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ABSTRA- 

4laioplaro thria- dübmtiaûy mduces tan nccros$ a d  extensive chlorosis 

in its lmaploid wheat hast A chlorosis inducing host-spcdic toxïn, tamed the Ptr chlorosis 

toxin, has been identifid h m  na 5 ofP. &ifi~ii-epenti~S Ptr chlorosis toxh was purined 

fkorn the dture fiftraîes of race 5 isolates, and the physiological devdopment of chlorosis 

was investigatd Parthi pui f idon was pafomed by 25-8o./i ammonium sulfate 

precipitation and passage through a CM-S a 5  cation exchange column. F i  purification 

was Pafotmed on fOot pedbmumce tiquid chromatograpiry (FPLC), Usmg a MonoS 515 cation 

exchanger, foliowed by size fhctionation on a Superose 12 HR 10130 col- Purity was 

CO- by sodium dodecyi sdfkte polyacryiarnide gel electrophoresis (SDS-PAGE), and 

the molecular weight of the tolcin detefmined to be 6.61 kDa by mass spectromw The 

. physiologicai development of chlorosis in sensitnre wheat was investigated using partially 

purified toxin- Treatment with the toxin had no effed on the greenhg of etiolated tissue, 

suggesting that chlorosis resuhs from chlorophyil degradation, rather than Uihibition of 

chlorophyn synthesis. Devdopmeat ofcbiorosis was light-dependent, suggesting that it may 

be a consequence of photachemical bleaching. To test for the involvernent of active oxygen 

(AO) spscies in photobleaching, toxin-treatd tissue was floated in solutions of various A0 

scavengers. The compolmd p-knoquhone, which quaiches shglet oxygen and triplet 

chlorophy9 preveated the deveiopment ofchlorosis, suggesting that A0 species are involvecl 

in chlorophyü degradstion. High performance tiquid chromaiography (HPLC) chforophyll 

degradation profles were as0 ooosiSmn with photooxidatïon Decreases in carotenoid levels 

were srnafier than and concurrent with the deciines in chlorophyü, indicating that toxh 



mduad dilofosis wu not the resuit ofa catoteaoid d&ciency. Zt .ppears Ptr chlorosis 

tmb, &aAy or hdnecuy, mtiibjts photosynthesi leadhg to chiomphyll photodestnrction . 

. as illunmated m o i d  membranes b m e  unable to dissipate excitation energy n o d y  . 



TABLE OF CONTENTS 

Page 

ACKNOWLEDGMENTS . 

FOREWORD , 

ABSTRACT . 

LISTOFFIGURES . 

LIST OF TABLES . 

1. INTRODUCTION - 

2. LITERATURE REViEW . 

2.1. Tan Spot ofwheat 

2-2. Phytoto%ins 

2-2.5. TenfOltin 

2.3. Herbicides 

3. ISOLATION OF A HOST-SPECIFIC CHLOROSIS-INDUCING TOMN 
FROM RACE 5 OF PFWWOPHOR4 llPIIXX-REPENljlS 

3.2. Introduction 

3.3. M a t d s  and Methods - 



3 S. Discussion 

4. INDUCED CHLOROPHM;L DEGRADA~ON BY A CE~LOROSIS TOXIN 
FROM PYRE~VOPHORA  CI-REPMS 41 

4.3, Materiais and Methods - 

4.4. Results * 

4.5, Discussion 

5, GENERAL DISCUSSION 

6 . L I T E R A ' C l T E D  . 

7. APPENDIX 



Figure . 

LIST OF FIGURES 

Chitine ofthe Ptr chIorosis toxh pirination pmcedure 

SDS-poiyacqhidt gd ~IdanophofCSiS codiining the d dilutions of 
the 25 to 80 96 ammonium ailhte pmipitate 

Elution profile of proteins bound to CM-S C25 cation exchange column 

SDS-po lpqh ide  gel dectmphoresis containhg toxic aactions from 
CM-S ion exchange chromatography . 

Elution profile of toxic M o n  on MonoS 515 FPLC column 

SDS-polyacsamide gel electrophomis of the peaks b r n  the MonoS 
FPLC column . 

Elution pro- of Ptr cblorosis toxh on Superose 12 FPLC coltmm . 

SDS-pdyaaSaniide gel dectrophoresis of puiined Ptr &lorosis toxh 

Toxh-sensitive Katepwa leaves and toxk-insensitive Glenlea leaves 
infiltrateci with purified Ptr chlorosis toxin - 

MACDI-TOF mass spectrum of Pa chlorosis toxin . 

SDS-polyacsamide gel electrophoresis of parti0dy purified Ptr chlorosis 
toxin . 

ChlorophyIi a content over tirne after infiltration of seedhgs with Ptr 
chlorosis toxh or m e r  

Chiorophyll b content over thne after infiltration of seedllligs with Ptr 
chlorosis toxh or water 

Totai chlorophyll content over tirne a b  innltration of Seedjings with 
Ptr chlorosis toxin or water . 



16 Carotamid content ova  t h e  a f k  infiltration of cv. Katepwa seedlings 
with Ptr chiorosis toxh or water . 

17 Chlomphfl content in etiolated seedüngs over t h e  d e r  transter 
Uito light - 

18 The e f k t  of varias oxygcn ~avcngcrs on the ddopment of 
chlomsis 

19 HPLC chlorophyü degmdation profiles ofRaUpwa tissue 72 houn 
after infiltration with Ptr chlorosis toxia or water - 



LIST OF 

Table pa~e  

1 Protein content at various steps ofthe purification procedure 37 

2 The e8nct of da& pcriods on the ddopment ofchlot0sU foUoWmg 
-on ofKstcpwa sedbgs with Ptr chlorosis toxh - 55 



1. INTRODUCTION 

Tan spot, caused by the h g w  Pyraiopliau mWci+epenfis @id-) Drechs. 

(anamorph DrechsIera mXci-tepentis @lied.) Shoem), is an important folk dis- of 

wheat (Triti' uestivum L.) wocidldwide. Whüe its ocaimnce as an endemic disease of 

wheat luis ken icnown in many regions sime the 1940s (Rces et al., 1982). thae has been an 

increased incidence of tbis disease in rezent y a r q  as a consequence of the towards 

stubble retention by fârmers 1982). This in tum has elevated the ecoaornic 

significance of tan spot, as severe epiddcs may result in yidd losses of up to SV! @tees 

et al., 1982). Tan spot consists oftwo distinct symptoms: tan necrosis and extensive 

chlomais (Laauri and BanKr, 1989.). Host d o n  to the paîhogen is qualitative in nature 

(Lamari and Bernier, 1989a), as b the variation for Wulenœ in the pathogen (2aman and 

B e ,  1989b). Isdates o f F p m # m z  triti~iepenris cm be grouped into four pathotypes 

based on their ability to cause necrosis a d o r  chiorosis on differentiai wheat cultivars 

(Lamari and Bernier, 1989b). This symptom b a d  classification system allows for the 

description of a maximum of four pathotypes; pathotype 1 91) causes both necrosis and 

chiorosis ( n M + ) ,  pathotype 2 (PZ) causes ooly necrosis (nec+chl-), pathotype 3 (P3) 

causes only chlomsis (nec&+), and pathotype 4 (P4) is avident and produces neither 

symptom (neuchl-). 

The discovery of AIgerian fùngai isolates possessiiig a Wuknce pattern difZerent from 

those reported in North America has served to illustrate the limitations of the pathotype 

system in descn'b'mg isolates of P. fn'n'cii-rpentis &mari et aL, 1995). Isolates coilected in 

Ngaia bdong to pathotype 3, in that thy can induœ ctilorosis but not necrosis on hexaploid 
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daiSrrntll wbcst aittivars. However, whüe North Amaicrn paîhotype 3 isolates an vinrlent 

on wheat cv. 6B365 uda~inilcnt on cv. Kat- the A l g a i n  isolatCs are vident on cv. 

Katepwa and avinilcnt on cv. 6'365 @mari et aL, 1995). Hence, a race designation has 

been proposed (Lamari et d., 1995) to class'i isolates ofP. m'n'ci+epentis bbpsed on their 

vinrlence on wheat lins. This mcehsd  systan is a cefinement ofthe symptom 

W d a r s i 6 a t i o n ~ a n C e t h e ~ o f r a c c s w b i c h i t a n d e ~ ~ ~ ' b e i s l l l a i t c d o n l y b y  

the size and dècthaess ofthe dü%mW set Uadathe nce ciassification system, the 

isolates withui the original pathotypes 1 to 4 have bea, n-classified as fflonging to races 1 

to 4, whiie the new Algaian c h l o ~  inducing isolates have been classifieci as membas of 

race 5 &mari et al., 1995). 

A bost-spedic toxin, tamcd du Ptr d toxin, has been shown to be responsible 

for the developnait of the -tic sympom in susceptible wheat lines ( Lamari and Bernier, 

1989~)). This toxin has beai purifieci to homogeneity h m  the dture  filtrates of necrosis- 

induchg isolates, and has been characterized by severai independent research groups 

@ailance et al, 1989; Tonus et ai., 1990; Twri et aL, 1995; ZtPqg a ai., 1997). Ptr necrosis 

toxh is a 14kDa protein, with a very bigh levei of toxic ictMty, bioassays have shown that 

it can induœ necrosis in susceptible wheat plants wirhui thne days d e r  infiltration at a 

concentration of only 2.4 ng/ml (Ballance et ai., 1989). This toxin shows the sarne hosto 

specificity as the fimgal isolates fiom which it is obtaineô, and has been recognized as an 

important factor in the ddopment  of tan spot (Tomas and Bockus, 1987; Bdance a al., 

1989; L d  end Barna, 1991). nie eacoding gene for Ptr necrosis toxin has been recently 

cloned (Baifance et al., 19%; Ciuffeti et ai., 1997). 



has bem isohted h m  5 c u k e  &m~ ofP. ~fid-rqprnris (&laza a al., 1995). This 

toxin, which has beai termed the Ptr &ioro& to* appears to be a smell, hydmphüic 

protein, stable to exposwe to ooiguiics (Oroh d., 1995; NP. Orolaza, tupubfisshed 

&)- Lika Ph nccrosis toxin, Ph m e  poar<icsae a hast @City ideatical to that 

ofthe isolates h m  which it hiis kai obbined other evidence strongly niggest that 

Ptr chiorosis toxÏn is responsible for the &v&pment of extensive chlotosis in susceptible 

hosts (Oroh  a al., 1995). 

The objectives of the bnst i#o~ ~ a e  to (1) devefop an &kaive method 

to purify Ptr chlorosis to* and to (2) ducidate its mode of don. 



Tan spot of wheat is aused by the thgai pathogen Qrenophora biaci-repentis 

(Pied.) Drechs. (aiumorph DrechsIem bWci-repntis), a homothallic ascomycete. This 

disease, dso known as ydlow spot, gcaenlly bcgins as taa-brown flecks on the leaves of 

efftcted plants. TheSc 0& expand into brown coloured, ovai shaped spots surrounded by 

a ydlow rmugin As the disesse progresses, these spots can coalesce, producing large areas 

of dead and chlorotic tissue. Tan spot hs b e n  identified throughout the major wheat 

growing ilegions of the wotld, including Canada, Awtda, and the United States (Hosford, 

1982; W~ese, 1987). Wbüe its ocnimnce as an e n d d c  diseme ofwheat has bœn known 

since the 19409 (Rees et al., 1982), it is ody in recent decades that tan spot has becorne an . 
important constraint to wheat production (Rees and Ph@ 1992). Yleld losses can be very 

hi& Rees et al. (1982) reporteci losses of up to Sû% in smre epidemics. However, losses 

of 5 to 1W are Mt uncommon (Hosford, 1982), padcularly shce most wheat cultivars are 

susceptibk to tan spot (Nhtens et al., 1988). 

The increkscd incidence of tan spot in recent yeus am be largely attribut4 to the 

widesprd adoption of consewation and zero tülage techniques by fimas. Tan spot is 

caused by a stubble-borne pathogen and hence, reduced tiiiage practices d o w  for longer 

s u ~ v a l  of the pathogen on aop midues on the soi1 surhice, lead'uig to an increase in 

i n d u m  levels. Changes in cultivar genotypes may haw iIso played a role in the increased 

importance of tan spot; many of the semidwarfwheat varieties introduced aAer 1960 have 

a hi& am@ôBy to tbis dise4st @es and Pl- 1992). Compounding the problem is the 
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fkct that qrenqrliaa br'tr'ci+pentis has the widest hast range ofany member of the genus 

Pyrenophoni (Shoemakër., 1962). P. rn'n'ci-repentis has bccn identifiecl on many species of 

grasses, as weü as on s e v d  c e d  @es, such as @cale (Tnliacn sxde) and rye 

(Secafe areale) (Sismu, 1996). This large host range allows P. Wicii-epentis io 

overwinter on a large riumber of gns~es. &ch could provide inoculum to start tan spot 

epidemks in succeSSive wheat crops @p-, 1986). 

