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Abstract 

Zhang, Peijun. Ph.D., The University of Manitoba. June. 1 998. Brassica 

pathogenesis-related PR1 genes: Cloning, characterization, and relationship with 

resistance to blackleg fungus Leptosphaeria maculans. Major Professor: Brian 

Fristensky 

lnduced synthesis of pathogenesis-related (PR) proteins is one aspect of defense 

mechanisms in plants. Induction of PR proteins and other defense proteins might 

be an important component in defending against Leptosphaeria maculans in 

Brassica ssp. In this work. two PR1 cDNAs, Yprl. 7 and Yprl.2 , have been cloned 

from B. napus cv. Glacier. Similarity and phylogenetic analyses showed that the 

two cDNAs are similar and closely phylogenetically related. but the two PR1 

proteins have different predicted pl's. Brassica PR1 is strongly inducible in 

incompatible Brassica-L. maculans interactions but weakly inducible in compatible 

interactions. Salicylic acid (SA) can also induce PR7 expression in 8. napus cv. 

Glacier. However, no significant induction by wounding and heat shock has been 

detected. In addition. no significant constitutive expression of PR1 has been 

detected in healthy cotyledons, young leaves. mature leaves, flowers, and young 

siliques. PR1-transgenic Westar plants grow and develop normally. However. no 

significant effect of overexpression of PR7 on resistance to blackleg disease was 

obsewed. 
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1. Introduction 

L. maculans causes blackleg disease of oilseed rape (canola). L. maculans can 

attack any parts of plants. from roots to siliques. However, the rnost important 

phase is blackleg, or stem canker, resulting from early infection of cotyledons or 

leaves. Following invasion of leaf tissue, the blackleg fungus propagates through 

the petioles into the stem (Harnmond et al., 1985). At present, the development of 

resistant cultivars is the rnost efficient way to control blackleg disease. Although 

blackleg-resistant cultivars are available, highly resistant cultivars, especially of B. 

rapa. remain to be developed. This is partly due to the limited number of 

resistance genes available and lack of understanding of the molecular basis of the 

Brassica-L. maculans interaction. 

It has been found that the resistance to blackleg in B. napus is controlled 

by single or multiple major genes (Pang and Halloran 1 996a; 1 996b; Rimmer and 

Van den Berg 1992). Both avirulent and virulent isolates of L. macuians are 

present and at least one cultivar-specific avirulence gene has been identified 

(Ansan-Melayah et al., 1 999, indicating that the plant-pathogen interaction m ight 

follow the gene-for-gene mechanism. Based on the infection phenotype on three 

differential cultivars, Mengistu et al. (1991) have grouped L. maculans isolates into 

four pathogenicity groups (PGs). Recently, PG-2 was found to be able to be 

grouped into two subgroups, PG-2a and PG-Pb (Keri and Rimmer, unpublished 

data). 

Based on interaction phenotype, resistance to blackleg can only be 



distinguished from susceptibility five to 10 days postinoculation. Since the 

molecular events underlying the resistance/susceptibility are usually determined 

much earlier, molecular probes are needed to study these events. Molecular 

probes have been widely used to rnonitor plant-pathogen interactions. For 

example, several PR genes. including PRI. have been used to monitor systernic 

acquired resistance (SAFI) in tobacco and Arabidopsis (Schneider et al.. 1996; 

Ukenes et al., 1992). 

In most cases. PR gene expression is enhanced in incompatible 

interactions, indicating that these genes might play a role in defense in plants. 

Some defense genes encode proteins with antimicrobial activity. In many cases. 

t ransgenic plants with these genes also exhibit im proved diseases resistance. 

In the Brassica-L. macuians pathosystern. information on the molecular 

mechanisms of resistance is very limited. Little is known about which defense 

genes are induced in incompatible interactions in this pathosystern. 

Since many defense genes in Brassica remain to be cloned. a preliminary 

screening was conducted to select a suitable candidate gene. Expression of 

induction of PRI, P-glucanase, PR5 PR10. and defensin genes in the 

pathosystem were detected by RNA hybridization. No considerable expression of 

PR5 and PR10 was detected; weak expression of defensin was detected but it 

seems that defensin is not inducible in both compatible and incompatible 

interactions; though the induction of PR2 was detected, the overall expression was 

very weak; PR1 was found strongly inducted in the pathosystem. Therefore. the 



objectives of this work were 1) to clone and characterize PR1 cDNAs from B. 

napus, 2) to investigate the relationship of expression PR1 and resistance to 

blackleg in B. napus, and 3) to transform a susceptible cultivar with cloned PR1 

cDNAs and to evaluate the effect of overexpression of PR1 on blackleg resistance. 



2. Literature review 

2.1. Plant-microbe interactions and disease resistance in plants 

2-1 -1 Plant-microbe interactions 

Heterotrophic microbes live either on dead organic materials or on living things. 

such as plants. Plant-microbe interactions can be at different levels. from non- 

speclic parasitism to specific syrnbiosis. While most plant-microbe interactions are 

beneficial or neutral to plants. some of them are harmful. The harmful interactions. 

specifically called plant-pathogen interactions. result in plant diseases. However, 

not ail pathogens cause diseases on al1 plants. On a given host. the number of 

pathogenic species or races is limited. Similarly. the host range of a pathogen is 

also limited. Obviousiy, a specific relationship is present between paired pathogen 

and host. Specif icity has probably resulted from a process called CO-evolution: 

Plants establish defense mechanisms either to keep pathogens from entering 

plants or to restrict pathogen growth in case that they enter plants. while 

pathogens develop mechanisms to avoid or to break down the plant's defense. In 

this endless arms race. more and more specific relationships are formed. 

The ability of plants to keep otherwise pathogenic microbes from being 

infective is called resistance. Traditionally. resistance is grouped into non-host 

(basic) resistance and race-specific (cultivar) resistance. The non-host resistance 

refers to the resistance to al1 members of a pathogen (species, formae specialis, 

or pathovar) in al1 members of a plant species, while the cultivar resistance refers 

to the resistance to one or several members of a pathogen in one or several 



cultivars (ecotypes in wild plants) of a plant species. The terms incompatible 

interaction and compatible interaction are also commonly used. If a plant is 

resistant to a pathogen. the interaction is incompatible, otherwise, the interaction 

is compatible. 

2.1 -2 Gene-for-gene theory 

2.1 -2.1 The establishment of the gene-for-gene hypothesis 

ln studies of flax rust (causal agent Melampsora lini). Flor (1 942) established the 

gene-for-gene concept. It describes the complementary relationship between the 

resistance (R) genes in plants and the avirulence (avr) genes in pathogens. For 

each resistance gene in the host, there is a corresponding avirulence gene in the 

pathogen. Resistance alleles, with a few exceptions. are dominant. while the 

susceptibility genes are recessive. Sirnilarly, avirulence alleles are dominant. while 

the virulence alleles are recessive. 

2.1 -2.2 The gene-for-gene relationship in other pathosystems 

The gene-for-gene relationship has been found widely in plant-pathogen 

interactions, and even in plant-nematode and plant-insect interactions. In plant- 

fungus interactions, resistance against several biotrophic pathogens is controlled 

by the gens-for-gene mechanism. Several important pathosystems include: lettuce- 

Bremia lactucae (Crute, 1981; Ilott, et al. 1989; Michelmore et al. 1984). rice- 

Magnaporfhe grisea (Crawford et al, 1986, Valent, 1990; Valent and Chumley, 



1991 Silue et al., 1992), tomato-Cladosporium fulvum (Lindhout at al., 1 989; de 

Wit, 1 992), wheat-Puccinia recondita f.sp. tntici (Kolmer and Dyck, 1 994). and 

wheat-Erysiphe graminis (Tosa, 1989). The gene-for-gene relationship is also 

present in several plant-bacteria pathosystems. A few examples are pea- 

Pseudomonas syringae pv. pisi (Bevan et al., 1995), rice-Xanthamonas oryzae pv. 

oryzae (Mazzola et al., 1 994). tomato-P-syringae (Fallik et al., 1 984), and 

Arabidopsis -P. syrhgae (Beni et ai., 1993). Resistance to viruses such as tobacco 

mosaic virus (TMv) in tobacco is also controlled by the gene-for-gene mechanism 

(Dunigan et al., 1987; Culver and Dawson, 1991). 

Interestingly, so-called nonhost resistance may also be controlled by the 

gene-for-gene mechanism. The first line of evidence supporting this idea is that 

several R genes specific to avr genes from non-pathogenic microbes have been 

identified (Wanner et al.. 1993). Non-host resistance can be controlled by multiple 

pairs of R-avr genes. For instance, four R gene loci in soybean are responsible for 

recognizing four individual avr genes isolated from a tornato pathogen P. syringe 

pv. tomato (Keen and Buzzel, 1991). Non-host resistance can also be controlled 

by a single pair of R-avr genes. Fillingham et al.. (1 992) have reported that 

t ransconjugants of Pseudomonas syringe pv pisi carrying the Ps.s. pv. phaseolicola 

avr gene avrPph3 could induce a hypersensitive reaction in al1 pea cultivars tested. 

Similarly, avr gene avrPpi2 can make Ps.s. pv. phaçeolicola capable of inducing 

hypersensitive reaction in many cultivars of bean (Fillingham et a1.1992). Different 

non-host plants might also carry R genes that recognize the same avr gene from 



a pathogen. Whalen et al. (1 988) have transformed the pathovars of Xanthomonas 

campestris pathogenic to bean. soybean, cowpea, alfalfa, corn, or cotton with avr 

gene avrRxv from a pepper pathogen campestris pv. vesicatoria. Ali 

transformed othewise virulent pathovars became avirulent. 

avr genes specific to non-host plants are not only found in bacterial 

pathogens, but in fungal pathogens as well. For instance, the resistance to rye 

mildew fungus, Erysiphe f.sp. secalis Sk-1 . is controlled by a single gene in three 

cultivars of common wheat, Norin4, Chinese Spring, and Kokeshi-komug (Tosa, 

1 989). 

2.1.3. Biochemical models of the gene-for-gene interaction 

Genetically defined gene-for-gene theory does not tell us anything about 

biochemical mechanisms. In order to eyp!ain the gene-for-gene theory 

biochemically, several models have been proposed. The three most popular 

rnodels are 1) the dimer model (Dinoor and Eshed, 1994), 2) the ion-channel 

defense model (Gabriel et al., 1986). and 3) the elicitor-receptor model. Since the 

dimer and ion-channel defense m odels have little experimental support, they are 

not discussed further in the following sections. 

The first comprehensive elicitor-receptor model was proposed by Albersheim 

and Anderson-Prouty (1975). In their version of the model, the elicitor is a surface 

glycoprotein, which is modified by a glycosyl transferase encoded by an avr gene. 

The glycoprotein is specifically recognized by a receptor. an assumed product of 



the host R gene. Since then, several modifications have been made, but the basic 

concept of the elicitor-receptor model remains unchanged. However. many facts 

indicate that the glycoprotein model is far from complete. For example, not al1 

elicitors are glycoproteins. Moreover, the interactions of elicitors and receptors take 

place not only on the outer surface of host cell membranes, but also within host 

cells. It seems that the elicitor-receptor model has multiple variations. All of them 

share the following features: R genes encode receptors, or components of 

receptors in plants; receptors can be located in the cell membrane or in cytoplasm; 

avr genes encode protein elicitors or enzymes responsible for production of the 

low-molecular-weight elicitors; the bindings of elicitors to their corresponding 

receptors trigger a cascade of signal transduction pathways leading to mobilization 

of defense mechanisms in plants. 

2.1.4. avr genes 

As discussed above, the elicitor-receptor model assumes that the plant-pathogen 

gene-for-gene interaction is th rough the specific binding of elicitors from pathogens 

to the receptors in plants. Of course, validation of this model requires direct 

evidence, such as the identities and biochemical functions of R and avr gene 

products, the way they interact, and the consequence of the interactions. To obtain 

such data, avr and R genes must be cloned and characterized. To date, about 40 

avr genes and 12 R genes have been cloned. 

Among 40 cloned avr genes, most are from the gram-negative bacteria 



Erwinias, Pseudornonads, and Xanthomonads. Only four are from fungal 

pathogens. All the elicitors defined by these cloned avr genes are protein in nature 

except a syringolide elicitor in P. sydngae pv. tomata PT23 (Murillo et al., 1994). 

It is worth pointing out that most bacterial avr genes belong to hrp (Hypersensitive 

reaction and pathogenicity) gene clusters. The avr genes cloned to date are 

summarized in Table 2.1 . 

2.1 -4.1- Bacterial hrpdependent avr genes 

Bacterial hrp gene clusters are responsible for causing hypersensitive reactions 

and pathogenicity in plants. hrp genes have been cloned from al1 major gram- 

negative bacterial pathogens except Agrobacterium. avirulent races of which do 

not cause a HR on plants. hrp clusters can be located either in the bacterial 

chromosome (e.g. P.S. pv. phaseo/imla, Rahme et al.. 1991; X.C. pv. Vesicatoria, 

Bonas et al.. 1991) or in a plasmid (e-g. P. Solanacearum. Boucher. 1987). A 

typical hrp cluster contains 6 to 8 complementation groups. There are one to 

several open reading frames in each complementation group. The general 

structure of the hrp clusters is quite consewed among bacteria. Even between two 

different species. such as X. campestris. pv. vesicaroria and P. solanacearum, the 

basic organizations of hrp genes are very similar ( Dangle. 1 994). 

The elicitation of HR by hrp genes has been demonstrated in several 

transformation experiments. Firstly, a virulent race transformed with cloned avr 

genes can become avirulent and elicit HR on plants (Tamaki et al., 1988; Keen, 



Table 2.1. Cloned bacterial and fungal avr genes 

Name Cloned from pv. (race) Correspondincr R aene References - .  - - 
P. syringae 
avrA Glycinea 
avrB Glycinea 
mrC Glycines 
avrD Toma to 
avrE Tornafo 
avr Pro Toma ro 
avrRpt2 Tomaro 
avrRprn I 
avrPpi2 Pisi 
avrPpi3 Pisi 
avr PpiC 
avr Rps4 

avrPpiB 
avrPph I 
avrPph2 
avrPph3 
avrPphD 
avrPphC 
X.  campestris 
avrBsI 
avrBs2 
avrBs3 
avrBsT 
a v r k  
avrXca 
avrBs3-2 
avrB4 
avrb6 
avrb7 
avrBIOI 
avrBln 
avrB 1 02 
pthA 
avrXa 7 
avrXa 1 O 

Maculicola 

Pisi 
pisi 

Pisi 
Phase0 lic O la 
Phaseolicola 
Phaseolicola 
Phaseolicola 
Pheseolicola 

Vesicato ria 
Vesicaroria 
Vesicaro ria 
Vesicaroria 
Vesicatoria 
Raphani 
Vesica toria 
Malvacearum 
Malvacearum 
Malvacearum 
Malvacearum 
Malvacearum 
Nalvacearum 
cirri 
Oryzae 
Oryzae 

Fungal pathogens 
Cladosporium fulvum 
avr9 Race 5 
avr4 Race 5 
Rhync hosporium secalis 
nipl 
Magnapurthe grisea 
PWL2 

Soykan, M G 2  
Soybean. RPGI 
Soybean, RPG3 
Soybean, RPG4 
Soykan, NI 
Tomato, PT0 
Ara bidopsis. RPS2 
Ara bidopsis. RPM I 
Pea, R2 
Pea, R.3 
Bean, NI 
Ara bidopsis. RPS4 

Pea. R3 
Bean, RI 
Bean, R2 
Bean, R.3 
Pea, ND 
Soybean, RPG3 

Pepper, Bsl 
Pepper, Bs2 
Pepper, Bs3 
Pepper, NI 
Bean. Rrv 
Ara bidopsis, NI  
Tomato, NI  
Cotton, AcBI.AcB4 
Cotton, AcBI. Ac66 
Cotton, Acb7 
Cotton, NI 
Cotton, AcBln 
Cotton, NI 
Cotton, NI 
Rice, Xa-7 
Rice, Xa-IO 

Tomato, CfP 
Tomato, Cf4 

Barley, Rrsl 

* 
* 
* 
* 
Lorang and Keen, 1995 
* 
* 
* 
* 
* 
* 
ff insch and Staskawiçz, 
1996 
Cournoyer et al., 1995 
* 
* 
* 
* 
* 

Swords et al., 1996 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

van Kan et al., 199 1 
Jooszen et ai., 1994 

Rohe et al., 1995 

Weeping Lovergrass, NI Sweinard et al.. 1995 - - - - 
' See Dangl, 1994. 



1990). Secondly, saprophytic relatives of pathogenic bacteria transformed with hrp 

cluster genes can produce HR-like symptoms on plants (Huang et al.. 1988; 

Gopalan et al.. 1996). Lastly, Eschenchia coli, an animal parasite. transformed with 

hrp clusters can also cause HR on plants (Gopalan et al., 1 996). 

The studies of hrp genes have revealed an important fact: the interaction of 

elicitors and receptors does not necessarily take place only on the outer surface 

of host cell membrane. It takes place in the cytoplasm of host cells as well. 

Several lines of evidences support this idea, including: 1) hrpAvr proteins c m  only 

be detected in bacterial cytoplasrn but not in cultures (Brown et al., 1993; Young 

et al., 1994); 2) infiltration of Avr protein can not elicit HR in plants (Keen. 1990). 

and 3) some R proteins are localized in host cytoplasm (Martin et al., 1993). 

Furthermore. it is found that most hrp genes encode proteins which are 

homologous to components of type III secretion systern (Dangl, 1 994). Recently, 

Gopalan et al. (1996) have shown that AvrB acts in host cytoplasm and that the 

proper function of AvrB requires avrB, hrpZ, and hrp cluster genes to be present 

in the same bacterial cells. It is known that nonpathogenic P. fluorescens and E. 

coli carrying cosmid pHlRl l  (containing a 25 kb cluster of hrp genes from P. 

syhgae pv. syringae 61) can elicit a genotype-specific HR in plants. Gopalan et 

al. (1996) transfomed P. florescence carrying pHIR11 or pHIR11 mutants(either 

hrc:TnphoA or ah@) with pAVRB-FLAGs. Then they examined the ability of the 

transformants to elicit HR on Arabidopsis thaliana (either RPMl or rpml 

phenotype) or soybean (Glycine max) (either RPGI or rpgl  phenotype). avrB is 



specific to RPMl in Arabidopsis and RPMl in soybean. They found that the 

presence of the hrp secretion system, HrpZ, and avrB in the same bacterial cells 

is absolutely necessary to elicit HR in plants. Transformants of E. coli with avrPto 

have produced similar results in tomato carrying Pto resistance gene. Taken 

together, it is clearly shown that AvrB and AvrPto proteins are delivered directly 

from bacterial cells to plant cells through a special secretion system. 

2.1.4.2 Bacterial non-hrpdependent avr genes 

To date, only one non-hrpdependent avr gene, P.S. pv. tomato avrD, has been 

reported (Kobayashi et al., 1990). Unlike hrpdependent avr genes, avrD does not 

encode a proteinaceous elicitor, but an enzyme responsible for synthesizing non- 

proteinaceous elicitors, syringolides (Midland et al, 1993; Murillo et al., 1994). 

2.1 -4.3. Fungal avr genes encoding protein elicitors 

To date, four fungal avr genes have been cloned (see Table 2.1). All them encode 

proteinaceous elicitors. Avr9 and Avr4 were cloned from the tomato biotrophic 

pathogen Cladosporium tidvum (van Kan et al., 1991; Van den Acherveken et al., 

1992; Joosten et al., 1994). AvrS, the first protein elicitor gene cloned from fungal 

pathogens, encodes a 63-aa precursor protein. The mature elicitor protein is 27 aa 

long (van Kan et al., 1991). Avr9 protein could only be detected in compatible C. 

fulvumtomato interactions invohiing races which are avirulent on cultivars carrying 

Cf9 resistance gene (Scholtens-Toma et al., 1989). Interestingly, Avr9 is absent in 



al1 races virulent to Cf4cultivars (van Kan et al., 1991). indicating the virulent races 

of C. fulvum escape from host's defense by deleting their Avr9 gene. This 

conclusion is further supported by transformation of an AV#- isolate with cloned 

AvrS gene. Race 2.4.5.9.1 1 transformed with Avr9 becomes avirulent on genotype 

Cf9 tomato plants (Van den Ackeweken et al.. 1992). 

Avr4, which also encodes a proteinaceous elicitor, has been cloned by the 

same group (Joosten et al., 1994). The prepro-protein of Avr4 is 135 aa long, and 

contains an 18-aa N-terminal signal peptide. The 1 17 aa pro-protein is subject to 

further cleavage by plant andor fungal proteinases. Although Avr4 and Avr9 are 

from the sarne pathogen. no significant similarity between them has been found. 

In contrast to Avr9, races virulent to Cf4 tomatoes contain Avr4 homologs. 

Sequence analysis of three Avr4 homologs has shown that single point mutations 

have occurred in these virulent races. Cys 64, Cys 70. or Cys 1 09 are replaced by 

tyrosine residues in mutant Avr4s (Joosten et al., 1994). As we know, cysteine is 

crucial to rnaintain secondary and tertiary structures of proteins. The loss of one 

cysteine bridge may result in a change of 3D-conformation of Avr4 protein 

homologs which subsequently affects the activity, secretion, or stability to 

proteinases. 

Identification of avr gene nip l in barley pathogen Rhynchosporium secalis 

is an interesting story. Originally, NIPI, the product of nipl, was detected as a 

rnember of a small family of non-specific phytotoxins. NIPI induces necrosis on 

barley, other cereals, and even bean (Wevelsiep et al., 1991 ). In barley. resistance 



gene Rrçl confers resistance to R. secalis race US238.l through non-HR defense 

mechanisms. Interestingly. it was found that NlPl alone could induce a defense 

response similar to that induced by US238.1 on Rrs l  barley cultivars (Hahn et al., 

1993). To demonstrate that the phytotoxin is a cultivar-specific elicitor. Rohe et al. 

(1 995) cloned the nip 1 gene and transformed race AU2, virulent to Rrsl cultivars. 

with cloned nipl. AI1 four transformants tested retained virulence on rrs l  cultivars. 

However, three transforrnants became avirulent and one transformant exhibited 

delayed expression of virulence on Rrsl  cultivars, indicating that phytotoxin NlP 1 

is a cultivar-specific elicitor. 

R. secals circumvents the host's defense responses in a similar way to the 

cases of AvrS and Avr4 of C. fulvurn. Molecular analysis of genome DNA of virulent 

races on Rrsl  cultivars has revealed that nipl has been either deleted in some 

races or mutated in others (Rohe et al.. 1995). 

