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ABSTRACT

.'The-thésis is composéd bf two sections.» The’firsﬁ sec~
.tidn comprising Chapters I_and IT is designed.to-examiné 
possible intéractions between isolated flax protoplasfs'and
germinating rust urediospdres,of axenically growh rust myce-
1ium in an attempt to obtain evidence for or against the
theory that_toxins play a role in resistancebénd suécebti—'
‘bility ih the flax:flax'rust'system; A’number of previously
pﬁblished bbsefvaﬁions form the basis of the toxin theory
of resistance, These can be summarized as fOllowSé necrotic
cells are found surrounding the flax rust infections; the -
cytoplasm of thé fust and the host never come intd_difect.; _
- contact; planﬁ célls some-distahce reﬁoved from the site of
infection become necrotic; the necroti¢ area around an infec-
tion can be eXtended away-from-thé site of infection when> |
an electric current is‘passed through the leaf, the ﬁecrosis
extending in the direction of the positi#e polé;:and the
-charactefistics of the necroti¢ area vary depehdihg on the
?irulence énd resistanée-genes involved in the interactioh.”.
Chapter I describes the isolation of flax prbtoplastsx
_and‘their growth and. development in vitro. The medium used_
and other cultural ébnditions.were found tQ.infiuence both
the typé_of‘aevelopment and the longevity of cultured protb;._
plasts. When cultural conditions were optimal, some proto-

plasts divided mitotically, and many remained alive for a
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month-er.longer.' Informetion ebtainedlfrom ﬁhese experi-
"ments formed the basis of the exberimenﬁal procedures em—
ployed in the work described in Chapter II. |
vIn Chapter IT the toxin theory of resistance and'suscepel
.tibilityewas examihed using a protoplast bursting bioaseay
_to_detectrany fungal"toxihs, if they were present in the test
solutien. Prdtoplasts_are suitable for'a bioaseay of* this
kind because theY‘are fragile'and sensitive and burst when
- exposed to toxic substances, The bﬁrSting response 1is eaey
to detect_and to quantify, Because axenic cultures of flax
‘rusﬁ are now available a search forveVidence‘of extracellular
products with toxic properties is therefore possible, Spore
germination medium is also.a possible source  of fungal ﬁoxins;'
If the proteplasﬁs isOlated from either resistent-or‘sus—
~ ceptible varieties,'or.Both, were burst when_incubated with
exudate from axenic cultures or spore germination medium
_this would constitute_evidence'iﬁ support of the toxin theory.
The search for toxic substances in both_axenic.culture
exudate and spore germination_medium-yielded.negative re-
- sults, These, ﬁogether with other previously‘published_re—
‘sulte, argue against the involvement of toxine'in the flax:
_‘flax rust system. An alternative explanation,,consietent
with the observations.which_originally suggested the toxin
theory, is that, when the fungus invades the intact leaf,
| toxins are produced_byvthe hest plant, This proposel is

discussed,



The second section of the thesis, comprising Chapters
IIT and IV, describes techniques for growing rusts axenic-
ally., 1In Chapter III a technique is described for the isola-
tion of colonies of flax rust from infected cotyledons, The
technique depends on‘the digestion of host cell walls with
hydrolytic enzymes and washing the liberated colonies free
from adhering flax protoplasts, Using this method it is
possible to collect large numbers of flax rust colonies with
only a few host cells adhering to them, The isolated
_colonies can be used as a source of uncontaminated fungal
tissue, Axenic cultures were established using colonies
isolated in this way as inoculum,

The results in Chapter IV are an extension and modifica-
tion of those in Chapter iII and describe the axenic culture
of poplar rust for the first time, OSurface sterilized leaf
pieces of black cottonwood leaves centered on uredial infec;

tions of poplar rust (Melampsora occidentalis) were placed

pustule side up on a completely defined agar base medium, All
the pustules grew for the first two weeks and after 4 months
about 30% of them became established as vegetative axenic
culture colonies on the agar medium, The leaf tissue did not
grow, The axenic cultures were successfully subcultured to
fresh medium, Some produced spores in culture, The colonies
were capable of reinfecting excised leaves of the host in vitro.
The new axenic culture techniques described in Chapter III and
IV are simpler than previous methods and have several other ad-

vantages.
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GENERAL INTRODUCTION

v The.rust_diSeases are perhaps the moSt'destructiVe'and
important diseases offmah's cfop plants.. Two:importaﬁt char-
acteristics of pathogeﬁesis by.fust fungi, which Coﬁtribute'
itb making rust diseases so important, are the specificity
“with which races‘of rusté attack varietieé of_crop,plants '
and the'highly_evolved obligately pathogenic natﬁre of the
rust fungi, Rust-reseafdhers.have made efforts to under-
stand fhe'épecificity_of rust by'aﬁtempting_ﬁo éxplain the
mechanism of resistarice and susceptibility ofihost:plants‘_
'ﬁO'rusts.- The question'bf the obligately:pathogenic.néturé
of rusts has been approached by éulturing rUsts,aXenically
'apért from éells of the host plaﬁt.WhiCh~the rust normally

infects.,_

HistOrical'Aspedts of Rust

Chester (8) began his book'by summériZingvearly' g
accounts of ruét;'éevefal of these are deséribed hefé,'

Thé origin_of the rust fungus;was documerted in Roman
folklore by Ovidv(AB_Bcb—‘l7 AD). According to the_Story4é
poor farm couple in the‘Latin.staté_of.Carseoli'had a will-
ful son who caﬁght a fox plundering his chickeﬁ‘yard."The
boy wrapped the fox with‘straw and’hay, set this'on fire,
and-turnéd the fox loose, As punishment for this .sin, the
gods'visitéd:mankind Wiﬁh rust, The Romans prayed and made

sacrifices to. two fust gods., Robigus and Robigo. ~Rust and



rust epidemics are also mentioned in many plabes in the Bible.'
in‘more modern times Shakespeare refers to it in "King Lear"
and as science and botany were developed many pedple studied
énd'wrote.about it. Chester (8) quotes Fontana (1767) as
foilows:

"If the stalk and leaves are attacked by this

terrible malady, the best set (of kernels), pro-

mising a heavy yield, is reduced to nothing or

almost nothing because such great numbers of the

greedy and- gluttonous plants (rust) absorb nearly

all the nutritive humor of the grain, causing it

"to become wasted and consumed because of the loss

of the nourishing chyle,"

The historical awareness of and concern with rust
testify to the destructiveness and importénce of this phyto-
pathOgen. Time haé not lessened the dubious honor long held
by rust offbéing the most destructive pathogen of man's food
plants, Recent epidemics. of stem rust occurred in 1954 in
North America and in'1964 in Australia. Sévere outbreaks of
leaf rust are still common in the winter wheat growing areas
of the United States and other countries. At the present
 time coffee rust is epidemic in Latin America causing the
destruction of many plantations,

‘Most of the useful scientific research on rusts has -
_ been carried out in the last seventy-five years. Early in- -
vestigations described important aspects of rust biology, -
the understanding of which arevof-paramount importance: in
- understanding the host:parasite relations of the rusts,

" The best example of useful results accruing from studies'



of host:parasite relétions was the reCognition.ef_genes for
rust resistance in crop“plants. Plant breedere_have effec-
tively used this information to breed resistant'varieties,
This has resulted in reductien of crop losses due to rust,
Additional infermation‘will'contribute to reducing lesses'
still further | |

There are two outstandlng obgectlves of phy51ologlcal
studies on rust pathogene51s of host plants, The first is
the elucidation of the biochemical basis.of theAgenetic spec- -
Cificity of resistance»aﬁd susceptibility. The second iS.tO'..
determine thethutritional requirements for rust growth;

v Satisfactory answerslto both of these Questione ere
'important'te the understanding of two facters which are par=
tlcularly relevant to the destructlveness of rust, Theee
are the extreme adaptability of rusts and thelr ablllty to-
_para31tlze and destroy large acreages of crops by,spreadlng
in an eXplosive manner when the'Climatic_coﬁditieﬁs‘are
favourabie; Measures used to control and prevent the des-
truction by rusts in the future will‘be based.en the compre—
hension of these factors,

| Genetic specificity_of rust parasitism has been shown
in a namber‘of ceses tetbe extreme, Often one gene ih'the
fungus determines avirulence or virulence and the corres- .
ponding gene in the host determines resistance and suecep—
tibility{ The interaction of these genetic factors

determines whether successful establishment of the rust
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and pathogenesis_of the.hesﬁ’occursvef whether the interac-
tion results in a resistant reaction, Althouéh,‘little is
knownvat the present time about the biochemical;basis of these
genetié interactions, the khowledge Of it in genetic.terms has"
been instrumental in the developmeﬁt of-rust,resietanf‘varie-
ties Qf a nﬁmber of.erope and in the-predietion of which :

varieties are potentially vulnerable to new facee of rust,

Susceptibility and Resistance

A number.of hypetheses have‘been edvanced to explain
the1mechanism of plant.reSistanceAand suscepﬁibility to pathoé‘
.geﬂs. Tﬁese'include the.nutritiohal and the'thtoeiexin
theories and the hypersensitivity defence.reaction. Two .
othefs, which are different explanatioﬁs of the specific gene
product theory, have also.been proposed. They are Stahmann's
hybrid enzyme‘theory:(37) and Albersheim's theory (1) that
ceil wall'digesting eﬁzymesfproduced-by_the fuhguslare'regu—
lated»by:the specific composition end strgcture of carbohy-
”dratebpolymers making up:the.hoet eell Wall;v:OtherS'(35)
have suggested»ﬁhat the "specific gene producﬁ"_may beiRNA
or DNA which could be exchanged in one or both.directions.'

The basis'ofvthe‘hﬁtritienal theory of susceptibility
and resistance is derived from the basic_fact'that the para-
'sitiZed leaf is theesubstrate:upon‘which the fungusAdepends
for'nutrition. It is a simpleestep to suggeét.that a eus-

ceptible host:parasite combination canvestablish a suitable



metabolio and nutritional environment while'ohe resistent
oomblnatlon can not The ability-to grow some rusts and

other classically obllgate paras1tes in axenic culture has
been argned by some as ev1dence_aga1nst thls theoryf The
-fact still remains that the interactions of a fungus with

its hoSt‘may regulate'fungal metabolismbénd'nutrition in such
a Waf as”to be instrumental in'determining susoeptibility-and
resistanoe, | d

| Thevphytoalexin theory:of resistance and~susceptibilityv
became of considerable interest soon after the dlscovery of

_ phytoalexrns (13). These compounds (usually phenollcs) are_ﬁ'
inhibitory to'fungus growth and arevoften found in 1ncreesed
concentraﬁions shortly after fungal invasionf " They are al-
ways f'ound in‘association with necrosis The phytoaiexin
_theory proposes that during res1stant interactions these
_compounds 1nh1b1t fungal growth eventually resultlng in fungal -
death, Invthe susceptlble 1nteractlon they are degraded into
harmless derivatives.‘.The'most_important observation argn—
'-,ing'against a primary rolebof-phytoalexins in resistance is
that- thelr productlon is non- SpelelC -

The 1mportance of hypersens1t1v1ty in dlsease re51stance
and»susoeptlblllty has been debated.s;nce Stakman_flrst des-.
cribed it in lQlS.\ﬂAlthough hypersensitivity_is'anvill-
defined term; it is generally considered to be the rapid
necrosis.of a limited number of cells around the site of

'infection,:‘The theory proposes that'rapid host cell death


http://cribed.it

'_isolatesvthe invading.pathogen and causes its death; Several
'observations haVe.leSSened the'signifiCance of this theorj;
First,'hypersensitivity is not always associated With'resis—
tance,‘and second, incipient infections surroundea by necro-
~_sis for‘as.long as twenty days are known tohstill be alive,

_ Kiraly (26)Vinva recent article has argued against thie
_theory, When it was discovered that there.was‘a complemen-—
tafity of genes in the fnngus and host which determined resis-
“tance and sueceptibility, one gene‘determining'virulence'in -

the pathogen and one gene-determining resietance.in the
cofresponding'host {20), theories proposing single gene pro-
ducts of both the fungus and its host become important.,
Stahmann (37) suggested that-complementary genes-in the host
_and pathogen carry 1nformatlon determlnlng subunlt structure
of the same enzyme 1n both the host and the pathogen and
'_that these.play a primary role in regulatlng metabollsm'dnring
host:parasite interaction; Exchange of shbunits infone or
~both difections Would_make possible a hybridlenzyme-withi
pfoperties'differentefrom the corresponding enz&me in either
the host'or.parasite; Shch interactions could ooour fof:a

number of' enzymes at least as great as -the number_ofvmajor'