The tan spot p o t m e  is risociatcd with twa distinct symptoms, tan neaosis and/or 

adensve chlorosis. The ddopment of each symptom is the resuk of specific interactions 

between indMdual isoiates ofP. m'Ir'ci-re- and wheat genotypes &mari and Bernier, 

1989a). Some wheat cultivars d d o p  ôoth symptoms when challenged with appropriate 

isolates of the fûngus, wtiüe othas seiectively develop necrosis or chlorosis &amri and 

Bemier, 1989% Lamari et al., 199 1). Isolates of P. m'n'cii-ems have been c l d e c i  hto 

four pathotypes basai on thek ab* ta induœ necmsis and chiorosis bathotype 1). necrosis 

only bathotype 2), chlorosis only bathotype 3), or neither symptom (pathotype 4) in 

differential hexaploid wheats (Laauri and Bernier, 1989b). The recent identifidon of 

Algetian pathotype 3 whtes that can iduce cidorosis in wbeat genotypes prevïously known 

to be raistlinr to aii isoiatcs ofthis paîhotype ha9 kd to the adoption ofa race classification 

systean (Lamari et al., 1995). In this system, isoiaîes of P. trîti~i-repentis are c l d e d  into 

raas based on their Wulence on wheat difFerd genotypes. The nuinber of races which 

cen k d e s c n i  is limited only by the siP and effdveness of the diffentiai set. This is in 

contrast with the pathotype classi6cation system, wbich can descri i  a maximum of only four 

pathotypes (Lamari et al., 1995). Currentiy, &a races have been identified Races 1 to 4 
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correspond to h origid plihotypes 1 to 4, a d  race 5 is the rrantly idtntified Algaian 

race- holates bdongbg to race 5 cm also be ciasdieci as king of pathotype 3, sincc they 

induce ody chlomsis in kxaploid wheats- 

T o d r c + ~ h o s t ~ ~ l a n b e a i i d d e d ~ m t h e C U 1 ~ f i l t n t e s o f P .  - 
- .  

biaci- @ a b c e  a& 1989; &lapi et al., 1995; Manhrrdt et ai., 1997). The best 

c- of these is Ptr necrosis toxb, which has been shown to be responsible f9r the 

ddopmemt of the neQOtic symptom m swepWe wheat lmes (Lamui and Becnia, 1989~)- 

Ptr necrosis toxin was pinscd h m  the culture nhnta of necrosis inducing P. mxu- 

mpenris isd_Sltcs by smnl independent d groups @allance et al, 1989; Tomas a al.. 

1990; Tuori et al, 1995; Zhang et al, 1997), and its encoding gaie fecetltiy cloned (Ballance 

et ai.. 19%; CPinai et al., 1997). The donc (?@NEC) encodes a 197 kDa protein pncursor . 
of Ptr neaosis toxin, which is a water soluble protein with a molecular mass of 14 kDa and 

a very high level oftoxic actkity. Although Ph necrosis toxin has beai recognized as an 

important -or in the development of tan spot (Tom and Bockus, 1987; Ballance et a l ,  

1989; L.mui Md Bernier, 1991). its mode of action has not y& been elucidated. Thae is 

evidemœbaylges~ h o w m r , ~ t h e ~ m r y ~ a p m g r a m m e d c d l d e a t h i n s e n s i t m  O O 

wheat @won and Rasmussen, 1997). 

The two 0th- host-specisc toxins identifiai h m  the culture fiitrates of P. &J-tici- 

repentis are boboth asmciated with the devdopment ofthe chlorotic symptom. One of these 

toxins, whkh luis not yet been namai, has been detected in the culture filtrates of a race 1 

isolate (Mellihardt et al., 1997). This toxh is a very polar, non-ionic m o l d e  with a 

rnolecuiar Ilveight of less thin 2 icDa The othsr chloro~rnducing toxin, termed Ptr chlorosis 
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toxin, has been i d d e d  in the nilturr fWates, spore g ermuiatioon fluids, and intercelfdar 

washing fluids h m  race 5 ofP. &iti''nrrS (On,&iza et aL, 1995). Ptr chlorosis toxin 

appears to be a smaU, hydropmc protek, stable to arposun to o m c s  (Orolaza et al., 

1995; NE O n , b  ~ b ~ ~ ) .  Several lines of evidence, includhg the fàct that Ptr 

dorosis min possaues a host spedicity identical to that of the isolates h m  which it was 

obtaind, suggest that this tor<in U a prithogawty fictor (Orolaza et aL, 1995). Although the 

amount of Ptr chlorosis toxin needed to produce chlorosis is unknown, the toxin seems to 

have a relativety high activity (ûrolaza et al., 1995). Furthennore, the dcvdopment of 

chfomsis in towi-treated tissue is saictly fight dependent (NP. Oro@ mpbIished dorc). 

Howmr, mthing is known or hrs been pubiished with respect to the mode of action of Ptr 

chiorosis toxin, the primary f m s  ofthe present investigation. 

2.2. Phytotoxins 

Many bacterial and fun@ plant pathogens produœ chemicai compounds which are 

toxic to plants. These substances are g a i d y  r e f d  to as "phytotoxid (Strobel, 1982; 

Granit& 1991). Ahhoughthae is no one definition on what acacily constitutes a phytotoxin, 

many of the definitions thrit have been suggested are quite s h i k .  For instance, Strobel 

(1982) used the tam "phytotoxins' to da to "oompounds produccd by parasites that are 

toxic to plants a d  play some rofe in symptom expression." Durûii (1 99 1) provideci a more 

inclusive definition of phytotoxhs, stating that they are Ncompounds synthesized by the 

pathogen during pathogenesis that are deleterious to the host." Eitha of these dennitions 

would suffice for air discussion of phytotoxb. However, a ampound should be judged to 

be a pirytotowi based on its M o n ,  anci not on its structure or chernical characteristics. As 
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a grwp, the phytotoxins cumntly fccognized have no mmmon flatures; they vary 

dram8tidy both in size and structure (Strobei, 1982; Strobel a ai., 199 1; Graniti, 199 1). 

Most known phytotoxins lum low molecular weights and an not antigenic (Schaer and 

W n ,  lm; Gmûti, 1991). Hawevm, some such as Ptr naxosis toxin, an 

relatively kuge and antigenk (Ballmœ et ai., 1989). 

Phytotoxins can udia be host-Speanc @OS-sclective), or non-sjxdic (non- 

selective). Host-spcçific toxh rffcd only plants ofa genotype suscepaiIe to the pathogen 

(GRllili, 1991). Futhermore, the vinilence ofpathogenic strains varies with theu abiiity to 

produce the toxh (Goodman a al., 1986). In addition, host-speaSc toxins are able to 

produce, in suscepti'ble hosts, the symptoms of the n d  infection at low or physiologid 

c o ~ o n s  (Goodman et al., 1986; Granit& 1991). Non-spccific phytotoxhs, on the other 

hand, do not reproduce the patterns of resistance and wsceptib'i of the host to the 

pathogen (Graniti, 1991). Plants ofa genotype which may be resistant to a particular toxin- 

pducing pathogen may be sensitive to the isolateci toxin. Ail known bactaid phytotoxb 

as w d  as a nqionty offimgai phytotoxins are no~~qedic (Graniti, 1991). Nevertheless, the 

impact of both groups of totcw on cconomidy important crops can be v a y  serious. 

Many plant pathogenic bacteria and h g i  produce phytotoxins. The mode of action 

of a fèw of these toxins is relatively well understooâ, and for a somewhat p a t e r  number of 

toxins, there is some undentadhg as to wtgt orpelle andlor metabolic process is affècted. 

However, fOr the majority of phytotoxhs, vay littk is howu reguding their mechanïsm of 

action @urbin, 1991). This is unfortunate, since a kiowledge ofthe mode of action of a 

toxin can be u d  in better understandimg the nature ofhost-pathogen interactions, both in 
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general and wjthin s p d ï c  systemssystems Neverthefess, in ment yan. more resemh has ban 

devotd to ducidating the mechanisnu responsible for the toxicity of these compounds 

(Ballio, 1991). Most of the visibie and physiologicai changes cawd by phytotoxins appear 

to be semnhry to prime, or uiitial bi-cai Iesiolls somewhere in the metaboiic rnachinery 

of the plant (Schefk and Livinestg 1984). This is puiicuilary true with respect to 

symptoms such as necrosis or chlorosis. These symptoms require several days to develop, 

which impiies that they are sccondary effects of a pcbmy molecular mnt @aly, 198 1). 

Nevertheless, plant tissue or ceil responses to toxins can provide some clues as to their 

molecular mode of action. 

Ph chlorosis toxh causes the deveiopment of dorosis in sensitive wheat genotypes. 

A wide variety of other phytotoxins are dso lmown to produce the sarne symptom, and the 

modes ofaction of several non-specific chlorosis induchg toxins have been at Ieast partially 

elucidated. The rois that wiow herbicides have in producing chlorosis are also relatively 

wd u n d m  Therefore, it is usebil to consida what is known regarding the mechanisms 

of action of some of these compounds, in order to examine Pa chlorosis toxin within a 

broader wntext. 

r t 1. ~ ~ ~ o c o t a x i c i  ~olotaxr*~)  

Phaseolatoxin (halotoxh) is a non-spdc toxh produced by the bacterial pathogen 

Pseuctomoraar Synngae pv- phrrireolicoka (Plretlàbrnoms p ~ o l ~ ) ,  causal agent of 

haloblight diaast of French bean (Phrr=FeoIw wlgans L.). Phaseolotoxin can induce di the 

major symptams of haloblight, including the development of chlorotic haioes on laves, and 

the accumulation of certain amino acids, especislly omithine (Smith and Rubecy, 1982; Turner 



and . 

(Smith Li 7 &&V-Z .c . - fion 
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and Mitcheü, 1985). This toxin consists of d k q i  phosphate linked to a tripeptide of 

ornithine, alanine, and homouginine (Mitdiedi, 1976). Most of the work on the mode of 

action of phaseoiotoxin bas f d  on the accwnuiation of ornithine in affecteci tissues 

(Smith and Rubay,, 1982). nie maumkÎon of oriiithmc is bdieved to d t  f?om the 

spcci6c inabition ofomtbine (OCT), which atrlyns the fimuaion of 

~ ~ a n t i m i s a n d c i r h w y l p h o s p l r i s c Q a t ü e t d ,  1972). Thisi9theihtrCZtCfjon 

in the only biosynthdc pathway to e e  in plants- Howmt, the manner in which the 

toxin produas the o k  impatint sympoa~ chlorosis, is a point ofsorne contention, Whüe 

it bas k e n  shown that phaseolotoxh inhibits chiomphyü synthesis and does not cause its 

degmdation Qatil et ai., 1972; Smith rad R u b q ,  1982; Turaa and Mitchell, 1985). then 

are two major hypotheses as to how this inhiiion occurs. 

The k t  hypothesis stipulates that there is a direct liak between OCT-inhibition and 

the development of chiorotic haIoes (Patil et ai., 1972; Tumer and Mitcheli, 1985). In this 

scenario, the toxin causes chiorosis by blochg the accumulation of protein through the 

p i u i i a i y ~ o f ~ ~ a t t h e O C T s t a g e ( T ' ~ a n d M t c h e U ,  1985). Hence, 

accordhg to Tuma and Mt&dl(1985), the devdopmait ofddorosis is principally the result 

of arginine stanntion in a i l i e d  tissues. In support of this hypothesis, these workers note 

that when arginine is appiied to chlorotic tissue, cdilorophyll begins to accumulate and 

chlomsis is revased (J'unier and Mitcheii, 1985). A nduction in net protein synthesis could 

alsu mean a reduction in chloropbfl b synthesis, because a large proportion of chlorophyii 

b arists in association with a cbioroplast membrane polypeptide, and the synthesis of this 

peptide is apparently metabolidy üiikcd to the synthesis of chlorophyll b (Tumer and 
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Mitchcq 1985; Wetistcni et al., 1995). ifnet protcsi synthsis was reduced, chlomphyll 

0 synthesis would dso dedine* Accarduig to Tuma and Mitcheli (1985), thW reciudion in 

chiorophyil b synthesis could account fOf at 1- part of the chlomsis caused by 

phasea10toxùl. 