The three cultivar-specific avr genes, AvrG, Avr4, and nipl, do not share 

significantly high sequence similarity. However, one feature in cornmon among 

them is that al1 of them are cysteine-rich proteins (six, eight, and 10 cysteines in 

Aval Avr4, and NIPI, respectively). The cysteine-rich feature has also been found 

in other small fungal proteins such as elicitins (1 0 cysteines. Ricci et al., 1 989) and 

hydrophobins (eight cysteines, Stringer and Timberlake, 1993). If al1 cysteines in 

such proteins are involved in formation of disulfide bridges, the 3-D structures of 

the proteins should be quite stable and rigid. 2-D NMR analysis has shown that 

Avr9 contains a cysteine knot. a ring formed by two disulfide bridges and the 



interconnecting backbone with a penetrating third disulfide bridge (Vervoort et al.. 

1997). Obviously, this structure is very stable and rigid. However. whether similar 

structure is present in other Avr proteins remains to be demonstrated. 

2.1 -4.4. Avirulence factor or virulence factor: what role do avr genes play in 

pathogenicity? 

All known interactions between elicitors and receptors result in defense responses 

in plants. This is definitely unfavorable to pathogens. Why then do pathogens 

possess avr genes? One reasonable explanation is that avr genes play a role in 

the life cycles of pathogens. 

Evidence has shown that several bacterial avr genes are important to 

bacterial growth or fitness. One example is avrBs2 gene from X. campestris 

pathovars (Keamey and Stackawicz, 1 990; Minisavage et al., 1 990). avrBs2 gene 

is present in al1 isolates of X. campestris pv. vesicatoria (over 500) and a few 

isolates frorn other X. campesbis pathovars. avrSs2 mutants of X. campestris grow 

poorly on susceptible plants. However. the mutants conjugated with cloned avrBs2 

gene have restored viability on susceptible plants (Kearney and Staskawacz, 

1990). suggesting that avrBs2 is an important factor for the intercellular growth of 

the pathogen. Other avr genes which positively influence the pathogens' 

growtidfitness include avrE from P.S. pv. tomato, avrRpml from P.S. pv. 

maculicola, and pthA from X. citri (For review, see Dangl. 1 994). 

avr genes can also be important to pathogens as virulence factors, such as 



phytotoxins. As mentioned above. C. secalis nipl encodes a protein with dual 

roles: a toxin to susceptible cultivars ( m l )  and a cultivar-specific elicitor to 

resistant cultivars (Rrs 1). 

However, not al1 avr genes are so important to pathogens, in that their loss 

or mutation do not affect pathogens' life cycle much. at least in some special 

environments. One example is C. fu/vurn Avr4 (see above). Nevertheless. this does 

not mean Avr4 is worthless to the pathogen. Its effect might be exhibited in the 

conditions without Cf-4 gene's pressure. 

2.1 -5. Cloning and characteriration of R genes 

2.1 5 1  New gene cloning technology 

To clone plant genes only defined genetically, such as R genes. used to be an 

unachievable goal. Fortunately, new gene cloning technology has been recently 

developed which enables us to reach this goal. Unlike traditional gene clone 

technology. the new technology does not rely on the properties of products of 

target genes. but on their physical position on chromosomes. Two strategies are 

available: the insertional mutation and the map-based cloning (Bent. 1996). Both 

strategies use molecular markers to localize target genes. With the insertional 

mutation strategy, molecular markers are inserted transposons (such as maize 

activator Ac/Dissociation Ds) or T-DNA, whereas markers used in the map-based 

strategy are native DNA sequences in plant genomes. So far. both of the strategies 

have been successfully used to clone R genes. 



2.1 .5.2. Four groups of cloned R genes 

To date, about a dozen R genes have been cloned. Their pathogen specificities are 

diverse, including viruses, bacteria, fungi, and nematodes. Surprisingly, the protein 

structures defined by the cloned R genes are quite similar. For example, al1 the 

cloned R proteins except Pto contain protein motifs called leucine-rich repeats 

(LRRs). However, unique structures are present in given R proteins. Based on 

these unique protein structures. the cloned R genes can be classified into four 

groups: the NBS-LRR group, the LRR kinase group. the LRR group. and the 

protein kinase group. 

2.1.5.2.1. NBS-LRR group 

Besides LRRs rnentioned above, al1 the NBS-LRR R proteins contain a nucleotide 

binding site, or P-loop (Traut. 1994). Other unique features are distributed to three 

subgroups. The first subgroup consists of the Arabidopsis RPS2 (Bent et al.. 1994; 

Mindrinos el al.. 1994), RPMl (Grant et al., 1995), and the tomato R gene Pd 

(Salmeron et al., 1996). RPS2 confers resistance to strains of P. syringae carrying 

the plasrnid-borne avrRpts gene in Arabidopsis; RPMl confers resistance to strains 

of P. syrhgae carrying either the avr8 or AvrRpm1 avrulence genes in Arabidopsis; 

Plf. in cooperation wlh Pto, confers resistance to P. syringae pv. tomato carrying 

the avrPto gene in tomato. This subgroup is characterized by the putative leucine 

zipper motif (LZ) (Alber. 1992). The RPS2 and RPMl proteins are very similar. 

Both of them contain an interna1 hydrophobic domain, as well as the LZ domain, 



the nucleotide binding site (NBS), and imperfect LRRs. The basic structure of Prf 

protein is the same as RPS2 and RPMl except that it contains an N-terminal 

extension of -900 aa in length. 

The second subgroup consists of the flax rust resistance genes L6 

(Lawrence et al.. 1995) and M (Anderson. 1997). the tobacco TMV resistance gene 

N (Whitharn et al.. 1994), and a biotrophic downy mildew (Peronospora parasitica) 

resistance gene RPP5 in Arabidopsis (Parker et al.. 1997). R proteins of this 

subgroup contain NBS, LRRs, and a Drosophila tolVhuman interleukin-1 

cytoplasmic dornain (TIR) instead of a LZ. 

The third subgroup includes two recently cloned R genes. 12C-1 and 12C-2 

(Ori et al.. 1997). The 12 locus confers resistance to soil-borne fungus Fusarium 

oxysponrm f. sp. /ycopersici race 2 in tomato. The basic structures of these two R 

proteins are sirnilar to other NBS-LRR R genes, except that they lack either LZ or 

TIR domains. 

2.1.5.2.2. LRR-kinase group 

Rice bacterial blight resistance gene Xa21 confers resistance to Xanthomonas 

oryzae pv. oryzae. Xa21 has been isolated by map-based cloning (Song et al., 

1995). Xa21 contains a putative signal peptide. 23 extracytoplasmic LRRs. a 

transrnembrane domain. and an intracellular serine/threonine kinase domain. 

2.1.5.2.3. LRR group 



The tomato-Cladosponum fulvum pathosystem is one of the most clearly 

geneticaliy defined pathosystems. Among 11 Cf genes, four have been cloned so 

far. They are Cf-2, Cf-4. Cf-5, and Cf-9. (Dixon et al.. 1996; Jones et al.. 1994; 

Thomas et al., 1996; recited from Hamrnond-Kosack and Jones 1997). 

Interestingly, the structures of these four R proteins are very similar: extracellular 

LRRs, a single membrane spanning region, and the short cytoplasmic carboxy 

terminus. The Cf proteins are similar to the Xa21 protein except that they do not 

contain a protein kinase dornain. suggesting the possibility of a different regulatory 

mechanism. 

2.1 -5.2.4. Protein kinase group 

Tomato R gene Pto, along with Pd (see above), confers resistance to bacterial 

pathogen Pseudomonas syringae pv. tomato carrying the avrPto gene. Pto was the 

first R gene to be cloned (Martin et al., 1993). Pto, the simplest R protein among 

known R sequences, is a 321-aa serine/threonine protein kinase. Its protein kinase 

activity has been demonstrated biochemically (Loh and Martin, 1995). 

2.1.5.3. The implication of cloned R genes on the gene-for-gene concept 

According to the elicitor-receptor model. avr genes in pathogens encode, or are 

invoived in production of. elicitors, which interact with their corresponding receptors, 

encoded by R genes in plants. To enable the interactions to take place, elicitors 

and receptors must be located in the same cell cornpartment. Of cloned R genes. 



Pt3, RPS2. RPMI, 12C, N, L6, M. and RPPS encode intracellular proteins. while 

0-2, 0-4,  Cf-5, 0-9, and Xa-21 encode proteins containing extracellular domains. 

The corresponding avr genes of Pto. RPS2. and RPMl are bacterial avrPto. 

avrRpt2, and avrRpm l/avrB, which encode protein elicitors delivered into plant 

cells through the hrp secretion system (see Section 2.4). The putative 

corresponding avirulence deteminant of N is TMV replicase (Padgett et al., 1993). 

which is also located in plant cells. On other hand. two C. fulvum Avr elicitors. Avr9 

and Avr4, are located extracellularly (De Wit et al.. 1985; Joosten et al.. 1994). 

Taken together. al1 data available now indicate that elicitors and their corresponding 

receptors are located in the same compartrnents. 

The structures of R proteins also indicate that R proteins are involved in 

protein-protein interaction. Dornains such as LZ, TIR, and LRR are typical protein- 

protein interaction structures. Even Pto, without any apparent protein-protein 

interaction structures, has been demonstrated to interact with its corresponding 

elicitor AvrPto (see below). 

2.1 -5.4. R genes and defense signal transduction 

Although almost al1 cloned R proteins contain protein-protein interaction domains, 

this does not necessarily mean that al1 R proteins are gene-for-gene receptors. It 

is possible that some of them are the components of defense signal transduction 

pathways. In the tomato-P. syringae pv. tomato system, at least two R genes are 

required: Pto and Pd (Salmeron et al., 1994). Though Prf protein contains a 



protein-protein interaction domain, it seems that Prf is not the receptor. because 

Prf is required for both Ptemediated disease resistance and Fen-mediated 

insecticide fenthion sensitivity (Salmeron et a!. . 1 994). Direct evidence also 

indicates that bacterial Avr protein AvrPto interacts physically with Pto but not with 

Prf. (Scofield et al., 1996: Tang et al., 1996). This finding is surprising because Pto 

has no known protein-protein interaction domain. 

The Mo-hybrid system has been used to identity components downstrearn 

of Pto. Four genes have been identified so far. They are Pto-interacting 1 (Ptil) 

(Zhou et al.. 1995), Pti4, Pti5, and Ri6 (Zhou et a!., 1997). Ptil encodes a 

serineAhreonine kinase. which is similar to various protein kinases including Pto 

and Fen. The phosphorylation assay showed that Ptil could phosphorylate Pti 1 - 

GST (bacterial glutathione S-transferase) fusion protein but not Pto or Fen. On the 

other hand, Pt0 but not Fen could phosphorylate Ptil . This indicates that Ptil is 

located downstream of Pto. 

ffi4. Pti5. and Ri6 encode three similar proteins which bind the PR box of 

pathogenesis-related genes. The PR box (GCCGCC) is present in many defense 

genes including most basic PR genes (Zhou et al., 1997). Multiple alignment 

analysis showed that Pti4/5/6 are similar to the tobacco ethylene-responsive 

element-binding proteins (EREBPs), which bind an ethylene-responsive cis-acting 

element (core sequence GCCGCC) of the P-1,3-glucanse gene gln2. Using gel 

rnobility-shift assays, the authors have found that both Ri5 and Pti6 could bind the 

GCCGCC sequence. (Ri4 was not detected due to failure of expression of Pti4 in 



E coli) (Zhou et al.. 1 997). A schematic presentation of the proposed model for the 

signal transduction pathway is shown in Fig. 2.1. 

R genes are present as multigene families in most plants. Do al1 these R 

genes lead to the same or separate signal transduction pathway? Though there are 

not enough data to draw a definite conclusion, available data indicate that 1) some 

signal transduction pathways are conserved among different plants and 2) signal 

transduction pathways rnediated by two different R genes may overlap. 

Two reports (Rommens et al.. 1995. Thilmony et al.. 1995) show that the 

Pto-rnediated signal transduction pathway in tomato is similar to that in Nicotiana 

spp. Both groups have transformed Nicotiana spp. (N. benthamiana and Ai. 

tabacum) with the tornato Pto gene. When challenged with avrptecarrying P. 

syrhgae tabaci. the Pto-transgenic plants develop typical hypersensitive reactions. 

This indicates that plants of Nicotiana spp. contain al1 necessary components 

mediating the signaling pathway from the Pto-avrPto interaction to the last steps 

of the defense response. 

Two Arabidopsis R genes. RPS2 and RPMl. confer resistance to strains 

of P. syringae carrying the plasrnid-borne avrRpt2 gene. and strains of P. syringae 

carrying either the avrB or avrRpml avirulence genes, respectively. Interestingly, 

two R genes seemingly lead to two different signaling pathways, because each of 

the two interactions can induce the expression of unique marker genes. The 

avrRpt2-RPS2 interaction induces two marker genes, ALGl and AIG2, while 

avrRprn 1- or avrB-RPMI interaction induces EL13 specifically. However. when 



Fig.2.1. Pto-mediated resistance signal transduction pathway. 

avrPtecarrying bacterium produces elicitor AvrPto, which is delivered into plant cell 

through hrp secretory systern. AvrPto binds to Pto-Prf cornplex and activates it. 

Activated Pto (AvrPto-Pto-Prf) subsequently activates Ptil and Pti4/5/6 by 

phosphorylation. Ptil-P leads to various defense processes such as oxidative 

burst, HR. Pti4/5/6-P leads to PR gene expression. 





Arabidopsis plants carving both R genes were inoculated with P. syringae strain 

ES4326 harboring either avrRpt2 or avrRpml. only EL13 induction has been 

observed (Reuber and Ausubel. 1996). This indicates that the RPS2-mediated 

signal transduction pathway is masked by the RPM 1-rnediated pathway. 

Ritter and Dangl (1996) have tried ta look at the same question from a 

different angle. P. syringae strains harboring avrRpml or avrRpt2 can trigger 

hypersensitive responses in Arabidopsis carrying the corresponding R genes. but 

the induction kinetics are different. The RPMl-avrRpml interaction results in a 

rapid (5 hr) HR and RPS2-avrRpt2 results in a HR (20 hr). When Arabidopsis 

plants carrying the two R genes were inoculated with either an equal mixture of two 

strains carrying either avr gene or one strain carrying both avr genes. the slow HR 

(RPS2-avrRpt2), rather than the fast one (RPMI-avrRpml), was observed. At the 

same time. only AlGl induction was detected, indicating that the RPMl-mediated 

signaling pathway was masked by the PRS2-mediated pathway. Although the two 

groups have obtained contradictory results. probably due to different experimental 

conditions, they have shown clearly that different signaling pathways are not 

completely independent and may interact at some points. 

An Arabidopsis mutant also indicates that common steps are involved in 

different R gene-mediated defense signaling pathways. A. thaliana accession Col4 

is resistant to P. syrhgae pv. tomato strain DC3000 carrying any of four avr genes 

avr8 avrnpm 1, avrRpt2, and avrPph3. A mutant of Co-O, ndrl- l (non race-specific 

disease resistance), becomes susceptible to strains containing any of four cloned 



avirulence genes, and to several isolates of downy mildew fungus Peronospora 

parasitica (Century et al.. 1995), indicating that the Ndrl-1 allele controls a step 

common to several different R protein-mediated signal transduction pathways. 

2.1 -5.5. Evolution of R genes 

To survive the arms race, both pathogens and plants must continuously arm 

themselves to defeat their opponent's new arsenal. In pathogens. one strategy is 

to elude detection by plants through mutating or losing avirulence genes. In plants, 

on the other hand. the corresponding strategy is to produce new R genes to detect 

mutated pathogens. One rapid way to produce new R genes is to duplicate. 

recombine, or mutate existing R genes or genes with related structures. R genes 

are seldom single-copy; they are mutigenic and clustered. For example, among the 

four Cf genes cloned. Cf-4 and Cf-9 are tightly linked, while Cf-2 and Cf-5 are 

tightly linked (Hammond-Kosack and Jones. 1997). The Cf-2 locus contains two 

almost identical genes, with only three arnino acids different between two proteins 

(Dixon et al.. 1996). Moreover. the domain structures of the four R proteins are 

very similar. The linkage of genes and structural similarity of proteins indicates that 

the four Cf genes might have arisen from a common ancestor. Simiiarly, flax L6 

and M genes also appear to be derived from the same ancestor. because the two 

R proteins share 85% amino acid identity (Anderson et al.. 1997). 

R genes can also be generated from other n o n 4  genes. Arabidopsis Pto 

gene is a rnernber of a gene family with five to eight members. All the members 



but one are clustered within a 400-kb region. One of them, Fen, confers sensitivity 

to insecticide fenthion. No other R genes have been identified from the cluster 

(Martin at al., 1994). Both Pto and Fen encode protein kinases. This indicates that 

Pto, Fen, and other members of the gene family might share a common ancestor 

encoding a protein kinase. 

2.2 Systemic acquired resistance 

2.2.1 History 

Systemic acquired resistance refers to a phenomenon that the signal for resistance 

is transferred from localized necrosis, produced either by a HR or a diseased 

lesion, to other parts of the plant. Although the phenomenon was observed more 

than 100 years ago, the systernatic studies of acquired resistance did not start until 

the 1960's. In his studies of tobacco disease caused by TMV. Ross (1961a, 

1961 b) found that a prior infection could protect against subsequent infections, not 

only against TMV but also against tobacco necrosis virus and some bacterial 

pathogens. Ross used "systemic acquired resistance (SAR)" to refer to the induced 

systernic resistance and "localized acquired resistance" to induced resistance in the 

inoculated leaves. In 1979, White found that salicylic acid (SA) could induce SAR 

in tobacco (White 1979). Three years later, a group of proteins, called 

pathogenesis-related proteins, were identified in tobacco plants expressing SAA 

(Vans Loon and Antoniw 1982). 

To date. SAR has been found in about 17 plant species, including three 



monocots (barley, pearl millet. and rice) (Schneider. at al., 1996). However. the 

most popularly used plants for SAR studies are tobacco. cucumber. and 

Ara bidopsis. 

2.2.2 SAR genes 

When a plant express SAR. the expression of many genes is induced. These 

genes are collectively called SAR genes. The spectra of SAR genes are different 

from plant to plant. For example. in tobacco, eight genes are considered to be SAR 

genes: PRI. PR2 (P-1.3-glucanase). PR3 (chitinase), PR4. PR5 PRlg. PR8. and 

SAR 8.2 (Schneider et al.. 1996). In Arabidopsis, three genes (PRI .  PR2, and 

PR5) are strongly induced in plants expressing SAR (Ukenes et al.. 1992). The 

induction of SAR genes is not pathogen-specific. Different pathogens. or even 

chernicals can induce similar spectra of SAR genes in a given plant. For example. 

expression of Arabidopsis PR1 and PR2 can be induced by Fusarium oxysporum 

(Mauch-Mani and Slusarenko, 1994) and turnip crinkle virus (Dempsey et al.. 1993; 

Uknes at al.. 1993). 

2.2.3 SA and SAR 

Triggering of SAR by a local inoculation indicates that a signal transdüction 

pathway is involved in the process and that the signal may be carried by a mobile 

molecule which can move from inoculated leaves to the rest of the plant. Sol 

identifying the signaling molecule is crucial for an understanding of SAR. In 1979, 



White found that SA treatment could induce SAR in tobacco plants. Later on. 

several groups reported that SA treatment could enhance resistance against 

fungal, bacterial. and viral pathogens (Palva et al., 1994; Rasmussen et al.. 1991 ; 

Summermatter et al., 1995; Uknes et al.. 1992; Ye et al.. 1989). Other findings link 

accumulation of SA with the establishment of SAR (Gaffney et al., 1993; Malamy 

et al.. 1990; Métraux et al., 1990). SA can move to upper uninoculated leaves 

through phloem (Métraux et al.. 1990; Rasmussen et al.. 1991 ; Yalpani et al., 

1991; Môlders et al., 1996). Induction of SAR genes is associated with SA level 

in plants (Rasmussen et al., 1 991 ; Uknes et al., 1 993; Yalpani et al.. 1 991 ). 

The bacterial nahG gene encodes salicylate dehydroxylase, which catalyzes 

the conversion of SA to catechol. which does not activate SAR. The accumulation 

of SA in nahG-transgenic tobacco plants is substantially reduced in response to 

TMV (Friedrich et al.. 1995). P. syringae pv. tabaci, Phytophthora parasitica. and 

Cercospora nicotianae infection (Delaney et al., 1994). Unlike wild type plants, 

when half-leaves of nahG plants are inoculated with TMV. resistance and SAR 

genes cannot be induced in uninoculated halves or upper uninoculated leaves. 

nahGArabidopsis plants are more susceptible to P. syringae pv. tomato DC3000 

and produce less PR1 protein than do wild type plants (Delaney et al., 1994). 

However. inhibition of SAR and reduced induction of SAR genes cannot restored 

by exogenous application of SA (Friedrich et al., 1995). 

Other evidence indicates that SA is not the systemic signaling molecule. The 

first line of evidence came from the work of Rasmussen et al. (1991). They 



infiltrated cucumber leaves with P. syrhgae and then rernoved the infected leaves 

before significant accumulation of SA. They found that the removal of the leaves 

cou Id not prevent system ic accum dation of SA or induction of acidic peroxidase 

gene (SAR gene of cucumber). Grafting experiments have also shown that SA is 

not the long-distance SAR signal. When wild type tobacco Xanthi-nc was grafted 

ont0 nahG - rootstocks. whose leaves has been pre-challenged with TMV. SAR 

or induction of SAR gene could be detected in the scion. However. when nahG- 

tobacco was grafted ont0 pre-challenged Xanthi-nc rootstock. no SAR or induction 

of SAR gene could be detected in scion leaves (Vemooij et al., 1994). Though the 

above data rule out SA as the systemic signaling molecule, the involvement of SA 

in SAR is not questionable. 

2.2.4. The multiple roles of SA 

Recent findings indicate that SA is involved not only in SARI but also in gene-for- 

gene resistance and in conditioning disease development in compatible 

interactions. Arabidopsis ecotype Col-O (carrying R gene Rpt2) is resistant to P. 

syringae pv. tomato DC3000 carrying avr gene avrRpt2. However, when nahG- 

transformed Col-O plants are challenged with the same pathogen, gene-for-gene 

resistance is broken down (Delaney et al., 1994). Similar results have corne from 

the Arabidopsis-Peronospora parasitica interaction. Col-O plants are resistant to 

races Wela and Emwa of P. parasitica. However, the two races can grow well and 

cause severe disease symptoms on nahGCol-O plants. Moreover, treatment of 



NahG-Col-O plants with INA (2,6-dichloroisonicotin ic acid). a fu nctional homolog of 

SA. before inoculating with Wela. can restore resistance (Delaney et al., 1994). 

These two examples indicate clearly that gene-for-gene resistance can be 

abolished by inhibiting the accumulation of SA. 

