indicating that type III secretion is critical for pathogenicity of XCC. 

Diverse methods have been used to identify bacterial effectors that are secreted by 

the type III system (Buttner et al. 2003, Nomura and He 2005).  These methods include: 

1) complementation of non-pathogenic strains with a genomic library of a pathogenic 

strain (Chen et al.1994), 2) reporter fusion systems (Cunnac et al. 2004; Guttman et al. 

2002; Roden et al. 2004a), 3) screening of genes induced in planta or co-regulated with 

hrp genes (Noel et al. 2001), 4) promoter-trap assays (Losada et al. 2004) and 5) 

suppression subtractive hybridization or SSH (Harakava and Gabriel 2003).  

Functional genomics techniques have become increasingly effective for elucidating 

pathogenicity mechanisms as more genomic DNA sequences have become available.  
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This approach allows rapid in silico identification of potential homologous effectors.  In 

this study, when SSH revealed that a putative avirulence (avr) effector was present in 

XCC but not XCA, a search of the published genome of XCC528T (synonym: 

ATCC33913, Xanthomonas-ONSA FAPESP network. 2001/2002) revealed a total of 

seven additional putative avr genes (Table 5-1).  In order to determine the role of the avr 

genes in pathogenicity of XCC on crucifers, individual and sequential mutations were 

created by marker interruption in all eight avr genes.  Since several studies have shown 

additive effects of avr genes as pathogenic effectors (Lorang et al. 1994; Yang et al. 

1996; Badel et al. 2003; Wichmann and Bergelson 2004; Lin and Martin 2005), 

cumulative targeted mutagenesis of all eight putative avr genes was performed by using 

splice overlap PCR and marker interruption techniques. 

Materials and Methods 

Plasmids, Bacterial Strains and Culture Conditions 

Bacterial strains and plasmids used or constructed in this study are listed in 

Appendix A.  Xanthomonas and Pseudomonas strains were grown in PYGM at 30° C and 

E. coli strains were grown at 37° C in Luria-Bertani (LB) medium (Maniatis et al, 1982).  

When appropriate, antibiotics were used at the following concentrations:  ampicillin 

(Amp) 50 µg/ml; gentamicin (Gm) 3 µg/ml; kanamycin (Kn) either at 12.5 µg/ml or 20 

µg/ml; rifampicin (Rif) at 75 µg/ml, chloramphenicol (Cm) at 35 µg/ml and tetracycline 

(Tc) at 10 µg/ml.  When needed, sucrose was added to a final concentration of 5%. 

Molecular Biology Techniques 

Primers used in this study were synthesized by Integrated DNA technologies, Inc. 

(Coralville, Iowa) and are listed in Appendix C, and enzymes used were purchased from 

Invitrogen Technologies (Carlsbad, California).  A more suitable suicide vector was 
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constructed for marker interruption experiments.  pAC3.1 was constructed from 

pUFR004, a suicide vector, in three steps.  First pUFR004 was digested with XbaI, and 

the recessed termini were filled with Klenow.  Then it was digested with EcoRI and 

ligated to the kanamycin gene from pKLN66 that had been cut with BamHI, filled in with 

Klenow, and subsequently digested with EcoRI.  The resultant plasmid was called pAC7.  

pUC118 was digested with BsmBI, Klenow filled, digested with EcoRI to obtain the 

polylinker, which was ligated to pAC7 that had been cut with EcoRI and SmaI.  The 

resultant vector was named pAC2, a suicide vector with Cm and Kn resistance.  In order 

to eliminate the extra BamHI site present at the 3’ of the kanamycin resistance marker, 

pAC2 was partially digested with BamHI, filled in with Klenow and religated to form 

pAC3.1. 

For marker interruption, an internal region of the target gene was amplified with 

appropriate primers from a single bacterial colony touched with a toothpick and added 

into the PCR mix.  Twenty-five microliter reactions were performed using Invitrogen Taq 

polymerase (Invitrogen Corporation, Carlsbad, CA) with its PCR buffer, magnesium 

chloride and nucleotides at concentrations recommended by the manufacturer’s, and with 

0.4 µM each primer.  In order to lyse the cells and obtain the target DNA, an initial 

denaturation was performed at 95°C for 3 m, followed by 35 cycles of 30 s at 95°C, 30 s 

at the specified annealing temperature, 70°C for the specified extension time, with a final 

10 m extension at 70°C.  One microliter of the PCR reaction was used for cloning into 

TOPO vector (Invitrogen Corporation, Carlsbad, CA) using the manufacturer’s protocol.  

Except for the XopD homolog, in which the internal region was cloned in TOPO and used 
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directly for marker interruption, the inserts obtained from all eight avr genes were 

recloned into pAC7, pAC3.1 or pUFR12 (Figure 5-1 A). 

For splice overlap PCR, two regions of approximately 1 kb long, upstream and 

downstream of the target gene were PCR amplified independently with their respective 

primers (primers a, b and c, d in Figure 5-1 C) in the Fail Safe PCR premix D from 

Epicenter (Epicenter Technologies, Madison, WI).  The primers b and c (Figure 5-1 C) of 

each amplicon have complementary stretches in the proximal termini that will be used for 

annealing of the amplicon in the next step.  Both products were diluted 1:25 and 1 µl of 

each was mixed and a fill-in reaction was done in the premix D at 95°C for 3 m, 50°C for 

1 m and 70°C for 10 m in presence of Taq.  After that, the external primers (a and d, 

Figure 5-1 C) were added at 0.5 µM to the reaction and 35 cycles of PCR was performed 

as before.  One microliter was cloned directly into TOPO, or the desired band was gel 

purified using Qiagen columns (Qiagen, Valencia, CA), cloned into TOPO and 

transformed in DH5α cells. The insert was then recloned in pUFR080 and sequenced. 

For the FLP recombinase excision experiments, an internal region of Xcc3731 was 

PCR amplified using primers AC-19 and AC-20, cloned into TOPO as described, and 

recloned into BY17.1 using BamHI-SstI restriction enzymes (Figure 5-1 B). 

Suppression Subtractive Hybridization  

The procedure was performed using the PCR Select™ Bacterial Genome 

Subtraction kit, (Clontech Laboratories, Inc. Palo Alto, California) according to the 

manufacturer’s instructions.  XCC and XCA genomic DNA were extracted using the 

protocol in Appendix B.  Approximately 2 µg of both XCC and XCA genomic DNA 
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were each cut with 15 units of RsaI for 16 hours at 37°C.  Half of the DNA from XCC 

was ligated to adaptor 1 and the other half to adaptor 2R as recommended. 

Digested XCA DNA was diluted and mixed with each of the XCC adaptor-ligated 

DNAs in separate tubes, and the samples hybridized according to Clontech instructions 

except the hybridization temperature which was set at 63ºC.  The final molar ration 

between tester (XCC) and driver (XCA) DNAs was approximately 1 to 2.5. 

Amplification of SSH product was also according to Clontech instructions except 

that the first round of PCR amplification was performed with Nested primer 1 at 61ºC for 

35 cycles and the second round of amplification with Nested primer 2R was at 64ºC for 

25 cycles.  Three microliters of DNA from the second PCR amplification mix was ligated 

into pGEMTeasy (Promega Co, Madison WI) according to the manufacturer’s 

instructions, transformed into DH5α cells and plated on LB plus Amp. 

DNA Sequencing and Analysis 

All XCC DNA clones resulting from SSH were sequenced at the ICBR 

(Interdisciplinary center for biotechnology research) DNA Sequencing Core Facility of 

the University of Florida.  To confirm that the cloned DNA fragments were unique to 

XCC, the SSH clones were PCR amplified with vector based primers M13R (-48) and 

M13 (-47).  Two microliters of the product from the PCR amplification was spotted twice 

with a VP408S2a replicator (V & P Scientific Inc., San Diego, CA) on two different 

nylon membranes, and also run in a 1% agarose gel to confirm that the amplified 

products were uniform in DNA concentration. 

Five hundred nanograms of total RsaI digested DNA from all strains were 

separately labeled with 32P with the Random Primer kit II (Stratagene) according to 

manufacturer’s protocol.  The labeled DNA was used as a probe against each of the 
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corresponding membranes (Figure 5-2). The DNA fragments of interest were further 

confirmed as XCC-specific by Southern hybridization analyses. 

Mutagenesis Experiments  

For single mutations, approximately 250 ng of the plasmid DNA was 

electroporated into 40 µl of electrocompetent XCC strain 528T at 1.8 kV/cm in an 

Eppendorf 2510 electroporator.  Liquid PYGM to complete 1 ml was added to the 

bacteria, the culture grown at 30°C for 2 to 3 hours at 5000 rpm and then the entire 

volume was spread onto a PYGM plate containing Rif and Kn at the appropriate 

concentrations.  The colonies growing on Kn plates were transferred to Cm plates, except 

for the mutant strain interrupted with a TOPO vector, which was PCR tested immediately 

(XopD mutant) and confirmed by Southern hybridization analysis (not shown). 

For splice overlap mutagenesis, colonies were also confirmed on Cm plates and 

then grown in liquid PYGM overnight, the OD adjusted to 0.13, and 20 ml were spread 

onto PYGM containing sucrose and Rif.  Colonies that grew on sucrose were replica 

plated onto PYGM plus Kn and sucrose plates, and the colonies growing only on sucrose 

plates were analyzed by PCR and Southern hybridization, and selected for successive 

rounds of mutation.  Probes used were PCR products and/or PCR products cloned in 

TOPO or pUFR080. 