The second irypothesis as to how the inhiiion ofdilorophyil synthesis occurs wes 

fonnulated by Smith and Rubay (1982). They s u g g d  that p b l o t o x h  Uaerfkres 

dmaly with an e4ity process conmion to the synthesis of chlorophyn and ofdS&rent Lipids. 

Smith and Rubery (1982) Ewnd tM them was an i a h i  of 5-amïnoIevuliriic acid (5-&A) 

production m a&td Ieaftissue. 5-ALA is a chlorophyll prcc~csor, two molca~les of which 

are condaiscd to malce porphobiiogen early in the chlorophyu biosyinheiic padiway 

(we#steui a d, 1995)- ThercfOm, Smith ancl Rubery (1982) suggested a causal relationship 
O 

between the Uihii'ttion of SALA production and chlomphyli synthesis in this system- 

Furthennore, they fOMd that %aœtate incorpodon irdo lipid was inhi'bited in toxin treated 

tissu~withoutanCEISigthedistributionofthelaWwahinthefrtty~dspactnmi(Smlthand 

Rubay, 1982). Thus, Smith and Rubery (1982) concluded thrt phaseolotoxin intataes at 

some eady stage in ntty aad biosynthcs1*s. Thcy stated that this could riccount for the 

inhiion of&mpiyN ginthesis, and dwrrfwe dhmis. in contrast to Tumer and Mitchell 

(1985). these reseatchers found it di&icult to estabiish a d i i  comection between the 

inhibition of OCT and the deveiopment of chtomsis. 

Whde it is hard to evaiuate which bypothesis has the most merit, it should be noted 

that Tuma and Mitddl(1985) used pire toxin, whaekP Sinah and Rubery (1982) used only 

@aiiy puiûed toxin. TherefOre, the cfieirtical nature of th& toxin pnparation is uncettain. 
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Iii light ofthïs fâct, it is possible that the results of Smah and Rubay (1982) are an artefbct 

of some other mmpaind preJait in theif toxin prepontion 

2.22 Trrbtk~xin 

T~isanaMpeQnctoxinpro&cdbyPsciilrnairiss)rblgrrepv.rcrboci, causai 

agent of wüdnn disease of tobrcoo ( M i  &&mm L.) crumer, 198 1; Turner, 1988). 

Wiidfne disesse is chmtahd by distinct chlomtic haiots that dmlop amund the site of 

infectons. These symptoms arc due to the action of tabtowi, a peptide containhg two 

. . 
midues, tahmmm pirCirm iinked to grha t h n i n e  or serine. Plant etlzymes pnrcess the 

toxh by hybiyzing it to yidd tabto-e B-hctam Fumer, 1981). Turna (1981) found 

that the eariiest detectable change in diaue is the los ofgiutamine synthetase 

aaivity. 'Tbb is folowed by a measwabie increase in ammonia, which is a substrate for this 

aizym+ and a reduction in the incorporation of ammompN into protein amino acids (Tumer, 

198 1; Turner, 1988). The ammonia that accumulates in tabtoxh-treated tissue is produced 

largely h m  the photomphxycycie, and tmtments that inhiibit this cycle UIhiiit ammonia 

accumuîatïon and ais0 prevent dcvtlopméns of chiorosis (Turner, 1986; Tuma, 1988). 

Thme suggcst that additional major physiological changes may oarir duMg the 

development of chIorosis (Tuner, 1988). Tumer (1988) showed that photosynthesis is 

inhi ibi  in tabtoxin tmated tissue, but that this is not a d t  of a lower chlorophyii content. 

In addition, tabtoh doas not appear to have a dYcct @ect on photosynthesis, because 

photosynthetic *bitîon has not been obsawd in tissues maintained in darkness following 

treatmein with tabtoxin, even though giutamine synthetase is iDactivated (Tumer, 1988). 

Turner (1988) wggests that the ligbt-depadad inhiion of photosynthesis is a collsequence 
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of the inhibition ofdK photonspintory nitrogai cycle at gIutamine synthetase- Ifthis is the 

case, tbm die most probable chin of mnts leadhg to the devdopmemt of chlorosis begins 

with the inactivation of @tamint synthetase by tabtoxin, msulting in a lesion in the 

photorespintory nitrogen cyclç which is expressed only in illumuiated tissue (Tumer, 198 1; 

Tumr, 1988). Photosynthesis mry then be & i i  as a result of either the reduced retum 

of photorespiratory cyde intemeâiates to the Calvin cycle, or of the uncoupikg of 

photophosphorylation by amnonia (Turner, 1988). This wuid result in an inabiiity of the 

illwninated thyhkoid membranes to dissipate the excitation energy that wouid normally be 

uged in photosynthaiq leading to the photodestniction ofthe ciilomphylls and the subsequent 

development of chlorosis (Tumer, 1988). Thdore, it appears thst the inhibition of 

photosynthesis is important in the dtvdapment of symptoms caused by taôtoxh (Turner, 

1988)- 

2.2.3. Cbmnabke 

CoroIiatine is a non-specific, chlorosis-induchg toxin produced by several pathovars 

of the phytopathogenic bacteriun P s e w h o l t ~ s  syrntgae. It was first isolateil fkom the 

culiure ffuids ofP. pv. a&qmpmq which ciuscs chocohte spot disease of LoIiunr 

m l ' .  Howewer, it has sina been found in cultures ofP. syringae pv. tomato and P. 

pv. g&ca)e0, causai agents of bacterial spedr of tomato (Lycoperskon e s ~ ~ n f u r n  

Mill.) and bacterial blight of soybean (Gkine m a  L.), respectively (Kmyon and Turner, 

1990; Durbin, 1991). Ail three of these diseases produce a symptom cornplex that is 

charaacMed by a d i  chlorotic halo mounding the site of infection. 
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The dweiopment of chiorosis in cornnathe aeated tissue has been shown to nsult 

fiom chlorophyü degmdaîion (Kmyon and Tuma, 1990). However, the nIFt that pigment 

loss and inhiiition of photosyndhesh ocair simultaneousfy after trestment with this toxin, 

along with otha eviderice, suggests thu photochemial blcaching of chlorophfl is not 

invohced (Kenyon and Tunw, 1990). Rahr, studies wibi commtine seem to suggest that 

the chlorotic symptom is the resutt of an M o n  in gmwfh regulator metabolism of &id 

tissues @ayon and Tuma, 1990). For instance, it his been found that comnatine treatd 

leaves rebin a kvd ofphysiological ampetence not u d y  associateci with the pathological 

state of tissues affecteci by otha toxhs. Ftuthemiore, changes observeci in photosynthesis 

and pmteinsyaihcsi*~ occur~~rffatrrsimntwithcoro118fUie,  ad are thadore 

uniikeiy to be the pRrmry c o r l s 4 q u w  of the treatment @won and Turner, 1990). m e r  

studies have focused on the ability oftorodne to cause hypatrophy of potato tuber disks 

and open stomata of Italian ryegrass @irbi 199 1). Results obtained nom these studies also 

seem to support the hypothesis thaî coronatine may affect phytohormone activities in treated 

tissues min, 1991). 

2.2.4 Ckmqpotin 

Ce?w,sporin is a non-specific toxin praduced by manbers of the gaius Cerwpra, 

a group of hga i  pathogens which cause damagÎng leaf spot diseases on a wide range of 

crops (Daub and Hangarter, 1983; Daub and Payne, 1989). Lesions on affixted leaves arSt 

appear as s i d i  dilorotic spots, which soon enlarge and tum ncaotic (Howard a al., 1994). 

Cercosporin is unique among known phytotoxins in that it is a proven photosensibr; 

photo Xasauas are compounds that absorb light to fonn a long-Iived, electronidy a<caed 
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state (ttiplet state) which can thm react with m o l d a r  oxygcn to pduce compounds that 

are toxic to üving cdls @ a b  and Nmgarm, 1983; Balüo, 1991). 

Cerwsporin, whm activateci by Iight in the pcesenœ of O, rapidly Irüls plant cells 

@aub and -, 1983; Daub and Payne, 1989; Bailio, 199 1). Results obtained fiorn 

studies with cacosporin suggest thrt this toxh produoa its toge &ects by readng with 4 

to pmduœ the active oxygm (AO) speci-es singîet oxygen ('09 and superoxïde (O;) @aub 

and Hangarter, 1983). Protehs, manbmes, and lipids are aîi wlnerable to A0 attack 

(Sutherland, 1991; Tzeng and DeVay, 1993). Haioe, the oxygen species formed in the 

d o n  bawan œrcosporin and 4 awe peroxidation of phnt membrane lipids (Daub and 

Hiqar&r, 1983; Balbo, 1991). This le& to changes in manbme structure and fluidity, and 

e v W y  to cell death @aub and Hangarter, 1983; BIUio, 1991). As would be atpected, 

cefcosporin shows genaaliad toxïcity to many organjsms, including all p h t s  tested so far. 

as well as to animal and bacterial cds .  

Lnunstiiigty, C è m  @es producing this toxh are u d k t e d  by it. It has b e n  

suggestedtbatcarotemids, w h i c h ~ ~ q u a i d i a o f l O ,  msy pliy arole Uiresistance 

ofthese finiei to O C ~ C O S ~ O ~ ~ Q  in aonjunction with ather mcchaiiisms @uib and Payne, 1989). 

If this were the case, the distriiution of auotenoids witbin ceüs would be important in 

detemhbg how efficcan they are at providing protection aeauiJr the effects of c e r w s p o ~  

In plan@ carotemids end other qumchers of A0 are confined to the ctüoroplasts. However, 

since the effects of cerwsporin are geiieralized thughout the dl, plant carotenoids are 

unable to protect the plasdernma agaînst âamage (Daub and Payne, 1989). Neverthelesq 

recent studies seem to indiate that carotenoids have no role in resistance of Cercupru 
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. * species to ccmosporin and otha photosamtncm. Ehrmshaff et al. (1995) found that 

amtenoid-ininus clmqpmz mutants were no more SetlSitive to cercosporin than 

the wild-type s t r a h  h m  which they wae dcmnd Thus, it appeam that Cercmpma species 

have a datinct ad bighly efktive rnechanisn for photosemitizer re~~*stance which does not 

involve camterioids (Ehmmhdt et aL, 1995). 

2.25. T d  

Tentoxin is a non-specific toxin ptoduced by the pbnt pathogenk fimgus AZtenirara 

altema& (= ternis), which induces dilomsis in many Iiigher plants @ocka and Nowky, 

1981). Eady obidies i n c i i d  that chlomsis deveiops only when tentoxh, a eyJic 

tetrapeptide, is applied to tissue prior to or during the initiation of greening in devetoping 

seediings Paly, 1981). Hence, the toxin causes chlorosis by interfiering with chiorophyii 

synthesis rather than by causing its degradation @dy, 198 1). Steele et ai. (1976) provided 

strong evidence that the site of tentoxin action is the coupiing fâctor 1 (CF& domain of 

chioroplast ATPase, and it is now widdy accepteci that this is the binding site for tentoxin 

(Becher and Novicky, 198 1; Ballio, 199 1). More recent studies indicate that the $-subunit 

of CF, in particuiar may k the targct of tentaxin @aUio, 1991). The a-p-aibu~t cornplat 

of CF, is ùnrohrai in the photop~hoiyirtion d v i t y  of CF,. Thus, the binding of tentoxin 

to the psubwiit results h an inhibition of the n o d  catalytic fbnction of CF,, leading to an 

inhibition of light-driven protein and RNA synthesis in isolated chioroplasts. These e&cts 

result in the chioroplast specific ultrastnichiral changes and chlorosis uwsed by tentoxin 

(Strobel, 1982; Bailio, 1991). 
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The possiiiiity of a second site fùr tentoxin action has &sen f h m  acpaiments with 

stomata (Durbin et al., 1973; Daîy, 198 1; Baiiïo, 199 1). 1t has been reporteci that tentoxin 

causes a rapid cIoain of broad bean (Kcia faba L.) stomates and a d e d  inhibition of 

potassium uptake by gwnl cdls @urbk et ai, 1973). Furthemore, tentoxùl has beai 

obsecved to countemct nipcoccin-uiduced stomatal o p d g  in the dadc mocher and 

Novaclqr, 198 1). These a<paiments suggest a possiak dmct iataiaion between tentoxin 

and the plumilemma (eochu and Novadq, 1981; BPllio, 1981). Although negative 

evidence ibr an nar;iaion often~orriti with the di membme has kai pmduced (Bocha and 

Novaciry, 198 l), the idea of a second site of action has niiled to gamer convincing support 

(Baiiio, 1991). The mults ofmotha soudy on the &eds of tentoxin on s t o d  movement 

in broad kan seem to fàvour the inhibition ofphotophosphorylation as the primaiy cause of 

stomatal closure @ahse et ai., 1988). Hence, t would appear that stomacal closure is a 

secondary consequeme oftentoxh binding to the CF, domain of chloroplast ATPase (Dahse 

et al., 1988; Ballio, 1991). 