. genes controlling virulence and resistance,

During the susceptible 1nteractlon all the hybrld en-
}zymes would contrlbute to the regulatlon of host metabollsm
in a manner advantageous to the fungus, - In the 1ncompat1ble

reaction one or more of the hybrid enzymes would cause



conditions unsuitable for fungal growth and pathogenesis,
thus resulting in fungal death and henoejresistance;

Similarbtheories have been proposed in whicn it'iS'pos—
tulated that DNA or RNA may be transferred from the fungus to
the host or vice versa (31 35)

Albershe;m (1) has proposed a theory which 1nvolves
host ceilpwall specif1c1ty. He: proposes that the comp051tion
- and.structnre of the host cell wall carbohydretes'determine
| the pathogen's ability to‘produoe enzynes eapabietof.degrading
it, He discusses evidence demonstrating the extreme speci-

ficity’of‘carbohydrate polymers as antigens as well as cell
.wall_polymers as substrates for degradative enzymes. ‘The
regulation of the degradative’enzymes is also very specific
“and specific products -of cell wall degradation such as dis-
saccharides could easily be specific_effectors and repressors
of the fungal degradatlve enzymes Albersheim‘s theory
satisfies the theoretical requlrements for SpelelC gene
products from both,the fungus and the host, the degradatlve
‘enzymes of the pathogen and the compositionvor'structure of
the plant.celi wall being the‘components eonferring7the
_spe01flclty. o | o

In Chapter IT experlments‘undertaken to investigate the
' fungal toxin mechanlsm of susceptlblllty and re51stance are _}
| presented Scott | (32) descrlbed the appeal of the fungal -

: tox1n theory su001nctly

",,.it is difficult to escape'the conclusion that.

compounds are released by the invading pathogen
durlng the ear]y stages of infection, espe01ally :



since it is well established that fungal cytoplasm
" does not come into direct contact with host cyto-
plasm, Such compounds would have to be readily
diffusible as cells removed from the invading
pathogen are affected, Yet these compounds would
have to be large enough to carry specificity... :
Now that some rust fungi have been grown axenically,
it should be possible to search their culture media
for compounds which will react specifically with
either a susceptible or resistant host.," -
As no serious attempts have been made to verify or reject
this theory with respect to the rust fungi I undertook to
investigate'this problem. |
Chapter I describes the isolation of flax protoplasts
from cotyledons and;their'longevity and development invculture.
The information and experience obtained from these studies
was used in planning the experiments carried out in Chapter
IT. | |
' Experiments utilizing protoplasts to study the toxin
theory of resistance and susceptibility are described in
Chapter II.' When testing theories deeigned_te explain the .
biochemical basis of the genetic specificity of resistance-
and susceptibility technical difficulties are encountered,
These arise because, at the time when primary events deter--
'”emining susceptibility and reSistance occur, the mass of fungal
tissue is small compared to the mass‘of the host, ‘Proto-
plasts were used, in an in vitro system, so that a large
pepulation.of pretoplasts would interact simuitaneously with
_the rust fungus, thus permitting examination of the initial

‘responses of the protoplasts to the rust,



Axénic Culture

Scoﬁt (32),_Scott and Maclean (33) and Yarwood (u5)'have
reviewed axenic culture of rustéland other obligate phyto—'
pathdgens..,MuCh of the information in the first part.of ﬁhis
Vintrédudtion was.drawn from thesé'SOufceé.

-Rust_fungi are. among the-mdst advancedvfungal pathpgens;
They are obligatefparasites and in ﬁéture bnly grow" on livingf 
host plants although‘récently several species havelbeen'sucf A
.cessfully grown in culﬁure. Most Species of'rust_aré'only’
able to parasitiZe'ohe, or at most, a few closely related-piant -
Vspecieé._ They seldom kiil infected plénts outright, RuSﬁs
are able to obtain nutrients from the hést and produce.largej"
'fnﬁmbers.Of'ure&wsporeS‘in a cyclic ‘manner with:a‘period of
.only'abouﬁ ten days. .This.makes évailéble a‘large inoculum
- pool and is instrumental'in the rapid spread énd the -destruc-
'tiveneSS of rust epidemics, | »

StrictlY-obligaté phjtopathogenic fuhgi afé those species
which grow and reproduce in nature oﬁly in associatiQnVWith |
- living host plants and'canﬁot'bé_oulturéd axenically (32). !
Yarwood (L5) Calcﬁlatéd'that fully bne'guaftér of the khown 
‘plant pathogens aré obligate parasites‘and that.over SOQO"
species 5f fungi are obligately PhYtopathogénic,but-ofra
vtotal of approximately 37,000 known species of fungi., In
,the_Phycomycetes.luO obligate-pathogenic speciés.arebfound
in the‘familieé Peronosporacéae (downy mildeWS)'aﬁd

Albuginaceae (white rusté), Ascomycetes of the Order
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ErYsiphalesd(powdery mildews), consisting of about_90 species,'
are also obligate para51tes The largest number is in- the d o
-Order Uredlnales (rusts) which, class1cally, was con81dered
to be composed entlrely‘of obligates, This Order in the Class _
HBa51dlomycetes_1noludes 4500 known specles,

Beoause_few obligately phytopathogenic fungi can be
‘_grown axenically (growth of organisms of a'single species in
l,the absencevof living ofganismS'or living‘cells of any otherv
species‘(lS)), difficulties are'encountered in'studying host :
.1parasite-interactions and mechanisms'of resistance and.sus—
ceptibility If obllgate fungi could be studled other than in
;the diseased plant dlfferent and potentlally useful approaches
oould be taken

Three approaohes have been consldered to overcome. thlS.
problem; first ,studylng germlnatlng spores; .second, inducing
- the fungus to grow out of the dlseased planp_of isolating it |
directly;-tnird,'development_of axenic oulture teohniques'
,-using'either infected host callus oultnres orlurediospores as
' inoculum. | .

. The.physiology of-urediospores hasvbeen.reviewed-(Z,IB,
9, 10, 28, 34,‘36) and will not be considered in detail:hefe.
.Urediospores,‘and to a limited extent.other spore-fOrms (32),
have been_used‘in studies of the development of the fungnsn
~and as a source of fungal‘tissuerseparated ffom the host, |

for,metabolic and'othef'studies (34).
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Turel'énd Lédingham (39) developéd‘a meﬁhod fof inducing -
éefial mycelium to grow from‘infécted leaves maintained in
3 culture. rExciséd aerial_mYbelium was ﬁséd'as.a source of
fungal tissue_in>ﬁetabolic'studies (29, 40, 43). In this
work’difficulties in intérpretation of results arose because
‘of the unknown foects df’exciSion on fungal_métébolism (L3).

Another techhique fdr,obtéining>fuﬁgai tissue separate
frbm'thét of the plant was used by Dekhuijzen et g&,.(l8,'i9);
Infected‘leaves were grdund,'filtered'to reﬁove leaf fragments
‘and the hyphae segments concentrated by,settliné'of the fil-
-trate in sucrose gradients. A major‘disadvahtage of.this
method_is the loss of éell éontents from the broken hyphae
and the alteration of metabolism caused by grinding;

_ Chapter ITT describes a method for'the_isolation of
iﬁtact fungal colonies from infected leéveé.' This source of 
_fungél material hés diétinct advantages when ﬁompared.to
gefminéted Spores,vaerial'myéelium or fragments isolated by
grinding; The teChniQué takes édvantage of é prOperty,of the
rust not preViously exploited, the different cdmpdsitibn_of E
the rust cell wall compared to that-of'the hoSt.. Enzyﬁeé “:7
‘Were_usedAwhich selecfiVely‘digest the hqst céll'walls; the
resulting protoplasts either burst or_float'away;from the -
.fungal éolonies.leaving them intact; ‘The'teChnique is geﬁtle
‘éﬁd few host cells remain as contaminants.._it is pessible -

to obtain sufficient‘fungal matefial for many experiments,
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easily'and in a short time (2 gms fresh welght of flaxgrust-'
.fungus requlres 1. 5 h work) |
Perhaps the greatest advantage 1s that greater than 95%
of the colonies are v1able after 1solatlon and washing, .ThlS<:
was demonstrated by us1ng them‘as_lnoculum for establishing |
 axenic cultures., The disadvantage of the method is that the
possibility of altered metaboliSm due»to thevisolation remains.
.Twenty—seVen years ago Hotson and.Cutter (23) reported
the flrst growth in axenic culture of a rust, This break- d
through made axenic cultures a potentlal source of uncontamin-
-ated rust_tissue; Development of-techniques subsequent to
" Hotson and Cutter?s_work,has made this potential a reality for
a'smallvnumber of rust species, Tn comparison with the SOurces
of rust material describedlabove‘axenic cultures havevseveral
advantages;,'Greater amounts of undisturbed tiSsue are avail-
able., 'Also, studles of development . past the germllng stage
are possible, ‘ , | _
Yarwood'(45) in 1956 summed up the "state of.the art" o
saying;_"The PeronOsporaceae, the Erysiphaceae, the Uredinales, °

Rhizella and Polystigma have still not been cultured but some

lichen fungi many of the Chjtridiales and at least one species
~of Rhytisma have since been cultured".' Other'revieWS'on
‘axenic culture of rustS'have'been.written since then by-Brian
(6), Scott and Maclean (33) Scott (32) and Wolfe (L4),

To obtaln axenic cultures of rusts or any other obll— -

gate para51te at least three conditions must be met:
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1, separation of the rust from bactefia‘and»other éontaminénté
with which théy are'normally'in cloSevassociation‘in nature;
2, provision of a suitable and favourable nutritional‘envifon—
ment;-3"prdvision of é'favourable thsicallenvironmént.
Several approaches have been taken po fulfill these require-
- ments resulting in sucCessful'estabiishment of sé?éfal rusts
in axehié culture, - |

 Morel (30) first sﬁggested using'sYstemically infectedz
- plant callus.aé inoculum_to initiate rust axenic_cultures.
This was the technique used by -Hotson and Cutter (23) to gfow

Gymnosporangium junipefi—virginianae. The method was_tedious

and»the success’rate low, -In one series Qf‘expefiménts,
-8,8401telial gallé on juniper.wére collected and 13,504 Callﬁs:
cultures initiated from thém. -Qf these 358 were fdﬁnd o be. -
systemically infected with rust, After 4 to 9 months one of.
the pfimaryAcultures aﬁd.é'of the'many subcultﬁreS-becamé :
_hecrotic aﬁd ruét grew out‘of'the-callus onto:thé medium,
subsequently developing into an_axenic‘cultufe (15). .Hotson.
. and Cuttéf used_Gauthéréf's nutrient'no. L, plant tiééuercul-
tﬁfe~medium_modified by ﬁhe addition of 3% dextrbse and 500~
'.ﬁpm-ascorbic' aéid."Later using the same téchnique‘Hbtson

and Cutter'obtained 5'cultures-of the rusf Uromyces ari-

triphylli (15, 16) and one_of Puccinia malvacearum (reported

in a posthumous papef examinedbby Scott and Maclean). Al-
though.others have not been able to réepeat Cutter's Wérk,'

it is respected, and these three rusts are considered to be
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the first which were cultured axenically.

Cronartium fusiforme has also been grown'using'the in—.
fécted host tissﬁe culture-method7(22), -To initiate infected
-plant tiSsué cuitures 200 gall‘ségments_were used, Mycelium .
gréw out of-oné of pheée:énd the rust was subsequeritly es-
tablished in axenic culture; A total of 2L wéeksvwas'requifed_
from Culturiﬁg the gallsvuntil establishment of the axenié

cultures, Aeciospores were produced in culture, Harvey and

"'Grasham,(Zl) have grown Cronartium ribibola ih axenic'cﬁlture
~ using thé infécted.tissue culture methbd.‘ This‘rusﬁ was groWn'ﬁ
both on a defined médium containiﬁg glutathidne and cysteine
and_a médiﬁm containing yeast extract, peptone and bovine
albuminf Spore-like bodies.fbrmed regularly in éome'cultures
- and pathogenicity of the'cﬁltures‘Was'demonstrated}‘
'The:approaéh, bthef’thaﬁ use of infected tissue cul-
tufés; has been to use urediospores_aS'inoculum. - The firSﬁi,
success wiﬁh-this method was reported in 1966.bY-Williams.§§'.