For FLP recombinase eviction assays, the mutant strain was selected also on Cm 

plates, screened by PCR and then electroporated with 50 ng of pJR4 (Appendix A) to 

evict the plasmid, and selected in Gm plates.  The colonies growing on Gm plates were 

replica plated onto Kn and plain plates.  The colonies growing only on plain plates were 

confirmed by PCR and Southern hybridization, grown in plane PYGM overnight, and 

transferred to sucrose as before to evict pJR4.  Colonies growing in sucrose were replica 
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plated on Gm and sucrose, and the colonies sensitive to Gm were selected to perform an 

additional round of mutation. 

Growth Kinetics 

The abaxial leaf surface of fully expanded leaves from white turnip and Florida 

mustard plants (Appendix D) were syringe infiltrated with 106 CFU/ml of inoculum.  

Each inoculation site was flooded to achieve a zone of ca. 0.5 cm in diameter.  Samples 

were taken in triplicate with a core-borer number 14 (22 mm diameter) to encompass the 

entire inoculation site starting at day 0 and every two days until day 8.  The leaf tissue 

samples were macerated in 1 ml of 100 µl of Silwett L-77 (Osi Specialties Inc., Friendly, 

WV) per 500 ml and CaCO3 added to saturation.  They were serially diluted and plated 

on PYGM plates, and the colonies were counted two days after plating.  The experiment 

was repeated twice. 

Electrolyte Leakage Measurements 

For electrolyte leakage studies, bacterial suspensions were diluted to a 

concentration of 106 CFU/ml in sterile tap water, inoculated by syringe infiltration and 

measurements were carried out as previously described (Hibberd et al. 1987).  For each 

sample, six leaf disks were removed with a 0.5 cm cork borer number 7, submerged in 3 

ml distilled water, vacuum infiltrated, shaken at 28°C at low speed and after 1 h the net 

leakage was measured with a conductivity meter (YSI Model 31).  Two samples were 

taken for each measurement in each experiment; the experiments were repeated three 

times. 

Complementation Assays 

Primers AC-35 and AC-45 (Appendix C) were used to amplify the ORF Xcc2109 

(Xanthomonas-ONSA FAPESP network.  2001/2002).  Primers 09-04 and AC-45 were 
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used to amplify a longer ORF that includes Xcc2109 and 327 bp upstream.  The two 

DNA sequences were cloned into TOPO PCR vector (Appendix A) and recloned into 

pUFR070 to form pAC10 and pAC19 respectively.  Correct orientation of both clones for 

expression from the lacZ promoter on pUFR070 was confirmed by sequencing, and 

approximately 50 ng of DNA was electroporated into the individual Xcc2109 knockout 

mutants X48 and X109.  Colonies appearing on appropriate selection media were grown 

in liquid PYGM supplemented with antibiotics, the cultures were centrifuged, washed 

with tap water, the concentration adjusted to 106 CFU/ml and the suspension was 

inoculated into Florida Mustard leaves by scissors clipping described in the plant assays 

below.  Plants were scored one week after inoculation. 

Race Specificity Change 

XCC strains 6181 and 3849A, representatives of races 0 and 2, respectively 

(Kamoun et al. 1992, Table 5-2), were electroporated with pAC19 and pAC10 and 

selected on the appropriate antibiotics.  Cultures were grown and inoculated in B. juncea, 

B. oleracea var capitata, and B. rapa plants as described for other strains of XCC.  At 

least three plants were inoculated in each experiment, and each experiment was repeated 

at least once. 

Plant Assays 

All plants were grown under greenhouse conditions and are listed in Appendix D.  

Leaves from 3-week-old crucifers, were inoculated at two concentrations. Overnight 

cultures were grown in liquid PYGM, centrifuged at 5000 g for 5 m, washed with tap 

water and adjusted to 0.3 OD (approximately 109 CFU/ml).  A 1:1000 dilution of this 

suspension was made for low concentration inoculation (Approximately 106 CFU/ml).  

For each inoculation, approximately one third of the leaves were cut with scissors after 
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dipping them in the bacterial suspension.  Scissors were flame sterilized between 

inoculations.  After inoculation, the plants were maintained in a growth chamber for 14 

days with a daily regimen of 16 h at 28ºC in the light, followed by 8 h of dark at 27ºC.  

Plants were scored every day up to 14 days. 

For seedling assays, B. juncea and B. olareceae var. capitata seeds were grown 

under continuous light at 29°C.  Seven-day-old plants were inoculated by pricking the 

hypocotyls with a 25-gauge syringe needle that was dipped into a bacterial colony.  

Plants were observed starting at 16 hours and for up to five days. 

For the non-host HR, pepper plants ECW, ECW-10R, ECW-20R and ECW-30R 

(Capsicum annum), were used.  They were inoculated by pressure infiltration using the 

blunt end of a tuberculin syringe into the abaxial leaf surface at four (109, 108, 107 and 

106 CFU/ml) serially diluted concentrations, and observed at 18, 24, 36 and 48 h.  At 

least three plants were inoculated in each experiment, and each experiment was repeated 

at least three times.  HR was observed every h starting at 12 h and for the next 36 h. 

Cell Death Suppression Assays 

pAC10, pAC19, pAC99 and pAC31 were electroporated into P. fluorescens strains 

55 carrying pHIR11 or pLN18 and selected with the appropriate antibiotics.  Colonies 

were then grown overnight in liquid PYGM suplemented with Gm, resuspended in sterile 

tap water at the desired concentration and inoculated in tobacco and ECW pepper plants 

with a syringe by pressure infiltration.  Initially 55/pHIR11 carrying each one of the 

constructs were inoculated starting at 0.2 OD600 and at 1:5 dilutions up to 1:625.  Later, 

55/pLN18 transconjugants were inoculated at 0.2 OD600 and after 2 h 55/pHIR11 was co-

inoculated at 1:100 dilution from the 0.2 OD600 suspension. As an expression control, 
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pZit45 was introduced in 55/pLN18, selected in PYGM Gm plates, and inoculated in 

tomato plants at 0.3 OD600. 

pAC19, pAC10, pAC99 and pAC31 were electropotated into 95-2 and selected in 

the appropriate antibiotics.  Colonies were then grown overnight in liquid PYGM 

suplemented with Gm, and inoculated in 30R pepper plants as before.  All strains were 

inoculated starting at 0.3 OD600 and at 1:5 dilutions up to 1:625. 

Results 

Suppression Subtractive Hybridization 

A total of 226 XCC clones were obtained and subjected to dot blot analysis.  This 

analysis showed that about half of the clones obtained were represented in both XCC and 

XCA (Figure 5-2).  The XCC clones resulting from SSH were sequenced and the genes 

of interest confirmed or discarded as XCC-specific after Southern hybridization analysis 

(not shown).  On average, the XCC fragment readings were 375 bp long.  As shown in 

Figure 5-3, more than half of the sequences (119) corresponded to hypothetical proteins, 

11 to enzymatic proteins, 2 to proteins involved in two-component system, and one to an 

the avirulence gene Xcc2109 (NC_003902.).  No other potential plant effectors were 

identified.  Twenty-one transposable elements and related genes were also found.  Except 

for six of the genes found once, all gene fragments were obtained two or more times 

through the SSH analysis. 

No Evidence of Pleiotropic Pathogenicity Function by any Individual XCC avr Gene 
or XopD 

To test if the putative avr effectors identified by SSH (one) or by sequence 

homology (seven) (Xanthomonas ONSA FAPESP network. 2001/2002) had a function in 

pathogenicity, single mutations were performed by marker interruption.  Mutations were 
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confirmed by PCR and southern hybridization.  Figure 5-4 illustrates confirmation of one 

of the avr mutants (X23, Appendix A).  Individual mutants of the eight avr genes and the 

XopD homolog inoculated on cabbage at the two concentrations descibed in the materials 

and methods section, showed no difference when compared with wild type strain 528T at 

either of the concentrations used (not shown).  When inoculated in other susceptible 

hosts: white turnip Hakurei hybrid, radish Sparkler or Seven Top turnip (Appendix D), 

none of the mutants showed a change in the in planta phenotype (not shown). 

No Evidence of Collective Pleiotropic Pathogenicity Function by all Annotated XCC 
avr Genes 

Sequential mutagenesis of all eight avr genes was performed using splice overlap 

PCR, FLP Recombinase and marker interruption.  Two different series of additive 

mutations in the avr genes were constructed using X21 and X37.2 as a base to perform 

several rounds of mutations (Appendix A) and a mutant for the eight avr genes was 

obtained (Figure 5-5).  None of the mutants inoculated in other susceptible hosts: white 

turnip Hakurei hybrid, radish Sparkler or Seven Top turnip (Appendix D), showed any 

difference in virulence when compared with the wild type. 