2.3. Herbicides 

Herbicides can be broadly d&ed as xaaobiotics used in weed control (Boger and 

San- 1989). These campaunds, dthough not phytotoxins, may a a  in a mamer similar 

to certain phytotoxhs. There are msay dEerent modes of habicidal action (Boger and 

Sandmam, 1989), but we shaU restrict out discussion to those herbicides which cause 

chlorosis in affected tissues. Herbicides can induce chlotosis via several modes of action. 

Many herbicides interfiire with electron transport, thaeby inhi'biting photosynthetic eiectron 

flow (Saiisôury and ROSS, 1992). This leads to an i n a b i i  of illuminateci thylakoid 



membranes to dissipate the excitation en- nomirlly used in photosynthesi*~, and to the 

formation of toxic d i c d  s@es @mat and Dodge, 1989). The result is the development 

of chlomsis in a&cted tissues and evtahully th& deruh (Kuuert and Dodge, 1989). 

Hesbiides cin daiupt eiectron transport at JeMnl points dong the dectron transport chain 

(Sandmann and Bogcr, 1982; SaIiskiry and ROM, 1992). For instance, smril urea 

derivative such as DCMU (3-(3,4aichlofophcnyi)- 1,I-dimetiiyi-urea), blodr dectron 

transport by npbhg the dectron cwia which Y a speciaüzed plastuquinone on the Dl 

polypeptide of photosystan II @Sn) (Salisôufy and Ross, 1992). Other herbicides, 

specificaüy the bipyrïdytnim saits, accept dedtons at the reducing site ofPSL Bipyridyîium 

radicals are th formed, *ch in tum give rise to d e  oxygen species. These A0 species 

initiate the breakdown of membrane companents by a paoxidative process (Sandmann and 

Boger, 1982). 

Catain M a d e s  act by i n h i b i i  chiomplast ATPase, thereby preventing or stalling 

ATP formation by photophosphorykion @oger, 1989). For example, certain p- 

nitrophenylethers axat a strong nawDct on the CF, domain of ATPase, preswnably thmugh 

their binding to the a- and subunits of CF,. Chlorosis would tesuit fiom a lack of 

chlorophyll-fo&g enzymes, which cannot be produced because ofa lack of ATP (Boger, 

1989). Hena, some ATPase inbitors act in a mamer similar to tentoxh, which was 

discussed eariier. Another effective targe for herbicides is the canitenoid biosynthetic 

pathway in photosynttietic membranes (Burns et ai., 1971; San- and Boger, 1982; 

Sandmann and Boger, 1989). As was disaissed briefiy with respect to cacosporin, 

cafotemids save to protect the photosyntMic cippsrehis nom destruction by singlet oxygen, 
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which can be poduœd d e r  condib'oas in which triplet-state chiorophyil transfers its energy 

to molecular oxygen mwior, 1993). Furthemore, cxmtenoids also quench triplet 

chloroptiyu. Hence, ifairotenoid leveis in the chioroplast decrease as a result ofherbicide 

ad04 their protection is no Ioriger avaiiabIe to the pbotosyatbatic apparatus (Lawlor, 1993). 

Many herbicides are known to affect carotenoid synibasis (Sud?igan and Boger, 1982; 

Smdmann and Boger, 1989). For Uhstance, B T A  [2-(rlchlorophrnyittiio)aierhyiamine 

HCl] idioats the enzyme iympene cycJase. This enzyme cntnlyzes the conversion of lycopeme 

to Pafotene (Lawior, 1993). Thdore, &er treatment with CPT& p-uirotene leveis 

decrease, r d t i n g  in photobleaching ofthe a e d  tissue (Smdmann and Boger, 1989). 
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3. ISOLATION OF A HOST-SPECIFIC CaLOROSISIIlYDUCING Tom FROM 
RACE S OF PYRENOPHORA TmCI-BEP"= 

tan necrosis der domsis in hnoiploid wheat lines. A chioroois induchg host-speatic 

toxin, t e n d  the Pa chlomsis toxb, has ban idcntEfid h m  race 5 of P. ~Intici-repentiss. 

Pdimhuy -on ofthe toxh mggesteci that it is a small hydrophilic protein. Ptr 

chlorosis toocia was pnified b m  the ailiun &rates ofrace of 5 i s o b .  Partiai purifidon 

was pedoniied by 25-8W omiioniinn dfb pm@h!bn and passage through a CM-S C2S 

cation exchange columa Fimal pinncatioa was psrfonned on fast perfôcmat~ce liquHl 

chroniatograply @PIC), using alMonos 515 d o n  excbgr ,  followed by sïze fktionation 

on a Superose 12 

polyacryiamide gel 

. 
AR iOB0 column. Ruity was oonfirrned by sodium dodecyl sulfate 

dectrophoresis (SDS-PAGE), and the moleailar weight of the toxin 

determined to k 6.61 kDa by mass specttomctry. The toxh was found to be heat stable, 

maintaimng fiül toxic a&dy even a b  1 hair it 5SoC. 



3.2. Intnrdmtion 

Tan spot, caused by pVrenophora rn'fici+epenris @id) Drechs., anamorph 

lk&&m & ' h ' c i + e e  @id.) S b ,  is an important fôEar disease ofwheat woridwidee 

Theinodcaceofthisôiseasehasôeenirrnssiagm~yars. as aconsequenceofthe shift 

by fwnas towuds soü c o ~ o n  pmctices, such as minimum and zero-tillage (Hosford, 

1982). Tan spot con& of two distinct symptoms: tan neaosis and mensive chlorosis 

&mari and &mie, 198% Lamasi and Baniec, 198%). Fm races ofthe fingus have been 

described so fàr., produchg necrosis d o r  chIorosis on differrmial hexaploid wheat lines 

(Lamari et al., 1995). Race 1 isolates are cap& of produchg both necrosis and chlorosis 

on susaptible w k t ,  race 2 isoiates an only producc the necrotic symptom, race 3 and race 

5 isolates both cause chlorosiq but on different cultivars, and race 4 isolates are avinilent, 

produchg mitha symptom (Lamari et ai., 1995). 

The nectotic symptom has b a n  shown ta be associated with a host-spedc toxin, 

tenned the Ptr necrosis toxin (Lamari and Bernier, 1989~). Ptr necrosis toxin, a 14 kDa 

pro* bas ôem chmasid by smnl independent memh groups and its encoding gene 

has been n c d y  do& (Ballance et ai., 19%; Ci* et ai., 1997). This toxin exhibits the 

same host-spedcity as the thelates fiom wtich it is obtatincd, and has bem locognized as an 

important fàctor in the dmlopment of the tan spot disease (Tomas and Bockus, 1987; 

Bailance et al., 1989; Lunari and Bernier, 1989~). 

A second hast-specific ta* termeci the Ptr chforosis toxin, was identifiecl from race 

5 isolata of P. trïti~ii-epentis (Orolaza et ai, 1995). Pnümlliary characterization of Ptr 

chlorosis toxh suggested tbat this toxin was a smd hydrophiüc protein @P. Orolaza and 
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S.E. Strelkov, u q u b 2 ' ~  k). It stauied as a protein on sodium dodacyl sulfiite 

polyaaylamide gels, a d  bowd to chromatography columns in a mamer consistent with a 

protein- The to>on dso rpp.srs to be a pauioeaoty fiaor (Orolaza et al., 1995). Ahhough 

partiai Raikp on the purifidon of Ptr cido& toxin wae presented previousiy (Streîkov' 

a ai., 1997), the wwk Wiy dcsaibes i procedure d d o p e d  to paifil the toxin h m  

the culture filtrate ofP. ûWciJepetlfis race 5 kolates. 

3.3. Msteririb and Me*& 

bahtes and huigal ailtprrr. The race 5 isolate, Alg 3-24, ofP. ~ t i c i - r e p t i s  used 

in tlls imresu'ga!ion is a laboratory stock that was pmiously coliected fiom AIgeria ( L a r d  

a al., 1995). ainira of tbis race 5 d a t e  wae gmwn on V8 potato-dextmse agar (Jan& 

and Bemier, 1989a) umil thy were 4 to 5 an in diameter. Five plugs (1 cm in diameter) 

wen cut h m  each colony and traDsfemd to 1 liter Roux bottles, each containhg 250 ml of 

Fries medium amended with O. 1% yeast extract (Dhingra and Sincktir, 1985). The cultures 

were incubateci withwt agitation at 20°C for 21 days. The filtrates were nmoved h m  the 

qdht mat by filtering thmugh Whatmm No. 1 fiiter paper and 0.45 pm cellulose nitrate 

fiitem (Ssrtarious Gmbe ûottingen, Gcrmany). C u b e  fiitrates wae bezdried and 

stored at -20°C until processed. 

Pliat matcrub and bioassays. Wheat cultivars Katepwa (sensitive to Ptr chlorosis 

toxin) and Gienlea (iisensitive to Ptr chlorosis toxin) were used throughout the study. The 

seddlings were grown in piastic pots (12 cm in diameta) füied with a 1:1 soiVpeat mk, and 

planted at a rate of5 to 6 seeds per pot. The plants were mahtahed in a growth room at 

22/18% (daylnight) with a 16 hour photopaiad at a light intensity of 250 pE/m2s. Seecüings 
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were watered and fatüiml as required. Bioassays were conducted by îdtrating 

sedhgs at the 2 to 4 leafstage with ca. 20 pl of sample using a Hagborg device (Hagborg, 

1970; Fig. 1). 

Torii purifi~~tioo. The procedure followed in the pudication of the toxh is 

0citlMdi-n Fig2. A p p r o ~ 2 ~ o f a 1 i t u r e f ü t r a t e w a e ~ e d t o g i v e c a 2 0  

g of dry-nrntter. Fmze-ckied cuiture fil- wrs ~suspeaded in 40 ml of20 mM sodium 

acetate pH 4.6 bu&r, containhg 1 0  p M  pheaylmethylsulfon. fluoride (PMSF). The ce- 

suspended culture filtrate was centtlfiiged (Beckman modd J2-21 centrifuge) at 17400 X g 

Cw 10 minutes and the supemtant retahd. Sap#itLI Salt aactionation of the protein in the 

supanatant was conducteci with ammonSun suifàte in two steps (sa Appendix). Mlateriai 

pmipitating out at O to 25 % salt satumiion was discardeci, and that precipitathg out at 25 

to 80 % sahwtion was retahed. The @pitate was re-djssolved in 30 ml of20 mM soduim 

acetate pH 4.6 briffir, cooontPuiing 100 ph4 PMSF, and didyzed against the same buffér. The 

dialyzed sample was loaded onto a CM-Sephadex C25 colwnn (19 X 2.5 cm) equiliirated 

w i t h 2 O m M s o d i u m r c e r r t e p H 4 . 6 b u & r c o ~ 2 W ~ P M S F .  Thecdumnwas 

washed with smn kd volumes ofepuiÙiration bufEêr, and the bound alidion was eluted 

with a O to 400 mMNaC1 gracüent (250 ml totaf volume) in equiii'btation buflk at a flow rate 

of30 mühour. The eiuate was collecteci in 8 ml fiactions while monitored at 280 m. Toxic 

a- of the fractions was assegged foflowing a 1/5 düution with water by the bioassay 

procedun d e s a i  iibove. Toxic fiiactions were poded, concentrateci by f i w g ,  and 

di- against 20 rnM sodium aœtate pH 4.6 b&. The dialysate was loaded onto a Fast 

PerfOmance Liquid Chromatography (FPLC) MonoS 515 column Pharmacia, Baie dYUrfe. 



Fig. 1. Hagboig device used to infiltrate solutions into leaves. 