SA also seems to condition the severity of disease resulting from compatible 

interactions. For example. NahG-tobacco plants develop more severe disease 

symptoms caused by TMV. P. syringae pv. tabaci. Phytophthora nicotianae, and 

Cercospora nicotianae than wild type plants. Similarly. NahG-Arabidopsis also 

develops more severe disease symptoms when inoculated with virulent race Noco 

of P. parasitica than its corresponding wild type (Delaney et al.. 1994). The 

implication of above data are two-fold: 1) susceptible plants are not totally passive 

to pathogen attack; they mobilize some defense mechanisms to reduce the 

severity of disease. 2) SA conditions the mobilization of defense mechanisms in 

diseased plants. 

2.2.5. Genes involved in SAR signaling pathway 

2.2.5.1. Genes controlling the accumulation of SA 

Many genes which are involved in SAR have been revealed by mutagenesis. Some 

of the mutations affect the accumulation of SAl indicating the corresponding genes 

are responsible for controlling the accumulationlsynthesis of SA. cprl (çonstitutive 

expresser of genes 1) mutant has been isolated frorn ethyl methanesulfonate- 

mutagenized Arabidopsis seeds cariying BGL2-GUS reporter gene (Bowling et al., 



1994). Endogenous levels of SA are significantly elevated in cprl plant. and PR 

genes are constitutively expressed. This constitutive expression can be abolished 

by salicylate acid hydroxylase (NahG), indicating that CPRl plays a role in 

accumulation of SA. Coincident with elevated SA level and constitutive expression 

of PR genes. cprl plants become resistant to P. parasitica NOC02 and P. synngae 

pv. maculicola ES4326, which are both virulent on wild type plants (Bowling et al., 

1 994). 

Isd (Jesion ~imulating disease) mutants exhibit a phenotype similar to that 

of the cprl mutant, except that Isd plants exhibit spontaneous lesion formation. 

Dominant lsd2 and lsd4 mutants exhibit constitutive expression of SAR genes and 

enhanced disease resistance. PR gene expression and enhanced disease 

resistance can be abolished by NahG. However, lesion formation is not affected 

by NahG (Hunt at al.. 1997). Two similar mutants. dominant lsd6 and lsd7, are 

similar to lsd2 and lsd4 plants except that spontaneous lesion formation could be 

abolished by NahG and restored by exogenous application of SA or INA (Weymann 

et al.. 1995). This finding is surprising because a large body of evidence indicates 

that lesion formation is upstream of SA accumulation. The dependence of lesion 

formation on SA accumulation in Isd6 and lsd7 plants has been explained as 

feedback of SA on lesion formation (Weymann. 1995). 

2.2.5.2. Genes controlling the action of SA 

Five SA-nonresponsive mutants have been identified so far. They are niml (for 



noninducible amunity, Delaney et al.. 1995). nprl (nonexpresser of genes, - 

Cao et al.. 1994), eds5 and eds53 (gnhanced disease ~usceptibility. Glazebrook 

et al.. 1996). and sai l  kalicylic acid-!nsensitive. Shah et al.. 1997). The common 

characteristics of these mutants are: 1) enhanced disease susceptibility, 2) reduced 

level of SAR gene induction. 3) normal accumulation of SA in response to 

pathogen infection, and 4) nonresponsiveness to exogenously applied SA , INA, 

or BTH (benzothiadiazole). n iml  plants even support growth of othennrise 

incompatible pathogens (Delaney et al., 1995). Because the mutants can 

accumulate SA but cannot express SA-mediated SAR and SAR genes, the 

corresponding wild type genes (NIMI. NPRI, EDSS. EDS53. and SAll) might 

encode important factor(s) in SA-mediated signal transduction. 

sail plants do not express any detectible PR1 transcript when treated with 

very high concentrations of SA. INAl and BTH up to 72 hr posttreatment. However. 

PR1 induction could be detected from 24 hr postinoculation when inoculated with 

P. synngae pv. tomato DC3000, though the level of induction was much lower than 

in wild type plants (Shah et al.. 1997). These apparently conflicting results could 

be explained as follows: Besides SA-mediated signaling pathway, there are 

alternative signaling pathways leading to PR1 induction. Pathogen infection may 

trigger an alternative PR7 induction pathway. In this case, sa i l  blocks the SA- 

rnediated pathway, but does not affect the alternative ones. 

Recently, the niml gene has been cloned. The NIM1 protein is similar to 

mammalian signal transduction factor IKB subclass a (Ryals et al., 1997). 



In teresting ly, NF-KWIKB signaling pathways are involved in disease resistance 

responses in anirnals. 

Oncogenes encode transcription factors or other factors involved in signal 

transduction in animals. A myb oncogene homolog (mybl) has been cloned from 

tobacco (Yang and Klessig 1996). Expression of mybl in tobacco can be induced 

by TMV or P. syrfngae pv. syhgae infection during both HR and SAR in resistant 

cultivars but not in susceptible cultivars. SA and INA can rapidly induce expression 

of myb 7 in both resistant and susceptible cultivars (Yang and Klessig 1 996). In 

vitro assays have shown that Mybl can specifically bind to a Myb-binding 

consensus sequence in the promoter of PR-la (Yang and Klessig, 1996). Taken 

together. the above results show that tobacco mybl encodes a transcription factor 

in the SA-mediated signaling pathway. In animals, Mybl acts as a repressor to 

control gene expression (Vandenbark et al.. 1996). However. how Mybl controls 

the expression of defense genes in plants is not clear. 

2.2.6. A model of signaling pathway in SA-mediated defense 

As discussed above, SA is involved not only in SAR. but also in gene-for-gene 

resistance and in conditioning disease development in compatible interactions. It 

is possible that al1 those "differentn resistance mechanisms share a set of common 

signal transduction pathways, with SA as a common signaling component. In these 

pathways, MINWPRI plays an important role, probably passing the signal from SA 

to the downstrearn defense mechanisms. A schematic presentation of a model of 



signaling pathways in SA-mediated resistance is shown in Fig. 2.2. 

2.2.7. Beyond SA-mediated defense 

So far, SA has been found to be important in several pathosystems. However, SA 

is unlikely to be involved in al1 the plant-pathogen interactions. For example. SA 

might not be involved in Cirmediated resistance in tomato. NahG-tornato plants are 

com promised in ~m~'-rnediated TMV resistance but retain Cf-mediated resistance 

to C. fulvum (Hammond-Kosack and Jones 1996). 

Some nonpathogenic bacteria can induce systernic resistance in plants. 

Biological control strain WCS417r of Pseudomonas fluorescens can trigger defense 

responses against Fusarium oxysporum f. sp. raphani and P. syringe pv. tomato 

in Arabidopsis. However, the induced defense response is not SA-rnediated nor 

associated with the accumulation of PR mRNAs (Pieterse, et al., 1996). A similar 

result has also been found in radish (Hoffland et al., 1995). 

Defensins are small antifungal proteins found in crucifers and other species. 

Two defensin genes have been cloned from Arabidopsis (Penninchx et al., 1 996). 

The expression of one gene, PDF1.2, is induced locally and systemically in the 

incorn patible interaction of Arabidopsis-Alternaria brassicacola. Interest ing ly, 

induction of PDF1.2 is not inducible by SA and INA but by methyl jasmonate and 

ethylene. Moreover, transgenic NahG-Arabidopsis plants do not block the induction 

of PDF7.2 expression, though they completely block the induction of PR1 

expression (Penninchx et al., 1 996). 



Fig. 2.2 Model of SA-mediated resistance signal transduction pathway. 

In incompatible interactions, plants detect pathogens either by Avr-R protein 

interaction or by other detection mechanisms leading to SAR systemic signal 

productions. In compatible interactions. plants detect pathogens (or damage 

produced by pathogen infection) through an unknown mechanism. All these 

interactions result in the accumulation of SA. Then via a common node, 

NIMIINPRI, diverse defense mechanisms are mobilized. Rapid and strong 

expression of defense mechanisms leads to a resistance response. Slow and weak 

expression cannot stop pathogen's growth but can alleviate disease severity. 





SA- and non-SA-mediated signaling pathways may not be completely 

separate, but may be interconnected at some points. For example. the Arabidopsis 

recessive mutant, cpr5 (çonstitutive expresser of genes). is constitutively 

resistant to two othenivise virulent pathogens. P. syringae pv. maculicola ES4326 

and P. parasrtica Noco2, exhibits constitutive expression of PR1 and defensin gene 

PDF1.2, and enhanced accumulation of SA. Homologous lines of cpr5hprl 

(nonexpresser of P R  genes) do not constitutively express PR1 nor exhibit 

resistance to ES4326. However, these lines retain enhanced PDF1.2 expression 

and resistance to Noco2 (Bowling at al., 1997). These results suggest that cpr5 

controls two independent signaling pathways in Arabidopsis SA-mediated PR gene 

expression and jasmon ic acid-mediated defensin expression. 

2.3. Defense mechanisms 

2.3.1. The defense 

Defense is the front line of battle between plants and pathogens. In the battle, 

resistant plants can protect themselves against pathogen attack by expressing 

various defense mechanisms. whereas susceptible plants cannot. 

Defense mechanisms can be classified as preformed mechanisms. such as 

constitutive accumulation of antimicrobial corn pounds, and induced rnechanisrns, 

such as induction of PR genes. lnduced mechanisms can be further categorized 

as physical mechanisms and chemicaVbiochemical mechanisms. The following 

discussion will be focussed on inducible chem ical/biochemical mechan isms, 



including the oxidative burst. phytoalexin. hypersensitive reaction, and 

pathogenesis-related proteins. 

2.3.2. Oxidative burst 

Plants produce reactive oxygen species (ROS) when infected by pathogens. The 

phenornenon is called oxidative burst to ernphasize its abrupt manner. Several 

ROS are produced in oxidative burst. The initial ROS is superoxide anion (O,"), 

from which hydroperoxyl radical (HO,'), hydrogen peroxide (H,O,), and hydroxyl 

free radical (OH') are generated chemically or enzymatically. ROS are very 

reactive. They react with and destroy proteins, nucleic acids, and fatty acids. ROS 

are non-discriminating, i.e. they are equally destructive to pathogens and plants. 

However, plants can protect themselves against ROS by several antioxidant 

mechanisms, such as superoxide dismutases, catalase, and the ascorbate- 

glutathione cycle. 

lnvolvement of the oxidative burst in disease resistance in plants was first 

found in potato tubers (Doke, 1983). Since then. oxidative bursts have been found 

to be associated with several incompatible interactions, such as tobacco-P. 

syringae (Adam et al., 1989) and tomato-C. fulvum (May et al.. 1996). Usually, 

ROS production in resistant plants consists of two distinct phases (Baker et al., 

1991; Keppler et al., 1989). Phase I is rapid, short-lived, and non-specific to 

incompatible or compatible interactions. Phase II is relatively long-lived and specific 

to incompatible interactions. 



The oxidative burst may play a direct role in defense, through antimicrobial 

activities of ROS. ROS are toxic to microbes and even can kill them if a certain 

concentration is reached. 2.61 X IO*' M of hydrogen peroxide could totally inhibit 

the spore germination of Peronospora tabacina, Cladosporium cucumerinum. and 

Colletotnchum lagenarium in vitro (Peng and KuC, 1992). Elevated levels of H20, 

have also been shown to contribute to the enhanced disease resistance in plants. 

Glucose oxidase catalyzes the oxidization of glucose to produce hydrogen 

peroxide. Wu et al., (1995) have transformed potato plants with the glucose 

oxidase gene. They found that hydrogen peroxide concentration was elevated in 

both ieaves and tubers of transgenic plants. In coincidence with elevated hydrogen 

peroxide concentration, the transgenic tubers exhibited high resistance to the soft 

rot pathogen Envinia carotovora subsp. carotovora. These transgenic plants also 

exhibited irnproved resistance to potato late blight caused by P. infestans. 

Physical barriers to pathogen penetration are important in defense in plants. 

The oxidative burst is involved in strengthening plant cell walls. Bradley et al. 

(1 992) found that H,02 can cross-link and insolubilize preexisting hydroxy-proline- 

rich structural proteins in the cell wall of bean and soybean. H202 is also an 

important factor in lignification of plant cell walls (Harkin and Obst, 1973). 

Lignification is involved in the pathogen defense response (Campbell and Sederoff, 

1996; Walter, 1992). In some cases, H202-mediated lignification is particularly 

associated with incompatible interactions. For example, in the incompatible 

interaction of Red Mexican bean-Pseudomonas syringae pv. phseolicola 



pathosystem, peroxidase activity, detectable by in situ staining, has been found to 

be correlated with lignification in inoculated tissues (Milosevic and Slusarenko, 

1 996). 

The oxidative burst is often coincident with hypersensitive cell death. This 

rnight be due to the direct role of ROS in HR. For example, infiltration of 

exogenous superoxide anions causes HR-like cell death in tobacco (Adam et al., 

1989). It has been postulated that H20, or redox balance might trigger programmed 

cell death in plants (Hammond-Kosack and Jones 1996, Dangl et al. 1996). 

However, the role of ROS in HR is controversial. Several lines of evidence disprove 

a direct link between the oxidative burst and HR. As mentioned above, phase I of 

ROS production can be detected in both incompatible and compatible interactions. 

However, only incompatible interactions lead to HR. Direct evidence showing that 

oxidative burst and HR are uncoupled is also available. In tobacco, phase II ROS 

production is coincident with HR. Glazener et al. (1 996) used mutations in hrphrm 

region of P. syringae pv. syringae to determine if the phase II ROS production is 

coupled with HR. They found that mutations in complementation groups II to Xlll 

of the hrp cluster blocked phase II ROS production, but mutations in group I of the 

h m  region could not block the phase II ROS production. However, group I mutants 

still retained the capability to induce the HF? in tobacco leaves, indicating that the 

oxidative burst and the HR are uncoupled. 

The production of ROS has also been found to be coincident with the 

accumulation of phytoalexins. For example, Apostol et al. (1 989) have found that 



H202 plays an important role in phytoalexin production. Using non-steroidal anti- 

inflammatory drugs (NSAIDs) and nordihydroguaiaretic acid (NDGA), inhibitors of 

phytoalexin accumulation and browning in potato tuber. Ellis et al. (1 993) showed 

that the inhibition of phytoalexin accumulation was due to the ability of NSAl Ds and 

NDGA to scavenge superoxide anions. 

However. as in the case of the HR. not al1 reports show that the oxidative 

burst and the accumulation of phytoalexins are coupled. Devlin and Gustine (1992) 

have reported that oxidative bursts occurred during defense responses in tobacco 

and white clover. but were not related to HR and phytoalexin formation. Rusterucci 

et al. (1996) also found that phytoalexin synthesis in tobacco was uncoupled with 

ROS generation. 

2.3.3. Phytoalexins 

Phytoalexins are low-molecular-weight antim icrobial (especially antifungal) 

cornpounds which are accumulated in plants in response to pathogen infection or 

environmental stresses, through either de novo synthesis or release from 

conjugates. 

The concept of phytoalexins was established by Muller and Meyer and their 

colleagues in studies of potato-Phytophthora infestans interaction (KuC 1995). The 

first phytoalexin ever isolated and structurally defined was pisatin from pea 

(Cruichshank and Perrin 1960; 1961 ; Perrin and Bottomly 1962). To date, more 

than 350 phytoalexins have been isolated from about 30 plant families (KuC 1995). 



EC, (EC: effective concentration) of phytoalexins to fungi is between  IO-^ 

to IO-= M. Localized concentration of phytoalexins can easily exceed EC, (KuC 

1995). Interestingly, phytoalexins also accumulate in susceptible cultivars, to very 

high levels in some cases. In soybean. for example, glyceollin accumulates above 

EC, in susceptible cultivars (Yoshikawa et al., 1 978). However. the accumulation 

of phytoalexins in susceptible cultivars is delayed and occurs outside the 

immediate vicinity of growing hyphae. For unknown reasons, old hyphae seem to 

be less sensitive to phytoalexins than new hyphae do (Yoshikawa et al., 1978). 

The importance of phytoalexins in defense varies from pathosystem to 

pathosystem. In the pea-Nectria haematococca interaction, accumulation of the 

phytoalexin pisatin is a crucial factor in resistance. This is demonstrated by the fact 

that only isolates which can degrade or tolerate pisatin are virulent (Tegtmeier and 

VanEtten 1 982a. 1 982b). The importance of pisatin in pea is fu rther demonst rated 

by transformation of the non-pathogen Cochliobolus heterostrophus with N. 

haematococca pisatin demethylase gene (PDA). wh ich detoxifies pisatin. PDA- 

transgenic C. heterostrophus is virulent on pea (Schafer et ai., 1989). 

Transformation of avirulent isolates of N. haematococca with PDA also increases 

the virulence of N. heamatococca (Ciuffetti and vanEtten, 1996). 

Sim ilarly, accumulation of phytoalexins in soybean m ight be an important 

determinant to resistance to Phytophthora megasperma f.sp. glycinea. 

Phenylalanine ammonia-lyase (PAL) is a key enzyme in synthesis of pterocarpan 

phytoalexins in soybean. When PAL is inhibited by L-2-amino-3-phenyl propionic 



acid, the accum ulat ion of phytoalexins in soybean is reduced. Correspond ingly . 
resistance to the pathogen is lost (Moesta et al., 1982). 

However, there are cases in which the accumulation of phytoalexins seems 

not to be correlated to resistance. The Arabidopsis phytoalexin, camalexin, is 

accurnulated in response to infection of several P. syringae strains (Tsuji et al., 

1992). The ghytoêlexin deficient (paû) mutation blocks the accumulation of 

camalexin in planta However, pad in ecotype Columbia does not affect the plants' 

ability to restrict the growth of stains carrying cloned avirulence genes (Glazebrook 

and Ausubel, 1 994, Rogers et al., 1 996), indicating that camalexin accumulation 

is not required for resistance to avirulent P. syringae races. Similarly, Rouxel et al. 

(1991) have found that in Brassica the accumulation of several phytoalexins is not 

related to the resistance to L. maculans. 

Why the importance of phytoalexins to resistance varies from pathosystem 

to pathosystem is unclear. Possible explanations include: 1) the toxicity of 

phytoalexins to pathogens varies. 2) senslivty of pathogens to phytoalexins varies, 

and 3) that phytoalexins are not temporally or spatially properly produced. 

Moreover, the production of phytoalexins in plants might not only be for defense. 

The accumulation of phytoalexins can be induced by many biotic or abiotic 

stresses. For example, over 200 compounds, microorganisms, and physiological 

stresses can induce the accumulation of pisatin in pea, phaseollin and kievitone in 

green bean. and glyceollins in soybean (Ku6 1995). This indicates that the 

accumulation of phytoalexins is perhaps just a response of plants to general 



stresses other than a specific pathological event. 

2.3.4. Hypersensitive reaction 

The hypersensitive reaction, or hypersensitive response (HR) commonly occurs in 

incompatible plan t-m icrobe interactions. HR is characterized by rapid collapse of 

infected cells and cells in the immediate neighborhood of the site of infection. 

The HR occurs mostly on plants when infected with viral, biotrophically 

fungal, and hrpcarrying bacterial pathogens. The HR is assumed to be an effective 

defense mechanisrn based on its ubiquitous occurrence, though there is little direct 

proof of this hypothesis. 

Necrotic cell death also occurs on susceptible plants. Usually, the necrosis 

developed on the susceptible plants is thought of as the disease symptom, 

beneficial to pathogens and harmful to plants. However, evidence indicates that this 

is not always the case. For example, bacterial pathogens such as Pseudornonads 

and Xanthomonads cause necrotic symptoms. Necrosis causes rapid loss of water 

in leaves. The rapid dehydration is unlikely beneficial to pathogens. In naturally 

selected (Tsuji et al., 1991) or mutant plants (Bent et al., 1992) tolerant to bacterial 

pathogens, there is no or little symptom development after infection by bacterial 

pathogens, but the pathogens grow as well as in normal plants. Greenberg (1 997) 

argued that the tolerance benefits not only plants but also pathogens, because 

tolerant plants serve as host's for bacterial proliferations. 

Recent evidence indicates that at least some of the celi death on susceptible 



plants is physiologically controlled by the plant. rather than being a passive result 

of the infection process. One finding is that ethylene. a plant hormone. probably is 

involved in onset of the susceptible cell death (Bent et al., 1992). Furthermore. 

Wang et al. (1996) have shown that treatment with host-specific phytotoxins AAL 

from Altemada aiternata f. sp. lycopersici causes programmed cell death (pcd) in 

tornato protoplasts and leaflets. 

Hypersensitive cell death has been considered as an active plant-controlled 

process, requiring no virulence factors from the pathogen. This idea is supported 

by transformation of plants with genes of either the elicitor of a fungal pathogen or 

the coat protein of a virus. Protein elicitor AVR9 from C. fulvum is specific to the 

Cf-9 R gene in tomato. Expression of Avr9 in transgenic tornato carrying Cf-9 

causes cell death. Necrosis is first detected 10 days after seeding and become so 

extensive that the plants are killed by 13 days after seeding (Hammond-Kosack et 

al., 1994). A similar result has been obtained by infection of Cf-9 tornato with a 

nonpathogenic virus potato virus X carrying cloned Avr9 gene (Hammond-Kosack 

et al.. 1995). Similarly, transgenic Nicotiana sylvestris with elicitor coat protein of 

TMV displays spontaneous necrosis and leaf tissue collapse. (Culvert and Dawson, 

1991). Collectively, the results show clearly that the HR is a plant-controlled 

process. 

Lesion-mimic mutations also shed some light on genetic control of the HR. 

The lesion-mimic mutants produce HR-like patches of dead tissue spontaneously, 

or in response to factors like pinprick wounding. In maize, about 32 different lesion- 



mimic mutants have been identified (Dangl et al.. 1996). indicating that the genetic 

pathway controlling the cell death in plants is either multiple-noded or multiple- 

branched. Interestingly. lesion mimic alleles have been mapped to the Rpl gene 

locus, which confers resistance to the rust fungus Puccinia surghi (Bennetzen et 

al., 1988). suggesting the molecular connection between the HR and lesion mimic 

rn utations. 

It is still unclear how the HR is initiated and how cells are killed. One 

possibility is that HR might be triggered by ROS. Furthermore. HR is probably a 

kind of pcd (programmed cell death). Several events detected in the HR are also 

detected in pcd, including 1) accumulation of Ca'. 2) activation of H+/K' exchange. 

3) a requirernent for O,, 4) DNA laddering, and 6) ceil condensation and shrinkage 

(Pennell and Lamb. 1997). 

To different pathogens, the effects of the HR are probably different. In the 

case of biotrophic fungal pathogens, the death of the host cells definitely leads to 

the death of the pathogens, because they require living host cells for their growth 

and developrnent. To viruses, dead host cells obviously stop viral proliferation and 

moving from cell to cell. For bacterial pathogens. rapid dehydration of the dead 

host cell might be the key factor in restricting pathogen growth. It is also worth 

noting that host cell death can release toxic proteins or metabolites into the 

pathogen's neighborhood. However, the real role of the HR and how important it 

is in defense is difficult to assess, because the HR is always CO-expressed with 

other defense mechanisms, and because no pure HR- mutations have been 



identified. 