QL;_(hl) With Puccinia graminisvtfitici race ANZ 126-6,7,

an‘Australiah isolate.of stem rust of wheat.'_In'this pape?,
no sporés were reported to be produced in»éulture.. Axenic
“.growth was confined to coloﬁies é maximum of 1 mm in“diémetér
and no claims were made of being able‘to subculture the rust
‘by serial trénsfer; Later (42) pathdgenicity of the cultures
'waé.demonstrated and Sporéé were produced in culture, The .
first'ﬁentién of sudceszul.serial-éubcultﬁre of Australian

stem rust cultures was in 1969 (33)} The medium upon which
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this rust grew containéd'Czabek's minerals, sucfosé, 0.1%
yeaét:extract and O,l%lEvansf pep£one. SubSequent_work by »
Bﬁshneil'(7).confirmed the succéss of Williams et al. (41,

\2). : . | : :
In a comparative study of cereal rqsts_involving Pucdinia_'

graminis tritici, P. graminis avenae, P, graminis secalis, P.

" sorghi, P, coronata avenae and P, recondita triticia, Kuhl et |

al. (27) found that only P, graminis avenae grew, apart from

the Australian stem rust isolate previously cultured, Growth
was sporadic and variable but some spores were produced after

several weeks, No attempts were made to. serially subculture

Puccinia graminis avenae,

Soon after Williams first report, Turel (38) success--

fully,gréw Melampsora lini_(flax:rust).in'axenic culture from
.urediospéfes. Mycelial_growth‘developed ih‘ZO_to BO%Hof‘the,
,culturé tubes WhiCh wéré seeded, Seveféi culﬁﬁres were re-
ported to have survived -successive transfers over a period

of 5,months.'_Aithough spores were produced_in”cﬁlturé; many
of them were irfegularly shaped, The medium used contéined :
Knop's miﬂefals, Berthelot's,traée_elements, sucrose, and |
vQ.l% yeast extract, Tufelrs work was confirmediby Coffey,x'

Bose ‘and Shaw'(ll).

Uromyces dianthi (carnation rust) was cultured by Jonés
(24) from urediospores, About 65% of the inoculations de-.

veloped into myceliél growths, At first growth stopped after .



16

2-3 months, but later this did hot'occur.i To date, pathogen-
icity of axehic cultures of this rust has not been demon-
-strated-nor were spores produced in culture, The medium used

contained Czapek Dox Broth, ‘0,2% peptone and 0,2% yeast ex-

tract, Serial subcultures of Uromyces dianthi were_used sub-
sequently in a nutritional study (24);
~ Coffey and Allen (12) used urediospores to:initiate

axenic cultures of Puccinia helianthi (shap dragon rust).

When conditions were optimal, axenic cultures‘developed in
80-100% of flasks. Cclonies,reached a diameter of 12 mm after
-'25.weeks7and_could be serially subcultured after 7 to. 14 weeks,
 This operation was more successfully’done as the colonies be—
came older; presumably'because they became‘adapted to'growth.
'ih glﬁrg Pathogen1c1ty of these cultures has not been demon-
strated but some thick walled tellospores were produced in
KlEEQ- Growth occurred in a medium contalnlng the same
- minerals used successfully for flax rust (36), plus sucrose,
rdefattedlbovine serum albumin and -either Evans! peptohe,
tryptone or casamino acids, The requirements for_bovine
serum albumin (1.5 - 2;0%"was absolute but tonémino acids,
glutamlc acid, aspartlc acid or alanlne in comblnatlon w1th
”cystelne chould ‘be substltuted for the peptone tryptone or
casamino acids, |

.TWO_recent advances of considereble importance to the

field of axenic culture are the development of two defined-
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media, one suitable for the grcwth-of;flax rust:and'the other
for wheat rust (4), and the ablllty to induce ‘sporulation of
vflax rust (race 3) by including amino a01ds (aspartlc or
"glutamic acid) plus calcium 1n_the medium’ (5). Because‘uredio—ﬁﬂ
spores and‘-teliospores 7are both produced in culture, the
technique is.particularly‘valuable for'studying-rust genetics,
Section II of this thesis describes. two new approaches
for the 1n1t1at10n of axenic cultures ‘which av01d some of. the
dlfflcultles and llmltatlons encountered when u51ng 1nfected
host tissue cultures or uncontaminated uredlospores as ilnocu-
~ lum, Kuhl et al. (27) discuss the difficulties of inducing
urediospores to grow past the sporeling stage and become "
vegetative colcnies, Concerning this they Wrcte:_'
m, . .between germ tube elongation and the forma-
~tion of saprophytic hyphae a change occurs in the-
expression of the rust genome with consequent
reorientation of the rust metabolism, Of spore-
- lings that do initiate saprophytlc growth only a
~ small number survive to form vigorous macro-
scopically visible colonies., This could be due
to the extent to which developlng hyphae adapt
their metabolism to the needs imposed by the
artificial medium, We take the view that erratic
growth encountered with present methods is partly.
due to the lack of control over the transition
process, - Thus a random event determines whether
the transition does or does not take place",
ziBy obtalnlng mycellal inoculum from naturally infected leaves
-the tran31tlon from sporellng to vegetatlve growth could be
by—passed As a result, varlablllty would'be decreased and

cultures establlshed more ea51ly and 1t would perhaps be

pos31ble to grow species of rusts whlch have not been



18"

succeséfully-grown befofe.

The'initial_pbjective of.thé'work described in Cha?ter
, TIT. was to devise a method for separating the rust fungus
tissue from the infected leéf. As well as being a source of
‘uncontaminated fungal tissue; cqlohies isolatéd from cotyle—
ddns_by_seiective enzymatic hydrolysis of hoét céll walis‘were =
ﬁSed as-inoculum for establishing axenié cultures_of‘the,flax '
rust-fuﬁgus.;

Chabter IV describeé a method of éstéblishing axenic
cultures which hés'thevadvantagés of , and is based on, the
method deécribed:in.cﬁapter IIT. It.does not, hoWevef;‘re;
.quire the use of enzymatic digeStion. This method was used
‘to establish aXenié_cultures of poplar rust fof the first_

time,
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Chapterll

Development.and Division of Protoplasts frovalaX Cotyledons

"INTRODUCTION

Isolated or naked protoplasts as they are sometines
called, arevcells from which the cell wall has been removed,
Usually,‘reﬁoval is by digestion with enzymes althOngh:mech—
~anical methodsbcan also-be'used‘ Once the constraints of the
cell wall disappear. the protoplast must be osmotlcally stab-
1llzed in solutlon to prevent death resultlng from either burst-
ing orvcontractlon.. Unlike normal_plant cells, protoplasts
are spherical Each protonlast is independentvof others and l
‘they are not connected by plasmadesmata Although protoplast
'suspen51ons can be centrlfuged at low speed and plpetted
~they must be handled gently because they are extremely fragile'
- and are;easilyvbnrst; | |

'_Plant-protoplasts have'been'shown capable of taking.up d
macromolecules ‘ofganelles.and bactefia.(l. 8 .l5 17, 18, 19,
: BO); and have been used to obtain parasexual hybrlds (5) and‘
disease resistant mutants (4). Thelr 1solatlon and develop—
ment has been.reviewed by Cocking (6). Great'interest has
" been shown in the use of plant protoplasns in newatechniqnes

of crop improvement. 'Gamborg'(ll) has listed 9 species in -
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~ which protoplasté prepared from.culturéd cells havevbééﬁ
shOwngtb:be'capable'of sustained cell division, 'Thus far,:
protoplasts. derived ffom intabt_plants.of three species
 have been shown to be cépable of-sustained division, tobacco
(19, 27), petunia (2, 10), and pea (7); but only with

" tobacco have.complete;plants'béén grown from'pfétoplasts.iso¥'
- laﬁéd’directly from leaves, Carlson (3) has pointed out
| that the use of protbplaéts derived diféctly from intact.
plants avoids ﬁhe‘problem of genetic variability inherent
in the ﬁse of pfOtOplastvpreparatidns derived from cell cul-
tures, It is therefore important to attempt ﬁo'incfease the
 number of Species from Which protoplasfs derived. directly
from intact plants can be induced to divide in culture and
ultimatély to grow into cémplete plahts. This chapter des- .
cribés éttempts to grow-protoplasté derived directly frqm

fully expandéd flax cotyledons,

MATERIALS AND METHODS

Fully expanded cotyledons were excised from flax seedQ o

lings (Linum usitatissimum L., varieties Bison and Bombay)

after 2 to‘h-léaves had de#eloped (17°C, 2560 lux). They
‘were washed in distilled’Watef_fof 20-minutes,iin 70%.
ethanol for 1 minute, l%'spdiﬁm hypochlorite for 20 minutes
and then in sterile distilled water until uéed (maximﬁm

20 minutes). The abaxial epidermis was removed and about
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15 ootyledons incubatedvin 2 ml of enzyme solution for 18 h
at 220°C., | | o

- The enayme solution'contained:Bé medium (12) minus
sucrosevandlhormones,'0.0S M.glucose; O;BIM sorbitol'plus
2.5% cellulase (Onozuka P—SOOO);.2,5% maseerozyme (both from-
.All Japan Bioohemicals), 0.5% pectinase (Sigma)'and'lOO
unlts of streptomy01n/penlclllln mixture, After dlgestlon
_vessel elements. and epidermis were removed and the proto—
plasts washed free of enzyme by filtration (13). The wash
medium contaiﬂed,B5 medium minus sucrose,rQ.OS M glucose,
0.4 M sorbitol; plus‘auxin or oytokinin'(see results) de—>
pending on the treatment, ThelwaShed'protoplasts (5-10 ml)
‘were then either mixed with an’egual volume of wash medium
plus agar (final agar_conoentratiou O;S%) and spreadvin a d
»thinvfilm (O;ﬁbmm) in a petri dish (35 mm) or with an equal‘
' volume of.wash medium without agar and incubated. as O,l ml‘
droplets 1n petri. dlshes The fiual concentration’Of proto-
plasts was lOA/ml in both treatments 'The petri dishes -
were then sealed w1th Parafilm and kept at hlgh humldlty 15 a

"plastlo box at 22°C

RESULTS AND DISCUSSION

DigestiOH'at 37°C decreased the time required-for proto—
plast 1solatlon to about elght hours but resulted in a smaller
proportlon.of living protoplasts AO%- than digestion. at 220°C

(75480%), Satisfactory protoplast prdduction,occurred in
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| digestiop media ranging in concentration from'O;lEIM:tolO,7'M
(sorbitol plus glucose). Adjustment of the'cohceﬂtration'ofA -
the wash medium to 0,1 M greater than that of the dlgestlon
medlum increased the’ percentage of llVlng protoplasts after
washing, Although there are reports of deleter;ous effects
from prolonged‘exposure of protoplasts to the'digestive en-
zymes we did not observe this'effect Even after-one month,
fprotoplasts Wthh had been left in the dlgestlon medlum were
bstreamlng v1gorously, _ _

In both,liquid and agar treatmentsv75’to'80% of the
protoplasts were.intact at the beginning of“incubstlon.
Immediately efter isoletion the Cthroplasts’were‘often coﬁ—
centrated in the vicinity of the. nucleus but were always at
the perlphery of" the spherlcal protoplasts (Flg. I- l) Some
of the larger, chloroplast free protoplasts presumably
orlglnated from epidermal cells (see.ref. 9).' By day_two,
15% of the protoplasts had died, The remainder doobled in
size, their Chloroplasts-becoming eveﬁly diStributed'about_
‘_the periphery'of each cell ahd cytoplasmic strands énd
streaming becomlng v1s1ble By day four many protoplasts
'~ had become elllptlcal or egg- shaped ‘and "buddlng" (Flg.FI—B) p
and lelSlon (Flg. I-2) were first obseryed, The percentage
of divided cellS-increased to a maximum frequency of 0 4%
on day 20, Both the cells resultlng from d1v151ons con-
talned chloroplasts which of‘ten became concentrated near -

‘the cross_wall. Although cyclosis was'observed in both‘cells't
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I-5.
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Freshly isolated protoplasts, vDay 1., X 260,

Divided protoplast. Day 5. X500,
Budding protoplast,‘ Day 7. X500,

.Extrusibnlof cytoplasm, 'type T.. Day 15  X600,

Extru51on of cytoplasm type II. Day 15, X525

;D1v1ded giant cell, Day 28, XABO '
’Binucleate giant cell, Day 28, X260,

:Typicél giant cell. Day 28. X260,
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-after.division no-multicellular aggregates.were-obserVed,
‘Budding was observed with a'ffequency of 1% in agar cultures
and 15% in liquid cultures, ‘Extrusion of protoplast conents,
- a process akin to budding, was common in agar cultures Two
types of extrusion occurred (Figs._l—4 & 1—5), the first.
type occurred about day 5. The extruded material was enclosed
by a membrane and_sometimes contained chloroplasts, In the
.second type, which gradually increased_in frequency'beginning
on day 5, the extruded material Was less organized and often
Aoriginated from more than one area on the protoplast surface
About 5% of the protoplasts began a second increase in
_Size about day 20, by which time the chloroplasts had degen-
‘erated. Many of these_protoplasts grew to ten times the
diameter of-freshly'isolated prOtonlasts, contained enlafged
nuclei and exhibited’vigofous cytoplasmic stfeaming;.:DivisiOn.
“of these cells was also observed (Fig. I—o)
Death of the cells originating from protoplasts occurred'
. gradually from day 10 onwards and by day hO nearly all were
ldead |
A number of conditions'found‘t0~be'suitable for develobi
ment and divisionbof pTOtoplasts from othef species wefe un-
l suitable fof flax; Incubation in‘the_light»caused rapid
“.death as did a medium successfully used with tobacco_(lh),
No differences were observed between media which contained
’sucrose,_glucose or ribose alone or in combination. Combiné'

“ations of 2,4-dichlorophenoxyacetic acid, naphthalene acetic
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- acid, kinetin or benzyl.amiho purinevrahgihg in concentration.'v
-freva}l tQ'lolmg/l had no noticeable effects, Variatieh'ih
the concentration of B5 medium from 0.1 to'fail strength,

" use of‘cotyledens of different ages,.uSe.ef ﬁannitol either.v
alone‘or.in combinatien]with sorbitol, and'rariatibn of the

' molarity of the media also‘had no noticeable effect on proto-
‘plast behaviour, The medium successfully used for haploid
'petunia'protoplasts“by Binding (2) promoted the-grthh of
increased numbers-of giant cells (Figs’ I—?» 1—8) but did

' not 1ncrease the percentage of protoplasts which divided, If
the concentratlon of protoplasts was less than 1 x lOB/ml 1
they failed to develop and died within a week 1f greater
than 1 x 105/ml buddlng in liquid cultures and extrusion .
»of cell contents were 1ncreased several fold The responsee_'
of the two varieties Bison and Bombay to the varlous treat—
ments was identical.