Concentratecl culture -te nom race 5 isoiate ofP. û+ti~ii-e@s 

Re-dissolveci in 20 mM d i u m  .cetate (pH 4.6) b&er and centrifiiged 

Ammonium sulhte hctionation of supemataat 

25-80 % ammonium suifkte precipitate redisso~ved in b&er and diaiyzed 

CM-Sephada C25 cation exchanger 

Toxic fiactions pooled, concentrated and diaiyzed 

Toxic fiactions pooled and conceatrated 

FPLC Superose 12 HR 10/30 gd fiitration column 

Toxic hctions poaled, concentrated and d d t e d  with EconoPac IODG mlumn 

Pure Ptr chlorosis toxin 

Fig. 2. Schematic of the Ptr chiorosis toxin purincation produre.  See text for detaüs. 
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Quebec; 1 column volume = 1 ml) eqwlr%rated with 20 mM sodium pH 4.6. The 

bound proteins were resolved with a linear gradient o f 0  to 400 m M  NaCl Cu, equili'bmtion 

bufFia) over 25 d u m n  volumes at 0.5 mi/& Toxk fractions were a@ pooled, &aze 

dried anci ktbnated basecl on sirie on a FPU: Supcmse 12 HR LOD0 column (Pharmacia, 

lcolumnvo&1me=24ml)equiEiontadwith2OmMwdiumacetate, pH4.6, andddwith 

the same buffa at 0.5 m l l h  Fractions containhg toxic d t y  were pooled, d d t d  on 

an %no-Pac 10DG coltmm (Bio-Rd Canada Mississauga, Ontario), and concentrateci 

by fieezadryùig- 

Protein atipatioa. The protein concentration of the Vanous solutions obtained 

durùig the purScdon pmdme wu caiadated spectrophotodcally. The optical daUay 

ofthe solutions was meirrund at 280 mn in a 10 mm cdl with a spearophotometa (Hewtett . 
Packard modd 8452A). and the value obtained was used to calculate the protein 

concentration, 

EIectmphonsis. Polyaaylamide gel electmphoresis (PAGE) was run under 

d e d g  conditions with sdum dodecyi sulfàte (SDS). This was d e d  out ushg the 

buffér s y ~ a n  of Fling and Gregmson (1986) at pH 8.5 with a 10 % separating gel and 5 % 

m g  geL Samples ofthe &min and pmteh molenilar weight markers (Bio-Rad Canada 

Ltd., Misissau&a, Ontario) were prepared in sample b&er (10 pi) consisting of02 M Tris- 

HCI, pH 8.8, 0.5 M sucrose, 0.01% bromophenol blue, and 10 m M  EDTA To this were 

added 2.5 pl of 14% SDS arxi 1 pl of 0.25 M dithiothreitol @TT). Samples were heated for 

5 minutes at 100°C and cooled on ice. After cooling, 2.5 pl of 0.5 M iodoacetamide were 

added and the samples alfowed to stand for 15 minutes More loading ont0 a 0.75 mm thick 
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mini-gel. A h  d g  (1 h at 100 V, constant aurent) the mini-ged was nxbd for IS minutes 

in m e t h a n ~ l - ~ c  acid-water (5:1:5), mhed with Coomasie Bîülht Blue (0.05 % in ~IX 

soiution) for 1 hou, and destained in rnethui~l -~c  lad-water (2:0.8:7.2). 

M o k c i h r w u t a d a i u i u t w l  - 0  The molcaJsr weight of Ptr dorosis toxh was 

dcarniincd using Laa desorption/ioMoPltion tUne-of-flight nuus spccbometqr 

(MALûI-TOFMS). Spccaa were obtained h m  samples depositd ont0 non-porous ether- 

type polyrathrine (PU) membranes (McComb et al., 1997). This work was conductecl by 

Helene Perrauit and Mulr McComb ofthe Chemistry Department, University ofManitoba, 

WIlltilpeg, Canada 

TbennmJ stabüity. The heat stabGty of Pb cblomsis toxin was determinecl by 

innibathg 500 pi samples of toxin (0.45 &'hl) at 30,40,55,80 and 100OC for 30 and 60 
a 

minute paiods. A f k  heat treatment the samples were ailowed to cool and then bioassayed 

for tonc 8CtiVity- 

3.4. ResuIb 

Purification. The dectcophontc pattern of the proteins precipitated at 25 to 80% 

8t1lil~)nium suüàte rratuntion is iiiuscrated in  FI^. 3. Toxic rCtMty was issoQoted with this 

&action. Matetid precipitating out More 25% d o n  possessed no toxïc aaivity and 

neither did the 80.A supematmt. Mer the 25 to 8û?A precipitate was re-dissolveci and 

diaiyzed, t was loaded onto a CM-S C25 coIumn, and a large unbound M o n  of UV- 

absorbing material was washed through- Toxic actMty was eluted at ca. 200 mM NaCl. Fig- 

4 shows the &on pronk h m  the CM-S C25 mlumn, and Fig. 5 shows the electrophoretic 

pattem of the proteins in the toxic fhctions. Mer the toxic fiactions were pooled, 



Fig. 3. SDS-polyacrylamide gel electmphoresis showing the serial dilutions of the 25 
to 80% ammonium sulfate precipitate; lane 1 contained 61 pg of p tem,  lane 2 cmtained 
30 pg of protein, and lane 3 cmtained 12 pg of protein. Lane 4 contained 10 pg of 
molecdar weight markers. 



Fig. 4. Elution profile of proteins bound to CM-S C25 d o n  acchange wlumn (8 
mVfhction). The soiid bar indicates whae the toxic fiactions were eluted. 



Fig. 5. SDS-polyacrylamide gel electrophoresis containhg toxic fiactions fkom CM-S 
ion exchange chromatography. Lane 1 contains 10 vg of molccular weight markers, 
lanes 2 to 5 are the toxic htiotls. Lanes 2,3,4 and 5 were loaded with 20 pl of sample. 
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concentrated and desalteci, the sample wss loaded on the FPLC MonoS 515 column, and 

firadonated by gradient elution as described eairiier into several peaks absorbing at 280 am 

The dution p d i e  is illusrraed in Fg 6. Toxic scrMty was associated with only one of these 

peaks, which was in close pro>rimity to a pcalc conespondhg to a 26 kDa contaminant (as 

detennined by SDS-PAGE; Fig. 7). Ptr cblorosk toxin was p d e d  to homogeneity by 

concmtratùig and mdng  the near-pure toxic ftaaons obtained fiom the MonoS d u m n  

tlrmugh m FPLC Superose 12 cdumh Fîg. 8 contains the elution profile nom the Superose 

12 colinn. The toxin, corresponding to a sïngie UV480 absoibmg peak. was separatexi fmom 

dl remaining contamuiants. Ptr chlorosis toxh was desalted on a d d t i n g  column and 

concentrated for fùrther dysis. Since d e r  work had indicated that Ptr chlorosis toxin 

was proteinaceous in nature, the relative purity of the toxin wes examined through 

electrophoresis and protein m g .  SDS-PAGE of the final concentrate of the toxh 

reveaied only one band stainable with Coomasie blue mg. 9). Fig. 10 shows the syrnptorns 

pmduced by the pudieci toxin on s e m i h  (Katepwa) and insensitive (GIenlea) wheat leaves. 

The protein concentration during the various purification steps is show in Table 1. 

Mdcc:uiar w-t detamhtion. The molecdar weight of Ptr chlorosis toxin was 

determined to be 6612.3 Da +f- 7 (0.1% =or). The MAUII-TOF mrss spectmm of the 

toxin is  shown in Fig. 1 1. 

Thermal stability. The thend stabiity ofthe toxic activity was detennined after 

several heat-time treatments. Activity was fùliy present after heating for 60 minutes at 30, 
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Fy 6. Eiution p d e  oftoxic naction on Maios 5/5 FPLC coiumn. The solid bar indicates 
hctions contaking toit actïvity. Eluait B was 1 M NaCl. 



Toxin 

Fig. 7. SDS-polyacrylamide gel electrophoresis of the peaks from the MonoS FPLC 
colunm. Lanes 1 to 4 conesponded to peaks 1 to 4, respectively, in Fig. 6. Fractions 
in lmes 1 and 4 possessed no toxic activity. Lan~anes 2 and 3 comsponded to toxic 
fiactions and contained the toxin band. Laue 5 amtained 10 pg of molecular weight 
markers. Lanes 1 to 4 were loaded with 20 pi samples.. 
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Fig. 8. Elution profile of MonoS pooled peaks 2 and 3 (Fig. 6) on Superose 12 FPLC 
alumn, with the location of Ptr chlorosis toxin indicated with the sotid bar. 



Fig. 9. SDS-polyacrylamide gel electrophoresis of p d e d  Ptr chlorosis toxin. 
Lane 1 contains 10 ug of molecular weight markers, Iane 2 i s  empty, and lane 3 
c o n t h  20 pl (0.1 pg) of the pud5ed toxin. 



Fig. 10. Toxin-sensitive Katepwa leaves (lelt) and toxin-insemitive Glenlea 
laves (right), 72 hours afbr infiltration with puiified Ptr chlotosis toxin 
at e concentration of 0.45 pg/d. 



TABLE 1: Protein content at various steps ofthe purification procedure, as caicuiated from 

the opticai deMties at 280 nm. 

Volume Total Protein Total Protein 
(mi) Concsntration (pg) 

(~fw) 

Concentrateci culture 
filtrate 60 3.04 X 103 

25%or/o (NH&S04 pptl 30 2-72 X 103 

CM-S C25 
toxic M o n s  24 260 

MonoS 9 5  
toxic fiactions 2.2 76.0 

Superose 12 HR 10130 
toxic fiactions 1.6 2.80 

'ppt.: precipitate 



Fig. 11. MALDI-TOF mass spectnim ofPtr chlorosis toxh obtained using a PU 
membrane. The peak corresponds to a molecuiar weight of 6.6 1 kDa 
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40, and 55OC. SIightly weaker activity was still present a f k  30 minutes at 8OoC, and a low 

level ofcbbrosis was detectable Pfta 60 minutes at 80°C. A vezy low level of chlorosis was 

stili detectable after 30 and 60 minutes of heating at 100%. 

3.5. Discussion 

Earîier work on Ptr chlorosis toxin provided evidence that this is a hydrophilic 

m o l d e ,  stable to exposure to organics (Orolaza a al., 1995). It was also found to be 

proteinaceous in nature (NS. Oroiaza and SE. Strelkov, wpbZished&dcc). The toxin 

stained as a protein on SDS-polyacry~de gels and bound to chromatography columns in 

a manner consistent with a protein. The present investigation c o b e d  that Ptr chlorosis 

toxin behaves in a manner consistent with a small prote* the toxh was purified to 

homogeneity ushg protein purification techniques. The fàct that PP chlorosis toxïn bound 

to cation exchange colwnns indicates that it has a net positive charge and is presumably a 

basic protein. 

The protein estimation technique which was used probably resulted in an 

underestimation of the toWi concentration. The intensity of the toxh bands obtahed when 

p d e d  Ptr chlorosis toxin was nui on SDS-polyacrylamide gels did not correlate weU with 

the theoretical arnounts of toxin that were loaded; the ban& were stronger than expected. 

This could be due to the fact that we were basing our calculations on the absohance of the 

protein solutions at 280 nm, the absorption maximum of tryptophan (Haurowitz, 1963). 

Since Ptr chlorosis toxin is only 6.61 kDa in size (ca. 52 amino acids), it may not contain 

tryptophan residues. 
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MW otha biown hast-selectivt tolmn arc low m o l e a h  weight compounds and are 

notantigenicc Nevettheicss, thae ire exceptions, most notabiy with toxins produced 

by P.&zHci'penfis; Ptr nectdsis toxk is a protein with a moleailar weight of 14 kDa 

(Baihm a aL, 1989; Tomrr et al, 1990; Tuori et J, 1995; Zhu@ et ai, 1997). Ptr 

chl& taxiq as a smaü protein, ù thmefbre aiso unique. This mises the possiiüity thrt it 

may be b i i g  a toxïc constituent, md may not acûdiy be the toxk principle. However, 

dMng ion urdmgc diromatograpiry the poiypeptide ad toxic adnnty aiwmys co-migrateci. 

Furthermore, the nnrl purification step involving FPLC gd filtration providecl no evidence 

for the utistena of a lower m o l d m  Wtight toxic constituent- 

It appean that Ptr chlomsîs toxk is heat stable. There was no duction in toxk 

activity aRa hcrtmg for 1 hour at 5% conditions *ch fesulted in the irreversisible 

d e d o n  of Ptr necrosis toxh (Ballance et d, 1989). Howeva, even afta 1 hour et 

looOc =me toxic d t y  was retained. Since we did not have a way to monitor the l o s  of 

structure of the tcmh with heating, it ù not clear whether this thermai stability wes due to an 

iaability of the heat to digupt the active site, or if the d nature of the protein made t 

difficult to denature- It is dso possi'ble t h  the toxin matured a € k  ooolhg. Further 

analyses of Ptr chlorosis toxh wili be necessuy to wnclusively show the protein nature of 

this molecule and to detennine its structure. 