2.3.5. Pathogenesis-related proteins 

2.3.5.1. Definition and classification 

Pathogenesis-related (PR) proteins are a group of diverse proteins which are 

produced in plants in response to pathogen attack. A simple definition of PR 

proteins was given by van Loon et al. (1994): plant proteins that are induced in 

pathological or related situations. The related situations include the application of 

chernicals that mimic pathogen attack (such as elicitors) or induce defense 

responses in plants (such as SA). Some physical stresses, such as wounding, are 

also considered as related sluations. By this definition. 11 families of PR proteins 

are considered as PR proteins (Table 2.2). 

2.3.5.2. Occurrence and biological f unctions 

Most PR proteins were first found in tobacco. In 1970, van Loon and van Kammen 

first reported the de novo synthesis in tobacco of several proteins in response to 

tobacco mosaic virus (TMV) infection. Later, it was shown that the proteins were 

acidic, resistant to protease. but not normal constituents of the tobacco plant (van 

Loon, 1976; 1982). Since that time, more PR proteins have been identified. 

Kauffmann et al. (1 987) identified in tobacco four PR proteins wlh P-1.3-glucanase 

activity. Four PR3 proteins have been isolated from tobacco by the same group 

(Legrand. et al.. 1987). PR5 proteins were also first identified in tobacco (Pierpoint 



Table 2.2 Families of pathogen-related proteins* 

Fam ily BiologicaVbiochern ical f unction Typical member 
PR1 antifungal Tobacco PR-1 a 
PR2 P - 1.3-glucanase Tobacco PR-2 
PR3 chitinase Tobacco P. Q 
PR4 antifungal Tobacco "Ru 
PR5 antifungal Tobacco S 
PR6 proteinase-inhibitor Tornato inhibitor I 
PR7 endoproteinase Tomato P, 
PR8 chitinase Cucurn ber chitinase 
PR9 peroxidase Tobacco lignin-forming 

peroxidase 
PR10 "ribonuclease-like" Parsley 'PR-1 " 
PR1 1 chitinase Tobacco class V chitinase 
' Adapted from van Loon et al.. 1 994. 



et al.. 1987; Singh et al.. 1987). PR5 proteins are homologous to thaumatin. a 

sweet-tasting protein (Pierpoint et al.. 1987; Singh et al.. 1987). 

PR proteins or their genes have been detected widely in other plants. PR1, 

for example. has been found in tomato (Pl 4. Henriquez. and Sanger 1984; Lucas 

et al.. 1985). barley (White et al.. 1987). potato (Parent et al.. 1988). maize (Nasser 

et al.. 1988). and Arabidopsis (Uknes et al.. 1992). PR2 and PR3 proteins have 

been identified in maize (Nasser et al.. 1988; 1989). potato (Kombrink et al.. 1988). 

pea (Mauch et al.. 1988a), bean (Awade et al.. 1989). tomato (Joosten and De Wit, 

1 989). soybean (Takeuchi et al.. 1 990). Arabidopsis (Samac et al.. 1 987). Brassica 

campestris (Newman et al.. 1995). and B. napus (Rasmussen et al.. 1992a). A 

PR4 cDNA has been cloned from Arabidopsis (Potter et al., 1993). PR5 proteins 

or genes have been identified in a number of plants, including barley (Bryngelsson 

and Gréen, 1989). potato (Parent et al.. 1988; Pierpoint et al.. 1990; Zhu et al., 

1995). tomato (Woloshuk et al., 1991 ). rice (Reimmann and Dudler, 1993), oat (Lin 

et al.. 1996). sunflower (Jung et al.. 1993), and Arabidopsis (Hu and Reddy, 1995). 

PR10 genes or proteins have been identified in pea (Fristensky et al., 1988). 

parsley (Somssich et al., 1988), potato (Matton and Brisson. 1989). asparagus 

(Wamer et al.. 1 992), birch (Breitender et al.. l989), bean (Walter et al., 1 990). and 

ginseng (Moiseyev et al.. 1994). Unlike other PR proteins. al1 PR10 genes or 

proteins were identified 

independently in each species. rather than through interspecific DNA hybridization. 

The biological functions of PR proteins are diverse (see Table 2.2). PR2 



proteins are p -1,3 glucanases. which hydrolyze P - 1.3-glucan, the major component 

of the fungal cell wall. PR2 may contribute to resistance also by releasing small 

glycosidic fragments from plant or fungal cell walls. These small cell wall fragments 

act as elicitors to trigger defense responses in plants (Keen and Yoshikawa. 1983; 

Takeuchi et al.. 1990). 

Chitin is another major fungal cell wall component. Several PR protein 

families exhibit chitinase activity, including PR3, PR8. and PR1 1. As mentioned 

above, chintinases always are present and act synergistically with P-1.3- 

glucanases. 

Besides P-1.3-glucanases and chitinases, some other PR proteins also 

show hydrolase activity or similarity to hydrolases. For example. PR7 is an 

endoproteinase; PR10 is a ribonuclease. 

The biochemical functions of several PR protein families, including PRI, 

PR4, and PR5, remain to be defined. In addition to antifungal activity (Niderman 

et al.. 1995). there are no dues to the biochemical activity of these proteins. PR4 

proteins are homologous to potato wounding response proteins Win-1 and Win-2. 

and to a rubber tree antifungal protein hevein (Potter et al., 1993) Tobacco PR4 

proteins also show antifungal activity (Ponstein et al.. 1994). PR5 proteins are 

homologous to osmotin (Woloshuk et al.. 1991) and thaumatin. a sweet-tasting 

protein. PR5 proteins have been identified in several plants. such as tobacco 

(Woloshuk et al.. 1991) and maize (Huynh, et al., 1992). 



2.3.5.3. The organization and expression of PR genes 

Like many other genes in plants, PR genes are multigenic. For example. in tobacco 

and other Nicotiana species. 7 PR1, 5 PR2, 5 PR3, 5 PR4. and 4 PR5 genes or 

proteins have been identified (Van Loon et al.. 1994). Like other multigene families, 

multiple copies of PR genes make differential reg dation of the genes possible. 

Another advantage of the multigene family is that isoforms of PR proteins can be 

produced in one plant. Different isoforms function in different cell compartments. 

A line of evidence supporting this idea is that most PR proteins consist of acidic 

and basic isoforms. In tobacco, acidic isoforms of PR proteins are secreted 

extracellularly. while basic forms are targeted into vacuoles. 

Differential expression of mem bers of chitinase and P -1,3-glucanase families 

have been detected in several plants or cell cultures (Lawrence et al., 1996; van 

Kan et al.. 1992; Kim and Hwang. 1994; Cordero et al., 1994; Margis-Pinheiro et 

al.. 1993; Yi and Hwang, 1996; Wubben et al., 1996; Suzuki et al.. 1995). In the 

tomato-C. fulvum pathosystem, it has been found that expression of an acidic 

chitinase gene is largely near leaf vascular tissue, while expression of a basic 

chitinase gene is less tissue-specific (Wubben et al., 1996). In the sarne study, it 

was found that both acidic chitinase and P-1,3-glucanase genes are induced 5 

days earlier in an incompatible interaction than in a compatible interaction. 

However, induction of basic forms of the two PR gene families are ternporally 

similar. In the radicles of maize seedlings, a 33-kDa P-1,3-glucanase is strongly 

induced by Fusarium moniliforme infection, while another isoform, 35-kDa protein, 



is constitutively expressed. However. only weak induction of the 33-kDa isoform 

can be detected in the fungal-infected coleoptiles; no expression can be detected 

in healthy coleoptiles. Sirnilarly, two chitinase isoforms are induced by fungal 

infection in radicles. though another isoform is constitutively expressed in radicles. 

In coleoptiles, only weak expression of one isoform can be detected (Cordero et 

al., 1993). 

The differential expression of members of the PR10 gene family has also 

been detected in pea. Pea PR10 family has at least three members: YprlO. 7 ,  

Ypr10.2, YprlO.3. It was found that YprlO. 7 and YprlO.2 are pathogen-inducible, 

while YprlO.3 is developmentally regulated (Tewari, 1 996). 

Some PR genes are coordinately induced in plants. A typical example is the 

coordinate induction of chitinase and P-1,3-glucanase genes. The coordinate 

induction of PR genes can be important to defense, since PR proteins may act 

synergistically. The synergistic action of P - 1.3-glucanase and ch itinase to restrict 

pathogen growth has been demonstrated (Mauch et al., 1 988b). Coordinate 

expression of PR genes has also been observed in plants treated with chemicals 

such as SA. In tobacco, it has been found that 11 acidic and basic PR genes are 

coordinately induced by TMV infection and SA treatment (Ward et al., 1991). 

2.3.5.4. Induction of PR genes by chemical and physical treatments 

In addition to pathogen infection, PR genes are inducible by various chemical and 

physical treatments. Some of such chemicals, such as salicylic acid (SA) and 



jasmonic acid (JA). are putative signal molecules in defense signal transduction 

(see section 2.2.6). In Arabidopsis and tobacco. application of SA can induce 

expression of a spectrum of PR genes similar to that induced by pathogen infection 

(Acnes et al., 1992; White. 1979). Moreover, inhibition of SA accumulation in 

NahG-tobacco or NahG-Arabidopsis plants by salicylate hydroxylase is coïncident 

with the inhibition of induction of PR genes (Friedrich et al., 1995; Delaney et al.. 

1 994). 

Induction of PR genes by JA (or methyl jasmonate) has been detected in 

several species. In barley. a PR1 gene is induced by methyl jasmonate (Muradov 

et al., 1993). A combination of ethylene and methyl jasmonate induces PR1 and 

PR5 in tobacco seedlings (Xu et al., 1994). However, in Arabidopsis, induction of 

PR7 by methyl jasmonate could not detected (Penninchx et al., 1 996). 

Several plant hormones can induce expression of PR genes. Among them, 

ethylene may be the most important one. PR5 is inducible by ethylene in tobacco 

(Xu et al., 1994; Sato et al., 1996). Furthermore, an ethylene-dependent cis- 

element. the GCC box (TAAGAGCCCGCC) has been identified in the promoter 

region of several PR genes, including tobacco basic PR1 , PR5. chitinase, and P- 

1.3-glucanase (Sessa and et al., 1 995; Eyal et al., 1 993; Sato et al.. 1 996; Shinshi 

et al., 1990; Ohme-Takagi and Shinshi, 1990). Ethylene may also play a role in 

defense through being involved in programmed cell death (see section 2.3.4). 

A number of synthetic compounds are able to induce expression of PR 

genes, such as INA and BTH. INA or BTH can induce SAR and PR genes in 



tobacco, Arabidupsis. and barley N a r d  et al.. 1 991 ; Acnes et al., 1 992; Lawton et 

al., 1996; Kogel et al.. 1994). 

Recently. it has been reported that cholera toxin, which activates G-protein- 

mediated signalling pathways in animals, plants, and fungi. can elevate disease 

resistance and induce expression of PR genes in tobacco (Beffa et al., 1995). 

Several physical factors can induce PR gene expression. These include 

induction of PR5 genes by osmotic stress (Zhu et al., 1 995), ozone and ultraviolet 

light (Eckey-Kaltenbach et al., 1997; Green and Fluhr, 1995; Yalpani et al., 1994; 

Brederode et al.. 1991). 

Several lines of evidence have indicated that PR genes are expressed in 

healthy plants. Most of the expression is developmentally regulated. For example. 

expression of potato PRlOa has been detected in the stigma, but not in any other 

flower parts and vegetable parts tested (Constabel and Brisson. 1995). Chitinase 

genes are also expressed in flowers of tobacco (Mernelink et al., 1990). PR5 has 

been detected in various parts of healthy plants (Fils-Lycaon et al., 1996; Regalado 

and Ricardo, 1996). In addition, expression of several basic PR genes has been 

detected in roots (Memelink et al., 1990). However, one must be cautious to 

interpret such the latter data. since plant roots are continually exposed to a wide 

range of microbes in the soil. many of which are potential pathogens. 

2.3.5.5. The relationship between induction of PR genes and resistance in 

plants 



PR genes are induced in plants in response to pathogen infection. However, the 

patterns of induction in compatible and incompatible interactions are different. In 

general, the induction of PR genes in incompatible interactions is faster and 

stronger than that in compatible interactions. For example, in tomato-C fulvum 

interaction. the accumulation of mRNA of PR1 and P-1.3-glucanase reaches a 

peak much faster in incompatible interactions than in compatible interactions. 

though the levels of PR proteins produced in both interactions are not significantly 

different (Van Kan et al., 1992). In Arabidopsis ecotype Dijon, PR1, PR2, PR5. and 

the basic form of PR3 are rapidly induced in line Di-17. resistant to turnip crinkle 

virus (TCV). but induction of the PR genes is later and weaker in line Di-3, which 

is susceptible to TCV (Dempsey et al., 1993). In barley, PRb-1 gene is more 

strongly induced in the cultivar Psaknon. which is resistant to Erysiphe graminis 

f.sp. hordei, than in corresponding near-isogenic susceptible CU ltivar (Muradov et 

al., 1993). The accumulation of PR1 proteins is always related to the hypersensitive 

reaction in tobacco (Van Loon and Van Kammen. IWO) .  

Though PR genes are differentially inducible by viruses in the incompatible 

interactions. no PR proteins have been demonstrated antiviral activity. Moreover, 

transgenic tobacco plants with PRlb gene have not shown improved resistance to 

TMV (Cutt et al.. 1989). So, why PR proteins are produced and what role PR 

proteins play in virus-infected plants are unclear. 

2.3.5.6. Transformation of plants with PR genes 



As discussed above, several PR proteins show antirnicrobial activity in vitro. 

However, in vitro antimicrobial activity does not necessarily mean that the proteins 

can kill pathogens in planta. Transformation of plants with cloned PR sequences 

is one way to examine the effect of PR proteins on the growth of pathogens in 

planta. Of course, transformation of plants with PR genes is also a potential way 

to develop new disease resistant cultivars directly, or to supply improved 

germplasm for disease resistant cultivar breeding. 

Several constitutiveiy expressed PRtransgenic plants have been developed. 

In most cases. the transferred PR genes are under control of the CaMV 35s 

promoter. Tobacco plants have been transformed with PRlb (Cutt et al., 1989) or 

PRla or PR5 (Linthorst et al.. 1989). The regenerated plants did not show 

improved resistance to either TMV or AMV (alfalfa mosaic virus). Transgenic potato 

plants with PR10 gene (STH-2) also did not exhibit reduced susceptibility to potato 

virus X (Constabel et al.. 1993). Taken together, the data indicate that a direct role 

of PR proteins in resistance to viral pathogen is questionable. On other hand. 

transgenic tobacco with the antisense P-1.3-glucanase gene has exhibited reduced 

susceptibility to TMV (Beffa et al., 1996), indicating that induction of P-1.3- 

glucanase in plants in response to viral infection favors the virus rather than the 

plant. The authors hypothesized that viruses take advantage of the production of 

antifungal P-1,3-glucanase by plants to promote their own replication and spread 

through hydrolysis of callose, a physical barrier to the spread of virus. 

The responses to fungal pathogens in transgenic plants wlh PR genes have 



been mixed. Transformation of tobacco plants with acidic isoforms of PRla. PR3, 

PR4, PR5 did not affect the time course and the final level of colonization by the 

vesicular-arbuscular mycorrhizal fungus Glomus mosseae, but a delay of 

colonization was observed in plants transformed with acidic PR2 (Vierheilig et al.. 

1995). Neuhaus et al. (1992) have transformed Nicotiana sylvestris plants with 

antisense vacuolar class I P-1.3-glucanase gene. Though expression of the 

antisense gene effectively blocked constitutive and inducible expression of class 

I P-1,3-glucanase, antisense transgenic plants have not exhibited increased 

susceptibility to Cercospora nicotianae. However. there are at least two reports 

showing that plants with PR transgenes have exhibited improved disease 

resistance. Tobacco plants transformed with PRla have shown increased tolerance 

to two oomycete pathogens, Peronospora tabacina and Phytophthora patasitica 

var. nicotianae (Alexander et al., 1993). PR5 transformed potato and tobacco 

plants have performed differently. PR5 potato plants have exhibited delayed 

development of disease symptoms when challenged with P. infestans, while PR5 

tobacco plants have not displayed any change in the development of disease 

symptom when infected with P. patasitica var. nicotianae (Liu et al., 1994). 

The reasons for the different performance of transgenic PR-plants is largely 

unknown. However, one possible reason is that PR proteins act synergistically in 

natural defense in plants. Obviously, the synergistic constitutive accumulation of 

PR proteins in single PR gene-transforrned plants cannot happen. This idea is 

supported by the phenotypes of tomato plants transformed with both the tobacco 



class I chlinase and class I P-1,3-glucanase genes. While single-gene transforrned 

tomato plants with either chitinase gene or P-1,3-glucanase gene have not 

displayed increased resistance to Fusarium oxysporum f.sp. lycopersici, doubly 

transformed plants have exhibited reduced disease severity by 36% to 58% 

(Jongedijk et al., 1995). 

2. 4. The pathosystem 

2.4.1. The host 

Oilseed rape Brassica napus L. is one species of the familÿ Brassicaceae (syn. 

Cruciferae), which include most important oilseed and vegetable crops. Traditional 

oilseed rape cultivars contain high contents of erucic acid and glucosinolates in the 

seed oil and meal, both of which are considered anti-nutritional for human and 

animals. Canola, a new type of oilseed rape developed in Canada, contains less 

than 2% erucic acid in seed oil and less than 30 mM of glucosinolates in oil-free 

meal (Canola oil and meal standards and regulations, 1990). 

Phylogenetically, the amphidiploid B. napus is an interspecific hybrid of B. 

rapa (syn. B. campestris) and 6. oleracea. B. napus (n=19) contains genomes A 

and Cl while B. rapa (n=10 ) and B. oleracea (n=9) contain genome A and genome 

C. respectively. The relationship of B. napus with other close relatives is illustrated 

by the triangle of U (Fig 2.3, U. 1953). 

2.4.2. The pathogen 



Fig. 2.3 The triangle of U (1 953) 





Leptosphaeria macuians (Desm.) Ces. & de Not. [ imperfect state, Phoma lingam 

(Tode ex Fr.) Desm.] is a heterothalilc, bipolar ascomycete of the order of 

Spharials (Smith and Sutton 1964). In the imperfect stage, the fungus produces 

raindrop-shaped, single celled, hyaline, cylindrical conidia (3-5 x 1.5-2 pm). In the 

perfect stage, the fungus produces septate, cylindrical to elipsoidal. yellow-brown. 

guttulate ascospores (80-125 x 15-22 pm) (Williams, 1991). The infection starts 

with the penetration of rain splash-dispersed conidia or airborne ascospores into 

the host tissues through stomates or wounds. The hyphae grow intercellularly 

through tissues in the first days of biotrophic phase. Following this symptomless 

stage, the host cells are killed and degraded and necrotic leaf lesions or stem 

cankers are formed. New pycnidiospores are produced in the necrotic phase 

(Willams, 1991). 

Virulence of isolates of the fungus varies. Based on differential virulence on 

cultivars Westar, Glacier, and Quinta, four pathogenicity groups (PGs) have been 

identified (Mengistu et al., 1991) . Recently, PG-2 has been divided into two 

subgroups, PG-2a and PG-2b (Keri and Rimmer, unpublished data). 

2.4.3. The interaction between B. napus and L. maculans 

L. maculans can attack al1 parts of the plant. but blackleg or stem cankers are the 

most important disease symptom caused by this fungus. Resistance to L. macuians 

seems to be controlled by major genes in B. napus (Rimmer and Van den Berg, 

1992; Ferreira et al., 1995; Dion et al., 1995). However, seedling and adult 



resistance may be controlled by different genes (Ferreira et al., 1 995). On the other 

hand. single major genes may control the avirulence in the fungus. An avirulence 

gene, AvrLm 7, has been identified in PG3 of L. maculans. AvrLm 1 acts with a 

resistance gene in cv. Quinta to confer resistance to PG3 (Ansan-Melayah et al.. 

1 995). suggesting that gene-for-gene relationships is present in Brassica-L. 

maculans pathosystem. 

2.4.4. Defense mechanisrns in the Brassica-L. maculans interaction 

Several defense mechanisms may be involved in resistance to L. maculans in 

Brassica. Brassica ssp. produce several structurally related phytoalexins. such as 

brassinin. cyclobrassinin. brassilexin, and spirobrassinin. Dahiya and Rim mer 

(1 988) have identified two phytoalexins, methoxybrassinin and cyclobrassinin. in 

8. napus challenged with L. maculans. They have also found that both phytoalexins 

are fungitoxic to several other fungi, in addition to L. maculans. Spirobrassinin has 

been detected in Westar leaves inoculated with L. maculans (Soledade et al., 

1991). Rouxel et al. (1991) have found that the resistant lines of Brassica spp. 

containing the B genome (B. carinata, B. nigra, B. juncea). also accumulate high 

amounts of brassilexin. 8. oleracea, B. napus, and B. rapa. which lack the B 

genome, are susceptible and do not accumulate brassilexin.. However. they did not 

find other phytoalexins or total accumulation of indole phytoalexins to be related 

to resistance to L. maculans. 

Glucosinolates are specific secondary metabolites in crucifers. They are 



responsible for the characteristic flavor and pungent taste of crucifer crop products 

(UnderhiIl, 1980). Glucosinolates per se are not toxic to pathogens. However. when 

broken down by myrosinase, their products, isothiocyanates. nitrites. and 

thiocyanates are toxic to insects. bacteria, nematodes, and fungi (Donkin et al.. 

1995; Greenhalgh and Mitchell. 1976; Harthill and Sutton, 1980; Mithen, 1992 ). 

including L. maculans (Mithen et al.. 1 986). 

Though glucosinolates are usually considered preformed compounds 

(Osbourn, 1996). their concentration can also be elevated in leaves infected by 

pathogens (Doughty et al., 1991). Interestingly. the accumulation of glucosinolates 

is also inducible by SA (Kiddle et al.. 1994), though no typical SAR has been 

detected in B. napus. 

Limited data indicate that induction of PR proteins is also involved in the 

defense mechanisms to L. maculans in Brassica. Dixelius (1993) compared the 

accumulation of three PR proteins (PR2. PR3, and PR5) between B. nigra and B. 

napus in response to L. maculans infection. She found the accumulation of the PR 

proteins to be earlier in 6. nigra, which resistant to L. maculans. Rasmussen et al. 

(1992b) have cloned a chitinase from B. napus. They also found that the 

accumulation of the chitinase mRNA is earlier in a resistant cultivar than in a 

susceptible one. 



3. Materials and methods 

3.1. Plant and pathogen 

Plant seeds and the isolates of L. maculans (Desrn.) Ces. et De Not. were kindly 

supplied by Dr. Roger Rimmer and Dr. Rachael Scarth. Department of Plant 

Science. University of Manitoba. All plants were grown in Jiffy Pots filled with 

Metromix (W.R. Grace & Co. Ltd., Ajax, Ontario. Canada) in a growth chamber at 

20/16"C dayhight temperature and a 16 hr photoperiod. Plants were watered daily 

and fertilized once prior to inoculation. Cultivars or lines used in the experiments 

were Glacier. Quinta. Westar (B. napus), Torch (B. rapa), and BRAI61 (B. 

oleracea) . 