Although it was not'possible to induce multiple cell
divisions and the formatiOn,of'callus~from cultured flax
protopiasts,O.h% divided once, .This rate of.division is-
COmparable'to that obtained by Constabel et al. (7)'With.,
protoplasts isolated from pea stem tlps : Both'ﬁith'flax
and pea. protoplasts the rate of lelslon 1s much lower than
~ has been achieved with tobacco protoplasts, Takebe et al.
_(21) Werezable,tO'induce division in EO%IQf-their tobacco‘

~protoplasts,
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Flax cotyledons were .found to be a good tissue from_
Wthh to 1solate protoplasts Nearly'lOO% of the cotyledon
cells wereveonverted to protoplasts and they were easily
- washed and.separated'ffom_undigested'debris. ‘Some:pfofo_
_plasts were killed during the'isolatioh'and washing proce- :'
.dure however, preparatlons contalnlng 75% to 80% llVlng and

healthy protoplasts were routlnely prepared



10,

';1.

12,

13,

33

REFERENCES

Aoki S., and T. Takebe, 1969. Infection of tobacco
mesophyll protoplasts by tobacco mosaic virus rlbo-
nucleic- a01d Virology 39 439- 449

Blndlng, . 1974 "Cell cluster formation by leaf -

- protoplasts from axenic cultures of haploid Petunia
hybrida L, Plant Sciences Letters Z: 185- 183

Carlson,-P.S. 1973, The use of protopla sts for genetic
research, Proc, Nat, Acad., Sci, (U.S.A.) 70: 598-602,

. . Carlson, P.S, 1973, Methlonlne sulfoximine-resistant

mutants of tobacco. Science 180: 1366—l368,

Carlson, P,S., H.H. Smith and R.D. Dearing, 1972, Para-

sexual 1nterspe01flc plant hybridization, Proc, Nat,

Acad Sci. (U.S.A.) 69 2292-229L,

Cocking, E.C. 1972, Plant cell protoplasts - 1solatlon
and developmentv Ann, Rev, Plant Phy51ology 23: 24-50,

Constabel F.%4J W' Kirkpatrick and O L. Gamborg. 1973,
Callus formation from mesophyll protoplasts of Pisum
sativum. Can, J. Bot. 51: 2105- 2lO6

Davey M R,,. and E.C., Cocking, 1972, Uptake of bacteria
by 1solated hlgher plant protoplasts, Nature 239 L55-
L56., .

:Davey M.R, E.M. Frearson, L.A. Withers and J.B. Pewers.

1973, Observatlons on the morphology, ultrastructure
and regeneration of tobacco leaf epidermal protoplasts
Plant Science Letters 2: 23-27. : _

. Durant, J', I. Potrykus and G. Donn. _1973; Plantes
- issues de protoplastes de Petunia, Z. Pflanzenphysiol.

69:.26-34,

Gamborg, 0.L. and R.,A, Miller, 1973, Isolation, culture

and uses of plant protoplasts Can. J. Bot 51:- l795 1799.

Gamborg, O.L., R.A. Miller and X, OJlma 1968, Nutrient
requirements of suspension cultures of soybean root '
cells, Expt, Cell Res, 50: 151- 158

Kao '0.L. Gamborg, R.A, Miller and W.A, Keller

197l Cell lelSlon in cells regenerated from protoplasts’
of soybean and Hapl;pappus gra01lls Nature 232: 124,




14, :
- mesophyll protoplasts on agar medium, Planta 99: 12-20,

15,
16,
17.

18,
19,
- 20.

21,

3

Nagata, T., and I. Takebe, 1971, Plating of isolated

'Ohyama K., 0.L, Gamborg and R, A. Miller, 1972, Uptake

of exogenous DNA by plant protoplasts Can, J. Bot, 50:
2077~ 2080 ' S .

Ohyama, K., and JlP: Nltsoh’ 1972, Flowérlng haploid

- plants obtained from protoplasts of tobacco leaves,

Plant and Cell Physiol. 13: 229 236,

Otsuki, Y. and I. Takebe, 1973. Infection of tobacco
mesophyll protoplasts by cucumber mosalc virus, Virology

520 433-438,

Otsukl Y., T. Shimomma , ‘and I. Takebe 1972, Tobacco
mosaic "virds multlpllcatlon and expre551on of the N gene
in necrotic respondlng tobacco varletles Vlrology 50:

45-50,

, Potrykus I. 1973 ' Transplantatlon of chloroplasts into-

protoplasts of petunla z. fur Pflanzenphy51ologle 70
364-366, -

Potrykus, I. and F, Hoffmann 1973 Transplantatlon of
nucleic ac1ds into - protoplasts of hlgher plants Z.
Pflanzenphy51olog1e 69: 287-289,

Takebe, I., G, Labib, and G. Melchefs 1971 Regenera-
tion of whole plants.  from isolated mesophyll protoplasts
of tobacco, Naturw1ssenschaften 58: 318- 320 ‘



35

Chapter iI

Experiments using a Protoplast Bioassay

- to Study Flax:Flax-Rust Interaction

- INTRODUC'T"ION'

‘The extremely delicate nature of plant cell protoplasts
‘renders them partlcularly sen51t1ve to chemlcal stlmull or
changes in thelr env1ronment. The absence of a cell wall
allows feadily visible expansion and bursting of the proto-
plast to occur when protoplaSt integrity is disrupted by loss
of functlon or structure of the plasmalemma by increases in
cell volume or by disruptions w1th1n the cell such as dlS—
-.1ntegratlon of vacuoles. Thus toxins or other compounds _

which influence protoplast 1ntegr1ty and functlon can be
.detected by a b1oassay_us1ng protoplasts, |

The bursting response of protoplasts has been used as
the basis of biloassays before; Ruesink'(lQ, 20) incubated
sprotoplastsvderiyed from Aggné coleoptiles_with a numbef_ofc
compounds in an investigation of‘plaSmalemma.structufe_
'Azeng protoplaSts bunst when incubated in_solutions contain--
© ing anionic'detergents'(SOdium dodecyl sulfate 'and tauro;
cholic acid)_a cationiC'detergent (hexadecyl trlmethyl
ammonium bromide):and a non—ionic detergent (Trlton X- lOO ~"

but not Tween 80), The basic proteins, RNase and cytochrome
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~ C also caused bﬁfsging bﬁt:trypsiﬁ did ndt;' Proteolytié and .
lipolytic enzymes as well as peroxidése.and polyphenYl-oxi-v
- dase also failed to-causé burst@ﬁg;-'Ruesihk concludéd'from_
evidence obtained’with his brotoplast biocassay thétftyrosine'
‘plays no_importaﬁt role in the Avena plasmavmembrane in con-
“trast to-somé animal cell membranes where it does,’

| Rueéink was unable té demonstrate a bﬁrsﬁing_response"
of_Azgggvprotoplasts to indoleacetic acid‘(IAA) aithough TAA
-1s known to céuse bﬁfsting of protoplasts obtained from other
spécies_(Z). CoCking’(B, 6, 7) used a tomatO'robt protoplast
bioassa&’té.investigatevcompounds knOwn>ﬁo.have effects on |
‘plant grthh, Indble_acetic acid, naphthaleﬂeaCetic
acid (NAA), gibberellic acid, ethyienediaminétetracetic aCid;
' 8—hydfoxyquinoline and beﬁzylpenicillin“all’inbreaéed'vacﬁo;'
lation”of protoplasts and caused them to burst, No firm
coﬁcluéiOHS‘could be drawn from.this work,

Boulware and Camper (3) studied the effects éf several
herbiéides on the bursting responée of protoplasﬁs;  Although'.
péraQﬁaﬁ caused bursting, preforan, flﬁometuran,-Chldrbro~ |
mufon.and triflufalin did not, 'The study'was.ﬁhdertaken‘to
,,coﬁtribuﬁe-tb the undérstanding1of‘the.modé of action of .
“these pestiéides. ih éohtrést>to the fesultsvof Ruesiﬁk 
and Thimaﬁn (20), Boulwarevand'dampér-(j) foundLTween 80 to
be toxic to tomato fruit prbtbplaéts.

- Protoplasts and cells isolated from leaves have'beenk
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=vused'in.eeveral'studies investigating host:parasite interac-
tions;. Strobel and Hess (22), studying the fungal toxin
.Helminthosperieide}produeed,by'the sugarcane pathogen Helmin-

"

'thosporium sacchari, 1ncubated protoplasts obtalned from. sus-

ceptlble and re51stant varieties in a solutlon contalnlng
the toxin, The hypothesis that the toxin binds to a specific
protein_iocated,On the plasmalemma was supported.by;the feet
“that enly protoplaSts from the Susceptible variety burst,
Four hours of incubatiQnAWere required‘to demonstrate thev-
effect, Strobel and'Hess (22) found that 5. O mM toxin was
requlred +0 burst 1solated protoplasts whereas-only 0.01 QM
was requlred to cause symptoms in an 8 cm leaf piece, The
large difference_in'concentratioh'petween that reQuired‘to
.burst pfotoplasts compared to'thetFWhich caUsed leaf symptems |
suggests that somethihg'other than loss of plasmalemma'func—
tion ispinVOIVed in‘symptom development, | |
Samaddar and. Scheffer (21) studied the effects of Hel-

‘mlnthosporlum victoriae tOXln on protoplasts prepared from

coleoptlles of both resistant and susceptlble oat varieties

as well as from corn and sorghum, The_protoplasts were 1n;v
cubated with toxin at a_concentration of O.létug/ml, CQmplete'.A
inhibition of roet growth of susceptible‘oat;varieties oceure
’etba toxin concentration of Q.OOlé'ug/ml. :After 1h incuba-

'_tion_in the toxin solution, lOO%.of the protoplasts from the

susceptible oat variety had lysed, .No'pursting ofpeithef

" ‘the resistant Qat protoplasts or those prepared from corn -
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orYSOrgbuﬁ occurred,v_If‘tbe torin.solubioh Was.dilubed,

the protoplasts from the susceptible oat variety tookrlonger
.to'burst. Samaddar aﬁd’Scheffer (21) cohcluded:from these
results that membrane effecbs are very importaht indthe ac-

tion of this toxin and that the action of Helminthosporium

‘victoriae tox1n on single protoplasts could be observed
Protoplasts have also been used in a study by Otsukl et

g;. (16) in Wthh the necrotic response of tobacco to tobacco

- mosaic¢ virus was studied, They found that although TMV

multiplied in protoplasts of'both necrotic‘and systemic_res-
ponding:varieties, no differences.betweeu the two types of .
protoplasts were observabie.v‘From this observation they con-
cluded bhat necrosis is a manifestation requiring organized
tissue asbin,an intact leaf, The results of Strobel and
- Hess (22).and Otsuki et al. (lo)dboth suggest that the
disease'reacbion'ofvisolated proboplasts‘is differentifrom
“that of the intact plant, L |
ProtOplastsvbave not previously'beeh used to study
host:rust interactiohs.b Although I recognized that the re-
'sults might not be directly.comparable with the effecbs of>
: bhe‘fungus on an intact'tissue' which is composeddof'many :
contiguous cells, I con81dered that it would be valuable.“
to examlne ‘the early 1nteractlons between isolated host
: protoplasts and the,rust'fungusg The_early 1nteractlon
between obligate fungal parasites and their hostsbis an

area of investigation of obvious importance, but has been -
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largely neglected The chief reason for th1s neglect is the
difficulty of 1nvest1gatrné a stage of 1nfectlon in Wthh
the number of host cells affected is a very small proportlon
of the total number in the infected leaf‘ ‘An important ad-
vantage,of the protoplast bloassay is that anyieffects of
' the-fungus on'its'products would be exerted in a synchronized
manner on the_protoplast'population in the biocassay medium, |
va a bursting responsevocourred-it would be avsensitive
and easily observed measure of the interaction, particularly
lf a toxin'were'involved, Several observations suggested
that this might be the'case Caldwell and Stone (1936) ob-
served that guard cells are kllled when a germinating rust
spore grows ‘through them Littlefield (13) has p01nted out
that the. necr051s of cells 1mmed1ately adgacent to an. inci-
plent rust 1nfectlon in flax ‘varies in extent and character
dependlng on the genotype of both the host and rust -Necro+
tic areas around wheat rust pustules can be 1ncreased in size
and extended away from the infected area of the. leaf by the
.manipulationvof an'electrical field (15). - The necrotic area-

-extends tOwards the positive'pole when a Current'of 2-L

o mlcroamperes was - applied to the infected leaf

The following experlments were therefore des1gned to-
investlgate interaction between flax rust exudate and flaX"
protoplasts prepared from both resistant and susceptlble

varletles. Burstlng of protoplasts when 1ncubated w1th rust



exudate would indicate the presence of (a) fungal toxin(s)
" and would support the toxin theory of resistance and:suSCep_

tibility. .