4. lNDUCED CHU)ROPayy,L DEGRADATEûNBY A CHLOROSIS "IUXIN FROM 
PXUENOPHORA TRlTICI-REPM 

Ppertophwa mHcii-rprmis, causai agent of tan spot of wheat, a n  differentiaiiy 

induce tan 11cç~osis and extCIlSiVe dorosis in hexaploid wbat lines. A chIorosis inducing 

host-specifïc towi, termed the Ptr chlorosis t o a  was isolatecf fmm a race 5 isolate of P. 

trifici-repenti". The physiologki development of chlorosis in senstive wheat was 

investigated usiDg p d y  pinseci toxin Treatment with the toxin had no &kt on the 

greening of etiolnteA tissu+ suggesting that chlomsis resuits h m  cblomphfl d-on, 

indicatiug that it may be a consequeme of photochmiid bleacbing. To test for the 
. 

invoIvemmt of active oxygen (AO) @es in photobleachhg toxh-treaîed tissue was floated 

in solutions of miou  A0 scavengers. The wmpound pbsazoquinoae, which quenches 

sinpiet oxygen and triplet cbbmphyq prrventcd the devaopment of chlomsis, suggesting that 

A0 speQes are iwolved in chlorophyli degradation. High @rmance iïquid 

chromatogtaphy (HPLC) chiorophyii depiatmion pro* were a b  consistent with 

photooxidation. Decre~lses in carotenoid lwds were d e r  than and concumnt with the 

declines Li chlorophyll, suggesting that t ~ ~ n d u c e d  chIorosis was not the r d t  of a 

carotenoid deficiency. It appears that Ptr chlotosis to* directly or indirectly, inhiiits 

photosynthesis. leaduig to chiorophyll photodestniction as iliuminated thyiakoid membranes 

become unaôie to dissipate excitation energy. 
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4.2. lntrodudion 

Tan spot is an important fbliar disease of wheat caused by the fiingai pathogen 

t))irenolisca ûi'a'ci-riepénas (Dieci.) Drechs. (anamorph= DrecirsEera Mici*epenrrs (Dieci.) 

S h ) .  Diaaredenl0pmatcanbe~withtw0disiinctsymptoms:tannecrosis 

and/or c x t m h  chlorosis @amui rad B d a ,  1989% Lamari and Bani-, 1989b). The 

necrotic symptom is caused by the adon of a host-speafic toxh, tenned the Ptr necrosis 

toxh &mari and Bernier, 1989~). Whüe the mode of adon of Ptr necrosis toxin has not 

yet been ducidatai, therc is daia to suggest t h  the toxh may tri- a programmecl cd 

A second host-specSc toxin, termai the Ptr chiomsis toxin, has been shown to be 

8SSOCiated with the development ofthe chtomtic symptom in tan spot of wbat ( O r o b  a . 
al, 1995). This toxin, which is produceci by race 5 isolates ofP. brVici-repentis, apppea to 

be a smaii hydrophilic protein, stable to acposun to orgaaics (Orolaza et al., 1995; Stnkov 

et al., inpreparatïon)). Pü chIorosis toxk is a pathogenicity hdor (Orob  et al., 1995). 

However, litde is known about the mechanism of chiorosis induaion in Sensitive tissue. 

Preiimimuy investigations d e d  that the developmait of chîorosis wu üght-dependcnt; 

chlorosis does not deveiop uada &kness, and is much weaker unda reduced light 

conditions (NP. Omlaza, uqmbI'sired&&z). Fwthermore, development of the chlorotic 

symptom was indcpenderit of tissue age. These obscnrations suggested that the development 

ofchlorosis was a consequeme d photochernical bleaching. The objective of this study was 

to ducidate the mode of action of Ptr chloroais toxin Pre- d t s  were presented 

eariier (SadLov a al., 1997). 



d o n  to the toxin, whiîe "swceptiiiiity" and "resistance" are used to refer to the host 

readion to P. tnWci-repentik 

Phiit ufaiib and bhssays. Wkat c d t h ~  Katepwa (-e to Ptr chiorosis 

toxin) and Gicniea @sensitive to Ptr chlorosk toxh). were used throughout tlas study. 

Unless othenivise statd, the seedhgs were p w n  in plastic pots, 12 an in diameter, med 

with a 1: 1 wiVpeat mix. Planis were d e d  at a rate of5 to 6 seeds per pot, and maintained 

in a gmwth room at 22/M°C (daylnight) with a 16 hour photoperioci, at a light htensity of 

250 pE m-9'. The piants were watend and nrtüaed as quired. Bioassays were conducteci 

by infiltrathg seedijngs at the 2 to 4 lea€ stage with ca. 20 pl of water or toxin using a 

Hagborg device (EEagborg, 1970). An Bcpertaaits were repeated three times, and treatments 

were repficated three times in each nui. Results presented are fkom a typical run. 

Roduction of alturc filtrates. A tace 5 isolate (Ag 3-24) ofP. ~tici-tepenfis was 

used throughî t k  SDUciy. Cultures ofthe fungus were grown on V8 potato-deiurose agar 

(Lamari and Bernier, 1989a) until îhey were 4 to 5 cm in dianieter. Five plugs, 1 cm in 

diameter. wae ait fiom each wlony and transferred to Roux bottles containhg 250 ml of 

Fries medium, amendeci with O. 1% yeast extract @hingra and Sinclair, 1985). The cultures 

were incubated without shaking at 200C fbr 21 days- culture filtrates were removed fiom the 

mycelial mat by fiitering through Whatman No. 1 füter paper and 0.45 pm didose nitrate 

filters (Sartorious GmbH, Gottingen, -y). 
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P M  punticatioa of  the toIOL A pddy puiaed toxh mixture (NP. Orolriz~, 

unpblishedckria) was d in this study. Appm><imrtdy 500 ml of culture tiltrate were 

fiieezean'ad to yidd ca. 5 g dry-matîes. F&ed culture filtrate wrs te-susperided in 20 

mi of 20 mM sodium .cetitc pH 4.6 bufk aad rad@ @edonia madd 12-21 

d g e ) a t  l ~ 4 o O X g f w I O ~ e s 1 t ~ ~ ~  Thesupematmrwuamrctedtwiawith 

an epuel volume of- aœtate. Trace of- acetate wae removed from the aipanrtiuit 

with a strram of mtiogai and the ta& actkity was prccipitated with ammonium sulphate (O- 

8Ph d o n ) .  nie - * .  ans muspended in 20 mM sodium acetate @H 4.6) bUaa 

anddededona 10mlBioCa lODGcoiurrm, pracpiitibntcdwah20mMdumacetate, 

pH 4.6, and duted with the same b&èrUT The pooled simple was loaded onto a CM- 

Sephadex C-25 cation achange column (2.5 X 19 cm), equili'btated with 20 mM sodium 

acecate pH 4.6 buSm. The colurnn wu d e d  with 5 bed volumes ofequiliiration bunèr, 

and the bound fiaction was elutcd with a sodium cbloride gradient (250 ml o f  O to 150 mM 

faiiowed by 250 ml of500 mM) at a flow rate of 30 mVhourUT The eluatc was monitored at 

280 nrn wliüe 8 ml fiadons wctc collectcd. Toxk actkity of the &actions was rssessed 

foUowing dilution with wiita by the biousay procedure d c s a i i  aôove. Toxic fiactions 

wae poded and conanftafdd by aatone (Wh v/v) precipitation. The d t i n g  stock toxin 

solution had a gredy airicheci l d  ofPh dorosis ta& rlthough a number of contaminants 

were stül present (Fig. 12). 

Estimation of chiorophyll content. Four k e f v  (0.5 to 1.0 cm in length, 

totai weight ca 40 mg), domiy dnriai h m  each were cut, weighed, and fiozen 

in liquid mtrogai. They were thai@ with a mortar and pede and extracteci three times 



Fig. 12. SDS-polyacrylamide gel electmphoresis of the partially purified toxin 
that was used tbroughout the mode of action stdies. Lane 1 contains 10 pg of 
moiecular weight markers, and lane 2 contains 10 pg total protein of the paaially 
p d e d  stock t0xi.n solution. It was infiltrated into leaves at a concentration of 
1 )ig total protem/ml. 
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with SV! acetone (vh) in micmcmtdÙge tubes. The final extmcts had a vohme bsed on 

10 mg (nesh weight) plant maaniil atmcted pa 1 ml of  acetone (Wtham et al, 1971). 

and wae kept in the âark pria to rmmmma& The optical daisity of the adra*s was read 

at 645 and 663 nm in a 10 mm c d  with a gpecbophotomda (Hewietî PicIcard modd 

845ZA). The amount Otdilaopliyn pmmt wrs then cslailated as müügrams of chlorophyil 

per gnm of laftissue amacad wing the equations of Amon (1949). 

Estimation of amtcaoid content M o n  ofcamtenoid content was canduded 

in a m a ~ a  identical to tbiit descrkd above for chiorophyils, accept that the optical density 

oftbe extra& wu maaoed at 470,647 rad 663 m. The equations used to caicuiate the 

amant ofcarotaies and nmthophylls jmsent in the a~racts were as listeci in Lichtenthaler 

(1987). for pigments in 8o./. -ne (vlv). 

Effert of toxïn on pigment content in light-grown s d n g s .  Saisi& and 

insaistive wheat seedhgs wae i d h m t d  with eitha Ptr chlorosis toxh or with water using 

the Hkgborg device and the sazne p d m  d e s c n i i  for the bioasay. Chiorophyll levels 

were detemineci at the tims of infiltration, and then every 24 hours up to 120 hours in leaf 

sections that had been infiltratal- 

Effet  of a da& p d o d  on devdopmat of  chiorosb. Leaves of sensitive and 

mendive what seedbgs wac idhtai with either putially purifiecl Ptr chlorosis toxh or 

with water. Thme l e a .  were hdhted on each seedling, and three sdlings wen used for 

ewery treatment in each repitition ofthe expriment. The plants were then moved into the 

dark for varying paiods of t h e  (0, 24, 48, 72 and 96 hours), after &ch they were 

tmsfémd back into the light. Plants wece assessed daily for ddopment of the chlorotic 
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symptom ID the idtrated anas. and were rated as (+) or (-) for the presence and absence of 

chiorosis, nspectivelyY 

light. ~ d i i i 9 a r s i r i v t w i i e a s ~ g s w e r e g  anMatcdandpwnin5X5cmjiffy 

pots (Pdy J i i  Products (NP.) Ltd., Shippagan, Canada) for one week under complete 

darimess. They were then transfetced to a growth chamber with a 16 hour photoperiod, at 

which t h e  they were uifilttated with either Ptr chlorosis toian or wata. Chlomphyil levels 

were measwed as indicated above at O7 5. 10,24,48,72, and 96 hours after infiltration. 

Effect of active osygen sc.vengen on devdopment of  ehlomsîs. This study was 

adaptai h m  Kar and Feierabend (1984). Leives of seaPitive and insensitive Seedlings were 

infiltrateci with either Ptr chlorosis toxin or water. Twentpfour hours der infiltration, the 
0 

treated leefsegments were ait uito 1 an &ps, and piaced in petn plates (8.5 cm in diameter) 

containhg 25 ml each of solutions of various active oxygen (AO) scavengers. The 

treatments were distiiied waters 10 m M  1,4-di820bicyclo(2~2~2)octane~ 1 mM p- 

benzoquinone, S mM formate @H 7), and 5 mM asaxbate (pH 7)  (Sigma, Ookville, 

Canada). One set ofpbtes was piaced under complete darkness, the second under a 16 hour 

photoperioâ. The temperature was 22°U18c (day/night) for plates under üghf and 

2Z"cllS"C (16 hl8 h) fbr plates in the dak M e r  48 h o m  in the petri plates (72 houn a&r 

infiltration), the leaf segments were coileded and th& chlorophyll content deteminecl- 

HPLC chiorophyii degndatioo pm&a Pigments were aaracted and prepard for 

d y s i s  with high perfbrmance liquid chromatography (EIPLC) usuig a method modifieci fiom 

Johnson-FIanagan and Shgh (1993). Leaf segments (0.5 to 1 cm long) were cut, weighed, 
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and plaad in microcentrifbge tubes for fieezhg and stocage. The l d  tissue in the 

mi- tubes was fiazen in liquid n i t q p  and gmnd to a f i e  powder with a pesde. 