Pathogen isolates used were 84-1 0 (PG 1 ). 86-1 2 (PG2). 89-1 8 (PG3). and 

LI FOLLE 5 (PG4). Pycnidiospores were prepared according Mengistu et al. (1 991 ). 

Pycnidiospores were spread on V8 agar plates and incubated under continuous 

cool-white light at room temperature. After 5-6 days, the sporulating cultures were 

cored with a cork borer and transferred to new V8 agar plates. The plates were 

incubated at the conditions mentioned above. The sporulating culture were flooded 

with 10 ml of sterile distilled water and gently scraped with a sterile microscope 

slide. The collected mixture was filtered through four layers of sterile cheese cloth 

and the spores in the filtrate collected by centrifugation for 30 min at 4500 rpm. 

The spore pellets were suspended in 0.5 to 1 ml of sterile distilled water and 

stored at -20°C. Before inoculation, the concentrated spore suspensions were 

diluted to 2 x Io7 spores/ml with sterile distilled water. 



3.2. Inoculation 

3.2.1. lnfiltration inoculation 

Infiltration was used to inoculate plants for RNA extraction. Cotyledons or the fully 

expanded first two true leaves were infiltrated with pycnidiospore suspensions or 

chernical solutions. using a sterile 1-cc syringe without needle. The outlet of the 

syringe was covered by a section of Tygon tubing. The inocula were injected 

directly into cotyledons or leaves through the abaxial face while supporting the 

cotyledons or leaves on the operator's gloved index finger (Fig. 4.1). The infiltrated 

plants were kept under white fluorescent light overnight before being moved into 

the growth chamber. The leaves of the inoculated plants were removed frequently 

to keep the cotyledons from senescing. At least one inoculated plant per treatment 

was kept in the growth chamber up to 3 weeks to ver@ the interaction phenotype. 

3.2.2. Cotyledon pinprick inoculation 

Cotyledon pinprick inoculation was used to evaluate the disease resistance in 

plants. The cotyledons were wounded wlh inoculation forceps about 10 days after 

planting. Two wounds were made on each cotyledon. Ten pl of 2 x 10' sporedml 

pycnidiospore suspension was applied on each wound. After being kept under 

white fluorescent light ovemight. the inoculated plants were moved into the growth 

chamber. The interaction phenotypes of inoculated plants were evaluated 10 - 12 

days postinoculation (d.p.i.) with a 0-4 rating system. 



3.2.3. Scoring system 

Interaction phenotypes of cotyledons with pinprick inoculation were scored with a 

rating system adapted from the 0-9 system (Delwiche. 1980). For each plant. the 

most severely infected site was used for scoring. The scores and phenotype 

description are as follows: 

O Pinprick only or limited chlorosis around wound 

1 Chlo rosis and/or lim ited necrosis around wound 

2 l rregular dark or tan-centered lesion. sharp black marg in 

3 Grayish-green tissue collapse without pycnidia 

4 Grayish-green tissue collapse with pycn idia 

3.3. Chemical and physical treatrnents 

SA treatment was carried out by infiltrating 2 mM sodium salicylate solution into 

cotyledons or true leaves. Heat shock was conducted by incubating plants at 40°C 

for 2 hr. Wounding was done by pinpricking the cotyledons or leaves repeatedly. 

All SA, wounded, and heat shock-treated tissues were hawested 24 hr after 

treatment. 

3.4. RNA extraction 

3.4.1. Method I 

Plant materials were frozen in liquid n itrogen immediately after harvesting . The 

frozen tissues were used for RNA extraction directly or stored at -70°C for later 



use. Total RNA was extracted according to Kim et al. (1992). 0.5-5 g of frozen 

plant material was ground into a powder in liquid nlrogen with a mortar and pestle. 

The powder was quickly transferred into a 15-ml centrifuge tube containing 2 vol. 

of extraction solution (0.1 M Tris-HCI, pH 9.0. 0.1 M NaCI. 5 m M  EDTA, 1 % SDS, 

10 mM vanedyl ribonucleotide cornplex). The mixture was extracted three times 

with 0.5 vol. of phenol and 0.5 vol. of chloroform/isoamyl alcohol (1 9:1. vol:vol).The 

aqueous phase was transferred into a RNase-free tube and the RNA was 

preciplated with 2 vol. of ethanol and 0.1 vol of 3 M RNase-free sodium acetate, 

pH 5.2 at -20°C overnight. The RNA was recovered by centrifugation for 20 min 

at 3000 X g. The pellet was redissolved in 1-4 ml of 4 M guanidine solution (4 M 

guanidine-HCI, 10 mM EDTA. 0.1 M Tris-HCI, pH 7.0). 0.5 vol. of ethanol was 

added slowly in the suspension while the tube was vortexed. After being kept on 

ice for 40 min, the solution was centrluged for 20 min at 5000 X g. The pellet was 

redissolved in 1-4 ml of DEPC-water and extracted with 1 vol. of 

phenoi/chloroform/isoamyl alcohol once and chloroform/isoamyl alcohol once. The 

aqueous phase was precipitated with 2.5 vol. of ethanol and 0.1 vol of 3M sodium 

acetate (RNase-free, pH 5.2) overnight at -20°C. The RNA was pelleted by 

centrifugation for 30 min at 10000 X g and redissolved in 100-500 pl of DEPC- 

water. The concentration and quality of RNA preparation was monitored by 

absorbance at 260 nm and 280 nm. 

3.4.2. Method II (Qiagen RNeasy Plant Mini Kit) 



Fresh or frozen plant materials were ground into a powder in liquid nitrogen with 

a mortar and pestle and up to 100 mg of the powder was transferred into a 1 -5-ml 

tube containing 450 pl of RLT. After mixing, the mixture was passed through the 

QIAshredder spin column. The lysate was transferred into a new tube and mixed 

with 0.5 vol. of ethanol. The mixture was applied ont0 the RNeasy mini spin 

column and centrifuged at 28000 X g for 1 min. The column was washed with 700 

pl of RW1 once and 500 pl of RPE twice by centrifugation. Then the column was 

eluted twice with 50 p l  of DEPC-water. The yield and quality of the RNA 

preparation was dstermined by absorbance at 260 nm and 280 nm. 

3.5. Plant DNA extraction 

3.5.1. CTAB protocol (Ausubel et al., 1994) 

One gram of freeza-dried or 5 g of fresh plant tissue was ground into a powder 

with a mortar and pestle (in liquid nitrogen if fresh tissue was used). The powder 

was transferred into a 50-ml tube containing 20 ml of extraction solution (0.7 M 

NaCI, 50 mM Tris-HCI. pH 8.0, 10 mM EDTA, 1% CTAB, 0.1% 2- 

mercaptoethanol). The mixture was incubated at 60°C for 1 hr with intermittent 

shaking. After cooling down to room temperature, the mixture was extracted with 

1 vol. of chloroform/isoamyl alcohol (1 93, v:v) by centrifugation at 3000 X g for 20 

min. The aqueous phase was transferred into a new tube and precipitated with 1 

vol. of isopropanol at -20°C. After recovering by centrifugation at 3000 X g for 20 

min, the pellet was resuspended in 4 ml of the extraction solution and extracted 



with chloroform/isoamyl alcohol. The aqueous phase was transferred into a new 

tube and mixed with 0.1 vol. of 10% CTAB (10% CTAB. 0.7 M NaCI). The mixture 

was extracted with chloroform/isoamyl alcohol. In a new tube. the upper phase was 

mixed a equal volume of 1% CTAB (50 mM Tris-HCI, pH 8.0, 10 rnM EDTA, 1% 

CTAB) and incubated at room temperature for 30 min. DNA was collected by 

centrifugation at 3000 X g for 20 min. After washing with 70% ethanol and 10 mM 

ammonium acetate, the pellet was redissolved in 1 ml of TE. RNA was removed 

by treatment with 2 p l  of 10 mg/pI DNase-free RNase A at 37OC for 1 hr. The 

purified DNA was recovered hy precipitation with 2 vol. of ethanol and 0.1 vol. of 

3 M sodium acetate. pH 5.2, and centrifugation at 10000 X g for 20 min. The final 

pellet was dissolved in TE (10 mM Tris-HCI. 1 mM EDTA. pH7.4). 

3.5.2. Simplified CTAB protocol 

A simplified CTAB protocol was to prepare DNA used for PCR. Fifty to 200 mg of 

fresh plant tissue was ground into a slurry in a 1.5-ml tube with a Miny Pestle. 500 

pl of extraction solution (0.7 M NaCI. 50 mM Tris-HCI, pH 8.0. 10 mM EDTA. 1% 

CTAB, 0.1% 2-mercaptoethanol) was added and the sample was incubated at 

60°C for 1 hr. The mixture was extracted twice with 700 pl of chloroform/isoamyl 

alcohol (19:1, v:v). The last aqueous phase was precipitated with 1 vol. of 

isopropanol at -20°C. DNA was recovered by centrifugation at 10000 X g for 20 

min. The pellet was washed with 70% ethanoi and dissolved in 200 p l  of TE. Two 

to 5 pl of the DNA solution was used for a 25 pl PCR reaction. 



3.6. Electrophoresis 

3.6.1. DNA agarose gel electrophoresis 

UltraPURE agarose (GIBCO BRL) was dissolved in 1 X TAB buffer (40 mM Tris- 

acetate, 2 mM EDTA) by heating in a microwave oven. Five pl of 10 mgh l  

ethidium bromide was added to agarose gel solution before pouring the gel 

solution into the gel box. The gel concentrations were from 0.8 % to 1.2 % of 

agarose depending on purpose. DNA samples were m ixed with 1/5 volume of 6 X 

loading buffer (12% Ficoll, 60 mM EDTA. 0.6% SDS, 0.25% bromphenol blue, 

0.25% Xylene Cyanol) and loaded ont0 gels. The gels were run in 1 X TA6 buffer, 

at a constant voltage between 1 to 10 Vkm. 

3.6.2. Alkaline DNA agarose gel electrophoresis 

Alkaline agarose gels were made by dissolving 0.5 g of agarose in 50 ml of dd- 

water. After cooling to 60°C, the gel solution was supplemented with 0.5 ml of 5 

M NaOH and 0.1 ml of 0.5 M EDTA and poured into a gel box. Ethanol 

precipitated DNA samples were dissolved in 10-20 pl of 50 mM NaOH and 1 mM 

EDTA and then mixed with 0.2 vol of 6 X loading buffer (0.3 M NaOH, 6 mM 

EDTA, 36% Ficoll, 0.25% bromphenol blue, 0.25 % Xylene cyanol). The gels were 

electrophoresed at 4.25 Vlcm gel in 50 mM NaOH and 1 mM EDTA. To visualize 

the bands, the gel was neutralized in 1 M of Tris-HCI, pH7.6, 1.5 M NaCl for 45 

min, and stained with 0.5 pg/ml ethidium bromide. To detect radioactively labelled 

DNA bands, the gel was fixed in 7% TCA for 30 min and dried with a gel drier or 



with a stack of paper tissue. The dried gel was autoradiographed at - 70°C. 

3.6.3. RNA agarose gel electrophoresis (formaldehyde protocol) 

0.8 - 1.2 % agarose gels were made by heat dissolving ultraPURE agarose in 1 

X MOPS buffer (40 mM MOPS, pH7.0, 10 mM sodium acetate, 1 mM EDTA). Six 

ml of 37% formaldehyde/100 ml gel was added when gel solution was cooled down 

to 60°C. F i e  to 20 pg of RNA sample was freeze dried and redissolved in 20 pl 

of denaturation/loading solution (1 X MOPS. 4 pl of 37% formaldehyde, 12 p l  of 

formamide, 0.2 vol of 6 X loading buffer [l mM EDTA, 0.25% bromphenol blue. 

50%(vh) glycerol]). The mixture was heated at 68OC for 15 min and cooled on ice 

for 5 min. One microliter of 1 mg/ml ethidium bromide was introduced into each 

sample. The gel was run at cSV/cm. 

3.7. Recovery of ONA fragments from agarose gel 

The gel block containing the DNA fragments of interest was cut out and put into 

a 1.5-ml tube. The tube was frozen either at -70°C or in liquid nitrogen. The gel 

block was thawed quickly and centrifuged at top speed for 5 min. The liquid phase 

was collected. If necessary. 100 p l  of TE was added into the tube. After the TE 

solution was absorbed by the gel block. freezing and thawing was repeated. The 

DNA fragments were recovered by ethanol precipitation. 

3.8. Hybridization 



3.8.1. Probe labelling 

[gP]-labelled probes were prepared using GlBCO BRL Random Primers Labeling 

System. Twenty to 50 ng of DNA fragments in 23 p l  of water was heat denatured 

in a boiling water bath for 5 min, followed by chilling on ice for 5 min. Two 

microliters of each 0.5 mM dATP, dlTP and dGTP. 5 pl of a- [ 3 2 ~ ] - d ~ ~ ~  (3000 

Cümmol, 10 mCüpI), 15 pl of Random Primers Buffer Mixture and 1 pl of Klenow 

Fragment (3 units) were added to the denatured DNA solution. The reaction was 

carried out at room temperature for 2 hr. The labeled probes were purified by 

passing though Sephadex G-50 spin columns. 

3.8.2. DNA and RNA gel blotting 

Blotting and hybridization were conducted according to blotting membrane 

manufacturer's manual. RNA gels were blotted directly ont0 Bio-Rad Zeta-Probe 

GT Nylon membrane using upward capillary transfer system against 10 X SSC. For 

DNA blots. the gels were first denatured by soaking in a shaking bath of 0.5 N 

NaOH and 1 M NaCl for 30 min. The gels then were neutralized by bathing them 

in 0.5 M Tris-HCI. pH 7.4. 3 M NaCl for 30 min at room temperature. The gels 

were blotted onta Bio-Rad Zeta-Probe GT Nylon membrane as described above. 

The blots were air dried and fixed with a UV crosslinker (UV Stratalinker 1800). 

3.8.3. RNA dot blotting 

Total RNA (4 pg) was freeze-dried and dissoived in 4 pl of denaturation buffer (see 



section 3.6.3). After being heated at 7S°C for 15 min and chilled on ice for 5 min, 

the RNA solution was spotted ont0 a piece of gridded Nylon membrane. The 

membrane was air dried and fixed with UV Stratalinker 1800. To quantify the PR? 

mRNA the membrane was probed with [32~]-labeled Yprl.1 cDNA and the 

radioactivity of each spot was counted with a scintillation counter (Beckman 

LS1701). 

3.8.3. Hybridization 

Hybridizations were carried out in a hybridization oven (Robbins Scientific. Model 

2000 Micro Hybridization Incubator). The hybridization and washing temperatures 

were 55-65°C. depending on the similarity between probes and target sequences. 

The DNA or RNA blots were soaked in a hybridization tube containing 10 ml of 

pre-hybridization solution (7% SDS. 0.25 M Na,HP04, pH 7.2) for s 5 min. Heat 

denatured probe was added to the pre-hybridization solution. Hybridization lasted 

for 6 hr to overnight. 

The blots were washed twice with wash solution 1 (5% SDS, 25 mM 

Na.J-iPO,, pH 7.2) for 30 min at the hybridization temperature, and twice with wash 

solution II (1% SDS, 25 mM Na2HP04, pH 7.2) at the sarne temperature. The 

washed membranes were exposed to Kodak X-OMAT AR film at -70°C. 

3.8.4. Probe Stripping and rehybridization 

To allow for re-probing, blots were kept wet at al1 times between hybridizations. 



The probe was removed by incubating the blot twice in a large volume of 0.2 X 

SSC/O.S% SOS for 20 min at 95OC. The stripped membrane was reprobed as 

mentioned in the section 3.8.3. 

3.9. cDNA Iibrary construction 

All procedures of cDNA library construction. except mRNA purification, were 

carried out using Stratagene's kits according to the manufacturer's instructions, 

with minor modifications. 

3.9.1. mRNA purification (Hot TE protocol, adapted from the information sheet 

of Collaborative Research Incorporated, Bedford, USA) 

A GlBCO BRL Oligo-(dT) cellulose column was washed with 1 ml of 0.1 N NaOH 

and 4 X 1 ml of TE-KCI (10 mM Tris-HCI. pH 7.5. 1 mM EDTA. 0.5 M KCI). One 

ml of total RNA in DEPC water was mixed with 1 ml of 2 X TE. The resultant 

solution was heated in boiling water bath for 5 min and chilled quickly in a -70°C 

ice/ethanol bath until the RNA solution was frozen. The concentration of KCI was 

adjusted to 0.5 M by adding 0.5 ml of 2.5 M KCI. The thawed solution was loaded 

onto the prepared Oligo-(dT) column. The flow-through was collected in an RNase- 

free tube and reloaded ont0 the column. The column was washed with 4 X 1 ml 

of TE-KCI. mRNA was eluted with 3 X 0.5 ml hot (85OC) TE and recovered by 

precipitation with 2 vol. of ethanol and 0.1 vol. of 3 M sodium acetate at -20°C 

ovemight and centrifugation at 10000 X g for 30 min at 4OC. The RNA pellet was 



dissolved in DEPC-water. 

3.9.2. cDNA synthesis (Stratagene cDNA Synthesis Kit) 

Five micrograms of mRNA from previous step was mixed with 32.5 p l  of DEPC- 

water and 2 pl of linker-primer. The mixture was heated at 70°C for 15 min and 

cooled on ice. Then, 5 bI of 10 X first-strand buffer, 3 p l  of first-strand methyl 

nucleotide mixture, 1 p l  of RNase block were added to the reaction tube. After 

mixing, 1.5 pl (75 units) of MMLV-reverse transcriptase was added. The reaction 

was conducted at 37°C for 1 hr. 

The second strand was synthesized by adding the following to the first 

strand reaction: 20 pl 10 X second-strand buffer, 6 pl of second nucleotide mixture, 

85.9 pl of water, 2 p l  of RNasas H (3 units), and 11.1 pl of DNA polymerase I 

(99.9 units). After mixing, 5 pl of the reaction was transferred to a new tube and 

mixed with 0.5 pl  of a - [ 3 2 ~ ] - d l T ~  (3000 CVmmol, 10 mCüpI) to monitor cDNA 

quality . Both tubes were incubated at 16OC for 2.5 hr. After reaction, the cDNA 

sizes of the monitor reaction was examined by alkaline DNA gel electrophoresis. 

The cDNA was end-blunted by adding 23 pl of the blunting dNTP mix and 

2 p l  (5 units) of Pfu DNA polymerase and incubating at 72OC for 30 min. The 

reaction was extracted once with phenoUchlorofon and once with chloroform. The 

blunt-ended cDNA was recovered by ethanol precipitation at -20°C overnight and 

centrifugation at 10000 X g for 1 hr. The pellet was washed with 70% ethanol and 

freeze dried. 



3.9.3. Ligating the EcoR I adapters 

The cDNA pellet from the previous step was suspended in 9 pl of EcoR I adapters. 

Then 1 pl each of 10 X ligase buffer. 10 mM rATP, and T4 DNA ligase (4 units) 

were added to the tube. The reaction was carried out at 8OC overnight. The ligase 

was inactivated by incubating at 70°C for 30 min. 

3.9.4. Phosphorylating the EcoR I ends 

The EcoR I ends of cDNAs were phosphorylated by adding 1 p l  of 10 X ligase 

buffer, 2 pl of 10 mM rATP, 6 pl of water, 1 pl of T4 polynucleotide kinase (10 

units) to the tube and incubating at 3PC for 30 min. The kinase was inactivated 

by heating at 70°C for 30 min. 

3.9.5. Xho I digestion 

Xho I digestion was conducted by adding 28 pl of Xho I buffer supplemented and 

3 pl of Xho 1 (120 units) followed by incubating at 37OC for 1.5 hr. 

3.9.6. Size fractionation 

Small cDNA fragments, free adapters, and mono-nucleotides were removed from 

the reaction by passing through Sephacryl S-500 spin column. 

3.9.7. Ligating cDNA into the Uni-ZAP vector arrns 

The Uni-ZAP XR vector is a Lambda ZAP II vector which contains the pBluescript 



phagemid. The pBluescript phagemid can be spontaneously excised from the 

phage DNA with the help of ExAssist helper phage. 

Approximately 100 ng of the above cDNA was used for ligation. In addition 

to the cDNA. the reaction contained 0.5 pl of 10 X ligase buffer. 0.5 p l  of 10 mM 

rATP, 1 pg of the Xho IlEcoR 1-digested vector arms, and 2 units of T4 DNA 

ligase in a volume of 5 pl . The ligations were done at 12OC overnight. 

3.9.8. Packaging 

The ligation mix above was packaged with Gigpack III packaging extract by mixing 

with one aliquot of packaging extract and incubating at room temperature for 2 hr. 

The packaging mixture was mixed with 500 pl of SM buffer and extracted with 20 

pl of chloroform. The resultant supernatant was original cDNA library. 

3.9.9. Preparation of host bacteria 

The host bacterium strain XL1 -Blue MRF' glycerol stock was streaked ont0 a LB- 

tetracycline plate and incubated at 37% overnight. A single colony from the plate 

was used to inoculate LB broth supplemented with 10 mM MgSO, and 0.2% 

maltose. The culture was grown a i  37% for 6 hr. The bacteria were collected by 

centriiugation ( 500 X g, 10 min) and resuspended in 10 mM MgSO, at an OD, 

of 0.5. 

3.9.1 0. Titering 



A series of dilutions of the library were mixed with 200 pl of XLI-Blue MRF' cell 

culture and plated ont0 NZY plates containing 15 pl of 0.5 M IPTG, 50 pl of 50 

mgfml X-gal per 90-mm plate. The plates were incubated for 8 hr at 3PC. Phages 

containing inserts gave white plaques, while phages containing self-ligated vectors 

produced blue ones. 

3.9.1 1. Amplification of the original library 

The original library was amplified by plating on NYZ plates at a density of - 40000 

pfu per 150-mm plate. The phage particles were collected by soaking the plates 

in 10 ml of SM buffer per plate at 4OC overnight. The amplified library was stored 

at 4°C over chloroform (0.3 % final concentration), or at -80°C in 7% DMSO. 

3.10. Isolation of PR1 cDNA clones from the library 

3.1 0.1. The probe 

Arabidopsis PR1 cDNA plasmid pBSPRl was provided by Dr. John Ryals 

(Agricultural Biotechnology Research, 3045 Cornwallis Road, Research Triangle 

Park, NC 27709, USA). Plasmid DNA was extracted by using the PEG-miniprep 

protocol (see section 3.1 1.2). The plasmid DNAs were digested and PR1 inserts 

purified by the freeze-thaw protocol (see section 3.7). 