'MATERT ALS AND METHODS

-Thé isoiatiqn and washing_of protéplasts is describéd
"in Chaptef'I; The protoplasts used in these experiments were
prepared in an_identical,mahner. The protopla§ts‘were_used_
within 2 h after washing, Two varietieé'of flax were used:
‘Bison (susceptible)'and Bdmbay (resistant). |
,Spore_gérminationﬂmedium was prepared by germinating

' 20 mg of flax rust spores.(Melampsora.lini,'race»3) on the' 

surfaceiof-l ml“of 0.35M séfbitol spread out intd'a thin
_layerbin a peﬁri‘dish, After overnight'germination-(the per-
cent.germinaﬁién'was greater than 50%) the spbres-aﬁd liquid
Weré’tfansferred to é tapered centrifuge tube;f Théy'were
then shaken in a Vortex mixef,'a110wed to sit for 0.5 h,
‘then shaken»again and Centrifﬁged to sediment.thé spéres;"
The supernatanﬁ was the "spore germination medium', Exudateb
from axenically cuitured flax rust (race 3)'was.prepared.in 
a similar manner except that 1 gm_(fresh weight) of rust:Was
incubated oVernight in 2 ml of O.35 M sorbitol, This is
referred to as "axeniciexudate".k o

To aésay'the percentage.§f 1iving prbtoplasts é suspen-:
sion of 250 or more pfOtoplasﬁs in.O.l ml of 0.35 M sorbitol
was placed on a depressién slide, .The,number.of both living
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and dead prOtoplaéts Were_counted'uSing‘a microscope witﬁ phase:
dontrast optics, The teét_or contfél solﬁtion was added and
the percentage of living-ﬁrdtoplasts calculafed by .counting -
 the protoplaSts on each slide, This'tobk about 10 mihutes.
ConsecutiVe counts indicated thét the variétion between'coﬁnts."
wéé lO%.. Viébility of protoplasts was easily determined, A
smooth outline of the'protoplésts; streaming, thé‘centfal o
position of the vacuole and evenly.distributed dhlordplasts in |

the cytoplasm were all indicative of healthy protoplasts,

RESULTS

Different prepéraﬁions of protoplasts Wéré:consisteﬁt in
_abpearance, Protoplasts"ﬁéré prepared from the ﬁwo varieties
Bison and Bdmbay,'vin.each'case 60 to 80% were alive and- in
"ah appafently healthy.stéte after washing and at the beginning
of experimeﬁts. There was some mbrphological Variation amongst
the viable prbtoplasté. For eXample; in some; the,chloroplasté
were evenly spéced around the_periphery 5f the»cell:but iﬁ’
others they wéfe concentrated on one side uSﬁally.in_blusteré’
.around the nucleus.-  . |

| In'attempting‘to méke'the pfétOplast'bursting biéassay |
as sénsitive and cohsistent as possible, a'number of procedural
variaﬁions were investigated and différent-Soﬁrcés of fﬁﬁgal_‘
material including gérminating Spores-and axéﬁic cultufes.wefe
'uéed, Embedding ﬁhe protoplasts in a thin layer of agar (0.5
mm) and applying‘the test solution by flooding the Surface.had



42
the-advantageeofvimmobilizing the protoplasts. ‘This method
'was, however, discarded becauserthe presence of agar'decreased
the visibility and made it more dlfflcult to determlne v1ab111ty.
The agar also caused a marked 1ncreased in the rate of death |
of both treated and control protoplasts durlng the first hours
'ﬂof>the experiment. Varying the concentration of“protoplasts,,a'
' aithough it had an effect'on the‘growth and development‘of‘
protoplasts incubated for periods.of uputo a month (see
Chapter I),did not havedan observable effect during the incu-
bation periodsaof op.tOAZO h used in:these experiments, About
'7300,protoplasts'in'0;2 ml of solution oould be coonted-easily
and quickly (10 minutee). Sealing the protoplasts in a micro-
incubationbohamber made of coverslips prevented evaporation
ddring the 10 minutes required for couﬁting, 'It'wae so.cum?
bersome and timeéconsuming, however, that'it wasrabandoned,
-Evaporation from depression slidee was not a»problem_if the-
'slides were kept in a'petrivdieh containing moist filter paper
exoept»during the countihg procedure;

Table I summarizes the results of an experimeﬁt in whioh
spore germination medium plus spdresdwas used as. the test
_solutlon In theé control solutlon the protoplasts were 1ncu;
bated in an equal volume of O, 35 M sorbltol "~ Each flgure
1n-Table_I 13 an average of 2 separate oounts,’bThe results
show that in this experiment‘treatmeht with the spore germin-
lration'medium plus spores did not cause.protoplast bursting;_,

if anything, a protective effect-is suggested, the decrease



TABLE I. Effects of Spore Germlnatlon Medium Plus Spores on

Protoplasts

CHANGE IN PROTOPLAST

HOURS o %%gINGi%%OTOE%éSTsé?d- 17.0 Al VIABILITY(%) B2 -
CONTROLY - | |
Bison  68.7 - | 6.0 - 57.5 63.k 5.2
Bombay 70.3 -  61.6 -  57.h 54.3 - 16.0
TREATED? ﬁ : S - o
Bison  61.9 58.7 63.4 58.4 56,4 57.3  L.6 0.6 .
Bombay < 67.3 59.7 52.7 48.8 53.6 59.5 7.8 +8.2

lObserved decrease

20bserved decrease corrected for control decrease of the same varlety.

'3Hours from start of experiment,

kprotoplasts (1 part) plus O 35 M sorbltol (9 parts). ‘
5Protoplasts-(l_ part). spore germlnatlon,medlum plus spores (9 parts),

£

AR
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in the percentage{of iivihé#protoplasts:being 8,24 less in
the.treated‘than in the corresponding cohtrol. .The.proteo-

: tiVe_effect of the treatment on Bombay:prOtoplaets is pro-
bablj not real, because the‘percentage of living protoplasts
at 1.5‘h'was 11% lees than at 17 h, an impossibility'and a
refiection of the variability'in counting.

The results of a similar experiment are.presented in
Table II. In this case the spores were germinated overnight
'rather than for 2.h, The results.suggest a possible effect
of the treatment in inoreaSing bursting, but there is no
difference:between the susceptible variety Bison and the re-
Sistant‘Bombay; There ie little, if any,“eVidence of incon-
sistenoy in counting apparent in:this experiméhtt |

'In-thehexperiment summarized in Table IITI both proto¥
'plast iaolation and=the bioassay were Condﬁcted.at 3790hfor
'.8.h instead of at 22°C overnlght as was the usual procedure,
The burstlng response was measured at 37°C because thls temp-
erature was known to be higher than the optlmal temperature
for flaX-protoplast growth and development, The p0581b111ty
was cohsidered_thatvthevprotoplastshWould be more sensitive
Vat the higher temperature if the kinetics .of toxin action
o (assuming a toxin was preeeht)'were characterized by a;high»'

'Qlo‘ The treatment conSieted of»germinated spore medium ad-

' justed to 0.35 M with‘respect‘to sOrbitol and did not contain
spores. The -spores had_been germihated oVerhight and then

processed as described in the methods section.



' TABLE Ii. 'Effects of Spore Germlnatlon Medlum Plus Spores on

' Protoplasts
| i CHANGE IN PROTOPLAST -
3 ~ LIVING PROTOPLASTS(%) . _ VIABILITY(%)
HOURS 0 1.0 1.5 3.0 ‘18.0 Al o B2

 CONTROL* | o o
CBison  63.7 63.3 48.7 56.1 57.7 6.0
Bombay  67.7 64.8 65.9 65., 58.h 9.3

TREATED® . | | |
Bison = 61.5 56.6 56,0 Lh.8 k5.2 163 2103
..Bombay 59.3 50.0 48.2 46,2 h}}? 16,6 | - 7.3

‘lObserved decrease

_ZObserved decrease corrected for the control decrease of the same
variety, : _ :

3Hours from start of experlment
hProtoplasts (l part) plus 0,35 M sorbltol (9 parts).

5Proto‘plas‘ts (1 part) plus spore germlnatlon medium plus'spores '
(9 parts). - B

G



16

. TABLE IiI; Effect of 3700 Incubation on Protoplasts

N RGN . o .
LIVING + ' CHANGE IN PROTOPLAST

'HoUst'.'ﬂ o PgOTOPLAS?§EZ)4; :Al VIABILITY (%) 2
CONTROLY -
CBison  52.7 . 349 17.8
‘Bombay 49.9  33.2 16.7
VTREATMENT'15 | o |
CBison . k9.6 26,9 227 I N
~ Bombay 52.2  27.2 25.0 8.3
| TREATMENT 20 "‘ - o |
1Bison S 42,8,'. . 16,33 >26,5‘. _  .' “ -8.7
Bombay - 51. 20,0 22,9 s

lObserved decrease

“0bserved decrease corrected for the control decrease
-.of the same variety, ,

»3Hours from start of experiment,
4Protoplasts'(l part) plus 0,35 M sorbitol (10 parts)

_5Protoplasts (1 part) plus spore germlnatlon medlum
{10 parts). : .

vProtoplasts.(l part) ‘plus spore germination medium -
- (1 part) plus 0.35 M sorbltol (9 parts).
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" As can be seen from the results (Table III), the pefm
centage of living protoplests after washing was reduceduby'
' raising the temperature during isolation, The_ratesof death .

_of.both_the control and the treated protoplasts Was'alsobin;;
: creased_dufing'the experiment, The‘increase_in}temperaturegwas
not.effective in increasing the diffefence.between‘the“contfols
and-the two treatments. o |
Tables IV and V are two experlments in Wthh spore ger-—

'nlnatlon medlum was: tested The two experlments were 1dent1cal
in all respects except that they were not carrled out on the
‘same day.. They sum up the dlfflcultles which were encountered
in demonstrating consistent and reliable evidence for the exis-
tence of a'toxin of fungal origin, Although there was an .
apparent treatment effect in both expefiments this is seen to
be inconsistent. For'example, in Table IV, treatment 1 (high
“concentration of spore germinationvmedium), the'decfease'in_
’protoplast<viability is the same as inhthe‘controi, In Table
.V,'tfeatment i the decrease in protoplaSt viability was 10-.
15%. Examlnatlon of the results for treatment 2 in Tables IV
and‘V (dllute spore germlnatlon medlum) shows an effect which
;1s the reverse of that seen for treatment 1. In Table IV
- the dllute spore germlnatlon medium decreased protoplast
viability 7 to-l2% but in Table V it was the same as in the
control, The_resdlts_presented in-Tables VI and VII are from

two identical experiments which were carried out on different



 TABLE IV,

'Effeet_ef Spore Gefmination Medium on Protoplasts
| | o CHANGE IN PROTOPLAST
oungd gIVINg;gROTg?gASTsig) 1 VIABILITY (%) 2
CONTROL® = | -

Bison 77.6 75.7 T3.1 69.2 8.4
Bombay ,."79.5 81,5 72,6 71.2 = 8.3
TREATMENT.ls' - - | -
Bison 713 68.4 648 61.1 10.2 - 1.8
Bombay 7.9 721 65.7 69.7 5.2 +3.1
rREATMENT 20 S | o )
‘_Bison ~ 70.2 68.1 '65,8; 59.7 205 - -12.1
Bombay 76.6 72.7 67.0 61.4 i15,2 1 ': o _'6,9

lObserved decrease,

ZObserved decrease corrected for the decrease of the control of

the same. variety.,
3Hours from start of experiment,

: 4Protoplasts (1 part) plus 0.35 M sorbitol. » _
5Protoplests (1 part) plus spore germination medium (10 parts),
)

6Pretoplests 1 part) plus spore germination medium (1 part)
plus 0.35 M sorbltol (9 parts) o

87



TABLE V.