To further confirm that there was no effect on pathogenicity, growth curves were 

performed with wild type 528T and strain X8.8.  Growth kinetic studies in planta using 

wild type 528T and strain X8.8 revealed that population dynamics in white turnip of the 

two strains was not significantly different up to eight days post inoculation (Figure 5-6). 

avrXccFM confers avirulence on B. juncea without inducing a typical mesophyl HR 

Strain 528T is a race 1 XCC strain that is not pathogenic on Florida Indian mustard 

(“Florida Mustard”, B. juncea, Kamoun et al. 1992).  There is no plant response 

following low concentration inoculation (approx. 106 CFU/ml).  At high (109 CFU/ml) 
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inoculum concentration, a cell collapse was observed starting 15 h after inoculation 

(Figure 5-7).  When all 528T mutant strains were inoculated at high and low 

concentrations by both syringe infiltration and scissor clipping, some mutants showed 

systemic symptoms of progressive chlorosis and necrosis outside of the immediate 

inoculation zone(s) as early as 4 days after inoculation (Figure 5-8), indicating a gain of 

virulence on this host differential.  Strains carrying single mutations of Xcc2109, whether 

obtained by marker interruption (eg., X48) or by splice overlap PCR (eg., X109) caused 

systemic infection symptoms when inoculated on Florida Mustard at both high and low 

concentration, indicating that Xcc2109 was in fact a functional avr gene on Florida 

Mustard plants (Figure 5-9).  The resulting mutations created a race change from the wild 

type 528T race 1 to race 0 (Table 5-3).  No change in the tissue collapse phenotype at high 

inoculum concentration typical of the wild type strain was observed in any of the 

mutants, however the ones carrying a mutation in Xcc2109 were able to systemically 

produce blight symptoms (Figure 5-10).  Xcc2109, a gene earlier identified by SSH, is 

72% identical to avrC and 45% to avrB, both avirulence genes from Pseudomonas 

syringae pv. glycinea. 

da Silva (2002), annotated the Xcc2109 ORF as avrXccC, 996 nucleotides long and 

encoding 332 amino acids.  pAC10 carrying this ORF fused to a 5 amino acid LacZ 

leader failed to complement X48 and X109.  Further analyses indicated that the 

functional gene was more likely 1323 bp and 441 amino acids long, and started 327 bp 

upstream from the previously annotated start site, and additional analyses of the rest of 

the avr genes from 528T strain by codon preference of GCG program (Genetics 

Computer, Madison, WI.) showed that four of the eight genes appear to be longer than 
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annotated (Figure 5-11, Table 5-4).  The longer Xcc2109 gene, here designated 

avrXccFM (avirulence on Florida Mustard), contains a Shine-Dalgarno region at -11 from 

the start site (2493758 in NC 003902) and a putative PIP -plant inducible promoter- box 

in the promoter region at -67 and -83 from the start site (TTCG…N16…TTCG).  The 

1323 bp avrXccFM cloned in pUFR070 conferred avirulence to X48 and X109 making 

the mutants, like the wild type, unable to produce disease in B. juncea (Figure 5-12). 

avrXccFM Is a Critical Race Determinant of XCC 

Strain 6181 belongs to race 0 and 3849A belongs to race 2, based on the host 

differentials proposed by Kamoun et al. (1992).  Based on Southern blot analyses, neither 

strain carries a copy of avrXccFM (Fig 5-13).  When pAC19 containing avrXccFM was 

introduced into strain 6181 (Figure 5-13), the transconjugant became less aggressive in 

Brassica juncea, induced the formation of smaller lesions (Figure 5-14) and bacterial titer 

in planta was up to 100 times lower than the wild type (Figure 5-15).  Introduction of 

pAC19 caused a change from race 0 to a new and previously uncharacterized race (Table 

5-3).  When pAC10, carrying the truncated avrXccFM (Xcc2109) was introduced into 

either strain 6181 or 3849A, no effect on virulence was observed on the set of host 

differentials.  When pAC19 was introduced into strain 3849A (Figure 5-13), the 

bacterium became avirulent on Florida Mustard plants at both high and low 

concentrations, causing a change from race 2 to yet another new, and previously 

uncharacterized race (Figure 5-14, Table 5-3).  These results confirmed that avrXccFM is 

an active avr gene recognized by B. juncea plants 
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Electrolyte Leakage Assays Showed That No Apparent Cell Death Is Involved in B. 
juncea Resistance 

No significant differences in electrolyte leakage over the first 72 h after inoculation 

were observed between plants inoculated with the wild type XCC strain and the mutants 

X48 and X7.8 (Figure 5-16).  The HR eliciting strain XCA417T induced electrolyte 

leakage beginning 48 h after inoculation.  According to electrolyte leakage experiments, 

no measurable cell death occurred in any of the strains tested, including the ones carrying 

avrXccFM (XCC528T, X52, Figure 5-16).  Virulent strains with avrXccFM deleted, 

started to induce plant cell death 60 h after inoculation, indicative of the necrosis 

produced by pathogenic strains.  Preliminary results also indicated no induction of 

electrolyte leakage when avrXccFM was present in strain 6181 (not shown). 

HR In B. juncea Appears to be Restricted to Cells Surrounding the Vascular System 

Incompatible XCC strains have been shown to induce a vascular HR (VHR) in 

Brassica plants (Kamoun et al. 1992).  Seedling assays experiments performed in B. 

juncea showed that the incompatible 528T consistently induced a VHR starting at 24 h 

after inoculation.  In contrast, the compatible mutants X48 and X8.10 failed to induce a 

necrotic response and resulted in a null reaction (Figure 5-17, Table 5-5), confirming that 

a localized HR occurs, and appears to be restricted to cell layers surrounding the vascular 

system (Bretschneider et al. 1989) 

Non-HR Resistance Response in Arabidopsis was Not Affected in Any of the Mutants 

X. campestris pv. campestris is a pathogen of A. thaliana plants and four general 

phenotypes induced by different XCC strains have been identified in different 

Arabidopsis ecotypes: susceptibility, tolerance, HR-resistance and non-HR resistance 

(Buell 2002).  Ecotypes Col-1 and Co-i showed a non-HR resistance against XCC 528T 
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strain.  Some of the avr mutant strains obtained including X8.8 were inoculated in this 

plant species and none of them had any apparent effect in the resistance phenotype (not 

shown). 

Non-host HR Was Not Altered in Strains Carrying Mutations in avr Genes  

Inoculation of pepper plant cultivars with all mutant strains at different 

concentrations showed no change in the non-host hypersensitive response (HR) after 48 

hours in any of the cultivars tested.  All strains elicited an HR typical of the wild type at 

bacterial concentrations above approximately 107 CFU/ml (not shown). 

HR Induction by a P. syringae Gene Was Not Inhibited by XCC avr Genes 

P. fluorescens 55 carrying pHIR11 cosmid induces a HR in tobacco and pepper due 

to the presence of a functional hrp system and HopPsyA and its chaperon protein (SchA) 

from P. syringae pv. syringae (Appendix A, Jamir et al. 2004).  Strain 55/pHIR11 also 

carrying three of the avr genes (Xcc2100, avrXccFM and Xcc3731) showed a reduction 

in the HR response elicited in tobacco and pepper at 107 and 106 CFU/ml (Figure 5-18).  

Coinoculations of a non-HR inducing P. fluorescens with a functional hrp system 

(55/pLN18) carrying Xcc2100, avrXccFM and Xcc3731 genes, and later with 55/pHIR11 

did not show any reduction in HR at any of the concentrations tested (not shown).  As 

control, pZit45 that contains pthA gene was electroporated into 55/pLN18 since X. strains 

induce HR in tomato cultivars when carrying this clone.  However, when pZit45 was 

introduced into P. fluorescens as an expression control, no HR was observed in tomato 

(not shown). 

As another attempt to detect HR suppression mediated by avr genes, a X. 

vesicatoria strain (95-2 carrying avrbs3) that induces an HR response in 30-R pepper 

plants, was used.  Strains 95-2 also carrying three avr genes (Xcc2100, avrXccFM and 
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Xcc3731) showed no HR reduction or change at any of the concentrations tested (not 

shown). 

Discussion 

Genomic analyses of XCC528T indicate that numerous horizontal gene transfer 

events probably occurred (da Silva et al. 2002).  At least 109 genes related to 

transposable elements were identified, as well as extended regions with low GC content 

and uncommon codon usage (da Silva et al. 2002) and 285 genes present in XCC528T 

appear to have been acquired horizontally (Garcia-Vallvé et al. 2003), including three of 

the eight putative avr gene homologs investigated in this study. 

It is often assumed that when avr genes are acquired by bacteria through horizontal 

gene transfer, they become fixed in the genome because they confer a selective advantage 

to the pathogen as effectors by increasing their pathogenicity and expanding their host 

range (Alfano and Collmer 2004; Rohmer et al. 2004).  Pleiotropic pathogenicity effects 

are a common feature of avr genes and have been reported in several pathogen species 

(Abramovitch et al. 2003; Alfano and Collmer 2004; Badel et al. 2003; Bogdanove et al. 

1998; Kearney and Staskawicz 1990; Lorang et al. 1994; Swarup et al. 1992; Yang et al. 

1996; Wichmann and Bergelson 2004).  Once fixed in the genome, the % G+C content of 

an acquired gene with selective value may gradually evolve to match that of the recipient 

(Lawrence and Ochman, 1997), and other characteristic features indicative of horizontal 

transfer may be lost as well (Hacker and Kaper 2000).  Since five of the eight putative 

XCC528T avr genes have not been identified as being horizontally transferred (Garcia-

Vallvé et al. 2003), a selective value in terms of pathogenicity for these five would seem 

particularly likely. 
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Nevertheless, none of the eight putative avr gene loci, when deleted or interrupted 

in XCC528T, affected pathogenicity on any of the six cruciferous host differential species 

tested.  Indeed, they did not appear to confer any pathogenic effect even in an additive 

way, as inoculations of strain X8.8 (all eight putative avr gene loci mutated) was as 

pathogenic as the wild type when inoculated onto five susceptible Brassica species.  In 

addition, growth curves showed no difference between wild type and X8.8 in white turnip 

plants. 