Pigmnis wcrc atradcd twice wah i a  -Id 8 P ?  ardnne, 00 that the finai volume wss based 

on 10 mg tissue pec 1 ml of8096 acetom. tubes containhg the grouad tissue 

and die acctone wat caibinrgrd it LOODO X g W t h e  volume ofthe mlting supernatant 

was m o v e d  and drieâ unda nitn,gm in the drk Pigments were then nsuspended in 

100 pl methylaie chloride fOr analysis 4 t h  HPLC. The injection volume was 15 pl. 

Pigments were s e p d  ushg a method developed by Johnson-Flanagan and 

Thhgamjah (1990). An 8 mm X 100 mm Radial Pak reverse phase column (Waters 85721) 

was used with a Spean  Physics HPLC systan consisting of a SP8800 temary pump, a 

Spectra 200 W-VIS variable wadaigth detector, and an SP 4270 integrator. The solvent 

system consistecl of methanoVwater (4:L) (solvent A) and e&yl acetate (solvent B). 

Chromatographs were developed in a linear gradient hom 75%:25% A B  (v/v) to 500/.:50% 

k B  (vh) over 50 mEndq at a flow rate of 2 milminute. The pigments were d e t d  at 660 

nm, with a bandwidth of 8 ian. Cbbrophyil a and b, pbsophytin a and 6, chlorophyllide a and 

b, and pheophorbide a and b wae idaitined by cornparhg th& retention times and 

absorption spectra widi those of authaitic standards. Chlorophyli a and b standards were 

purchrsed f?om Sigma (Oakville, Canada). Pheophytin a and b standards wae obtained by 

acidification ofthe chlomphyll a and b standards (Johnson-F'lanagan and Thiagarajah, 1990). 

ChlorophyUides were p r q d  h m  their rmpective chlorophyiis by treatment with citnis 

c h l o r o p ~ .  Pheophorbides a and b were prepared by the acidüication of th& respective 

chtorophyilides (Johnson-Hamgan and Thiagarajah, 1990). 
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4.4. Rcsults 

Effcr t  of tosh on pigment colitent in üght-grown seediings. Chlorophyll u levels 

in the sensitive Katepwa seedlirigs trealed with wata, as weU as in the insensitive Glenlea 

seedbgs traPcd wnh9tha waterortoxin, nmsgrd relativtly constant throughout the the- 

course of the study, in the range of 2-3 rndg tissue (Fig. 13). However, the chiorophyll a 

level in Katepwa seallings treateâ with toxin began to dwease d e r  48 hours pst- 

infiltration. Thus, whüe during the orst 48 hours of the time-course the chloropby~ a level 

had mniiined constant at app-2 n#g tissue for this treatment, by 120 hours it had 

dcacased to 1-13 mdg tissue. The ~ime petran was obsened with resm to chlorophyli 

b leveiseYelS The level of diis pigment rsmimed constant (at c a  0.80 to 1 .O mg (CM b)/g tissue) 

throughout the Qnacairse fk ail treatments except for the toxin-treated KMepwa seedlings . 
(Fîg. 14). KatepwP exhihiteci a large decrease in the chlorophyii 6 level beginning at 48 hours 

post-infiltration; the chlorophyll b Id decüaed ntom neady 0.80 mg/g tissue to only 0.43 

mglg tissue at 120 houn. Sidarly, the total chlorophyil (chiorophyll a and b) 1 4 s  only 

decnased in the K*epwii scecüings mg. 15). Tbe initiai total chlorophyil level 

i n t h i s ~ w a s 2 . 7 2 n i g / g ~ k i t i t û e g u n t o  marksdlydeaeaseafter48 hounpast- 

infiltration, to a value of only 1.56 mg/g tissue at 120 houm. Total chlorophfl levels in the 

other mamiaits rrmaiiud constant throilghout du study. The ratio of chlorophyll a to b was 

similar for aii treatments, including the Katepwa + toxh treatment, at all points during the 

tim6.course of the sîudy (resuIts not shown). Différences in crvotenoid content wae within 

expimentai aror in d tnstments for 48 hours afta idtration. It was at 72 houn that the 

difference between the to>an-treated and w a t e r - ~ e d  sensitive tissues became signincant 



F o i  13. ChlorophyU a content o v e r h  r&r mnltration of seedlings with Ptr chlorosis toxh 
or water. The treatments wae cv. Katepwa + toxin (@), Katepwa + wrta O, Giedea + 
toxin (A), and Glenlea + water 0. Error bars indicate the standard deviation. 
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Fig. 14. ChlmphyU O content ova time a b  Binltnition ofsadlings with Ptr chlorosis towi 
or water. The treatments were cv. Katepwa + toxin (e), Katepwa + water 0, G l d e a  + 
toxin (A), and Giailei + water 0. Emr bars indicate the standard deviation. 
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F i i  15. Totai chlorophyii content over time a b  infiitrntion ofseediings with Ptr chlorosis 
toxin or water- The tnatmsn$ wae cv. katepwa + toxh (O), Katepwa + water O, Gieniea 
+ toxin (A), and Gknlea + water 0. Emr bars indiate the standard deviation. 
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(Fi& 16). This differmce was never as large as the one obsexved in chlorophyll lewls. For 

instance, at 72 hous pst-infiltration, the carotenoid kvd in the wata-treatexi Katepwa 

controls was oniy 1% higher t h  the l d  in the toxin-tceated Kaîepwa seedüngs (0.454 vs. 

0.3 87 mg auotenoid/g tissue). 

Effiéct of duk pcriod on dcvdopmmt of chiorosis. When torcin-treated Katepwa 

seedüiigr were subjected to a dark paiod of24 to 72 houn, the onset dchlorosis fkom the 

t h e  of m o n  was daaycd by a peaiod of t h e  simü.r in kngth to the dark period (Table 

2). Once seedhgs were transferred back h o  the light, chlorosis developed &er 48 hours. 

Measurements were rot amed out a f k  72 hours in the da* as aü treatments, including 

water-treated wntrols, became chiorotic. 

Effect of tosin on chIorophyU iccunuiatioo in etioiated seediings uposed to 

iight TXuLig the ht 48 houn of the tirne-course ofthis study, chlorophyli leveis appeand 

to inaease at a similar rate in all the treatments (Fig. 17). However, the chiorophyil level in 

the toxin-treated Ketepwa d l i n g s  declined durhg the period 48 to 72 hours afler 

infiîtration with the toxin. In ail of the raaiining treatments, chlorophyil levels continued to 

inamse during tfiis paiod. The trend persisted betwwn 72 and % hours, with the Katepwa 

+ toxin treatment continuhg to exhibit a deciine in chlorophyll and the contrd treatments 

continuing to show an incrcasc in chlorophfl levels, approaching those observed in control 

leaves @ig. 15). 

Effkct of active oxygcn scavmgm on d d o p m t a t  of cùiorosis. The effect of the 

diffaent A0 scavengers on the development of chioroais Mncd. When plates were kept in 

die da& chlorophyü content was sWar in l tresinnerits. Whai plates were kept in the light, 



O 20 40 60 80 100 
time (hours) 

Fig. 16. Camtenoid content over time &er infiltration of cv. Katepwa seedhgs with Ptr 
chlorosis toxh (O) or mer  m. Error bars indicate the standard deviation. 



TABLE 2: The effkt ofdark periods on the dmlopment of chIorosis following infiltration 

of Katepwa seedhgs with Ptr chiomsis toxin. Pnsence and absence of chlorosis are 

indi& as + and -, respectivdy. 

In6ltration Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 



Fig. 17. Chlorophyll content in etioiated sadliags over tirne a f k  ttansfer into Iight. The 
treatments were cv. Katep- + toxh (a), Katepwa + water O, Glenlea + toxin (A), and 
Glenles + water 0. Emr bars indicae the staadard devhtion. 
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chlorophyll content was similu in JI the iwaQtM ûitalea tissue ûeatmcnts. Howmr, 

chlorophya coma~mmcin-infiltratcd Krtepwa tisswwas signifÏcady lower than Ïn water- 

innltraîed K a t v  tissue when both wece flomd in distiiled witn (Fig. 18). The same 

di&ndai resuits ooaimd whai toxhinfiltrated and - id ibted Katepwa tissue was 

fioptad in 10 a M  174diazobicycio(2,2,2)oduie (a savenger of sin@& oxygc11)~ in 5 m M  

formate (a &ydmxyI radical scava~ger), and in 5 mM urcorbate (a scavenger of superoxide). 

These scam~gers, at least at the mnantraçtions mai, did not inhiiibit dmlopmemî of chIorosis 

in towi-eeated Katepwa tissue. Ho-, cldo~ophyll content in tolcin-infiltrated ffitepwa 

tissue floated in 1 mM p-baiIo<iuinone, a quencherof both singlet oxygen and triplet 

chlompiryg was amparable to that of water&ûhn&d coutrols floated in the same solution. 

Decreases in chlorophyll content in toxbiitrated K.tepwa tissue were dit ive to the 

chlorophyll l e d  in HzO or tortin-insensitive controls. The chioroPm 1 4 s  ofthe control 

tnatmnts wae Iowa in diis study than in studies in which leaves remaineci on the seedlings 

throughout the bne-cou~~e. 

HPLC chiomphyli degrdation p m f k  No diEkncts were obsawd at any t h e  

in the chlorophfl degraddon pmfiles between saisitive tissue in which chlomsis was 

dmlopiug, and control tissues in which cldorosis was not developing (Fig. 19). The major 

peaks identifieci in chromatograms of al1 treatments at ail the  points consisteci of a 

chlomphyll a peak, and a smaiier chlorophyil b peak In a few of the sampled control tissues, 

there was a very srna11 peak wmsponding to pheophytin a. Chlorophylt denvatives, 

including pheophytin a and a, chiorophyllide a and 6, and pheophorûide a and b, were 

generally not detected. 



Fig. 18. The &èct of various oxygen scavengers on the ddopment  ofchlorosis. Toxin- 
eested Katepwa laf segments were floateâ in distiUed water (water). 10 rnM 1,4- 
diazobicydo(~2 ,2~  (1.4-D), 1 mM gbenoquhone @B), 5 rnM fornuite pH 7 0, or 
5 mM ascorbate pH 7 (A). Emor bars indicate the standard deviation. 



Fig. 19. HPLC chl01ophyU degmhticm profiles of Katepwa tissue 72 hoias afta infiltration 
with Ptr chlorosis toxin (top) and wata (bottom). 
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4.5. Discassion 

nit redts obgmd in ttiip study @ded same dues as to the mode of action of Ptr 

chlorosis toxh The fàct that the ddopment oftoxin-induced chlorosis is independent of 

tissue age (NS. & h a ,  M p i b W h )  suaests that the thexin may promote chlorophyil 

dcgradaton, rirdur tha inhibit the ryahear ofchloropiiyU or asmhed chioroplast pmteins. 

Chioropiyii synthesu is mmdy a major process in young. expanding leaves and decniws 

as plants age (Hendry a al, 1987). Therefore, ifchlorophfl synthesis was behg inhiited, 

pater symptom Mopment would be expec&d in younger leaves. The k t  that the toxîn 

did not int«fert, fbr the f h t  48 houn, with the accumulation ofchlorophyii in etiolated 

seediings orposed to light stm& mgpas dut ctdomphyll synth&s was not being flêcted 

@tg. 17). Although it d d  be argueci dpt inhibition of~orophyii  symhesis might rot begin 

und 48 hours &er infiltration (and hence the lapse in t h e  More symptom development), 

this scenario is wlürely. Ifthis were the case, we would have expected a lwehg off or a 

slight decrease in chlorophyli l d s  in the greenhg seedluigs, iMha than the sharp deche 

wtiich we consistaitly observeci. 

Sevend lines of evidence suggest the involvement ofphotochernid bleaching in the 

d e o n  of chlorophyii: ï) toxhi iced  chlorosis is strict@ Iight-dependent, and Ü) when 

green seedhgs wcre hfiitrated with the toxh and subjected ta dark perïods of 24 to 72 

hours, and then retunied to the Iight, the onset ofchlorosis was consistentiy delayed by a 

period of time similar in length to the daib period (Table 2). Further evidence for 

photochernical bleaching was also obtained fiwn the study with A0 scavengers. 

Photochernical bleaching invohes the formation and action of A 0  species (Lawlor, 1993), 
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which cause the photooxidabCon ofthe chiorophyli moleades. Thrq it would be acpected that 

scavengers ofAO d d  k d in pPewnting cbiorosis. Three of the A0 scavengers tested 

had no detectaùle efféct on the ddopmnt of the toxîn-induced chlorotic symptom. 

Ho-, the compound pbcnmquinone wns hi& &eCfive at preventing chlorosis mg. 