73k

Effects cf.Spore-Germination'MediumVch.Protoplasts>'
S f CHANGE TN PROTOPLAST

HOURS? o s PRg?gpLA§T8(%) 20 al FABILITY(R) o
CONTROLY | |

Bison 8.6 78.1 77.0 71.7 7h.6 7.0

Bombay - 62.7 67.6 61.3 57.9 55.7 7.0
TREATMENT 1° |

Bison - 68.7 67.8 62.4 64.0 43.1 17.2 .10.2.

Bombay 66.1 740 71.4 68.5 51.5 23,0 -16.0
TREATMENT 2° | ! N -
Bison 71.7 70.6 _68.8‘”64.4 66.8 »4;9' + 2,1

13, Bombay 73.0 . 70.3 68.6 66,2 - 6.2 - 0.8

1

Observed decrease

_2Observed decrease corrected for
same variety,

3Hours from start of ‘experiment,

éProtoplasts (1 part) plus 0.35 M sorbltol (lO parts)
5Proto'plasts‘(l part) plus spore germination medium (10 parts)

the decrease of the contrcl-of‘the_

Protopiasts (1 part) plus spore germlnatlon medlum (1 part),plus

0.35 M sorbitol (9 parts)

6"
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days. .Thevnrotoplast Suspensions were incubated with axenic
‘:_exudate at tWo different cOncentrationsd(treatment,1 and’2).
Although the resuits.in Table Vf suggest that_the exudate
_obtained from axenio cultures causes more'bursting‘than‘the .
exudate from germlnatlng spores the effects of the treatment
(Table VI treatment. l) is stlll not conclusive, Thus in the~
experiment shown 1n Table VII the effect of treatment 1 on
protoplasts- from the two different varieties of flax is not
.as pronounced as 1n the experlments in Table VI. Moreover,

'protoplasts from Bombay flax which were the most susceptible

L to burstlng in Table VI, were hlghly resistant. to the treat--

ment in the experlment'ln Table VIT, Finally, there was in
these experiments (Tables.VIvand VII) no consistent'difference

in the response of the tWo'varieties, Bison and Bombay.

 DISCUSSION

In the precedlng experlments Wthh are descrlbed in
v.iTables I to VII the protoplast bloassay was shown to be useful
and the countlng of llv1ng protoplasts to be»conslstent. Pre-
liminary experiments designed to test the consistency of .
'oounting the pefcentage'of living protoplaSts showed that

when consecutive counts of the same sllde were made- the varia-
thlllty in the percentage of living protoplasts was lO%

In the experlments descrlbed in Tables T to VII, the"

Variablllty of counting llVlng protoplast was also usually



TABLE VI. Effects>of_AXenic.Exudate on Prdtoplasts

CHANGE IN -PROTOPLAST

+ LIVING PROTOPLASTS(%) " VIABILITY (%)
21

HOURS? - 0 1.0 2.5 al B2
~ coNTROL* | ;- | | o o
Bison  87.1 841 81.3 745 12.6 e
" Bombay 73.5' 72_2] 65;74}64,8 8.7 | | -
REamuENT 15 | | o | o
| Bison  80.0 76.0 b Sk 28,6 [ -16.0 ftﬁ
 Bombay 75.8 733 69.7 47.7 281 19 L
TREATMENT 26-- | | ; o o - -
 Bison 82.9 78.7 76.9 72.7  10.2 . - 2.4
Bombay 2.5 75.5 72.6. 72.6 o 9.9 +1.2

lObserved decrease

2Observed decrease corrected for the decrease of the control
of the same variety,

3Hours from start of experlment _

- hProtoplasts (1 part) plus 0.35 M sorbltol (10 parts).

5Protoplasts (1 part) plus axenic exudate (10 parts).

6Prct0plastsd(l part) plux axenic exudate (1 part) plus 0 35 M-
sorbitol (9 parts). o o

TS



 TABLE VII; AEffecte of AxenichxudaterQh Protopiasts

CHANGE IN PROTOPLAST

LIVING PROTOPLASTS(%)" VIABILITY (%)

Cmours3 0O 1.0 1.5 2.5 17 At B2
CONTROL* o | !
Bison 84. 7h.; 76.A 74 70 14 : .. . | R : fﬁ:  f?ieé.c,"~;;;ﬁ
Bombay 83 79 80 70 68 15 e
' TREATMENT® S
Bison 1 83 68 63 68 58 25 . 11 oo F ol
Bison 2 83 80 69 72 6l 9 -5 -
Bombay 1 8k 66 68 65 66 18 | - - 2.5
Bbmbay 2 83 69 71 68 68 15 | 4 0.5

lObserved decrease

2Observed decrease corrected for the decrease ‘of the same con-
trol varlety, : C

3Hours from start of experlment » v : v
’fhProtoplasts (1 part) plus 0.35 M sorbitol (10 parts)

5Protoplasts (1 part) plus axenic exudate (10 parts)
1l and 2 are replicates of the same ‘experiment,

29
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within thisvrange vif inconsistency of counting'had occurred.
the percentage of llVlng protoplasts would. sometlmes 1ncrease
rather than decrease or remaln the same, as consecutive counts“
‘of the slide were made during the experlmental incubation
.period. The greatest‘inconsistency of_this‘kindvWas,in thevh
variety.Bombay; Table_I, treatment'l. Here,dthe percentage
living protopiasts was 48.8% after 1.5 h but at 17 h was 59,5%;"
an inconsistency of 10.7%.- o |
AnOther measUre'of the.consistency of counting percentage

llVlng protoplasts is a comparlson of protoplasts of the same
variety, in the same experlment at O h _Slnce all the proto- -
plasts from each variety were from the same stoCkususpension
these'counts.should-not vary more than lO%; ;EXamination of
Tables T-VII shows that a variation of_greater'than 10% only.v
occurred. in Table V. At 0 h Bison protoplasts ranged. in per— -
centage 1iVing'protop1asts from 81 ,6% to 68, 7% a dlfference
of 12 9% and Bombay protoplasts ranged from 62,7% to 73 O%
difference of 11,0%. . _

| In nearly ‘all the experlments (Tables i to VII), the
protoplasts from Bison and Bombay flax varletles when 1ncuba— i
_ted with elther spore germlnatlon medium or axenic exudate
burst to a greater extent than those in the. correspondlng
control solutlon. The decrease when_corrected-for the con-

trol, was usually less than'lO%. In the experiments.preSented
- in,Tables V'and'VI‘the treatment'decrease:after correction

for the control decrease was greater than 10%., As has been n



- T

5L
argued abovejithis_apparent-effect'of spore germination medium -
.(Table V) and axenic exndate (Table Vl) is not real, It could
not -be demonstratedﬂin idehtical-experiments carried out on
different days There is even less ev1dence that the two
Varletles Blson and Bombay, responded differently to any of
the treatment solutions, | |

An additional analysis of the resnlts)'using statistlcal
techniques is presented in the appendix at the end of this
chapter, | | | |

| From the discussion, therefore 1t can be concluded. that
although the bloassay ‘technique is rellable no’ tox1c-factor
either from’germlnated spores or axenic cultures'was detected;
At least tWO‘pOSSibllitleS exist, Either a toxic sUbstance
‘was present at low concentration, but was not detected because
vof‘the"lo% variability in counting_viable'protoplasts”or,
there was no toxic SubStance present,

What then is the explanation of the observations which
‘prompted the search for toxic factors produCed»by the fungus?
It seems apparent that the observations which-suggested the in-
volvement of a tox1c substance result from- processes that only
occur when the rust 1nteracts w1th the intact plant Otsukl gt
al, (l6) concluded from thelr experlments with virus infected
protoplasts-from necrotic and susceptible responding tobacco
that organization offcells, as in the»intact leaf, is necessary
for the necrotic.response, ‘This‘also'seems to be the case

with flax rust and flax, Since the spores and axenic cultures
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used in experlments are known to be pathogenlc but dld not
cause protoplasts to burst the explanation of necrosis
during dlsease.may_be,that.the toxic factors cau51ng'necrosis_
-originate from plant celis‘rather than_from.the_fungus; A
‘good possibilityhis that these toxic factors of'plant'origin |
are phytoalexins‘or compoundsbwhich actvin a similar manner.
Phytoalexins are produced by plant cells and are rarely fOund
‘ except in association with necros1s (14) Thelr productlon
- can be 1nduced by a wide range of pathogens as well as by
.woundlng (17). Both their production and necrosis are none'
.specific responseswin contrast'to.Susceptibility and resis-
tance -In the flax flax rust system resistance and SuSCeptl;
blllty are dependent on one gene in the fungus and one in the
host.(9). The results support the idea that'resistance is
the result of a process whlch is distinct and different from
those Cau51ng the necrotlc reaction, This is a new concept
and one which is 1mportant to the understandlng of resistance
“and susceptlblllty of plants. to pathogens. A very-s1m11ar
proposal haS'recently'been advanced by‘Kiraly et al, (11).
These authors suggest that hypersens1t1v1ty is the result and.
not. the cause of re81stance and have presented ev1dence that
resistance can be expressed without the occurrence‘of
:necrosis'(lO) - o

No compounds with phytoalex1n 11ke propertles have been
descrlbed from 1nfected flax although many phenollc compounds

are known to occur’in flax In»the_wheat:wheat rust system
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although phytcalexins per se are not thought to be produced
other toxic phenolic compounds which may have many similar'
properties have been identified (8). The phenollc glyc051deof
2 b dlhydroxy 7—methoxy l S b= benzoxaz1n 3-one. (l2) is present
in wheat plants and is known to break down intonthe'aglycone
and-benzoxazolinepupon infection of wheat by an avirulent race
of rust. Both of these breakdown products are known to have
o considerable antifungal‘activity. " Like phytoalexin produc-
‘tion, breakdown of the glycoside is not'gene specific,

If phytoalex1n productlon and the a53001ated necrosis
is the-result of_re51stance what is the mnature of the specific
'interaction‘between the pathogen and the plant which results
in susceptlblllty or res1stance9 There iS'vefy little experi—,v
mental information on this subgect but ‘several proposals have
' been made, Albershelm et al. (l)vput forward an 1nterest1ng
hypothesis along with a convincing discussion and explanation.
They cons1der

"That molecular - 1nteractlons between the carbo—

hydrate constituents of a host and the poly-

saccharide degrading enzymes produced by a

pathogen account for the inherent resistance of

plants to most microorganisms and that these '

interactions account equally well for the rare

instances in which a mlcroorganlsm successfully

1nfects a plant "
Ifithis hypothesis-is essentially_cofrect,’thenansceptibility
and resistance.would not be expected to occurvor be observed
in a system in which pathogens'interact with protoplasts be-

cause protoplasts do not have cell wells. The results of the



57
experimentsipresented in.this report ére therefore consistent_v
With Albersheim's hypotheSis but it would nevertheless be '
difficult to argue that they prov1de any degree of proof of it.