Some effector genes found in Pseudomonas spp., including avr genes, are known to 

suppress host defenses as indicated by suppression of the HR (Abramovith et al. 2003; 

Alfano and Collmer 2004).  However, none of the avr gene mutations, singly or in any 

combination, affected the non-host HR elicited by XCC strains on pepper plants (data not 

shown).  In addition, three putative XCC avr genes (Xcc2100, Xcc2109 and Xcc3731), 

cloned and expressed in X. axonopodis pv. vesicatoria strain 95-2, failed to suppress the 

HR elicited by this strain on Capsicum annum 30R plants carrying the Bs3 gene (data not 

shown).  The initial results of apparent HR inhibition by avr genes in P. fluorescens 

inoculated in tobacco and pepper were not considered, since a P. fluorescens 

transconjugant control carrying an XCC gene did not elicit the expected response in 

tomato.  The reasons for this phenomenon could be explained by earlier observations that 

some effectors can block the type three-secretion system (Jamir et al. 2004) inhibiting 

delivery of HR-inducing genes.  Other explanation could be that Xanthomonas proteins 

are either not expressed or not delivered by Pseudomonas host, or that the vector used 

(pUFR070) could be unstable in Pseudomonas. 
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A few putative non-avr effector genes have been identified in XCC based on 

sequence similarity to Ralstonia, Pseudomonas and Xanthomonas type III secreted 

proteins, but only one has some experimental support as an effector in Xanthomonas.  

This ORF, classified as psvA (Xcc2896) by da Silva (2002), is 71% identical to xopD 

from X. c. vesicatoria and since it was shown to be secreted through the hrp system and 

to have small ubiquitin-like modifier (SUMO) proteolytic activity (Noel et al. 2002, 

Roden et al. 2004b), this gene was included in the present study.  As with many effector 

genes, it was proposed as to have been horizontally acquired (Garcia-Vallvé et al. 2003).  

However, interruption of the homologue in XCC alone or in combination with others (not 

shown) did not show any effect on XCC pathogenicity on any of the hosts tested. 

Among the one putative xopD effector gene and the eight putative XCC528T avr 

genes experimentally investigated here, only avrXccFM appeared to function non-

redundantly as an effector; since avrXccFM was found to confer avirulence on Florida 

Mustard.  Deletion and insertion mutations of this gene in strain XCC528T, which is 

avirulent on Florida Mustard, enables the mutant bacterium to become virulent on this 

differential host.  The truncated, annotated version of avrXccFM, Xcc2109, was 

identified as likely acquired by horizontal gene transfer (Garcia-Vallvé et al. 2003). 

When avrXccFM was transferred to other races of XCC pathogenic in B. juncea, 

the bacteria became either avirulent in the case of race 2 strain 3849A, or much less 

virulent in the case of race 0 strain 6181 (Table 5-4, Figure 5-14, Figure 5-15).  The 

visible although smaller lesions observed in the latter case might be due to:  1) poor gene 

expression in this strain; 2) a defense suppression mechanism specific to this strain; 3) 

lack of a chaperone-like protein or an imperfectly functioning chaperone-like protein 
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required for delivering into the host.  We favor the latter explanation because chaperone-

like proteins have been identified as important secretion co-factors for some avr genes 

(Alfano and Collmer 2004) and in particular, lack of an avrBs3 chaperone in X. 

vesicatoria resulted in a reduced HR elicited by avrBs3 on pepper (Buttner et al. 2004). 

Despite the avirulence phenotype (eg., no disease development) elicited by 

avrXccFM in XCC strains on Florida Mustard, repeated attempts to detect a leaf HR 

elicited by avrXccFM failed.  In all comparisons of avrXccFM mutants (or 

transconjugants carrying avrXccFM) to the wild type, a tissue collapse identical to that 

elicited by the wild type was observed, starting at 15 h after inoculation with 109 CFU/ml 

(not shown).  However, in the avrXccFM mutants, systemic disease symptoms develop 

starting after 4 days.  In order to help confirm resistance to XCC in the absence of a leaf 

HR with Florida Mustard, electrolyte leakage experiments were performed.  When 

inoculated at low bacteria concentration (106 CFU/ml) Florida Mustard is capable of an 

HR response to at least some xanthomonads such as wild type XCA, beginning at 48 h 

after inoculation, that was coincident with electrolyte leakage (refer Figure 5-16).  

However, there was no evidence of an HR response to any XCC strain carrying 

avrXccFM, and an increase in electrolyte leakage was first detected only beginning at 72 

h after inoculation in strains not carrying avrXccFM.  Attempts to detect a VHR 

(Kamoun et al. 1992) were successful and a seedling assay showed a localized necrosis 

around the inoculation site starting at 24 h after inoculation when avrXccFM was present, 

while the compatible responses in the absence of avrXccFM resulted in a null reaction 

(Figure 5-18, Table 5-5) and later developed in disease (not shown).  Earlier reports also 
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associated resistance in crucifers with this phenotype and showed that only the cells 

surrounding the vascular system appear to be affected (Bretschneider et al. 1989). 

XCC was proposed to be comprised of five races, based on disease reactions using 

three differential Brassica species: B. oleracea, B. rapa and B. juncea (Kamoun et al. 

1992).  We based our race analyses on this system.  Vicente et al. (2001) proposed a new 

race defined by the additional host differentials B. carinata PI199947 and B. oleracea 

Miracle F1; however, we could not reproduce the race reactions on these additional 

differentials as proposed.  It is possible that there is significant genetic variation within 

these varieties. 

A report by Ignatov et al. (2003) suggested that in addition to the HR response in 

pepper plant cultivar 20R, an avrBs2 homologue was involved in avirulence in Brassica 

plants with the B genome, which includes Brassica juncea and Brassica carinata.  

However, our analysis showed that a deletion of the entire putative avrBs2 homolog, 

Xcc0052, alone or in combination with other avr gene deletions (Figure 5-5), did not 

have any effect on either pathogenicity or avirulence phenotypes in any host or non-host 

plants tested (not shown). 

Besides the putative avr effectors and xopD examined in this study, eight additional 

putative XCC pathogenicity effectors identified in silico at present remain to be 

experimentally tested for function (Table 5-6).  These include two leucine-rich proteins 

having PIP boxes (Xcc2565 and Xcc4186) identified by da Silva et al. (2002); two genes 

identified as type III secreted (Xcc1072 and Xcc1247) by Roden et al. (2004a), and four 

genes identified as type III secreted proteins (Xcc1246, Xcc3258, Xcc1089, and 

Xcc3600) by Rohmer et al. (2004) and Genin et al. (2004). 
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With the exception of avrXccFM, which functioned for avirulence, there was no 

evidence found that any of the other eight putative effector genes tested were functional 

as plant effectors.  There are a number of possible explanations for the result.  First, it is 

possible that the putative avr effectors are pseudogenes or poorly expressed.  Second, 

these genes may encode proteins with defective secretion signals, and fail to be 

recognized by the Type III secretion system or by a required chaperone; at least some 

effectors appear to require chaperones for secretion (Alfano and Collmer, 2004).  Third, it 

is also possible that some of these genes were horizontally acquired without their 

chaperones, which are usually closely linked to the effector (Alfano and Collmer 2004), 

and so fail to be secreted.  However, these explanations seem generally unlikely for all 

eight of the putative effectors. 

A more likely possibility is that the assays for pathogenicity were not sensitive 

enough in growth chambers or not done in the right context to detect a change in 

pathogenicity phenotype (Chang et al. 2004).  Wichmann and Belgerson (2004) showed 

that the mutation of three avr genes in Xanthomonas axonopodis pv. vesicatoria had no 

effect on pathogenicity in experiments performed in a growth chamber, but when the 

same mutants were inoculated in the field, in combination with an additional mutation in 

a avrBs2, they showed a large additive effect on pathogenicity.  The four avr genes aided 

in epiphytic survival, in planta growth and lesion development, and apparently interacted 

with each other in different ways.  Field experiments would need to be conducted with 

the XCC mutants to determine if these putative homologs affect pathogenicity under field 

conditions.  In these experiments, all of the putative avr genes present in the genome 
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were disrupted or removed.  However, it seems unlikely that additive effects on 

pathogenicity would not be detected in a growth chamber, if all avr genes were deleted. 

We favor the idea that horizontal transfer of an effector gene to a recipient that does 

not colonize the same host as the donor should result in the effector being secreted into 

plant cells for which the effector is unadapted and without conferring any selective value.  

This idea is based on three facts.  First, the type III secretion machine is indiscriminate, 

secreting all available effectors with a type III signal into both host and non-host cells 

alike (Silhavy 1997; Jin et al. 2003; Rossier et al. 1999).  Second, horizontal gene transfer 

is by nature a random, stochastic event.  Third, effectors are in most cases host-specific.  

For most putative effector genes, with or without evidence of horizontal transfer, no 

associated fitness benefit has been found so far (Wichmann and Bergelson, 2004, Chang 

et al. 2004).  Effectors may or may not be recognized as avr genes, depending entirely on 

the existence of an appropriate indicator plant with a cognate R gene.  Horizontal transfer 

of effector genes should therefore result in the presence in any given pathogenic strain of 

genes annotated as effector homologs, but which are gratuitous or even detrimental in 

terms of pathogenicity or other fitness function. 
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Figure 5-1.  Mutagenesis strategies used. A) In marker insertion, a duplication of the 

homology region occurs and the gene gets interrupted by the suicide vector. 
B) FLP recombinase.  The vector gets integrated as in A) and then the FLP 
recombinase evicts DNA regions that are between FRT sequences (Hoang et 
al. 1998). C) Splice overlap PCR (Horton et al. 1989).  One region upstream 
and one downstream of the target gene are PCR amplified and then mixed to 
produce a region lacking the target gene.  The PCR product is cloned into a 
suicide vector containing the SacB gene (pUFR080). Double recombination 
occurs and as a result, a deletion in the target gene is obtained. Arrows 
represent primers. Filled arrows represent FRT (Flip recognition target) sites. 
Regions of homology are shown in boxes with vertical lines. 
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Figure 5-2.  Dot blot of SSH clones hybridized against total DNA from.  A. XCC B. 