3.1 0.2. Screening of the Iibrary 

About 200,000 pfu of the library was used for the first screening. Phage from the 



8-hour old plate culture were transferred ont0 DuPont Colony/Plaque Screen 

membrane. The membrane was hybridized with [Y~]-labeled Arabidopsis PR7 

cDNA. Poslive plaques and surrounding areas were removed from the plates with 

the big end of Pasteur pipets. The agar blocks containing positive plagues were 

individually put into a 1.5-ml tube containing 1 ml of SM buffer and 20 pl of 

chloroform. 

The secondary screening was conducted by plating 50-1 00 pfu of the 

positive phage stocks obtained in the first screening on 100-cm NYZ plates. The 

selected areas of the plates were blotted onto Nylon membrane squares ( 1 X I 

inch). The blots were probed with ["PI-labeled Arabidopsis PR7 cDNA. Well 

separated positive plaques were removed with the small end of Pasteur pipets and 

put into 1.5-ml centrifuge tubes containing 1 ml of SM buffer and 20 pl  of 

chloroform. 

3.10.3. Excision of the pBluescript SK (O) phagemid 

Approximately 250 pl of the phage stocks from the secondary screening were 

mked with 200 pl of XL1-Blue MRF' (OD, of 1) and 1 p l  of the ExAssist helper 

phage (>1 X Io6 pfu/pI) and incubated at 3PC for 15 min. followed by adding 3 ml 

of LB broth and incubating overnight at 37%. The excised pBluescript SK (-) 

phagemids were collected by heating the culture at 70°C for 20 min and 

centrifuging for 15 min at 1 O00 X g. 0.5 pl of 100 X dilution of phagemid stock was 

used to transfect SOLR cells, which do not support the growth of helper phage and 



are resistant to lambda phage infection. Am picillin-resistant colonies, which 

contained double-stranded phagernids, were picked for further characterization. 

3.1 0.4. Selecting cDNA clones with large inserts 

DNA hybridization was used to authenticate the selected cDNA clones and to 

estimate the sizes of the inserts. Phagemid DNA prepared by mini prep protocol 

(see section 3.1 1.2) was digested with EcoR IIXho 1. The DNA fragments were 

separated by DNA agarose gel electrophoresis and blotted onto Bio-Rad Zeta- 

Probe GT Nylon membrane. The membrane was probed with ["PI-labeled 

Arabidopsis PR1 cDNA. Clones with large insefis (>600 bp) were selected for 

restriction mapping and sequencing analysis. 

3.1 1. Plasmid manipulation 

3.1 1.1. Transformation of E. coli cells 

In most cases. DH5a cells (GIBCO BRL) were used for plasmid/phagemid 

transformation. The transformations were carried out according to the 

manufacturer's instructions. Plasmid DNA (up to 5 ng for cohesive ligation. 50 ng 

for blunt-ended ligation) was mixed with 50-1 00 pl  of freshly thawed DH5a cells. 

After incubating on ice for 30 min, the cells were heat shocked at 42OC for 45 sec. 

The cells were chilled for 2 min on ice. After adding 0.95 ml of LE3 broth, the cells 

were incubated for 1 hr at 37OC. 100 pl of the cultures were plated ont0 

LB/ampicillin plates. 



3.1 1.2. Plasmid miniprep 

Plasmid DNA was prepared by the modified alkaline miniprep protocol (Ausubel et 

al.. 1994). Five ml of LB broth suppiemented with antibiotics was inoculated with 

a single colony and incubated overnight at 37%. 1.5 ml of the overnight culture 

was pelleted in a 1.5-ml tube. The pellet was resuspended in 200 pl of GTE (50 

mM glucose, 25 mM Tris-HCI, pH 8.0. 10 mM EDTA). The suspension was mixed 

with 300 pl of 0.2 N NaOH. 1 % SDS and kept on ice for 5 min. After being mixed 

with 300 pl of 3 M potassium acetate pH 4.8. the mixture was kept on ice for 5 min 

and centriiuged for 10 min. The supernatant was transferred into a new tube and 

treated with 2 pl of 10 mg/ml RNase A for 20 min at 3PC.  The solution was 

extracted once with chloroformlisoamyl alcohol and precipitated with an equal 

volume of isopropanol. The pellet was washed with 70% ethanol and air dried and 

redissoived in 32 pl of water. Eight microliters of 4 M NaCl and 40 pl of 13% PEG 

6000 were added to the plasmid solution. Aftet incubating for 20 min on ice, the 

samples were centrifuged at maximum speed for 15 min at 4OC. The DNA pellets 

were washed with 70% ethanol, air dried, and dissolved in 20 pl of TE. 

3.1 1.3. Polishing sticky ends with Pfu 

Cloned Pfu DNA polymerase(Stratagene) was used to polish the sticky ends of 

digested plasmid DNA. The reactions were conducted according to the supplier's 

manual. Approximately 1 p l  of DNA (c 1 pg) was mixed with 5 pl of 10 X Pfu 

buffer. 2 pl of dNTPs (2.5 mM each), and 1 p l  (2.5 units) of Pfu DNA poiymerase 



in a volume of 50 pl. The mixtures were incubated at 70°C for 30 min. Pfu DNA 

polymerase was removed by extraction wlh phenoî/chlorofom/isoarnyl alcohol and 

ch loroform/isoarn yl alcohol. The blunt-ended DNA was recovered by ethanol 

precipitation. 

3.1 1.4. Ligation 

DNA ligation was carried out according to Sambrook et al. (1 989). Approxirnately 

50 ng insert DNA and 50 ng vector DNA was mixed and heated at 45OC for 5 min. 

After chilling down on ice, 2 pl of 5 X ligase buffer and 1 unit of T4 DNA ligase 

were added in a total volume of 10 pl. The mixture was incubated at 16°C for 4 hr. 

3.1 2. DNA sequencing 

Al1 sequencing was done using an Applied Biosystems 373A DNA Sequencer. at 

the Plant Biotechnology Institute, Saskatoon. Canada. For one-run sequencing, T7 

primer was used. For the cornplete sequencing of cDNA. inserts were digested 

with suitable restriction enzymes and subcloned. T7. M13 -20, Reverse, or T3 

primers were used depending on the construct of a given plasmid. Both strands 

were sequenced. 

3.13. PCR 

3.13.1. PCR 

PCR reactions contained 2 mM of MgCl,, 100 pM of each dNTP, 20 pMol of each 



primer, and 1.25 U of Taq DNA polymerase in a volume of 25 pl. The reactions 

were done in an MJ Research PTL-100 Thermal Controller programmed for 94OC 

x 5 min and 35 cycles of 94OC x 30 sec, 58°C x 30 sec. and 72°C x 15 sec. AH 

primers were synthesized by Custom Service at GlBCO BRL. 

3.1 3.2. Differentially digested PCR 

PCR was conducted as described in the section 3.1 3.1, with the foward primer, 

oPZ802-For (S'GAGCTCTTGTTCATCCCTCG), and reverse primer, oPZ802-Rev 

(SJGCACGTGITTATATGTCG) (see Fig 4.9). The PCR products were ethanol 

precipitated and digested w lh  Hpa 1. The digested PCR products were separated 

by agarose gel electrophoresis and visualized by staining with ethidium bromide. 

3.14. Transformation of Agrobacterium LBA4404 

LBA4404 was transformed according to An (1987). Fifty ml of LB/streptomycin (50 

pg/ml) broth was inoculated with a single colony of LBA4404 and incubated at 

28°C with shaking (200 rpm) until the culture reached to an OD,=0.5. The cells 

were washed twice by suspending in 10 ml of 0.15 M CaCI, and centrifuging at 

3000 X g for 5 min. Cell pellets were resuspended in 1 ml of ice-cold 20 mM 

CaCI,. Two hundred pl of the cell suspension was mixed with 1 pg of plasrnid DNA 

in a 1.5-ml tube and frozen in liquid nitrogen for 1 min. After thawing at 37OC and 

adding 1 ml of LB, the cells were incubated at 28OC for 4 hr. The cells were 

concentrated in 0.1 ml of LB and plated on LB agar medium supplemented with 



50 pg streptornycinlml and 50 pg kanamycin /ml. The cultures were incubated at 

room temperature for 3 days. 

3.1 5. Transformation of B. napus 

3.1 5.1. Microspore culture 

Plant transformations were conducted according to Coventry et al. (1 988). Westar 

plants were grown in a growth chamber at 12*/6"C dayfnight temperature and with 

a photoperiod of 16 hr. Healthy. greenish buds with microspores in late uninucleate 

stage were harvested and sterilized in commercial bleach (4-5.6% sodium 

hypochlorite) for 15 min. followed by rinsing in sterile dd water for 3 x 5 min in a 

steel basket. The sterilized buds were transferred to a beaker and crushed with a 

Teflon plunger in about 10 ml of 112 85 medium. Microspores were separated by 

filtration through a Nytex 44 pm filter. Microspores were collected from the filtrate 

by centriiugation at 900-1 000 rpm for 3 min in a Fisher Centrific desktop centrifuge. 

followed by three cycles of washing in l/2 85. The washed microspores were 

suspended in NLN medium at 75,000-1 00.000 microspores/m l and dispensed into 

petri plates. The plates were sealed with a double layer of Parafilm and incubated 

in a light proof box at 32°C for 2-3 days and at 25°C for 2 weeks. followed by 

incubating at the same conditions with shaking in light until embryos were big 

enough to be transferred to solid B5 medium. Haploid plantlets were regenerated 

from the embryos on solid 85 and grown for 2-3 weeks at 25°C with a 16 hr 

photoperiod. 



3.1 5.2. Preparation of Bacteria 

Sense strains LBA4404::pPZ408-4 and LBA4404::p PZ4084 9 and antisense strain 

LBA4404::pPZ412-4A5 were grown in 5 ml of LB with 50 y g streptomycinlml and 

50 pg kanamycinlrnl at room temperature (25°C) for 12-16 hr until the OD, 

reached 1. The cells were washed with MS twice and the concentration was 

adjusted to OD,= 0.5. 

3.1 5.3. Transformation of plant tissue by co-cultivation 

Cotyledons and hypocotyls of haploid plantlets were cut into sections of 

approximately 0.5 cm in length. The sections were immersed in the Agrobacterjum 

culture for 20-30 min. Afterdried briefly on two layers of sterile filter paper, the 

section were transferred ont0 MS solid medium containing 1 mg 2.4-D/I and 50 pM 

acetosyringone and incubated at 25OC in dark. After 2 days, the sections were 

transferred ont0 the same medium supplemented with 250 pg timertinlml. The 

sections continued to be incubated for 8-10 days at the same conditions. 

3.1 5.4. Selection of transformed plant tissue 

The plant tissue sections were transferred ont0 MS selection solid medium 

supplemented with 2 mg BA/I. 10 mg AgNOdl, 250 pg timertinlml. and 25 pg 

kanamycinlrnl . After being cultured for 4 weeks (one transferltwo weeks) at 25OC 

wth a 16 hr photoperiod. the green calli were transferred ont0 the same selection 

medium except that AgNO, was omitted and the concentration of BA was 



increased to 2.25 mg/l to produce shoot formation. The green shoots emerging 

from the calli were transferred ont0 MT-1 medium supplemented with 250 pg 

timertinfml and 25 pg kanamycin/ml for rooting. 

3.1 5.5. Transplanting and doubling 

Rooted plantlets were transplanted into Jiffy Pots, and covered with clear plastic 

bags to keep the plantlets from losing water in the first week. Surviving plantlets 

were transplanted into pots. 

Dou bling of chromosomes was achieved by colchicine treatment. The plants 

were uprooted and roots were dipped in 0.34% colchicine for 1.5 hr with the air 

passing through the solution. The treated plants were rinsed in tap water for 1 0- 1 5 

times and were replanted in pots. The plants were grown in a growth chamber at 

20°/15"C dayhight with a 16 hr photoperiod until flowering. Then plants were 

moved to green house for seeding. All transgenic plants were individually bagged 

to prevent cross pollination. 

3.1 5.6. Kanamycin test 

Kanamycin tests were conducted by germinating seeds in Petri dishes on two 

layers of filter paper soaked in MS medium supplemented with 25 pg 

kanamycin/ml. The Petri dishes were incubated under natural light for 10 days at 

room temperature. The lengths of main roots were recorded. Wild type Westar 

seeds were used as control. 



3.15.7. Detecting the presence of transforming DNA sequences in transgenic 

plants with PCR 

Genomic DNA from transgenic plants was amplified by PCR (see above). Two sets 

of primers were used. Primers oPZ403-for (5'CGCACAATCCCACTATCCTT)I 

oPZ403-rev (5'TAACATAGATGACACCGCGC) (sam ple primers), specif ic for 

pB1121 sequences which flanking inserted PR1 sequences, were used to detect 

i n t r oduced  sequences, wh i le  pr imers oPZ802-For 

(5'GAGCTClTGlTCATCCCTCG)/oPZ802-Rev (SITGCACGTGTmATATGTCG) 

(control primers). specific for PR? genes (both native and introduced sense), were 

used as control primers to detected the quality of DNA samples. After amplification, 

the PCR products from sample and control reactions of each DNA sample were 

combined and separated by DNA agarose gel electrophoresis. On the gel. the 

slower bands are from the sample primers while the faster bands are from the 

control primers. 

3.1 6. Bioinformatics 

Bioinformatic analyses were done with GDE 2.3 (Genetic Data Environment, Smith 

et al. 1994) and associated software. DNA and protein sequences were aligned 

with ClustalW (Thompson et al, 1994). For phylogenetic analysis, PR1 sequences 

were retrieved from GenBank. Protein multiple alignment was done with PlMA 

(Smith and Smith, 1992). DNA multiple alignment was conducted with mrtrans 

based on the protein alignment. The DNA phylogeny was constructed from aligned 



protein coding sequences using the maximum likelihood program fastDNAml 1.0.6 

(Olsen et al., 1994). Trees were processed for figures using the TREETOOL tree 

editor (Maciukenas et al. 1994). The pis of PR1 proteins were calculated by using 

online pl Tool (http:// expasy. hcuge.ch/ch2d/piitool.htm 1). 



4. Results 

4.1. Disease symptoms produced through infiltration 

In order to study the early events in the Brassica-L. maculans interaction, leaves 

or cotyledons were inoculated by infiltration, which challenges a large area of cells 

in a uniform fashion. Cotyledons and the first two fully expanded true leaves of B. 

napus cv. Glacier were inoculated with the pycnidiospore suspension (2 x 10' 

sporeslm 1) of L. maculans PG2 (incompatible) or PG3 (com patible) by shooting 

the suspension directly into target tissues with a 1-cc syringe to which no needle 

was attached (Fig. 4.1A). Similar interaction phenotypes were observed in both 

cotyledons and leaves. In compatible interactions. brown to dark gray necrosis 

develops, accompanied by tissue collapse. In the incompatible interactions, 

chlorosis develops, followed by a yellowish necrosis at later times. Furthermore, 

two striking differences in interaction phenotype development between the two 

interactions were found. 1) Macroscopic interaction phenotypes develop one-day 

earlier in the incompatible interactions than in the compatible interactions; 2) 

lesions are limited to the inoculated areas in the incompatible interactions but not 

in the compatible interactions (Fig. 4.1 B. C). 

In order to determine whether or not live inocula are required for these 

interaction phenotypes, heat-treated pycnidiospore suspensions were used to 

inoculate Glacier cotyledons by infiltration (Fig. 4.1 D). While interaction phenotypes 

developed nonally in the cotyledons infiltrated with live PG2 and PG3 spores, no 

response was observed in the cotyledons inoculated with the heat-killed spores. 



Fig. 4.1. Interaction phenotypes of Glacier cotyledons and leaves infiltrated with 

L. maculans. 

Cotyledons and leaves were inoculated by infiltration with pycnidiospores from 

either incompatible (PG2) or compatible (PG3) L. maculans (2x10~ spores/ml) or 

sterile distilled water. The inoculated lobes of cotyledons are indicated by arrows. 

Each treatment was repeated at least three times with consistent results. A, 

Infiltration with an 1-cc syringe. Inset, spread of inoculum in a lobe (left) of a 

cotyledon. B. Glacier leaves (top) and cotyledons (bottom). 10 d.p.i. C, Time 

course of interaction phenotype development on Glacier cotyledons. D. Live 

inocula vs. killed inocula on Glacier cotyledons, 12 d.p.i. 
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4.2. cDNA library construction and isolation of two PR1 cDNAs 

A cDNA library was constructed using RNA isolated from Glacier leaves inoculated 

with PG2 (48 hr. p. i.). The library was screened with the Arabidopsis PR1 cDNA 

(Uknes et al. 1992). Approximately 50 positive colones were obtained from one 

fourth of the library (5x10' pfu). Sequencing of 3' ends of nine positive clones with 

long inserts showed at least two distinct classes of PR1 genes. One clone from 

each class. pPZ234-4 and pPZ234-19. was fully sequenced. and the genes 

corresponding to these sequences were designated Ypr7.l and Ypr7.2, 

respectively (Fig. 4.2). Conceptual translation revealed that Yprl. 1 and Yprl.2 

encode 161 AA and 162 AA poiypeptides. respectively. each with a predicted 26- 

AA hydrophobic signal peptide similar to that found in tomato PR1 homologue p l  4 

(Lucas et al.. 1985) (Fig. 4.3). Yprl. 1 encodes a mature acidic protein whose 

predicted pl is 6.44. while Yprl.2 encodes a basic protein whose predicted pl is 

8.57. The two PR1 cDNAs are 88.9% identical at the nucleotide level and 92.0% 

at the amino acid level. 

4.3. Polymorphism of UTRs of PR1 cDNAs 

In addition to the finding of two unique members of PR1 family, partial sequencing 

showed that each clone sequenced possessed a unique polyadenylation sites in 

3'-UTR (untranslated region) (Fig. 4.4). Apart from clone 19, no differences in 

sequences were found in the other four clones except polyadenylation sites, 

suggesting they might be transcribed from the same gene. Furthermore. two 



Fig. 4.2. Alignment of nucleotide sequences of Yprl.1 and Yprl.2 

The sequences of Yprl.2 identical tu those in Yprl. 7 are represented by dots. The 

coding sequences (CDS) are in upper case. Sequences encoding the putative 

signal peptides are underlined. Putative polyadenylation signals are double 

underlined. Two PCR primers, oPZ802-for and oPZ802-rev, are shown either 

above or beneath the corresponding sequences. The Hpa I site is in italic. 



--.- -4 --- 
Yprl . 1 cttggaaata gcacttataa aatacgaaaa ATGAAACTTCA CTAACTGTTC TCGACTTCTA 

Yprl.1 CAAGACTATG TCAACGCTCA CAACCAAGCA CGACAGGCAG TAGGCGTAGG TCCCGTGCAG 

. . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Yprl.2 .A........ 

Yprl.1 TGGGAZGGTA CGCTTGCAGC CTACGCTCAA AACTACGCCG ACCGACTAAG AGGCGACTGC 

Yprl.2 . . . . . . . . . . . . . . . . . . . . . .  T....... .G......., ........ C. .......... 

Yprl.1 AGACTCATAC ACTCCGACGG GCCTTACGGA GAGAACTTGG CCGGGAGTAG CGCCGACTTT 

. . . . . . . . . .  Yprl.2 . . . . . .  G... ...... GT.. . . . . . .  T... . . . . . . . . . . . .  T....... 

Hpa 1 
Yprl.1 TCTGGCGTCA GCGCCGTGAA CCTTTGGGTT AACGAGAAGG CTAACTATAA CCACGATTCG 

Yprl.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . . . . . .  .T...C.... 

Ypr1.l AACACGTGCA ---ATGGAGA ATGCCTTCAC TATACTCAGG TTGTTTGGAG AAAGTCTGTG 

Yprl.2 .......... TTA. . . . . . . . . . . .  G.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ypr1.l AGAATTGGAT GTGGCAAAGC GAGGTGTAAC PATGGTGGAA CCATCATTTC TTGCAACTAT 

Yprl.2 . . . . . . . . . . . . . . . . . . . .  A.....,... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Yprl.1 GATCCTCGGG GCAATTATGT GAACGAGAAG CCTTACTAAt gagttattat gcatcgacat 

. . . . . . . . . .  . . . . . . . . . .  Ypr1.2 .A........ . . . . . . . . . . . . . . . . . . . . . . . . . .  c... 
GCTGTA 

Yprl.1 ataaaacacg tgcaattatg tggacgtgtt tacatatt- ahaagaaca tcatatacag 

Ypr1.2 . . . . . . . . . . . . .  .ta. .-- - . . . . . . . . . . . . .  a . . . . ,  -..... ......g... 

TATTTTGTGC ACG ( PZ 8 0 2 - R e v  ) 

Yprl.1 gatgtgtatc aatattaaag aaaaataaaa atcaatggtt actaattatc cgttacctag 

Yprl.2 . . . . . . . . . . . . . . . .  t..a . t ~ t  . . . . . . . . . . . . . . . . . .  -- ---------- 

Yprl.1 tttactggca aaaaaaaaaa aaaaaa-- 
Yprl 2 --------- . . . . . . . . . . .  ..,.,.aa 



Fig. 4.3. The protein sequences of Yprl -1 and Yprl.2 

The protein sequences were conceptually translated from cDNA sequences with 

GDE. The alignment was done with ClustalW. The sequences of Yprl.2 identical 

to those of Yprl .l are presented in dots. The putative signal peptide is underlined. 





Fig. 4.4. Polymorphism of 3'-ends of PR7 cDNA clones. 

Multiple alignment of the partial 3'-end sequences of 5 PR1 clones was done with 

ClustalW. Poly-A tails are presented by (A)n. The putative polyadenylation signals 

(AATAAA) are underlined. 





perfect polyadenylation signals were identified in these sequences, indicating that 

poly(A) tails can be added at several different sites in PR1 transcripts. 

4.4. Characterization of two cloned PR1 cDNAs 

To compare the Brassica PRls with PR1 proteins from other plants. PR1 

sequences were retrieved from GenBank and a similarity analysis was done with 

ClustalW. The Brassica PR1 s are rnost similar to an Arabidopsis PR1 (75%). 

Similarity scores with other PR1 s are from 42% to 56% (Fig. 4.5). The similarity 

of four PR proteins was also compared wlh respect to their hydrophobicity profiles. 

As shown in Fig. 4.6, the hydrophobicity profiles of Brassica Yprl. 1 (BNU70666) 

and three other PR1 proteins are very similar. 

4.5. Characteriration of Brassica PR 1 gents 

4.5.1. PR1 gene family in B. napus 

To detemine the copy number of PR7 gene in B. napus, DNA hybridization was 

conducted. Twenty micrograrns of B. napus cv. Westar genomic DNA was digested 

with restriction enzymes, Dra 1, EcoR 1. BamH 1, or Hind III. None of the enzymes 

cut within Yprl.1 or Yprl.2 cDNA. The digested DNA was separated by DNA 

agarose gel and blotted onto Nylon membrane. The blot was probed with Yprl. 1 

cDNA. As shown in Fig. 4.7, the four restriction endonucleases produced one to 

four bands, suggesting that Braçsim PR1 is a small multigene farnily of about four 

copies per haploid genome. BamH I and Hind III produced only single bands, 



Fig. 4.5 Cornparison of identities of Brassica PR1 with PR1 proteins from other 

species. 