A second hypothes1s is that a speCific gene product is;
produced by the fungus»which when in 1nteraction with plant
cells.determines susceptibility or resistance., In a recent
,'report\Rohringerdet al, (18) claim to have isolated a gene-

_ specific. RNA directly involved in’resistance.of wheat to.wheat.
rust from heavily.infected and'necrotic wheat leaves. Their
bioassay involves injecting the RNA fraction into susceptible
or resistant wheat leaves infected W1th rust and counting the
numbers of necrotic cells in each Case after 11 'h, The RNA
is active only in infected leaves_containing haustoria, This
finding and.the conclusions drawn from the work reméin to be
.confirmed » |

| No ev1dence which supports the speCific gene product
theory was obtained from the protoplast experiments reported
“here, If this theory is true, the spore and axenic culture
extract'could contain the "gene product"tsince the spores and
~axenic cultures are known to.be pathogenic The'recognition
of resistance or susceptibility would occur when the gene,
product,interacted,With the protoplasts, Protoplast bursting
would not necessarilylbe expected'to occur because, as dis-
cusSed above, the necrotic response‘may only occur When there
'.is an interaction of infected cells with surrounding tissues

in an intdct leaf,
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APPENDIX TO CHAPTER IT

- A more detalled analy31s of the results Wthh are pre-
‘sented in Tables I VII and dlscussed above is poss1ble u51ng
statlstlcal technlques In partlcular- the poss1ble effect
“on the burstlng of protoplasts caused by spore germlnatlon
medium and axenic exudate can be quant;fled in more precise
“terms andﬂlimits'on_these effects set,

Two analyses were carfied out, the first on those experi;
'mehts which included-control protoplasts'and one treatment
(Tables.l) 1T ahd VII) and'the second which included two treat-
ments plus-.the'ccntrol (Tables'lv, V.and_VI). ‘The experiment B
.presented in Table III was nct included in either.analysis
because_ohly_tWO'counts ofuthe pefcentage living’protoplastsb
were made (at O-and 1.5 h), | | '

‘ In-hothethe first and second ahalyses a randomized block
design Was used,_the differentvexperimentsbbeing_designated as - -
blocks, For the:purposes of the analysis only the  counts taken .
at four dlfferent tlmes durlng the experlment were used
Thus in the experlment in Table I those counts made at 0. 5
‘and 1.5 h were not used,‘ Slmllarllyjln Table IT those atjl;s h,
in Table VIT those at 1.5 h andih Table V those at 2,0 h were
not'used ~ In the experlment in Table VII two slldes for each
- variety were incubated with the treatment solutlon The two -
slldes for each varlety were averaged to glve one count for
'each varlety. These adjustments made the_de51gn of the,experi—

“ments similar so that the analysis could be done,
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AnalySis_of Variances, Tables I; IT and VII

Source - ’ af . o MS F
Experiment . b-1 =2 1236 67 - 80,87
- Treatment a-1 =1 LL6,52 © 29,2006
Variety . . - ce=l =1 : 5.88 - .38Ns
Time o h-1 = 3 . 380.56 2L, 89k
Time X Variety : {a-1)(c-1) =1 . 8.71 .53NS
. Treatment X Time (a=1)(h-1) = 3 - 9.75 . - ,B6LNS
Variety X Time (c-1)(h-1) =3 13,42 .88Ns
~ Treatment X Varlety X . : ‘ ,
7 Time “(a-1)(c-1)(h-1) =3 - 26,89 . 1.75NS
- Experimental Error “(b-1)(ach-1) = 30 15,29 -~ - :
‘Total ' ' .- bach-1 = L7 -

st highly significant, PL0,01
NS not significant, P 2» 0.05

b_The'results of-the,enalysis of- variance for the data in
VTablee I, II and VII show ‘that in these experiments the treated
protoplasts'burst to é significantly greater extent than those
incubated in the control solution, The mean percentage of
living_protoplasts'for the oontrol was 66;60% and for the treated
was 60, 50% A 95% confldence 1nterval about the difference can,

be Constructed as follows

(Xl“XZ) * t30df(1 talled) [ 5 f"E%%-
Numerically, the difference betweeﬁ the:meahs iﬁcluding the
95% confldence interval calculated u31ng the above equatlon_'
is 6, lO% + 1 13% The conclu51ons that can be drawn from the :
above analysis are that the deorease of percentage living
protoplasts for the treated orotoplasts'ovef thatlof the'contfol
protoplasts wes'significant and that the differenoe (95%

,confidence”interval) is between h,l8% and 8,01%.
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AnlesiS«bﬁfVarianééLLTébles.Iv;'V.and VI

Source S daf o MS F
Experiment b-1 =2 258,84 - 9, L1uex
Treatment a-1l =2 261,35 9. 51k
Varieties o : c-1 =1 72,20 2.63NS
" Time . h-1 =3 - 555.94 20 ,22%%
Treatment X Variety (a-1)(c-1) = 2 198,54 7,228k
Treatment X Time (a-1) (h=1) = 6 57.97 2.11NS
Variety X Time (c-1)(h=1) = 3 6,86 . 0.25NS
Treatment X Variety . - o ’
X Time - _ (a-1)(c-1)(h-1) =6 5,19 - 0,19Ns
Experimental Error (b-1)(ach-1) = 46 - 27.4L9 -
Total . © - bach-1 =71 ' - -

- %ok highly significant, p<&0.01
NS not significant, Pp»0.05

The results éf ﬁhé’analysis Qf variance for the data in Tables
v, v and VI are that in_these experiments, as in those in
' Tables I, II and:VII5 the.treéted'protoplasts burst to a sig-
nificantly greater extent than those inéubated in thevcontrol
solﬁtion.._lﬁ this analysis although the‘varietieé did not
respond sigﬁificantly differently ﬁhere'was a variety‘X treat- .
ment intéraction’which shows that the nature_of.the responses'
of the two varieties.was différent, |
'_Tbe'éame}method as that described abee cén_be‘uséd to
calculate the'magﬁitude of the differehces; with 95% confi-
:dence._ The.two‘varieties are dealt with ée?arétély'beéause
'Qf-the Variéty X‘treaﬁment interaction. Bisoh control (meén
77.3%) was less than Bison, treatment 1, by the interval
_'7,87%'to 15,06%, EBombay control.(mean 69.0%) did not differ
:ffom_Bombay,vtreatment 1v(_2,27%,£o_4.92%). Bison control

was less than Bison, treatment 2, by the interval 3.08% to
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.10.27%. Bombay control did not differ from Bombay; treatment

2 (-6.69t0 0.49). | | | |
AMthough the results from the statlstlcal analysis" clear—

.ly show a greater decrease of percentage llVlng protoplasts

for the treated than for the control protoplasts,_the magni-

tude of the differencebis_small, usually less than‘lo%;

Samaddar and Scheffer (21) for ekample; observed 100% bursting

~of protoplasts after 1 h when they incubated protoplasts from

o a susceptible oat variety with Helminthosporium~victoriae

: tcxin Even 1f the tox1c substance in the treatment solutions
was very. dllute it. would be- expected that the dlfference between
- the control»and_treated protoplasts_would be greater than 10%
after 20 h -incubation, The difference'inlthe declinehinvthe
percentage of living prctopiasts between treatment l-and the
'.dilute treatment Z‘Wculd'also be expected.to be greater,
‘There is at least one possible reason whyva difference
- between treated and‘contrclvprctoplasts could occur even if
no toxic substance was present‘-namely an'unconsciOus psycho-'
'logical‘bias'in the‘counting. This poss1b111ty ex1sts because
the identity of the control and’ treatment slldes was known to s

the counter,
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ChapterIIII

Axenlc Culture of Flax Rust Isolated from -

Cotyledons by Cell Wall Dlgestlon g

" INTRODUCTION

Otsuki and Takebe (8) isolated intact mesophyll.oells
and their'protoplasts-fronia number of plant speciesvby using
‘mixtures'of hydrolytio enzymes to digest the plant cell walls.
They_noted'that:some species were more resistant to the en-_-
zymes than others, Maheshwari (7) used a simllar7technique
© .to isolate the epidermis of sunflOWer and snapdragonvleaves'

but found lt_more difficult to obtain suitable'preparations
from wheat and corn, | |
A.methodbis:reported_here for the isolation of intact.

colonies of the obligate parasite (Melampsora lini'(Pers’)

Lev 'Raoe No. 3) from flax by the use of hydrolytlc enzymes
which selectlvely dlgest the cell walls of the host plant
 without apparently damaglng the fungal cell wall, Once-lso—.f
lated, thevcolonles,may be useful for metabolic and other :
studles.of.the,rust fungus in the absenoe'of'hOSt tissue,
Such colonies can_also be used as'inoculum for the establish- -

~ ment of axenic cultures.

Publlshed in Canadian Journal of Botany Vol 50: 2601 2603
l972 :
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MATERI ALS 'AND METHODS

Growth and.inoonlation of flax seedlings (variety Blson)~
andlsUrface stefilization'of thefcotyledons'weredcarried out
as described by COffey et al, (3). .Cotyledons were harvested‘
‘when 1nfectlon flecks were well- developed but not yet orange -
in colour _After surfaoe sterlllzatlon, the abax1al,ep1derm1s
was stripped'away as Cafefully as possible using fine forceps
and a spatula, The cotyledons were then immeérsed in the B- 5
- medium descrlbed by Gamborg et al. (5), modlfled by the om1551on
of 2,4-D and contalnlng in addltlon 2.5% macerozyme and 2, 5%
'Onozuka—P5000 cellulase (both obtained from All Japan Biochem-

icals),‘O.S%”pectinase'(Sigma) énd‘Gramioidin D‘ 6 ug/ml . It

. a'large yield of colonies was desired, about s1xty Cotyledons_

were 1mmersed in 25 ml of the enzyme mlxture in a 5O ml Erlen-

- myer flask, infiltrated under vacuum until they sank, and in-
cubated for 90 minntes at room temperature with'gentle_shakingw_
This waslfollowed by agitation with.a magnetic.stirrer for 30
minutes, The speed of the stirrer was adjusted to- av01d foam—“
ing, - The llberated colonles were now suspended in the medlum
and were collected‘on a4nylon screen (385 n);.;They‘were then
t wasned with modified B—5 medium (i.e. mlnus 2 S b= D), resuspendf
~ed in modlfled B-5 medlum and centrlfuged at low speed to -
concentrate them in ‘a loose pellet. -Thls>procedure is referred

to as procedure I.
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Procedure II. was usedrto obtaln colonles whlch were'
Vlrtually free of chloroplasts and flax cells, About six
cotyledons w1th the abax1al epldermls removed were 1ncubated
‘in a plastic petr; dish (Falcon, 60 mm), contalnlng 2 ml of
enéyme solution, at room temperature overnlght. 'Thevcolonies
‘were then freed from the'epidermis by gentle_shaking, transe -
ferred to about 25.ml of modified B-5 medium ahd'agitated With .
a‘magneticvstirrer for lO-minutes.b_This suspehsion was poured
into a petri dish{ Colonies were spotted‘through a dissecting
~microscope and picked up with a Pasteur pipette._AAXenic cul-
tures were initiated by transferring the.colonies,'suspended-
in modified.B—5 medium to the agar medium-used for axenic
culture of:the‘rust, The droplet of llquid was then.removed_
to ensure direct contact of the colonies with the agar surface,
Each liter of the agarlmedium containedeNOB, 0.25 gm; Ca(Nog).
LH,0, 2 gn; K2HPOA,?O;75 gn; KH,PO, , 0.25 gn; NH,NO, 0.04 en;
the micronutrients described-by Coffey and ShaW.(B); sucrose,
lAO'gm; agar, 16 gm, and bov1ne serum albumln (Miles-‘Fraction
V), 0.5 gm., The calc1um nitrate was autoclaved separately
»aﬂd added to the medlum when it had cooled, The bovine serum
'albumin.was defatted (l) anddfilter’sterilized; This ﬁedium
- was known to support growth‘of axenicvcdltores'initiated from
flax rust urediospores (unpublished'resdlts).r'Iﬁcubation was

- in the dark at 17°C,
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RESULTS AND DISCUSSION

This-technique:of isolating fuﬁgél'éol§nies from in- .
fected plaﬁt tissue dependé'ohvthe ﬁse-of enzymes which digest
or critically weaken the host cell walls but not those ofvﬁhe
fungus, When infected flakkcotyledons were'ihCubated in the
enz&me mixture,‘plant protoplasts were>produced but the fungus
was left intact, The epidermis and vessel eiements; however,
.wére resistant to the action Qf-the enzymes and frégments of .
these of'ten remained attached to'isblatéd colonies; -The.prof
cedufe can be simplified by making up the enzyme‘mixture-in
the medium:used for axenic culture of the rust. |

If the fust was sporulating at the time of isolation,
the wallé,of the hést cellsbadjacént‘to the fungal colonies
‘were more difficult to digestion. The pellets of colonies
'isolated by prbceduré I were ﬁale greeh becausé'the»threebhouf
incubatidn left some apparently intact host cells in the center
of the fungal mass; ‘When procedufe IT was used many colonies
were Virtdally.free:of.dontaminating'host cells (Figs;’III—l,
TIIT-2 and III—3).Y‘All'of'the 82 céldﬁies plated on the agar
medium'grew, asSumed a spherical sﬁape and turﬁed orange-in
:colour;- MiCroscopic-ekamination’cohfifmed‘that urediospofe: _
developmenﬁ had occurfed (Fig;'III-h). None of‘theselspofes
were observed to:havé'gérminated,‘ Thréé colonies continued‘

' tq increasé in size,.the orange spheres.Beéomiﬁg‘about;fourv

times the diameter of the originally plated colonies, White -
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myceliumfbegan.tddeVelop from the base of these after about
one month in culture and growth has‘cbntinued'after'transfer
to fresh medium (Fig. IIi—E). Sméll fragmehts'of cotyledons‘.
attached to‘the coloniés neither inhibitéd‘norkprbmoted |
fungal growth, | |
There.is.little chance‘that the axenic cultures of the

flax‘rﬁSt fungus presently‘available'ofiginate from_a'single
spore'since sevéral dozen spores in close associatiOn are'ref-
quired to initiate axenic growth (9). Tt has a1so'been |
suggested that anastomosis of germ tubés pfecedes the.develdp—
meﬁt of colonies in culture (3). _Iﬁocuiating'cdtyledons with
'single,spores_as'described‘by Fieischmann et al, (4) and estab-
lishing aienic cultﬁres ffom these ihfectiOns using this tech-

nique would yieldvcolonies'derived from'a single urediospore,

vKuhl et al. (6) cultured-séveral races of.Puccinia graminis
.tritici ffom.ufediospores Eut grbwth?was inconsistentf Theée
authors.suggééted,that”the tfénsition frOm'sporéling to vegetag
‘tive hyphae was ‘the critical‘étage in'the-establishment of cul=
'tures'capable7of‘éohtinued growth,’ The proceduré described "
here méyAprove useful‘fof the'establishmént'bfAaxénic culturés
~.of.other races of P, graminis as well as other rust fungi which
have not béen grown‘apart.from their“hosts because 1t bypasses .
';g vitro sporeling development'and the initiation of-végeﬁative

hyphae,
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Figufe

“Figure

Figuré

Figure

- Figure

TTI-1.