XCA digested with RsaI. 
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Figure 5-3.  Functional categories of gene fragments found in XCC-XCA (Xanthomonas 
campestris pv. campestris-Xanthomonas campestris pv. armoraciae) 
following Suppression Subtractive Hybridization (SSH) and identified in 
NC_003902. 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=21229478
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Figure 5-4.  PCR performed in mutant X23.  A. Map of Xcc2396 gene interrupted. Blue 

arrows represent vector-based primers, black arrows represent external 
primers, dashed box represent duplicated region, blue region between them 
represents integrated vector. B. PCR with external primers. M is λ/HindIII C. 
PCR with vector based-upstream primers. M is 1kb ladder D. PCR with vector 
based-downstream primers 1 is wild type and 2 to 5 show individual mutant 
colonies. 

 
Figure 5-5. Southern blots of XCC528T wild type and X8.8 (mutated in eight putative avr 

genes) DNAs digested with EcoRI.  On each blot, from left to right: λ HindIII 
marker, wild type 528T, and the mutant strain X8.8.  Except for Xcc1629 that 
was interrupted and Xcc3731 that was flipped, the avr genes were deleted by 
splice-overlap PCR.  Probes used were DNA fragments amplified with the 
following PCR primer sets or DNA fragments amplified and cloned in TOPO 
or pUFR080: A) 52C-52D* to detect Xcc0052 deletion.  Xcc0052 has an 
EcoRI site that is lost and consequently an 11 kb band becomes a 16.2 kb 
band. B) AC5-AC-6 to detect Xcc1629 interruption.  The integration of the 
suicide vector introduces a new EcoRI site and a 2.1 kb band becomes two 5.8 
kb and 2.1 kb bands, C) 2099A-2099D to detect both Xcc2099 and Xcc2100 
deletion.  A 11.3 kb band becomes a 8.4 kb band, D) AC35-AC45 to detect 
Xcc2109 deletion.  A 10.5 kb becomes a 9.4 kb band, E) 2396A*-2396D to 
detect Xcc2396 deletion.  A 12.4 kb band becomes a 10.3 kb band, F) AC32-
AC48 to detect Xcc3731 interruption by FLP recombinase.  A 7.5 Kb band 
turns to one 9 kb band due to an internal region duplication and the remains of 
pAC3.1 vector after flipping the vector out. G) 4229A-4229D to detect 
Xcc4229 deletion, the fragment deleted contained an EcoRI site.  In the 
mutant, two bands of 1.6 and 2.8 kb become a 2.5 kb band. 

 



78 

0
1
2
3
4
5
6
7
8
9

0 2 4 6 8

Days after inoculation

Lo
g 

10
 (C

FU
/4

 c
m

2 )

528 8.8
 

Figure 5-6.  Growth of XCC528T and X8.8 (all eight avr genes interrupted or deleted) in 
white turnip Hakurei Hybrid. 
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Figure 5-7.  Inoculation of 528T in B. juncea by A. Infiltration at high concentration 24 h 

after inoculation and B. Scissors- inoculated at low concentration shown at 7 
days after inoculation. 

A B

 
Figure 5-8.  Clipping inoculation of some of the mutants inoculated in Florida Mustard in 

an initial screen. Wild type strain was inoculated on the left side of the leaf 
and X2.1 (A) and X5.5 (B) on the right of the leaf. 
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Figure5-9. Strains carrying single mutation in Xcc2109.  On the left inoculated with wt 

strain and on the right single mutation in Xcc2109 obtained by splice overlap 
PCR X48 (A) and marker interruption X109 (B). 

 
Figure 5-10.  B. juncea leaf inoculated by syringe infiltration at high concentration 

inoculum.  On the right infiltrated with XCC528T and on the right with X48.  
Picture taken one week after inoculation. 
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Figure 5-11.  Codon preference analyses performed on four avr genes by GCG. A. 

Xcc1629, B. Xcc2099, C. Xcc2109 and D.Xcc3731.  The Y axis on the left 
represents codon preference and the Y axis on the right represents third 
position bias. 
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Figure 5-12.  Complementation tests in B. juncea.  Mustard plants inoculated with X48 

(A) and X109 (B) on the left side of the leaves and in the right side with 
complementing strains X52 and X113 respectively. 
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Figure 5-13.  Different strains representing three races of XCC probed against avrXccFM.  

Total DNA was digested with EcoRI and in the gel loaded in the following 
order: from left to right M: λ/HindIII, 1: 528T, 2: X48, 3:X52, 4: 6181, 5: 
6181/avrXccFM, 6: 3849A, 7: 3849A/avrXccFM. 

 
Figure 5-14.  Race change of two XCC strains in Florida mustard inoculated by clipping. 

The wild type strain was inoculated on the left and the transconjugants 
carrying avrXccFM on the right.  A. 6181, B. 3849A.  Inoculated areas are 
shown with asterisks. 
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Figure 5-15.  Growth of XCC6181 and X83 (6181/avrXccFM) syringe infiltrated in 
Florida Mustard plants. 
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Figure 5-16. Time course of electrolyte leakage from leaves of Florida Mustard plants 
inoculated with four different strains of XCC (XCC528T, X48, X52, X7.8) 
and one of XCA (417T). 
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Figure 5-17.  Seedling assay performed B. juncea plants.  The two plants on the left were 

prick inoculated with 528T and the two plants on the right with strain X48.  
The sites of inoculation are circled. 
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Figure 5-18.  Apparent HR suppression by avr genes from XCC in pepper (left) and 

tobacco plants inoculated with Pseudomonas fluorescens at 107 CFU/ml.  A. 
pHIR11, B. pHIR11/pAC99, C. pHIR11/pAC10, D. pHIR11/pAC19, E. 
pHIR11/pAC31. 
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Table 5-1 List of genes classified as avr in XCC528T 
Gene Number avr homolog Identity Bacterial species  
Xcc0052 avrBs2 76% X. vesicatoria 
Xcc1629 avrPphE 26% P. syringae pv. syringae 
Xcc2099 avrBs1 100% X. vesicatoria 
Xcc2100 avrBs1 99% X. vesicatoria 
Xcc2109 avrB 73% P. syringae 
Xcc2396 avrxcA 25% Pectobacterium carotovorum 
Xcc3731 avrBsT 20% X. vesicatoria 
Xcc4229 avrXca 88% X. armoraciae 
From Xanthomonas ONSA FAPESP network. 2001/2002 
 
Table 5-2 Races in XCC 
                                         Races 
Hosts 

 0 1 2 3 4 

 Genome      
Cabbage (B. oleraceae var. capitata) C + + + + + 
Just right turnip (B. rapa) A + + + + Ø 
Seven Top turnip (B. rapa) A + + Ø Ø Ø 
Florida Broadleaf Indian mustard (B. juncea) AB + Ø + Ø Ø 
From Kamoun et al. 1992 
+  Black rot symptoms      Ø  Null phenotype 
 
Table 5-3.  Race changes due to the presence of avrXccFM 
        Differentials 
 
 
Strains 

 Early 
Jersey 
Wakefield 
B. oleracea 

Just 
Right 
Turnip 
B. rapa 

Seven Top 
Turnip 
 
B.rapa 

Florida 
Mustard 
 
B.juncea 

 Race     
528T(avrXccFM) 1 + + + Ø 
X48  
(528T∆avrXccFM) 

0 + + + + 

X52  
(528T ∆avrXccFM/avrXccFM) 

1 + + + Ø 

6181 0 + + + + 
X83 (6181/avrXccFM) ? + + + (+) 
3849A 2 + + Ø + 
X54 (3849A/avrXccFM) ? + + Ø Ø 

+    Black rot symptoms     Ø    Null phenotype 
(+)  Reduced black rot symptoms    ?     Not characterized 
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Table 5-4.  Actual sizes of four of the avr genes according to our analyses. 
avr gene Annotated   Actual size Position annotated Actual position 
Xcc1629 1068bp-356aa 1353bp-451aa 1899569-1900636 1899287-1900640

Xcc2099 315 bp-105aa 1068-356aa 2480823-2481137 2480067-2481135

Xcc2109 996bp-332 1323bp-441aa 2492436-2493431 2493758-2493431

Xcc3731 708bp-236 aa 1086bp-361aa 4438603-4439310 4438603-4439686

 
Table 5-5.  Seedlings assay for Vascular Hypersensitive Response (VHR) 
Xanthomonas 
strain 

B. juncea  
VHR Percentage 

B. oleracea   
VHR Percentage 

417T 92 85 
528T 73 0 
X48 15 0 
X52 67 ND 
X8.10 0 0 

 
Table 5-6.  List of additional putative effectors 
Name Homolog genes Number HGT PIPbox 
Hypothetical protein  XopQ-HolPtoQ Xcc1072 NO NO 
Transducer protein car  HolPtoR Xcc1089 NO NO 
Conserved hypothetical protein Hrp Box protein-

avrPphE 
Xcc1246 YES NO 

Conserved hypothetical protein XopP Xcc1247 NO NO 
Leucine rich protein None Xcc2565 NO YES 
Virulence protein  PsvA-XopD Xcc2896 YES NO 
Conserved hypothetical protein HopPtoH Xcc3258 YES YES 
Hypothetical protein  HopPtoG Xcc3600 NO YES 
Leucine rich protein None Xcc4186 YES YES 

HGT        Predicted to be horizontally transferred 
PIP          Plant inducible promoter 

 



 

CHAPTER 6 
SUMMARY AND CONCLUSSIONS 

Xanthomonads cause devastating diseases worldwide, in crops that are important 

for human nutrition.  As many more animal and plant pathogens, they carry a diverse 

array of secretion systems that allow them to inject and secrete proteins into their 

environment, in order to obtain their nutrition.  Among them, type III secreted proteins 

have been proven to be involved in pathogenicity and hypersensitive response in plants.  