PR1 protein sequences of Arabidupsis (ATHPR1 , ATHRPRPI A). tobacco 

(NTPRIAG, NTPRIAGZ. TOBPRIA. NTPRI B. NTPRIC, NTPRBI B, NTPRPI, 

NTPRIR, NTW381). tomato (LEPRIAIA. TOMPR4, TOMPRG), Sambucus nigra 

(SNPR1 JETS). and B. napus (BNU64806 [Yprl.2], BNU70666 [Yprl. 11) were 

conceptually translated from their mRNA sequences and analyzed with ClustalW. 

Sequence names listed above are taken from GenBank LOCUS lines for each 

sequence. 





Fig. 4.6. Hydrophobicity profiles of four PR1 proteins. 

Four PR1 proteins. ATHRPRl A (A. thaliana), BNU70666 (B. napus), TOBPRl A 

(tobacco), and LEP1 14 (tomato). were conceptually translated frorn their cDNA 

sequences. The relative hydrophobicity profiles were calculated with GDE (window 

size: 5). 





Fig. 4.7. DNA hybridization analysis of PR1 genes in B. napus cv. Westar. 

Westar genomic DNA was digested with the selected restriction enzymes and 

separated by agarose gel electrophoresis. The DNA blot was probed with Yprl. 1 

cDNA. The 1-kb ladder standard (GBICO BRL) sizes are in bp. 





indicating that PR7 genes are closely clustered in Brassica. 

4.5.2. Cornparison of PR 1 gene organizations among three Brassica species 

Am ph idiploid B. napus (AACC) originated from an interspecific cross of B. rapa 

(AA) and B. oleracea (CC) (U, 1935). Molecular data suggest that several 

independent polyploidization events may have occurred (Song and Osborn. 1992). 

DNA gel blot hybridization was used to compare the organization of PR1 genes in 

these species. Genomic DNA of 8. napus cv. Glacier, B. rapa cv. Torch, and 8. 

oleracea cv. BRAI 61 were digested with different corn binations of: Hpa 1. which 

digests only Yprl. l ; Xho 1 ,  which digests only Yprl.2; and Dra1 and Hind III, 

which digest neither gene (Fig. 4.8). For B. napus cv. Glacier or B. rapa cv. Torch, 

three or more bands were detected in al1 digests. In contrast, B. oleracea cv. 

BRAI61 exhibited only one band in al1 digests except Dra IIHpa 1, for which two 

bands were seen. Furthermore, at least one band of comparable size could be 

identified in al1 three species. Taken together, the results suggest that 1) PR1 

genes are differently organized in the three cultivars; 2) there is more than one 

copy of PR1 in Glacier and Torch; but probably only one copy in BRA161. 

For a more definitive cornparison of PR1 genes arnong the three species. 

differential digested primer chain reaction (DDPCR) was conducted. Genomic 

DNAs from the three plants were amplified by PCR using primers oPZ802- 

For/oPZBOZ-Rev. Phagem ids pPZ234-4 ( Yprl. 1 )  and pPZ234- 1 9 (Yprl.2) were 

used as controls. PCR products were digested with Hpa I (the corresponding 

sequences of primers and Hpa I site are shown in Fig. 4.2),which cuts the PCR 
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Fig. 4.8. Comparison of DNA hybridization band patterns of three Brassica species. 

B. napus, B. rapa, and B. oleracea 

Genomic DNA from Glacier (B. napus), Torch (B. rapa), and BRAI 6 1 (B. oleracea) 

were digested with selected restriction enzymes and separated with agarose gel 

electrophoresis. The DNA was transferred ont0 nylon membrane and probed with 

Yprl. 7 cDNA. The rnarker sizes are in bp. 



Dra I HpaI DraIIHpaI HindIII HindIIIIXhoI 



product of Yprl. 1 to produce two bands of 221 and 248 bp, but not that of Yprl.2, 

which gives a single 469 bp band (Fig. 4.9). In B. napus cv. Glacier and B. rapa 

cv. Torch. bands corresponding to Yprl. l and Yprl.2 were seen. while B. oleracea 

cv. BRAI61 exhibited only the Yprl. 1 banding pattern. (Although Xhol was also 

polymorphic between the two genes. this site occurs too close to the ends of the 

cDNA to facilitate DDPCR). 

4.6. Phylogenetic analysis 

A maximum likelihood tree of PR1 cDNA sequences from B. napus. tobacco. 

tomato. Arabidopsis, and European elder (Sambucus nigra). and the predicted pl's 

of their corresponding proteins. is shown in Fig. 4.10. The acidic and basic 

Brassica PRIS are more closely-related to each other than to PR1 genes from 

other species. suggesting a recent divergence from a single PR1 gene. A basic 

Arabidopsis PRI ,  ATHRPRIA, is most closely related to Brassica PRls. All the 

acidic forrns of tobacco PR1 cluster together. Two basic tobacco genes are more 

closely related to tomato PR1 genes than to tobacco acidic PR1 genes. These 

results do not support the hypothesis that acidic and basic forms of PR1 are 

conserved orthologous copies, but rather suggest many independent origins of 

acidic and basic forms from individual PR1 genes in several species. 

4.7. The expression of PR1 gene in B. napus 

4.7.1. Induction of PR1 gene in incompatible Glacier-PG2 interaction 

The results in Fig. 4.1 show that the incompatible and compatible interaction 
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Fig. 4.9. DDPCR analysis of Yprl.1- or Yprl.2-like PR1 genes in three Brassica 

species. 

Genomic DNA from Glacier, Torch. and BRAI 61, and phagemid DNA of pPZ234-4 

and pPZ234-19 were amplified with PCR using PR1 specific primers oPZ802- 

forfoPZ802-rev. The original (Uncut) and Hpa I-digested (Cut) PCR products were 

separated with agarose gel electrophoresis. The DNA bands were stained with 

ethidiurn bromide and visualized with UV light. Phagemid pPZ234-4 and pPZ234- 

19 were used as digestion control. The lowest bands of each lane are artifacts of 

PCR reaction. Water was used as negative control. 





Fig. 4.10. The maximum likelihood tree of PR1 genes 

Seventeen PR1 sequences from B. napus. Arabidopsis, European elder, and 

tomato, are represented by GenBank LOCUS names and predicted pl's (in 

parentheses). Species are indicated with ovals. 8. napus BNU64806 (Yprl.1, 

GB::U64806), BNU70666 ( Yprl.2, GB::U70666). A. thaliana: ATPRI (M59196), 

ATHRPRPl A (M90508) . Sambucus nigra: SNPR1 JET9 (246947). N. tabacum: 

NTPR1 AG (X05959), NTPRI AG2 (X06930). TOBPR 1 A (Dg01 96), NTPRPR 

(X03465). NTPRl B (XI 2486). NTPRl C (XI 2487), NTPRB1 B (basic form), 

NTPRPl (XI 4065). Solanum lycopersicum: LEPRI A1 A (X71592), TOMPRP4 

(M69247), TOMPRP6 (M69248). (See Methods for details). 



Arabidopsis 

European elder 
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phenotypes in the Brassica-L. maculans pathosystem are strikingly different. 

However, this macroscopic difference can only been seen at 5 d.p.i. or later. 

However. resistance or susceptibility should be determined much earlier. This 

determination can be controlled by molecular events and can be indicated by 

molecular markers. With this assumption in mind. the induction of PR1 in leaves 

of the incompatibie and compatible interactions was examined. The first two fully 

expanded leaves of Glacier were infiltrated with pycnidiospore suspensions of 

PG2, PG3 or water (mock inoculation). Total RNAs extracted from the inoculated 

leaves O hr or 48 hr.p.i. were subjected to RNA hybridization analysis using Yprl .  1 

cDNA as the probe. The results are shown in Fig.4.11. At O hr.p.i.. no significant 

signals could be detected in al1 treatments. However, induced signals were 

detected in both interactions but not in mock inoculation 48 hr.p.i. The signal in the 

incompatible interaction was significantly stronger than in the compatible 

interaction. 

To verify that PR1 induction is the result of the interaction between plant 

and fungus, the PRI-eliciting activity of live and dead inocula was compared. The 

PG2 and PG3 pycnidiospore suspension was killed by heating in a boiling water 

bath for 25 min. Glacier cotyledons were inoculated with the live and heat-killed 

PG2 or PG3 spore suspensions RNA extracted from the samples 48 hr.p.i. was 

subjected to RNA hybridization analysis. As shown in Fig.4.12. dead spores induce 

only minimal PR1 expression at 48 hr.p.i.,as evidenced by RNA gel blot analysis. 

4.7.2. Time course of PHI induction 
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Fig. 4.1 1. Induction of PR1 mRNA in leaves inoculated with compatible or 

incompatible L. maculans. 

Total RNA was extracted from the first two true leaves inoculated with PG2 

(incompatible) or PG3 (compatible) pycnidiospores (2 x IO' spores/ml) or water 48 

hr.p.i. and analyzed by RNA hybridization. 10 pg of RNA was loaded per lane. A, 

RNA hybridization with Brassica Yprl. 1 cDNA as probe. B. Relative hybridization 

signal from densitometry (bars: means of triplicates; vertical lines: standard error 

of the mean). C, RNA gel stained with ethidium bromide. 



O hr. p. i. 48 hr. p. i. 

Water PG2 PG3 Water PG2 PG3 



Fig. 4.12. Cornparison of the induction of PR1 by live and killed inocula in Glacier 

cotyledons. 

Total RNA was extracted from cotyledons inoculated with either the [ive or heat- 

killed pycnidiospores (2 x 10' sporeslml) of PG2, PG3 or water 48 hr.p.i. and 

analyzed by RNA hybridization. 10 pg of RNA was loaded per lane. A, RNA 

hybridization with Brassica Yprl.1 cDNA as probe. B, RNA gel stained with 

ethidium brornide. 





To determine how early PR1 expression is induced by L. maculans. Glacier 

cotyledons were inoculated with PG2, PG3. or water and harvested at several 

times from O to 96 hr.p.i. Hybridization analysis of RNAs from these tirnepoints is 

shown in Fig. 4.13. As above, water inoculation did not induce PR1 at any time. 

lnduction of PR1 was detected at al1 times in fungus-inoculated samples. even as 

early as 5 hr.p.i. (data not shown). In the first 12 hr.p.i., PR1 is induced in both the 

Glacier-PG2 and Glacier-PG3 interactions. lnduction in the Glacier-PG3 in teraction 

is slightly stronger than in the Glacier-PG2 interaction. At 24 hr.p.i., expression 

decreases significantly in bath treatments. However. from 36 to 96 hr.p.i. PR1 is 

expressed strongly in the incompatible Glacier-PG2 interaction but relatively weakly 

in compatible Glacier-PG3 interactions, in which signal returns to near control 

levels by 96 hr.p.i. 

To detect possible coordinate expression of PR1 with other defense genes. 

timecourse RNAs were also hybridized with probes for A. thaliana P-1,3-glucanase 

(PR2). A. thaliana thaumatin/osm otin-like protein PR5 and radish defensin. (Fig. 

4.14). The induction pattern of PR2 was similar ta that of PRI. Within the first 12 

hr-p-i.. the induction in PG3-inoculated plants is stronger than that in PG2- 

inoculated plants. However. the induction become stronger in PG2-inoculated 

plants than in PGSinoculated plants from 24 hr.p.i. In contrast. defensin mRNA 

was seen even in the water control, with no obvious differences between PG2- and 

PG3-inoculated plants. Expression of PR5 could not be detected in al1 samples 

(data not shown). 



Fig. 4.13. RNA hybridization analysis of the tirne course of PR1 induction by PG2 

and PG3 in Glacier 

Glacier cotyledons were inoculated with pycnidiospores (2 x IO' spores/ml) of PG2 

or PG3. Samples were harvested at various time points from O to 96 hr.p.i. 10 pg 

of RNA was loaded per lane. A, RNA hybridization with Brassica Yprl. 7 cDNA as 

probe. B, Relative hybridization signal densities (M. water; V, PG2; O, PG3; mean 

of triplicates) with standard deviation (vertical lines). 
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Fig. 4.14. RNA hybridization analysis of induction of PR2 and defensin by PG2 and 

PG3 in Glacier. 

Total RNA was extracted from cotyledons inoculated with pycnidiospores (2 x 10' 

spores/ml) of PG2, PG3. or water 36 hr.p.i. 10 pg of RNA was loaded per lane. 

RNA blot was probed by [P~]-labeled Arabidopsis P-1,3-glucanase cDNA (A) and 

radish defensin cDNA (C). B and D, RNA gel stained with ethidium bromide. 



Defensin 



4.7.3. Induction of PR1 by chernical and physical treatments and constitutive 

expression of PR1 in different tissues 

Defense gene expression has often been shown to be influenced by 

developrnental or environmental stimuli other than pathogens. For this reason, 

expression of Brassica PR1 was assayed by RNA gel blots using RNA from cv. 

Glacier leaves treated with 2 mM sodium salicylate (SA), wounding or heat shock. 

As shown in Fig. 4.15. SA can stimulate expression of PRI, though the 

hybridization signal is weaker than that in the Glacier-PG2 interaction. However. 

no detectable hybridization signals were found in heat shocked or wounded Glacier 

leaves. As well, no PR1 mRNA was detected in healthy cotyledons. mature leaves. 

flowers or young siliques. 

4.8. Transformation of Westar plants 

4.8.1. Chimeric constructs 

Two sense and one antisense chimeric plasmids were constructed. Chimeric 

plasmids were made using the Clontech vector pB1121. GUS coding sequence in 

the pB1121 was replaced by two sense, or one antisense PR1 cDNA sequences. 

The two sense chimeric plasmids contain the full sequences of Yprl. l (pPZ406-4) 

or Yprl.2 (pPZ406-19). while the antisense chimeric plasmid contains a large 

fragment of Yprl. 1 in inverse orientation. All three inserted sequences are 

controlled by the CaMV 355 promoter and the NOS terminator. The relevant 

features of the three chimeric constructs are illustrated in Fig 4.16. 



Fig. 4.1 5. RNA hybridization analysis of PR1 Induction by SA, wounding, and heat 

shock and constitutive expression of PR1 in Glacier. 

Total RNA was extracted from PG2-inoculated cotyledons (48 hr.p. i.), healthy 

cotyledons. mature leaves, flowers, and young siliques, or cotyledons treated with 

SA (5 mM. 24 hr), wounding, (24 hr) or heat shock (40°C for 2 hr, sarnpled after 

24 hr). 10 l g  of RNA was loaded per lane. A, RNA hybridization with Brassica 

Yprl. 1 cDNA as probe. 6,  RNA gel stained with ethidium bromide. 





Fig. 4.16. Schematic presentation of sense and antisense PR7 chimeric constructs 

used for transformation of Westar. 





4.8.2. Transformation of Agrobacterium LBA4404 

Agrobacterium LBA4404 was transformed with the three chimeric plasmids, 

pPZ406-4. pPZ407-19, or pPZ411-4A. Approximately 3000 Kan' colonies were 

obtained in each transformation with pPZ406-4 and pPZ407-19 and 1 O00 colonies 

with pPZ411-4A. 

Transformation of LBA4404 was verified by restriction digestion or PCR (data not 

shown). 

4.8.3. Transformation of Westar plants 

4.8.3.1 Haploid Westar plantlets 

Donor plants were grown in a growth room at 6"/12"C night/day temperature with 

a photoperiod of 16 hr. Buds with late uninucleate microspores were used for 

microspore culture. The ratio of embryogenesis was around 1%. Embryoids and 

haploid plantlets are shown in Fig. 4.1 7A and B. 

4.8.3..2. Transformants 

The cotyledons and hypocotyls of young haploid plantlets were cut into small 

sections and CO-cultivated with LBA4404::pPZ406-4, LBA4404::pPZ407- 1 9, or 

LBA4404::pPZ411-4A. Haploid plantlets were regenerated through organogenesis 

under selection with kanamycin. Green shoots were rooted and transplanted into 

Jiffy Pots. Approximately 70 independently transformed plants survived. However. 

only one antisense transformant was obtained. All surviving plants were diploidized 

by colchicine treatment (Fig. 4.17C. D, E, F). 
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Fig. 4.17. Status of transformed Westar at various stages 

A, Embryoids from microspore culture. B, Haploid plantlets. C, Transformed 

sections of haploid plantlets. D, Kanamycin resistant young transformant. E, 

Seedling for colchicine treatment. F. Adult doubled haploid transfoned plant. 





4.8.2.3. Verification of transformants by PCR and preliminary blackleg- 

resistance evaluation 

Due to the presence of native PR1 genes in the donor plants. the introduced PR1 

sequences could only be detected by PCR using vector sequences flanking PR7 

cDNA inserts as primers, while primers specific to PR1 genes were used in control 

PCR. Two microliters of genomic DNA extracted frorn T, plant leaves. using the 

fast DNA extraction protocol were amplified with PCR using primers oPZ-403- 

for/oPZ-403-rev (sample) or oPZ802-for/oPZ802-rev (control). The PCR products 

were separated by agarose gel electrophoresis (Fig. 4.18). Approximately 60°h of 

independent transformants displayed inserted PR7 cDNA bands. The single 

antisense transformant did not show introduced PR1 cDNA bands. 

In a prelirn inary blackleg-resistance evaluation, no significantly better 

blackleg resistant transgenic lines were identified (data not shown). 

4.8.3 Comprehensive evaluation of 6 transgenic lines 

Kanamycin resistance tests showed that there is segregation in T, plants of some 

transgenic lines (data not shown). To avoid the effect of heterozygocity of 

transgenic lines on disease resistance evaluation, 6 homozygous transgenic lines 

(detected by kanamycin resistance test, see below) were selected. The 6 lines 

were: 1) four T, lines (seffed progeny of T, plants), W19-83 #3, W19-68 #2, W19- 

B6 #2. W19-B4-#6, 2) three T, lines (selfed progeny of T, plants), W19-C Tl-7. 

W4-A5 #2 Tl-2, W4-C Tl-3. Doubled haploid Westar, W-control3, was used as 

control. 
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Fig. 4.18. Verification of Westar transformants by PCR 

DNA from leaves of transgenic plants was amplified by PCR with primers oPZ- 

403-for/oPZ-403-rev (Sample) and control primers oPZ802-forfoPZ802-rev 

(Control). The PCR products were separated by agarose gel electrophoresis and 

stained with ethidium brom ide. 





4.8.3.1 Kanamycin resistance test 

b e n  when doubled-haploid plants are produced from haploid tissue, there is no 

guarantee that ail cells of the tissue became transformed. Therefore, the resultant 

T, plants are certain to be diploid at al1 loci except the transgene. Offspring from 

such mosaic plants, when selfed, will be either homozygous for the transgene, 

heterozygous, or homozygous null. Kanamycin resistance is an effective and 

simple way to eliminate the false transformants and to detect transformant lines 

in early generations. Though kanamycin cannot inhibit the germination of seeds of 

kan- plants, it can effectively inhibit the growth of their roots (Fig. 4.1 9A). 

Kanamycin tests showed that the root length of every transgenic line tested 

was significantly longer than that of control line W-control3, suggesting that these 

lines contain introduced NTP II gene. Furthemore, no individual transgenic plants 

produced roots comparable to that of the control, suggesting the transgenic lines 

tested might be homozygous (Fig. 4.1 98). 

4.8.3.2. Detection of transferred PR1 sequences by PCR 

Twenty five plants from each line were grown in Jiffy Pots in a growth chamber 

conditioned at 20/16"C day/night temperature and a 16 hr photoperiod. The same 

sets of plants were used for disease resistance evaluation, PCR tests. and 

constitutive expression analysis. To detect the presence of in troduced PR 1 cDN As 

in those lines, genomic DNA was extracted from pooled leaf tissues of each line 

and analyzed with PCR. 100 ng of genomic DNA was used for each PCR reaction. 

As shown in Fig. 4.20, control PCR bands were detected in al1 lines. Sample 
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Fig. 4.1 9. Kanamycin resistance test of transgenic Westar lines 

Kanamycin resistant (Kant) and sensitive (Kan-) plants were grown in SM medium 

supplemented wlh 25pghl kanamycin for 10 days (A). Seeds of 6 transgenic and 

control lines were germinated on two layers of filter paper soaked with SM 

supplemented with 25 pg/ml kanamycin in sterile Petri dishes. The lengths (bar, 

means of main root lengths, vertical line, standard error of the means) of main 

roots were measured 10 days postgermination (B). The nomenclature of transgenic 

lines is interpreted below. 





Fig. 4.20. PCR detection of transferred PR1 in 6 transgenic lines 

100 ng of pooled DNA from each line was amplified by PCR with primers oPZ- 

403-for1oPZ-403-rev (Sample) and control primers oPZ802-forIoPZ802-rev 

(Control). The PCR products were separated with DNA agarose gel 

electrophoresis and stained with ethidium bromide. 
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bands were only detected in al1 transgenic lines except W4-A5 #2 T l  -2. but not in 

the control line. Since line W4-A5 #2 T l  -2 was resistant to kanamycin (Fig 4.1 9). 

it is likely that its T-DNA insertion is only partial, i.e., lacking the PR1 sequence. 

4.8.3.3. Constitutive expression of PR1 in transgenic plants 

Pooled leaf disks (collected with a cork borer) from the same set of plants were 

used for RNA extraction and RNA hybridization analysis (Fig.4.21). Coincident with 

the PCR result. W-control3 exhibited only a background level of PR1 expression. 

while the transgenic lines. except W4-A5 #2 Tl-2. exhibited much stronger PR1 

hybridization signals. 

The same batch of RNA samples was also used for dot blot analysis to 

determine levels of constitutive expression of PR1 in the transgenic. As shown in 

Fig. 4.21 C, hybridization signal levels of al1 transgenic plants. except W4-A5 #2 T l  - 

2, are significantly higher than that of W-control3. but significantly lower than the 

induced PR1 level in the PG2-inoculated Glacier cotyledons. If the value of W- 

control3. which resulted mostly from non-specific binding of the probe, is 

subtracted from values of other samples. the hybridization signal levels of 

transgenic plants are only one fifth to a half of that of the PG2-inoculated Glacier 

cotyledons. 

4.8.3.4. Resistance to PG2 

Resistance to blackleg in the transgenic lines was evaluated with the cotyledon 

pinprick inoculation method using a 0-4 disease scoring system. As shown in Fig. 



Fig. 4.2 1 . Constitutive expression of PR1 in transgenic plants. 