I11-2,

IT1-3.

TIT-4.

ITT-5.

A cdlony,isoléted after overnight incubation .

in the'enzyme:solution._XllB.

Enlargement of a colony similar to that in
Figure ITI-1, Note that most hyphal strands

have not been severed durlng 1solatlon

X224,

_Intact haustoria (H) includiﬁg'haustorial

neck (Hn) attached to isolated colony,

o Xl828

Uredlospores in the orange spheres Wthh
developed several weeks after the isolated
colonies were plated on axenlc culture

._medlum X224,

An axenic Culture which grew from an iso-
lated colony. Photographed 2 weeks after
the first transfer and about 2 months .
after the beglnnlng of axenlc culture

X2 5 : _
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Chapter TV

o Tsolation and Axenic Culture of PoplarvRustii

INTRODUCTION.

The difficulties of‘studying thelhost:parasite'rela—7

'~ tions of the rust fungi are coﬁpounded because they are'obf

- ligate parasites and normally canhot,grow-apart'from their
host plants; Recehtly,-several speeies of rusts have been
successfully‘grown.by seeding uncontaminated'urediosperes |
onto appropriate media (1, ). .In this report‘a'technique is
described for the establishment for the first time, of
axenic colonies of- poplar rust from urediopustules excised
from infected leaves using”a defined‘medium developed for
-flak rust (7). Like the engymatic technique,for isolation and
axenic growth-of-flax rust which we described earlier (3) |
the texcision® technique does not require uncontaminated

'urediospores ‘and is Simpler

.Poplar rustv(Melampsora occidentalis Pers,) is a hetero-
. ecious rust with several alternate hosts (4),; in which the
uredial and'telial stageS‘oecur on black cottonwoed (Populus

trichocarpa Torr, and Gray).

Published in Canadian Journal of Botany Vol. 52 2228-2230,
l97h '
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 MATERIALS. -AND IVLETHODS

Leaves of 1nfected cottonwood grow1ng on the U.B.C.
campus were collected at the beglnnlng of October when
orange uredlopustules were abundant and sterilized by con-
;secutlve 1mmer31on in l% sodium lauryl sulphate (20 mln),

70% ethanol (2 mln) and 1% Na hypochlorlte (5 mln)v

, with a

N thorough . rinse in dlstllled water after each treatment

Slngleprust pustules, 1nclud1ng,a surroundlng-zone of unin-
flected tissue 1 mm wide were excised and'placed, six per.
'petri'dish (60 mm diam,), on agardmedium. The dishes were
_sealed'with parafilm and'incubated at . 17<C infdarkneSS; The

‘.medium‘(see legend; Flg.-l) wasvprepared at double concen—
tration,‘filtered sterilized and mixed with an equal volume.
. ofvagar (purified by 5 rinses in distilled water overh24 h,

1 rinse in ethanol and 1 rinse in chloroform).

RESULTS AND DISCUSSION

Pustules'on the leaf pieces doubled in size during.the
Zfirst week of.incubation; pale stromata:developing_to prof
‘trude above the leaf surface. Threepweeks later mycelium‘
emerged from some-pustules'and after L months m&celium had
grown onto the agar medium from 30% of the pustules  This
'mycellum developed from stromatic hyphae of the fungus, not
- from the germination of the uredlospores orlglnally present :

in the excised pustule, No growth of leaf tissue occurred.
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aOhce established‘on'the-mediumglcolonies:were‘roughly.semi—
:spherical in shape (Fig. ‘IV—l) with a compact stromatlc |
center, in which 1rregularly shaped spore llke bOdleS were
.embedded (Fig. IV—Z)Q-and with a Surface of fluffy white my-.
celium, Doubllng in size occurred every three weeks durlng
the first months of culture but subsequently took four or .
»flve weeks, Colonles were transferred to fresh medium at
ﬁthree—week 1ntervals and blsected when they reached 1.5 cm in
. dlameter - Apparently normal uredlospores were produced on the
surfabes of some colonies after three‘monthS“incubation (Fig. -
IV-4), On'e#posure to continuous lléht (2570 lux) the.my—.'
celium became orange in colour. To date, subcultures have |
been malntalned contlnuously for one year w1th losses
occurrlng only when transfer"was 1nfrequent |

Relnfectlon of black cottonwood leaves by axenlcally
grown poplar rust was demonstrated as follows. 'Newly emerged
leaves 5 cm long were surface sterlllzed and a strlp (1 cm x
1 mm) cut from the edge of one lobe Each leaf was laid on
the agar with its cut edge ;n contact with a rust colony.._The
sealed dishes were then incubated in the light (2570 lux).
The.fungus invaded the leaf and aerial-myceliumdgrew from the =
cut surface after twenty days; then the colonY~Which served
as inoculum was removedJ(Fig» IV;3)" Ten days later uredlo—
Apustules developed on the leaf surfaces; uredlospores:

collectedlfrOm these pustules germinated normally,
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The technlque was also tested using several other

spe01es of rust. These were Hollyhock rust (Pu001n1a malva~

cearum), snapdragon rust (Puccinia antirrhini), mint rust.

, wheat

(Puccinia mentha); thistle rust (Puccinia suaveolens)

rust (Puccinia graminis tritici) races ANZ-126 ahd 15B, and

bean'rust (Uromyces phaseolus)‘race~PRE—2 Suitable pustules

'were processed as descrlbed above and plated onto the medlum.‘
used with the poplar rust and a deflned medium previously
used successfully to grow wheat rust (1).

It was.not possible to establish vegetative'colonies
of any of these rusts using the hewltechhique. ‘However, the
Wheat'rust:pustules (both races) grew to‘aulimited-extent
When used as inoculum and plated on the medium'previously
' used to grow wheat rust axenlcally- u51ng uredlospores as in-
oculum, The growth was 31m1lar to the 1n1t1al growth of -
flax rust (descrlbed 1n»Chapter IIT). Dark brown 1rregularly
shaped spheres grew from.the inoculum.increasing'in size:to a
maximuh of~045 cm, The spheres were composed of irregular
spore—like bodies intermixed with hyphae, -The grouth of the
wheat rust stopped about a month after the beginning of
1ncubatlon

The enzymatic (3) and excision technlques both by -pass

| sporellng development and the 1n1t1atlon of vegetatlve hyphae
in vitro, They may therefore be\useful 1n-establlsh1ng'r

axenic cultures of'species of rust fungi which are‘difficult
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ﬁo grow ffom urediosporesvseeded'directly onto'the ﬁedium

Use of eithef'technique following 51ngle spore 1noculatlons
(2) of the host would yleld axenic cultures, and ultimately
»Clones each derlved orlglnally from a 51ngle uredlospore
Slnce this cannot be accompllshed by mass seedlng of suit-
 able media w1th uredlospores the procedure we describe
v.should be useful in studles on the:biochemical gehetics of
the rust fﬁngi.i'The euccess of both the techniquesedeecfibed
in Chapters III and.IV-depends on'phe use of a suitable
medium Wthh will support the growth of the partlcular speeles

of rust under 1nvest1gatlon
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' Figure IV-1.

'Figure Iv-2,

. Figure IV-3.

Figure IV-4.

the following medium (in g/1): KNO
- MgS0), - 7H20, 0.25; KH,PO,, 0.25; KpHPO,

Typical colony of Melampsora occidentalis
three months after i1solation, Grown on .
0.25;

)

0.75; NH,NO3, 0.02; Ca(NO3),+4Hs0, 2.0;

sucrose, 50; aspartic acid, 5.99; cysteine,
0.558; plus 0.8 ml of mlcronutrlent stock -
solutlon containing in mg/ZOO ml) 13%

' NaFe (Geigy), 10,000; MnSO; -H,0, 447 KI,

10; NiCl,-6H,0, 18 CoClp: 6H20 18; -
Ti(80,)2°9H,0, 42; Znso,,- 7H20 35, CuSO .

- 5Hp0, 15; BeSOy, 20; H3PO, (85%),

HQSOA’(conc ), 0.2 ml
Typical mycelium obtained from axenic
cultures, Spore-like bodles were. often
observed, X300, :

Reinfection of black cottonwood leaves,
- Sporulation of the pustule infecting the
- leaf occurred one week after this photo—

graph was taken, X2,

Spores produced by axenic cultures of
poplar rust XBOO

-



79




80

REFERENCES -

Bose A, and M. Shaw. 1974. 1In vitro growth of wheat
and flax rust fungi on complex and chemically defined
. media.  Can., J. Bot. 52: 1118 -1195 "

Fleischmann, G., J. Khair and A. Dinoor. 1966. Dry
twist: a- new system of culturing rust from 51ngle spores,
Can, J Bot Ll 1009- 1013

'Lane W.D. and M, Shaw. 1972H Axenic culture of flax
rust 1solated from cotyledons by cell wall digestion.
Can J. Bot. 50: 26012603,

. Molnar, A.C. and B. Sivak. 1964. ‘Melampsora'infectidn'of
‘pine in. Brltlsh Columbia. Can., J. Bot. 42: 145—158,

Scott, K.J. and D.J. Maclean. 1969, Culturing of rust
fungi., Ann, Rev., Phytopathology 6: 123-146, S



81

SUMMARY -

Flax protoplasts were isolated from cotyledons ' Optimum
conditions of digestion washing and manipulation were
determlned so that preparatlons consisting of 100% proto-'
plastslwith an average of 75% alive and healthy were

consistently obtained,

- A protoplast bursting bioassayvpr0cedure; based on pre-

viously published'work 'was'developed and the conditions
of its use determined so that con31stent and useful
results were obtained from it

The theory of  fungal tox1n 1nvolvement in the phytopath-

_ogenic sequence 1nvolved in rust paras1tism was tested

using the protoplast burstlng bioassay and exudates from

germinating spores . and pathogenic axenic cultures

Ev1dence argulng against the fungal toxin theory was ob-

.tained and an alternate explanation cons1stent with the

' observations which suggested this theory, was proposed.

Other current theories of susceptibility and resistance

"~ to obligate pathogens were dlscussed in relation to the

ev1dence obtained from the protoplast bursting bioassay

Factors influencing flax protoplasts maintained in cul-

_ture for as.long as forty'days were investigated,

By yarying these factors a diversity of types of develop-
ment occurred including division of cells originating _

from protoplasts 1solated from flax cotyledons
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A'techhiqué was developed for isolating intact rust
colonies from parasitized leaveS’~ The basis of this

technlque 1s{3%e selectlve enzymatlc dlgestlon of host
i 1 .'vi‘;

‘Enzymatlcally isolated colonies were alive aftér‘isola; -
'tlon and Could be used as 1noculum to establlsh axenic

_cultures of flax rust

A’ new method, s1mpler and with several distinct advan-

tages over the two traditionally used methods was

deVeldped, the bésis.Of which was the use of pustules

growing in parasitized leaves as inoculum,
Péplar rust was grown for the first time using this
method,

Thespoplar‘rust cultures were maintained in serial sub-

_cultufe for a yéar., The colonles were shown to be .

pathogenlc and to produce spores 1rregularly._~