The battery of proteins secreted through this system has been recently proposed to be up 

to 40 or 50 in Pseudomonas species. 

By using different techniques, several candidates, including few type III secreted 

proteins, were identified and by functional analyses we concluded: 

1. avrXccFM identified by Suppression Subtractive Hybridization in Xanthomonas 

campestris pv. campestris, confers avirulence against Florida broadleaf Indian 

mustard, a differential host. 

2. Complementation tests confirmed that the functional gene was 327 bp and 109 aa 

longer than the annotated one. 

3. The avr genes showed no effect in pathogenicity either individually or additively, 

in any of the susceptible hosts tested. 

4. Mutation of a pthA homolog gene (pthF) on both common bacterial blight of bean 

complex (Xanthomonas phaseoli and Xanthomonas axonopodis pv. phaseoli var. 

fuscans) showed pathogenicity reduction.  However complementation attempts 

failed. 
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5. Transient expression assays of pthF isolated from Xanthomonas axonopodis pv. 

phaseoli var. fuscans in detached bean leaves induced a blight-like phenotype. 

 

Additional analyses need to be done in order to characterize the rest of effectors 

identified by homology in Xanthomonas campestris pv. campestris and to confirm the 

role of pthF in blight phenotype caused by the common bacterial blight complex. 

 

 



 

APPENDIX A 
BACTERIAL STRAINS AND PLASMIDS 

Strains Relevant Characteristics Reference or 
Source 

E. coli 
E. coli DH5α F-, endA1, hsdR17 (rk-mk-), supE44, thi-1, 

recA1 gyrA, relA1, f80dlacZDM15, D (lacZYA-
argF)U169 

Invitrogen 
Corporation 
Carlsbad, 
California 

E. coli DH5α-
T1 

FΦ80dlacZM15 ∆ (lacZYA-argF) U169 recA1 
endA1 hsdR17 (rk

-, mk
+) phoA supE44 - thi-1 

gyrA96 relA1 

Invitrogen 
Corporation 
Carlsbad, 
California 

Xanthomonas  
95-2 Xanthomonas axonopodis pv. vesicatoria, wild 

type RifR avrBs3+ 
Minsavage, 
personal 
communication 

HM2.2S Xanthomonas axonopodis pv. malvacearum 
avrB4-, avrB5- avrB6-, avrBIn-, avrB101-, 
avr102-SpR 

Yang et al. 1996 

B21.2 pthA::Tn5-gusA, marker exchanged mutant of 
3213 SpRKnR 

Swarup et al 1991 

KX-1 X. axonopodis pv. alfalfae wild type, SpR Lazo et al 1987 
203B Xanthomonas axonopodis pv. phaseoli var. 

fuscans wild type RifR 
DeFeyter et al 1991 

G66 Xanthomonas phaseoli wild type RifR DeFeyter et al 1991 
F3 G66 pthF::pUFR004 RifR CmR This work 
F6 G66 pthF::pUFR004 RifR CmR This work 
FF19 203B pthF::pUFR004 RifR CmR This work 
3849A Xanthomonas campestris pv. campestris wild 

type Race 2 
Kamoun and Kado 
1992 

6181 Xanthomonas campestris pv. campestris wild 
type Race 0 

Vicente et al. 2001 

417 Xanthomonas campestris pv. armoraciae wild 
type RifR 

Alvarez et al. 1994 

528T derived strains 
528T Xanthomonas campestris pv. campestris wild 

Type Rif R Race 1 
Alvarez et al. 1994 

X05 Xcc0052::pAC7  RifR KnR  This work 
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Strains Relevant Characteristics Reference or 
Source 

X16 Xcc1629::pUFR12 RifR KnR  This work 
X99 Xcc2099::pAC7 RifR KnR  This work 
X100 Xcc2100::pAC7 RifR KnR  This work 
X109 Xcc2109::pAC7 RifR KnR  This work 
X23 Xcc2396::pAC7 RifR KnR  This work 
X37.1 Xcc3731::pAC7 RifR KnR  This work 
X42 Xcc4229::pAC7 RifR KnR  This work 
X48  ∆Xcc2109 RifR  This work 
X37.2  Xcc3731::FRT RifR KnR This work 
X44 Xcc2896::TOPO RifR KnR This work 
X49 ∆Xcc2099, Xcc3731::pAC3 RifR KnR  This work 
X21  ∆Xcc2099, ∆Xcc2100 RifR  This work 
X4.4 ∆Xcc0052, Xcc3731::FRT RifR  This work 
X4.1  Xcc3731::FRT, ∆Xcc2099, ∆Xcc2100 RifR  This work 
X5.1  ∆Xcc2099, ∆Xcc2100, ∆Xcc2109 RifR  This work 
X6.1  ∆Xcc0052, ∆Xcc2099, ∆Xcc2100 RifR  This work 
X12.1  Xcc3731::FRT, ∆Xcc2099, ∆Xcc2100, 

∆Xcc2109 RifR  
This work 

X2.1 ∆Xcc0052, ∆Xcc2099, ∆Xcc2100, ∆Xcc2109 
RifR 

This work 

X1.1  ∆Xcc0052, ∆Xcc2099, ∆Xcc2100, ∆Xcc2109, 
Xcc3731::FRT RifR 

This work 

X5.5  ∆Xcc0052, ∆Xcc2099, ∆Xcc2100, ∆Xcc2109, 
∆Xcc2396 RifR  

This work 

X6.6  ∆Xcc0052, ∆Xcc2099, ∆Xcc2100, ∆Xcc2109, 
∆Xcc2396, Xcc3731::FRT RifR  

This work 

X6.7 ∆Xcc0052, ∆Xcc2099, ∆Xcc2100, ∆Xcc2109, 
∆Xcc2396, ∆Xcc4229 RifR 

This work 

X7.7  ∆Xcc0052, ∆Xcc2099, ∆Xcc2100, ∆Xcc2109, 
∆Xcc2396, Xcc3731::FRT, ∆Xcc4229 RifR  

This work 

X7.8 ∆Xcc0052, ∆Xcc2099, ∆Xcc2100, ∆Xcc2109, 
∆Xcc2396, ∆Xcc3731 ∆Xcc4229 RifR  

This work 

X8.8 ∆Xcc0052, Xcc1629::pUFR12, ∆Xcc2099, 
∆Xcc2100, ∆Xcc2109, ∆Xcc2396, 
Xcc3731:FRT, ∆Xcc4229 RifR KnR  

This work 

X8.10 ∆Xcc0052, ∆Xcc2099, ∆Xcc2100, ∆Xcc2109, 
∆Xcc2396, Xcc2896::TOPO, ∆Xcc3731, 
∆Xcc4229 RifR KnR 

This work 

X52 X48/pAC19 RifR GmR  This work 

X113 X109/pAC19 RifR KnR GmR This work 
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Strains Relevant Characteristics Reference or 
Source 

Pseudomonas fluorescens 
55 Wild type, NmR Jamir et al. 2004 
Agrobacterium tumefaciens 
GV2260 RifR Duan et al. 1999 
Plasmids 
124.4 IncP, Mob+ containing methylases XmaI and 

XmaIII TcR 
De Feyter et al. 
1991 

138.22 avrb6 in pUFR047 AmpR GmR De Feyter et al. 
1993 

FLP2 ColE1, AmpR, SacB, FLP under Cro promoter 
GmR 

Hoang et al. 1998 

pAC1.16 Change L918 to M918 and L925 to M925 in 
pZit45 AmpR GmR 

This work 

pAC3.1 pAC7 was cut with EcoRI and SmaI and the poly 
linker from pUC118 was cut out with BsmBI, 
Klenow filled, cut with EcoRI and ligated 
together.  To eliminate an extra BamHI site it was 
partially cut with BamHI, treated with Klenow 
and religated to form pAC3.1. ColE1, Mob+, 
lacZα+, CmR KnR 

This work 

pAC6.1 Change from E997 to V997 in pZit45 AmpR GmR This work 
pAC7 pUFR004 cut with XbaI, filled with Klenow.  Cut 

with EcoRI and ligated to the kanamycin gene 
from pKLN66 that was cut with BamHI, filled 
with Klenow, and cut with EcoRI.  ColE1, Mob+, 
CmR KnR 

This work 

pAC10 996 bp Xcc2109 region into pUFR070 as 
described in NC_003902 CmR GmR 

This work 

pAC14.1 Change from R955 to P955 in pZit45 This work 
pAC19 1323 bp region encompassing Xcc2109 

(avrXccFM) into pUFR070 CmR GmR 
This work 

pAC31 Xcc3731 into pUFR070 as described in 
NC_003902 CmR GmR 

This work 

pAC99 Xcc2100 into pUFR070 as described in 
NC_003902 CmR GmR 

This work 

pAY8.1 Change from L790 to M790 and L797 to M797 in 
avrb6 in pUFR047 AmpR GmR 

This work 

pAY12.1 Change from R827 to P827 in pthA in pUC19 
AmpR 

This work 

pAYLZ4 Change from E867 to V867 138.22 AmpR GmR This work 
Plasmid Relevant Characteristics Reference or 

Source 

 



91 

pBY17.1 pAC3.1 with FRTs from sites in the in the 
cloning site KnR CmR 

Castañeda et al. 
unpublished 

pGEMTeasy PCR cloning vector. AmpR Promega 
Corporation, 
Madison, WI 

pGZ6.4 avrb6 in binary vector pB48.212, double 35S 
promoter KnR 

Duan et al. 1999 

pHIR11 pLAFR3 derivative containing 25-kb P. syringae 
pv. syringae 61 hrc-hrp cluster including shcA 
and hopPsyA TcR 