Total RNA was extracted from pooled leaves. 10 pg/lane of RNA was separated 

with RNA agarose gel electrophoresis and analyzed by RNA hybridization with 

Yprl. 1 cDNA as probe (A). (B) Ethidium bromide stained gel of RNA samples 

shown in (A). (C) Analysis of RNA levels by dot blotting and liquid scintillation 

counting ( bar, mean of triplicates; vertical line, standard error of the mean). Five 

pg total RNA was used for dot blot analysis, and was hybridized with the Yprl .l 

cDNA probe. 





4.22, none of the transgenic lines scored significantly different disease rating 

scores than the control line W-control3, though some of the transgenic line seems 

better than the control. 

4.8.3.5. Constitutive expression of PR1 in individual plants 

Some individual plants of lines W19-C Tl -7 and W4-A5 #2 T l  -2 exhibited lower 

disease scoring scores than did control plants. To compare the constitutive 

expression levels of PR1 between higher- and lower-scored individual plants, 6 

plants form each line were selected for RNA extraction and RNA hybridization 

analysis. As shown in Fig. 4.23, there was no apparent association between the 

levels of hybridization signals and disease rating scores. 



Fig. 4.22. Disease rating of 6 transgenic lines 

Twenty-five plants from each line were inoculated with PG2 pycnidiospore 

suspension (2 x 10' sporeshl) on cotyledons. The disease development was 

rated with a 0-4 scored rating system at 14 d.p.i. (bar, mean of scores. vertical 

line, standard error of the mean). 





Fig. 4.23. RNA hybridization of constitutive expression of PR1 in individual 

transgenic plants 

Total RNA (1 0 pg/lane) from single transgenic plants were analyzed by RNA 

hybridization with Brassica Yprl. 7 cDNA as probe. A, autoradiograph. B, RNA gel. 
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S. Discussion 

5.1. Infiltration inoculation 

In commonly-used L. maculans inoculation protocols, interaction phenotypes are 

not apparent until several days postinoculation. At the same tirne, these methods 

produce very small lesions at pinpricks on the cotyledons of resistant cultivars. To 

follow the molecular events occurring in the early hours postinoculation, a large 

num ber of cells m ust be challenged uniformly. Though infiltration is commonly 

used for inoculation with bacterial pathogens, it has seldorn been used with fungal 

pathogens partially due to the large sizes of rnost fungal inocula. However, L. 

maculans pycnidiospores are quite small (3-5 x 1.5-2 Pm, Williams, 1992), allowing 

them to pass into Brassica cotyledons, presumably through the stomates, a natural 

site of entry. 

The interaction phenotypes produced by the infiltration are quite similar to 

these produced by the pinprick inoculation (Mengistu et al., 1991 ). However, sorne 

subtle features of symptom development can only be observed in infiltration- 

inoculated plants. Chlorosis in the incompatible interactions can be observed by 

the naked eye 4 d.p.i.. one day earlier than in the compatible interactions. 

Presumably, chlorosis in incompatible interactions is the macroscopic manifestation 

of a hypersensitive response. Two observations supports this hypothesis. 1 ) Heat- 

killed spores and spore-free inoculum (ultrafiltrate of pycn idiospore suspension, 

data not shown) produced no chlorosis; 2) the chlorosis was always delimited in 

the inoculated areas in incompatible interactions. Harnmond and Lewis' (1 987) 



observations also support this hypothesis. They found that host cell necrosis 

occurred beyond the hyphal front in incompatible 8. napus-L. maculans interaction. 

It is worth to point out that the infiltration method does not rnimic the 

process of natural infection. Obviously, the concentration of spores in fields can not 

reach a level as high as that in the inoculum used for infiltration. 

5.2. Brassica PR1 genes, transcripts and proteins 

Sequenc analysis of several cloned Brassi- PR1 cDNAs showed a polymorphism 

in the 3'-untranslated region (3'-UTR) of PR1 mRNA. Though only two perfect 

polyadenylation signals (AATAAA) were identified in the cloned cDNAs, at least 5 

different 3'-UTRs were identified. Among them, 4 cDNAs rnight corne from the 

same gene, as suggested by single run of 3'-end sequencing. 3WTR is important 

in controlling translation and degradation of mRNA (Hunt, 1994; Jacobson and 

Peltz, 1 996). However, whether the differential 3'-UTRs in Brassica PR1 m R N A  

affect translation or RNA degradation remain to be dernonstrated. 

DNA hybridization showed that PR1 is a small gene family in Brassica. At 

least two classes of PR1 genes, represented by Yprl. 7 and Ypr1.2, were detected 

in B. napus cv. Glacier and in B. rapa cv. Torch, but only Yprl. 7-like genes were 

detected in B. oleracea cv. BRAI 61. These data suggest that either B. oleracea 

carries only Yprl.1, or that B. oleracea also has Ypr1.2-like genes which have lost 

the Hpa I site. The latter could be discounted if PR1 is a single copy gene in B. 

oleracea, as suggested by several of the digests, especially the digest with Xho 



1. which is specific to Yprl.2. 

Brassica PR1 genes are likely in a tandem repeat. as indicated by single 

bands produced by H i d  III and BamH 1 in DNA hybridization. The tandem repeats 

of members of a gene famity in plants are common. This suggests that the sarne 

or similar rnechanisms are involved in gene duplication in plants. Alternatively. 

singleband patterns might reflect that there are only one copy of PR1 per haploid 

genome of B. napus. 

The phylogenetic distance between the two Brassica PRIS is small. 

suggesting a recent divergence from a single gene. Since Yprl .Plike genes could 

be detected in B. rapa (AA) and B. napus (AACC). but not in B. oleracea (CC), it 

is possible that Yprl.2 evoived after the AA and CC genomes diverged from their 

common ancestor. If that was the case, B. napus would have obtained Yprl.2 frorn 

the B. rapa genome. Phylogenetic analysis also showed that most other PRIS, 

such as tobacco acidic PRIS, are also clustered within the species. indicating that 

PR1 genes are evolving rapidly. 

The similarity of two Brassica PR1 genes is high, although the predicted pl's 

of the two PR ls  are quite different ( 6.44 for Yprl. 1 and 8.57 for Yprl.2). PR1 

proteins are targeted either extracellularly or to vacuoles. In tobacco, acidic and 

basic PR1 s are targeted to apoplast and vacuoles, respectively (Bol et al. 1990). 

In other species, targeting of PR1 does not always follow the tobacco model. For 

example, two barley basic PR1 proteins (HvPR-la, HvPRlb) are detected 

extracellularly (Bryngelsson et al. 1994). Tornato basic PR1 protein p l 4  is present 



in both intercellular spaces and in vacuoles (Vera et al. 1989). It was also reported 

that an tobacco acidic PR1 (PR-lb) could be detected within crystal idioblast 

vacuoles (Dixon et al. 1991). Other PR proteins, such as tomato basic PR5 (NP24) 

(King et al. 1988), potato basic chitinase (Kombrink et al. 1988) are also secreted 

extracellularly. 60th vacuole-targeted and apoplast-secreted pre-PR1 s contain 

hydrophobic signal peptides of approximately 25-AA long. Some PR proteins 

contain C-terminal extensions. Both Brassica PR1 s contain a 26-AA long signal 

peptide but nelher contains the C-terminal extension. It was postulated that nelher 

the signal peptides nor the C-terminal extensions control PR1 targeting (Bol et al. 

1990). but the explicit motifs controlling PR1 protein targeting are unknown at 

present. The targeting of the two Brassica PRIS remains to be demonstrated 

experimentally. 

Tobacco and tomato PR1 proteins display antifungal activity both in vivo 

(Inhibitory activity towards fungal growth in leaf disks) and in vitro (inhibitory activity 

towards to spore germination) (Niderman et al. 1995). However, antifungal activity 

of PR1 proteins from other plants, including Yprl.7 and Ypr7.2 frorn 0. napus 

remains to be demonstrated. 

5.3. Induction of Brassica PR1 

In L. maculans-Brassica interactions, macroscopic interaction phenotypes cannot 

be determined until several days postinoculation. Study of the early biochemical 

and molecular events is crucial to an understanding of resistance mechanisms in 



the L. maculans-Brassica pathosystem. In this work, the induction of PR1 could be 

detected as early as five hr.p.i. (data not shown). This indicates that the earliest 

molecular response to L. maculans must take place within five hours. 

In the first 12 hr.p.i., the expression of PR1 and PR2 are similar between 

compatible and incompatible interactions. At later times, these genes are more 

strongly-expressed in the incompatible interaction. Two hypotheses can explain 

this difference. One hypothesis is that the compatible PG3 suppresses defense 

mechanisrns at later tirnes, including expression of PR1 and PR2. The other 

possibility is that the low level of expression seen with PG3 represents a non- 

specific response, which is augmented with the incompatible PG2 by some 

additional speclic response. The latter would be more consistent with a dominant 

resistance gene/avirulence gene mechan ism. 

Non-specific activation of defenses in early hou rs postinocu lation, followed 

by a second wave of induction specific to the incompatible interaction, has been 

observed in other systems. In response to bacterial infection, components of the 

oxidative burst are activated in tobacco and tomato cells within the first hr.p.i. with 

either compatible or incompatible pathovars, while a second, longer-lived response 

occurs 1 -5 to 3 hr. p.i. in incompatible interactions only (Baker et al., 1 991 ; Keppler 

et al., 1989). In pea tissue inoculated with Fusarium solani races, expression of 

PR10 and DRR206 genes is induced during the first 8 hr.p.i., with both compatible 

or incompatible races, but a second wave of induction 12 - 48 hr.p.i. is only seen 

with the incompatible race (Fristensky et al., 1985). A comparable pattern of 



induction was seen for PAL, 4CL, and PR10 in parsley leaves inoculated with 

Phytophthora megasperma var sojae (Reinold and Hahlbrock, 1996). 

Induction of PR1 can resuk from the interaction between the plant and the 

growing pathogen, but it might also be a response to elicitors carried in inocula or 

on spore surfaces. However, data in this work showed clearly that elicitation of a 

defense response requires a live pathogen, because spore-free inocula and heat- 

killed spores failed to elicit a hypersensitive response or PR1 expression. 

Typically, pathogenic attack by fungi activates a large number of genes. 

suggesting that a successful defense response needs the synergistic actions of 

many defense proteins. PR1 is often coordinately induced with other defense 

genes. For instance, in Arabidopsis, acidic P M ,  PR2, and PR5 and basic PR3 are 

rapidly induced by turnip crinkle virus infection (Dempsey et al. 1 993). Defensin, 

an antifungal protein found in crucifer seeds (Terras et al. 1995), is coordinately 

induced with PR1 by Alternaria brassicicola but not by chemical (SA and 2,6- 

dichloroisonicotinic acid) treatments in Arabidopsis (Penninckx et al. 1 996). In B. 

napus, the induction pattern of PR2 is similar to that of P M  However, constitutive 

or induced expression of PR5 could not be detected. For defensin, only weak 

constitutive expression but no induced expression was detected. This suggests 

that several distinct regulatory pathways may function in Brassica-L. maculans 

interactions. 

Systemic acquired resistance (SAR) is an important resistance mechanism 

in some plants. An indicator of SAR is induction of defense genes by SA. For 



example, in Arabidopsis and tobacco PR1 is strongly induced by SA (Uknes et al., 

1992; Yalpani et al.. 1993). In B. napus PR1 is moderately induced by SA in B. 

napus. implying that SAR may be involved in defense in B. napus. Though a 

typical SAR has not been reported in Brassica-L. maculans pathosystem. it has 

been obsewed that the sizes of lesions produced by highly virulent isolates could 

be reduced by pre-inoculation with weakly virulent isolates (Mahuku et al. 1996). 

In addition, it was reported that SA could induce the accumulation of glucosinolates 

in B. napus leaves (Kiddle et al. 1994). However. recently it was suggested that 

SA is also invoived in gene-for-gene resistance and modulation of disease severity 

(Bent 1996; Delaney 1997). It is therefore possible that the responsiveness of PR1 

to SA treatment might be part of a gene-for-gene resistance response. 

In this work. PR1 expression in the contexts of non-pathogenic stimuli or 

developmental control was alsa assayed. No induction of PR1 by wounding or heat 

shock was detected. Only negligible levels of constitutive expression of PR1 have 

been detected in various healthy parts, such as cotyledons, young and mature 

leaves, flowers. and young siliques. These data suggest that PR1 is primarily 

inducible by pathogenic or related stimuli. 

5.4. PRI-transformed Westar plants 

Plant transformation was done with haploid plants as donor plants. A major 

advantage with this strategy over others. such as using diploid plants as donor 

plants, is that a relatively short time (in one generation) is required to get 



homozygous transgenic plants. especially when multiple copies of DNA sequence 

are introduced into one plant. 

However, due to technical limitations, several factors need to be taken into 

consideration: 

1) Heterozygous gene tic backgrounds of differen t transgenic lines 

The genetic backgrounds of individual plants within a cultivar are not 

uniform. This can contribute to heterozygosity between the genetic 

backgrounds of transgenic lines derived from this cultivar. Consequently. the 

performance of transgenic lines can Vary due to the difference in genetic 

backgrounds either on the expression of transgenes or on the expression 

of other native genes which are related to the trait (such as disease 

resistance) to be modified. 

2) False transforman ts and mosaic transforman ts 

Co-cultivation transformation is not a single cell process. Falçe and mosaic 

transformants can escape the selection pressure through cross protection 

(nontransformed cells are protected by surrounding transformed ceils). 

False transformants in the T, generation can be elirninated by a kanamycin 

resistance test. while mosaic transformants in later generations can be 

identified by segregation of resistance to kanamycin. 

3) Recornbination of transferred DNA 



Though the integration of the introduced DNA is controlled by the left and 

right borders of T-DNA. recombination of transferred DNA is not rare. One 

type of recombinant retains the selection marker but loses. entirely or 

partially, the introduced gene. This type of recombinant can be detected by 

PCR using primers specific to the introduced gene. The genomic DNA of 

such recombinants will not generate introduced-gene-specific PCR product. 

Of course. the PCR approach is also an effective way to detect false 

transformants. 

Two sense and one antisense constructs have been used for transformation 

of Westar plants. In about 60% of 70 putative transformants. the presence of the 

introduced sequences could be detected by PCR in the T, generation. Arnong 

these authentic transgenic lines. most of them were from the construct pPZ407-19 

(Yprl.2). only one line was from the construct pPZ406-4 (Yprl. 1). No authentic 

antisense transgenic lines were obtained. 

5.5. The effect of overexpression of PR1 on resistance to blackleg disease in 

transgenic plants 

The homogeneity of T, and T, lines were examined by the kanamycin 

resistance test. Kanamycin in a concentration of 25 pg/ml can inhibit the growth 

of roots of seedlings of Kan- plants but not Kan' plants. Seven lines in which root 

growth was uninhibited uniformly among progeny, were chosen for a 

comprehensive evaluation. Though the kanamycin test indicated that every 



selected line contained the introduced NPT II gene, the introduced PR1 DNA could 

not be detected by PCR in line W4-A5 #2 Tl-2. Enhanced constitutive expression 

of PR1 was not detected in this Iine either. indicating part or al1 of the PR1 

sequence was Iost. However. both the introduced PR1 PCR products and 

enhanced constitutive expression of PRI  were detected in the other 6 transgenic 

lines, indicating these lines contained functional introduced PR1 cDNA. 

Disease resistance evaluation showed that the resistance to blackleg had 

not been significantly improved in transgenic lines. Furthermore, the levels of 

constitutive expression of PR1 in individual transgenic plants was not tightly 

correlated to the disease scores. Together. these results suggests that the 

contribution of the introduced PR1 to blackleg resistance in these transgenic plants 

was negligible. if any. Of other several reports on transformation of plants with PR1 

sequences, only one claimed that transformants exhibited increased tolerance to 

three fungal pathogens (Alexander et al., 1993). indicating that the performance 

of PRI-transformed plants might differ from pathosystem to pathosystem. 

However. it is notable that the level of expression of PR1 in our transgenic plant 

did not reach the levels seen in untransformed resistant cultivar Glacier when 

inoculated with the incompatible isolate PG2 (Fig. 4. 21). Therefore, a hypothesis 

to explain our results is that expression of PR1 in these transgenic lines may not 

be strong enough to inhibit growth of the fungus. Alternatively, effective action of 

the PR1 protein may require coordinate actions of other defense proteins. The first 

hypothesis can be supported by the fact that the levels of overexpression of PR7 



in transgenic plants are rnuch lower than the induced expression level in Glacier 

cotyledons inoculated with PG2 48 hr.p.i. Though direct evidence supporting the 

second hypothesis is not available. synergistic action of PR proteins on detaining 

fungal growth has been detected (Mauch et al., 1988b). Obviously. sirnilar 

synergistic action of PR1 with other defense proteins is not present in the 

transgenic lines. because these defense genes are not overexpressed. 

In this work, the expression of the introduced PR1 sequences has not been 

detected at the protein level. Though in most cases, transgenic mRNA can be 

translated in plants, the efficiency of translation and RNA stability can be different 

from native mRNA. Therefore, it is possible that expression at PR1 protein levels 

is not as strong as might be expected from the observed mRNA levels. 

5.6. Outlooks on the future work 

It is worth pointing out that only one Yprl. 7-transformant was obtained, 

though both the Yprl. l and Yprl.2 constructs were used in transformation of 

almost equal numbers of explants. The reasons behind this are not clear. One 

possibility is that Yprl . 1 is toxic to plant, especially du ring early developmental 

stages. If this is the case. it is quite possible that YPR1.l is also more toxic to 

pathogens than Yprl.2. It would be very informative to compare the toxicity of two 

proteins to blackleg pathogen. Alternatively, different strategies (such as using 

inducible promoters) can be tried to transform Westar with the Yprl. l construct 

and to examine the effect of Yprl. 1 in planta. 



Our results are consistent with the presence of more than two copies of 

PR1 genes in Brassica. Cloning and characterization of other PR1 genes should 

be considered. The two PR1 genes cloned in this work should make it possible to 

look at how differential expression of PR1 genes is related to blackleg resistance. 

SA was found to be able to induce the expression of PR1 in Brassica. To 

demonstrate if SA is invoived in blackleg resistance is an interesting project. This 

can be done by detecting the effects of treatment of susceptible cultivars with SA 

andor its functional analogs. INA and BTH, on blackleg resistance. This can also 

be done by transformation of resistant cultivars with the nahG gene, which 

deactivates SA. 



6. Conclusions 

In this work. two pathogenesis-related protein PR1 cDNAs have been cloned from 

B. napus cv. Glacier. The two PRIS are 92.0% identical at the protein level. but 

their predicted pl's are different. Yprl .l is an acidic protein (pl 6.44) and Yprl.2 

a basic one (pl 8.57). Phylogenetic analysis showed that the genetic distance 

between the two Brassica PRIS is srnall, suggesting a recent divergence from a 

single gene. This is further supported by findings that Yprl.2-like genes could be 

detected in B. rapa (AA) and B. napus (AACC), but not in 6. oleracea (CC). while 

Yprl. 1-like genes could be detected in al1 the three species. 

It is first demonstrated in this work that expression of PR1 is differently 

induced in the incompatible Glacier-PG2 interaction and in the compatible Glacier- 

PG3 interaction. In the first 12 hr.p.i., expression of PR1 is weakly induced in both 

interactions at almost equal levels. At 24 hr.p.i.. expression decreases significantly 

in both treatments. However, from 36 to 96 hr.p.i, PR1 is expressed strongly in the 

incompatible Glacier-PG2 interaction but significantly weakly in the compatible 

Glacier-PG3 interaction, in which the signal returns to near control levels by 96 

hr.p.i. It is also demonstrated that PR 1 is inducible by salicylic acid, but not by 

heat-shock neither wounding. No significant expression of PR1 was detected in 

healthy cotyledons, young and mature leaves, flowers. and young siliques. Like 

PRI, PR2 is also inducible in the pathosystem with a pattern of expression similar 

to that of PR1. However, no significant induced expression of PR5 or defensin was 

detected. 



Westar. a cultivar susceptible to PG2, was transformed wlh the cloned PR1 

cDNAs. Though PCR and RNA hybridization showed that PR1 sequences were 

in troduced and expressed in transgenic plants, no significant irn provernent of 

resistance to a PG2 isolate was detected in these plants. 
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8. Appendices 

Fig 8.1 Plasmid maps for pPZ234-4 and pPZ234-19 







Table 8.1 . Restriction enzyme recognition sites in Yprl. 1 cDNA 

BACHREST Version 511 5/93 
ipPZ234-4 Configuration: LI NEAR Length: 683 bp 

.... . . . - . . -  
r i .  t-l 

. . 
- + -  



Table 8.1, continued 

?T-7 .: .. -. .C . .-'. . 7 * : 



Table 8.2. Restriction enzyme recognition sites in Yprl.2 cDNA 

BACHREST Version 5/15/93 
ipPZ234-19 Configuration: LI NEAR Length: 647 bp 



Table 8.1, confinued 
.. - 
. A  :e - -. - - a - .  - - -  - . . - . . . . 



Table 8.3 Media 

LB Broth (per liter) 

NaCI 10 g 
tryptone 10 g 
yeast extract 5 g 
dd water to 1 Mer 
Adjust to pH 7.0 
Autoclave 
Add appropriate amount of antibiotics if necessary 

NYZ Broth (per liter) 

NaCI 
MgS04.7H20 
yeast extract 
NZ amine (casein hydrolysate) 
dd water to 1 liter 
Adjust to pH75 

B, (per liter) 

KNO, 
CaCI2.2 H20 
MgS04.7H,0 
(NH4)2S04 
NaH, PD,.H,O 
KI 
H W 3  
MnSO,.H,O 
ZnSO4.7H,O 
Na2Mo0,.2H20 
CuS04.5H,0 
CoCh.GH,O 
Na2EDTA 
lnositol 
Nicotinic acid 
Pyridoxine-HCI 
Thiamine-HCI 
Sucrose 



Table 8.3, continued 

MS (per Mer) 

NH,NO, 
KNO, 
CaC1,.2H20 
MgS0,.7H20 
KH2P04 
KI 
H3BO3 
MnS0,.4H20 
ZnS04.7H,0 
Na2MoO,.2H,O 
CuS04.5H,0 

lnositol 
Nicotinic acid 
Pyridoxine- HCI 
Thiam iile-HCI 
Sucrose 



Table 8.3, continued 

NLN (per iiter) 

KN03 
Ca(N03),.4H20 
MgS04.7H,0 
KH2P04 
Fe 330 
H W 3  
MnS04.4H20 
ZnS0,.7H20 
Na,Mo0,.2H20 
CuSO,.SH,O 
CoCI,.GH,O 
NqEDTA 
Glycine 
Myoinositol 
Nicotinic acid 
Pyridoxine-HCI 
Thiam ine-HCI 
Folic acid 
Biotin 
Glutathione 
L-Glutamine 
L-Serine 
Sucrose 



Table 8.4. Solutions 

SM (par liter) 

NaCl 
MgS0,.7H20 
1 M Tris-HCI (pH 7.5) 
2% gelatin 

10 mM Tris-HCI (pH 7.6) 
1 mM EDTA (pH 8.0) 
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