18). ûther nsesrchas have dso obsefved that pbenzoquhone can aibit  chlorophyli 

photobleaching. For example, Feietaberid and Winkeihusener (1982) found that p- 

kazoquinone e & d d y  prnimtcd photooxidation of chiomphyü in habicidetreated rye leaf 

segments. This compound is a scavenger of singiet oxygen, and bas been shown to reduce 

the ha= of the triplet state of chiorophyif (Fujmori and LMngston, 1957). This latter 

effect of p-baizoquinone couid be the most important in preventing the development of 

chiorosis in the tan spot system: the reduction in the halSlife of the energetic triplet 

chlorophyii molecules makes it less Only that they wül react with molecular oxygen and 

produce A0 species. It is also possible that by dirdy quenchg A 0  species, p- 

baizoquinone prevents the photooxidation ofchlorophyll. It is  unclear why the three other 

A0 savengers used fàüed to have iuiy effkt. These cornpounds, 1,C 

diaznhicyJ0(2,2,2)odsne, fi,rmate and aseorbate, are scavengers of sùiglet oxygen, hydroxyl 

radical and superoxide, respectivety, al1 of which han been implicated in the photodynamic 

decomposition ofdorophyü @Wbow and Bolton, 1978; Ginkel and Raison, 1980; Hoober, 

1984). It is possiile that these scavengem wae irieffective at the concentrations used, or that 

they were not taken up in sufticient quantities by the tissue segments. Neve&eless, the fact 

that pbaimquhone preverited the devdopment of chiorosis provides strong evidence for the 

involvement of A0 species in the production of this symptom 



The RPU: chiorophyIi degdation prohles obtained mg. 19) are consistent with 

photooxidation of  chlorophyü molecules into low molecular weïght compounds. Hendry et 

ai. (1987) identifid two p t t a n s  of dilamphyli degradation, termeci type I and type IL Type 

1 involves the hydrolytic ranoval of the phytol moiety and magncsium nom cblorophyil, 

resulting in the finnation of pheoplrytioa, chlomphyilidcs, and pheophorbides, compounds 

eady detedable by HPLC. Type LI d-on involves the breakdown of the lllilcrocyclic 

rtig structure and subsequent dsgndition into s n i U a  carbonlnitrogen Ercigments. Type II 

depdation occurs m the presena of oxygen and light (Ziegler and Schanded, 1969), and it 

has been argued that degdation of the macrocyctic ~g into carbonhitrogen fiagrnene 

oaun fiilowing attack by A0 &es @upont and SiegenthaIer, 1986). In Our studies with 

HPLC, we attempteû to monitor type 1 d-on products in toxin-treated and non-treated, 

sensitive and insensitive tissue, but niiled to record their presence (Fig. 19). suggesting that 

chlorophyiI was being photooxicüzed into low molecular weight colourless compounds. The 

smaii pheophytin a peak *ch was obsetved in a few ofthe control tissues was most Wrely 

a m i i l e  to sampfe d e o n  prior to cunning through the HPLC. Although our fiülure 

to detect type 1 degradation pducts  is not dehite proof of theù absence, the HPLC 

chlorophyil d-on profiles are consistent with photoorcidation, particulariy when 

considered togetha with our other results. 

Carotenoids play an important d e  in the dissipation of the excess energy of 

chiorophyil m o l d e s  d in the d e t d t i o n  of A0 species (Hoober, 1984; Lawlor, 1993). 

We acammd the p o s s i i  that a amtenoid defiaency was responsible fbr the ddopment  

of chIorosis by measUring carotenoid levels in various treatrnents. Although we did observe 
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a diffierence in carotenoid 1 4 s  between toxin-trcated sensitive and iasensitÏve tissue, this 

diffeience was concment with and of much lower megnitude than that of chlomphyil, 

suggestÏng tbat it was a d e d o n  ofthe fkct îhat A0-mediediated damage was b m h g  more 

widesprd. Whehr other p r o t e c h  systans, such as the various antioxidant enzymes 

found in pluns, are bcing affiéded rrmains WlClear ad wül be the fms offhure studies. 

Based on our aimsit d t s ,  howcvct, it appars thrit Ph cidorosis to* dinaly or 

hdhdy, inhibas photosyntbess, kacüng to chlorophyll dcgradatoa as illuminaîed thyiakoid 

membranes becorne uMble to dissipate excitation aiergy- 
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S. GENERAL DISCUSSION 

The studics into the made ofadion of& dorosis toxin wen conducted prior to the 

development of an effectnre mcdiod to puri& the toxk Therefore, they wae d e d  out 

us@ onlyprrtigypmiûed tooon. Himmm, givaithefhct that Ptrchiomsis toxin s e i d e l y  

induces chiomis in saisititn whcrt ailthus, it is uniikciy that the physiologial events 

aso&ted with that chIorosis wae the resuit ofthe action of some otha cornpouad present 

oi the toxin mixture. Furthennom, the contamjnants, whcn Molated h m  the torrin, did not 

produœ dorosis. Nevertheiess, the nd that we were not using pure Ptr chiorosis toxh in 

the mode of &on studies made it diûkdt to date the devdopmait of physiological e&ds 

with a psrtEcuiar q u e  of toxh The partiaüy p d e d  toxin used in al the mode of action 

studies came fiom the same sto& tbe toxin concentmtion, aithough unknown, was therefore 

the same in aü the studies, 

The rrsuhs obtimed h m  shrdies on the mode ofadon strongiy suggested that toxin- 

hduced chiomsis dwelops as a d t  of the photoorcidation of chlorophyii moldes. 

Ho-, it is wowortb noting that we did not o b m e  a decline in the chlorophyll a to b ratio. 

This qpears. at least initially, to be at odds with some ofthe litcratme, whae a decline in 

the chiorophyii a to b ratio âs taken to be a chatacteristic of photoc)remical destruction 

(Tumer. 1988). This codwion by some reseadm stem h m  the resuits of various studies 

that have fQnd that chlorophyii b bleaches a a much slower rate than chiorophyil a (Sauer 

and Calvin, 1962; Thomas and Nijhuis, 1968; Carpentier et al.. 1986). However, a brief 

examhaîion of some of these studies may explain why we obsecved whet appeared to be 

photooxidation of chlomphyüs, without a deciine in the chlorophyll a to 6 ratios. 
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Thomas and NjJlbuis (1968) shidied photobIeacbing of vuious chlomphyil-protein 

complexes in vivD at high light intensities 4 th  isolateci chloropbts. They found tbot 

chlorophyll b aiithily bleached more slowly than chiorophylI a, d t i n g  in a decüne in 

chlorophyll a to b ratios. Howevef, in th& 20 minute ttoie-cowse arpaùnents, they 

observed in a p p r o d e i y  Illiar degrdrtion rate for chîomphyii a, but an olmost- 

exponedai rate fw cbiorophyiî b. Hencey over a suf6cientiy Long paiod, the deciine in the 

chlorophyll a to b ratio would be reverseci. Otha studks that nported a decline in 

chlorophyii a to b ratios have a h  used vecy short Orne coufses. For instance, Miller and 

Carpentier (1991) saw a decline in chlorophyii a to b d o s  duhg photobiegching in 

triyiakoid membranes, but theu timecoursrr wae only 40 maiutes long- Therefore, over a 

period of 72 hairs (ie. the thne it takes for toxin-induced chlorosis to develop in the tan spot 
. 

system), a deciine in ~hlorophyll a to b ratios would not be detected, as Ï t  would have 

occurred only over a short period ofthe. Furthermorey the issue ofwhether chiorophyUs a 

and b b l e d  at d i f iha  rates is i t s e l f contn ,d .  lai and MacKinney (1970) obsaved that 

while for most chcmid reactions the rate for chlorophyii a is substantiaiiy higher than for 

chlorophyil b, no such ciifkence &ed with respect to photochernical bleadiing tates. 

Thus* our findimg that chlocophyll a to b ratios did not dedine duruig toh-induced 

photooxidation does not appear to be a paradon 

S o m  of the strongest evidence for the invohrienent ofA0 species in the development 

of toxin-induced chlorosis carne from the studies with A 0  scavengers. The compound p- 

benzoquinone, a quenchet of triplet chlorophyil and singlet oxygen, was highly efbctive at 
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pwaaing chlorosis mg 18). Howevef, it is unctear wby the remaining compounds 

Med to have a -le eExt hmdmte, formate and l,edirzobicycl0(2,2~2)octane are 

h o w n  scavengers of superoxide, hydroxyi radical and singiet oxygen, respectivdy, -ail of 

which Iiavt beni i m p f i d  in the photodynraic decomposition of chlorophyü (Hubouf and 

Bol- 1978; Ginkel and Ruson, 1980; Hoober, 1984). 1t is posa'be tbrt thcse scavengcrs 

were inefféctive at the cunairtratiotls used, or that they were not taken up in .eufficient 

quantitics by the tissue segments. This second altanitive could be a drawback of using 

intact leaf tissue segments; in an ni vnio system, uncertaïnties hst as to whether the 

substsnas were s&iuently taken up by the tissue and whether they reached the chlomplast 

membranes. Nevertheles, an h> vhio system was stül preférable to an in vitro system, such 

as one consisting of isolated chloroplasts. The in via0 system does not t d y  reflect the in 

vivo situation, since some photoprotestive mechanisms are lost during the isolation of 

chloroplasts (Feierabend and Wnkdhusener, 1982). 

Although our m l t s  strongiy suggested that toxbiiduced chlorosis is a direct 

consequerice of chlorophyii photooxidation, Et is not clar whether this photooxidation is a 

result of an inhibition of photosyinhegs, or whcthet it is due to a Mure in the nomial 

photoprotective mechatusms of afEected plants. If Ptr chiorosis toxin is inhibithg 

photosynt hesis, directly or indirectly, then chlorosis wuld restût f?om the photodestruction 

of chlorophylls, as ülwninated thyWroid membnms would becorne unable to dissipate the 

excitation energy that would nonnalEy be wed in photosynthetic processes. aven this 

d o y  we would have to determine at whkh point photosynthesis is being inhibited. It is 

possibk that the mxin or a pmcesed, lower molecular weight toxic compound dkved Eom 
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it, d d  block photosymhdc dectron flow m d e r  photosystem (PS) L or II. However, it 

is dso posmi1e that the inhiition of photosynthesis could k more ùduect. For instance, 

~uppnssion of photosynthetitc carbon metaboiism muid Id to a lack ofNADP+, as NADPH 

wouM not be usai up m the &n d u d o n  rsictiarp Hcacc, reduced f d o x i n  from PSI, 

hahg no N '  to duce, could ccact with moledar oxygen, resuiting in the formation 

of A 0  species. 

Utetnately, if it is the photoprotecfive mechanisms of the plant which are bekg 

distilpted, then the possible s e q u e  ofevents leading to the development of chhosis would 

be quite d i f k a k  Carotenoids play an important role in the dissipation ofthe excess energy 

of chloropàyü molecules and in the d e t o d i d o n  of A0 specïes. Although carotenoid 

deficiencies have been shown to be rssponsible for the development of chlorosis in many 

herbicide systems (Burns et ai., 1971; Sandmann and Boger, 1989), it seems unlilceiy that a 

carotenoid deficiency led to chlorosis in the wheat-Ptr chlorosis toxin interaction. In Our 

studies, the decîine in carotenoids was concurrent with and d e r  than that of chiorophylis, 

suggesting that it was simply a dection of the hict diat AO-mediated damage was becoming 

more widesprcad (Fig. 16). NevatheIess, this is a point which requires fûrther study. It is 

also possible that the activities of one or more of the various antioxidant enzymes found in 

plants, such as superoxide dismutase, ascorbate peroxidase, or cataiase, are being affected. 

This would lead to an inability by the plant d s  to detom A0 species, which would then 

be available ta cause widespread chmage. 

This investigation se& to lay the groundwork for M e r  research. Although we 

have estabIished that Ptr chlorosis toxin caused degradation of chlorophyii through a 



monde3tod@~whdhaitUphotosynursisdi l i t isbQngaff~ed,  orwhether 

the phnt photoprotedive mecbims are ôeing compromised. Once thïs is resolved, we wdi 

be able to fonis our attention on the exact nature of the primary ever~t(s) leadhg to the 

ddopment ofchlomsis. 
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7. APPENDIX 

Ammonium suffite concentration is u d y  expresseci as percent saturation (relative to fidi 

srniration at a given temperature). The m o n  used in thk uivestiwBation to calculate grams 

ofammonium suifàte (solid) to be dded to 1 fiter of a solution at 2@C to take it from S, % 

saturation to S, % saturation was: 

(Scopes, 1982) 