Jamir et al. 2004 

pJR4 IncW, Mob+, lacZα+, Par+, SacB, FLP under Cro 
promoter, GmR AmpR 

Castañeda et al. 
unpublished 

pKLN66 Kn gene in pGEMTe derivative of pKLN56 Newman et al. 2003
pLN18 pLAFR3 derivative containing 25-kb P. syringae 

pv. syringae 61 hrc-hrp cluster with shcA and 
hopPsyA replaced by an nptII cassette, TcR KmR 

Jamir et al. 2004 

pLZ1.7 L to M in LZL region included in AatII-StuI band 
of pthA gene pUC19 AmpR 

This work 

pLZ7.1 BamHI fragment from pthF into BamHI site of 
Agrobacterium vector pYD 40.2 KnR 

This work 

pQY 107.1 HincII-HindIII region of pthA in pUC19 AmpR Unpublished Duan 
et al. 

pQY 113 EcoRI-HincII region from avrb6 in pUC19 AmpR Yang et al. 1996 
pRK2013 ColE1,Tra+, helper plasmid KnR Figurski and 

Helinski 1979 
pUC118 ColE1, M13, lacZα+, AmpR Yanisch-Perron et 

al. 1985  
pUCK3 Change from R827 to P827 in avrb6 in pUFR047 

AmpR GmR 
This work 

pUFR004 ColE1, Mob+, lacZα+, CmR De Feyter et al. 
1990 

pUFR012 ColE1, Mob+, lacZα+ CmR KnR El Yacoubi 2005 
pUFR047 IncW, Mob+, lacZα+, Par+, GmR AmpR De Feyter et al. 

1993 
pUFR053 IncW, Mob+, lacZα+, Par+ GmR CmR El Yacoubi 2005 
pUFR070 IncW, Mob+, lacZα+, Par+, CmR, GmR Castañeda et al. in 

press 
pUFR080 ColE1, Mob+, lacZα+, SacB, CmR KnR Castañeda et al. in 

press 
pUFY14.5 4.1 SalI region from pthA in pZit45 was recloned 

into pGEMTeasy AmpR 
Yang and Gabriel 
1995b  

pYD9.4  pthA complete gene in pUC118 AmpR Duan unpublished 
data 

pYD40.1 BamHI fragment from pthA cloned into 
Agrobacterium vector pYD40.2 KnR 

Duan et al. 1999 
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Plasmid Relevant Characteristics Reference or 
Source 

pYD40.2 BamHI region was cut out from vector pGZ6.4 
and religated KnR 

Duan et al. 1999 

pYY40.10 2.0 Kb internal StuI-HincII fragment of pthA 
from pZit45 cloned into pUFR004 CmR 

Yang and Gabriel, 
unpublished data 

pZit45 pthA in pUFR047 Swarup et al. 1991 

TOPO  PCR cloning vector. Version P. AmpR KnR Invitrogen 
Corporation, 
Carlsbad, CA 

Amp=ampicillin, Gm=getamicin, Cm=chloramphenicol, Kn=kanamycin, Rif=rifampicin, 
ORF=open reading frame 
 

 



 

APPENDIX B 
XANTHOMONAS TOTAL DNA EXTRACTION 

For extraction of total DNA from Xanthomonas, 12 mL PYGM (De Feyter et al. 

1990) cultures were grown in 25 mL flasks at 30ºC over night at 120 rpm.  Cells were 

harvested at 8000 × g and washed twice with 12 mL and 1.5 mL of 50 mM Tris-HCl, 50 

mM EDTA, 0.15 mM NaCl, pH 8.0. 

The cells were resuspended in 627 µL of TES buffer (10 mM Tris-HCl, 10 mM 

EDTA, 0.5% SDS, pH 7.8). Afterwards 33 µL of protease stock solution was added, the 

tubes were inverted several times to mix well, and the cell suspension was incubated at 

37ºC for 3 hours. The protease stock solution consists of 20 mg/mL protease in 10 mM 

Tris-HCl, 10 mM NaCl, pH7.5; the protease was predigested at 37ºC for 1 hour and 

stored at -20ºC. The mixture was gently mixed overnight by rotation with an equal 

volume of phenol:chloroform:isoamyl alcohol (25:24:1) buffered with Tris-HCl pH 8.0. 

The layers were separated by centrifuging for 15 minutes at 5000 × g, and the top layer 

was gently transferred to a new tube with a pipet. A second extraction with 

phenol:chloroform:isoamyl alcohol (25:24:1) was carried out, followed by an extraction 

with chloroform:isoamyl alcohol (24:1). One-tenth volume of 3 M NaOAc was added, 

the tubes were inverted several times, and 0.9 volume of room temperature isopropanol 

was added and mixed. Precipitated DNA was spooled out with a heat-sealed glass Pasteur 

pipet, transferred to a tube containing 600 µL of 10 mM Tris-HCl, 1 mM EDTA, pH 8, 

and 200 g/mL RNaseA, and incubated for 1-2 hours at 37ºC. A 

phenol:chloroform:isoamyl alcohol and a chloroform extraction were carried out, 
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followed by precipitation with NaOAc and 2 volumes of room temperature 95% ethanol. 

After careful mixing, the total DNA was spooled out as before and resuspended in 200 

µL sterile distilled water. To analyze the DNA, 1µL was digested with a restriction 

enzyme and run on a 0.7% agarose gel. 
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APPENDIX C 
PRIMERS USED 

Number Sequence 5' To 3' Tm Gene Ext. 
Time 

For marker interruption    

AC-5 GGAATTCAGAATAGGAACCTTCAATT
CATGGGCAGGAAGCGCACTG 

>72 XCC1629 30" 

AC-6 GGGATCCAGTATAGGAACTTCTCTGA
ATCCGTTTGTCCTGTCCAG 

>72 XCC1629 30" 

AC-23 GGATCCATGATGAGAGACTGCATGT
AC 

68 XCC2099 30" 

AC-24 GAGCTCTGACCGTTCATTACGAAATT
C 

68 XCC2099 30" 

AC-29 GGATCCACGCTGCATGACATTGTC  66 XCC2100 30" 
AC-30 GAGCTCATTTCACGGATATGACTTCC 66 XCC2100 30" 
AC-27 GGATCCAAGGAACTGCTACAACTAT

C 
66 XCC2109 30" 

AC-28 GAGCTCGCACTAATGGCATTATCATC 68 XCC2109 30" 
AC-25 GGCATCCAGTTCTACAGCGGCGG  68 XCC2396 30" 
AC-26 GAGCTCAGCGGCGTCAACGG 68 XCC2396 30" 
AC-19 GTTAACGTGGAGCGGATCCATG 68 XCC3731 30" 
AC-20 GAGCTCACATAGAGCACGTCAGAG 70 XCC3731 30" 
AC-17 CCACCTGGATCCGGGCTTCG 68 XCC4229 30" 
AC-18 GAGCTCAGGGTCACGCTCCACG 68 XCC4229 30" 
AC-C1 GGCGACGGCGTGTCCAGCGCC >72 XCC4229 30" 
AC-C2 GTGTAGTCCCAGTTGACGTTGC  68 XCC4229 30" 
AC-60 TGGCCGCGAATTCGACCTCAAC 68 XCC2896 30" 
AC-61 CGACGACGAGCAATGACCAATGAAA

GT 
>72 XCC2896 30" 

PEC-1 CCCGCAGTGGACCGAACGATG 70 Pectate 
Lyase 

30" 

PEC-2 CGCTTTGCAAGTAGGTAGCGGC 70 Pectate 
Lyase 

30" 

MAC-1 TACCAGGCCAGGCTTTGGACG 68 Unknown 30" 
MAC-2 CCTAGGCGAGTTTTCCGACG 64 Unknown 30" 
UNK-1 TTCCCTAGGCGAGTTTTCCGAC 68 Unknown 30" 
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Number Sequence 5' To 3' Tm Gene Ext. 
Time 

UNK-2 AGGTACCAGCCAAGCTTTGGAC 66 Unknown 30" 
HYP-1 CATCGCTGCACTTGTAGGCCG 68 Hypot-

hetical 
30" 

HYP-2 GCAGTCCATATGCGTAAGCGG 66 Hypot- 
hetical 

30" 

For interruption confirmation 

AC-13 GCAGGCGGCCTACCAGCTTG 68 XCC1629 1' 
AC-14 TGCGCGGCGAAATGGGCTGC 68 XCC1629 1' 
AC-15 GGTCATCATCTGCCCGCCATG 68 XCC1629 1' 
AC-37 ATGTCAATGGAGCGGGAGATGG  68 XCC2099 1' 
AC-43 TTATGCATTGTGGTCGAGCCATTC  70 XCC2099 1' 
AC-49 GCGAGCGCGGCAGGACTAC  66 XCC2099 1' 
AC-50 CCAGCAAGGTGGTGCAATCGG 68 XCC2099 1' 
AC-34 ATGTCCGACATGAAAGTTAATTTCTG 70 XCC2100 1' 
AC-41 TTACGCTTCTCCTGCATTTGTAAC  68 XCC2100 1' 
AC-35  ATGTGGTCTCAGCCCGTATGG 66 XCC2109 1' 
AC-39 TTAGGATAATCAGCCACAAATTGG 66 XCC2109 1' 
AC-45 CTGCAGTTTTTGTACGAATCCCTACC

GATC 
68 XCC2109 1' 

AC-36 GTGCTGGAGAGTGCCGATGGC  70 XCC2396 1' 
AC-44 GTGAGACCACAGTGAATCGCC  66 XCC2396 1' 
AC-32 GTGGTGGCGGCCCAGAATCAC  66 XCC3731 1' 
AC-48 TTAGCTCCAGTACTCGGCGTC  66 XCC3731 1' 
AC-33 TGCCCGAGCGCCCTCATGC  66 XCC4229 1' 
AC-42 AGTTCCAGATCGCCACGCACC  68 XCC4229 1' 
FW-
XopD 

ATGGAATATATACCAAGATA 50 XCC2896 1’ 

RV-
XopD 

CTAGAACTTTTTCCACCACTT 58 XCC2896 1’ 

For splice overlap PCR 

52-A1 CGCTGGCCGCCGAATGGATG  68 XCC052 1' 
52-F TCATACGCGTTCAGATCTTACTGTT

CTAGCGCAGGCGATG  
60 XCC052 1' 

52-C TAAGATCTGAACGCGTATGAGCAG
ACCATTCGCACGATG  

60 XCC052 1' 

52-D1 CCGATGGATCTATTGTTCTTCG 64 XCC052 1' 
2099-A GGAATTCTCGATGACCTGCTCCAACG >72 XCC2099, 

XCC2100 
1' 
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Number Sequence 5' To 3' Tm Gene Ext. 
Time 

2099-B TCATACGCGTTCAGATCTTACATCT
ATGGGGCCTGTTCG 

60 XCC2099, 
XCC2100 

1' 

2099-C TAAGATCTGAACGCGTATGAAGAG
AAGAAGTATCCGCCAC  

60 2099, 
2100 

1' 

2099-D GGAATTCGGACGAACTCGCCCAGCC >72 2099, 
2100 

1' 

2109-A TTTGTCGAGCGAGCGTCAC  60 2109 1' 
2109-B  TCATACGCGTTCAGATCTTACCAAT

TTGTGGCTGATTATCC 
60 2109 1' 

2109-E TAAGATCTGAACGCGTATGAGTCC
GAAATCTGGTGAAGAG 

60 2109 1' 

2109-F GTGAGTTCGGCCTACAACCA 62 2109 1' 
2396-A1 GCTGATCTGGAAGTTGTAGG 60 2396 1' 
2396-B  TCATACGCGTTCAGATCTTATACCT

GCTGATGCACATGTC  
60 2396 1' 

2396-C TAAGATCTGAACGCGTATGAGGTC
GTGCAAGTGGGCAGTGG 

60 2396 1' 

2396-D GCAGTGCGGATGGCAGCC  62 2396 1' 
4229-A GGCGTTTTCCATGCTGATGTAC  66 4229 1' 
4229-B  TCATACGCGTTCAGATCTTAGCAGG

CGGCGGGGCAATGCAGGC 
60 4229 1' 

4229-C  TAAGATCTGAACGCGTATGAGCCG
ATCAACAGCCTGCGCTC  

60 4229 1' 

4229-D  CGCGTGGTCGACTGACAACG 66 4229 1' 

For deletion confirmation 

52-E GCTGGATCTGATCCGCAGT  60 52 1' 30" 
52-H CCTGGGTGGACCACGATGTG 66 52 1' 30" 
2099-A1 GTGCTGCGCTGATGTATTCGG 66 2099, 

2100 
2’ 

2099-D1 AAGACAAGAGCGACCAACACC 64 2099, 
2100 

2’ 

2109-A1 GCAATCGAGGTATCGTCATG 60 2109 1' 30" 
2109-F GTGAGTTCGGCCTACAACCA 62 2109 1' 30" 
2396-A1 GCTGATCTGGAAGTTGTAGG 60 2396 1' 30" 
2396-D1 CCGTACTACCGCCATGCC  60 2396 1' 30" 
4229-A1 AATCGGCGAACTCGTTGTTG  60 4229 1' 30" 
4229-D1 CTCCGGGCGCACCATCCAGATC 74 4229 1' 30" 
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Number Sequence 5' To 3' Tm Gene Ext. 
Time 

For complementation assays 

9.03 GAATTCCATGGGTCTATGCGCT 
TCAAAACC 

68 2109 1'30" 

9.04 GAATTCCAGGAGATCGACATG 
GGTCTATG 

70 2109 1'30" 

AC-35  ATGTGGTCTCAGCCCGTATGG 66 2109 1'30" 
AC-45 CTGCAGTTTTTGTACGAATCCCT 

ACCGATC  
68 2109 1'30" 

SSH     

adaptor 
1 

CTAATACGACTCACTATAGGGCTCGA
GCGGCCGCCCGGGAGGT 
3’-GGCCCGTCCA-5’ 

SSH NA NA 

adaptor 
2R 

CTAATACGACTCACTATAGGGCAGC
GTGGTCGCGGCCGAGGT 
3’GCCGGCTCCA5’ 

SSH NA NA 

Primer 1 CTAATACGACTCACTATAGGGC SSH NA NA 

Nested 
primer 1  

TCGAGCGGCCGCCCGGGCAGGT SSH NA NA 

Nested 
primer 
2R  

AGCGTGGTCGCGGCCGAGGT SSH NA NA 

Vector-based primers    

M13R 
(-48) 

AGCGGATAACAATTTCACACAGGA 64 Vector 
based 

V 

M13 
(-47) 

GCCAGGGTTTTCCCAGTCACG 64 Vector 
based 

V 

UDG CLONING    

LZP2 ACUGCAUCCAUGGCUGGACGTC 70 Leucine 
Zipper 

30” 

LZP1 CCAUGGAUGCAGUGAAAAAGGGAAT
GCCG 

>72 Leucine 
Zipper 

30” 

YP04 ACGAGUUCGGUGACUCCCACTC 70 Casein 
Kinase 

30” 

YP03 AGUCACCGAACUCGUAGCCCG 68 Casein 
Kinase 

30” 

YP02 AACCACUUGAGCGUGGTCGGC 68 Upstream 
Casein 
kinase 

30” 
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Number Sequence 5' To 3' Tm Gene Ext. 
Time 

YP01 ACGCUCAAGUGGUUCCCGTGC 68 Upstream 
Casein 
kinase 

30” 

Underlined sequences indicate restriction site added. 
Bold sequences indicate homology region for splice overlap PCR. 
Italic sequences indicate the nucleotide changed by UDG cloning. 
 

 



 

APPENDIX D 
PLANTS USED 

Species Variety Common name Company 
Brassica oleracea 
var. capitata 

Early jersey Wakefield  cabbage Sawan seed co., 
Pelham, GA 

Brassica rapa Seven Top turnip Sieger seed co., 
Zeeland, MI 

Brassica rapa Hakurei hybrid  turnip Ferry-Morse seed 
Co., Phoenix, AZ 

Raphanus sativa Sparkler Radish radish Excel seeds, Camp 
Point, IL 

Brassica juncea Florida Broadleaf Indian 
Mustard 

Indian mustard Siegers seed Co., 
Zeeland, MI 

Brassica oleracea 
var. botrytis 

Miracle F1 cauliflower Jeff Jones, PC 

Brassica carinata PI 199947 Ethiopian mustard Jeff Jones, PC 
Phaseolus vulgaris California Redloud 

Kidney Bean  
common bean Agway Seeds, 

Syracuse, NY 
Phaseolus vulgaris California Redlight 

Kidney Bean  
common bean Sacramento Valley 

Milling Ordbend, CA
Capsicum annum California Wonder pepper Jeff Jones, PC 
Capsicum annum  10R pepper Jeff Jones, PC 
Capsicum annus   20R pepper Jeff Jones, PC 
Capsicum annum  30R pepper Jeff Jones, PC 
Lycopersicum 
esculentum 

 tomato Jeff Jones, PC 

Nicotiana 
benthamiana 

 tobacco Plant Pathology 
greenhouse 

Arabidopsis thaliana  eco. Coimbra-1   Jeff Rollins, PC 
Arabidopsis thaliana eco. Columbia  Jeff Rollins, PC 
Gossypium hirsutum  Acala Bs6 cotton M. Essenberg 

Oklahoma 
St.University 

Gossypium hirsutum  Acala 44 cotton M. Essenberg 
Oklahoma 
St.University 

Citrus paradisi Duncan grapefruit grapefruit DPI 
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APPENDIX E 
PLASMID EXTRACTION 

For extraction of plasmid DNA from E. coli is grown 2 mL of LB plus antibiotics 

overnight at 37ºC at 200 rpm and then cells are harvested at 8000 rpm by centrifugation. 

The supernatant is discarded and then the cells were resuspended in 90 µL solution 

I by vortexing. Ten microliters of lysozyme solution (50 µ/ml of Solution I) are added, 

then mixed by inversion and the tubes incubated for 5 to 10 min at 37°C.  The samples 

are then frozen at –80°C for 10 min and defrosted at 37°C and 200µl are added and 

mixed evenly by rolling the tubes. 

Two hundred µl of solution III are added and the tubes are inverted three to four 

times and placed on ice for 5 to 10 m to complete precipitation. 

The precipitate is then centrifuged for 15 m at full speed in the cold room and the 

supernatant transferred to a new tube.  Four hundred microliters of 

phenol/chloroform/isoamylalcohol are added and the tubes are vortexed then centrifuged 

in the cold room for 10 m at full speed.  The top phase is removed with a pipet and mixed 

with 400 µl of chloroform/isoamylalcohol, vortexed for few seconds and spun down for 

15 m at full speed. 

The top phase is transferred to a new 1.5 ml tube and mixed with 1.0 ml of 95% 

ethanol, spun down at full speed for 10 m and the supernatant discarded.  Seventy percent 

alcohol is added, mixed and spun down for 5 m at high speed then discarded and dried.  

The pellet are resuspended in 25 µl of water. 
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Solution I:  50 m glucose 

   25 mM Tris HCl pH 8 

   10 mM EDTA pH 8 

 

Solution II 0.2 N NaOH 

   1% SDS 

 

Solution III 3 M potassium acetate  

   5 M Glacial acetic acid 
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