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INTRODUCTION

Since Biffen (B) first reported on the genetic nature of plant re-

sistance in 1905, the production of resistant crop cultivars has pre-

vented huge crop losses. In the process, considerable understanding

has been gained into the nature of host resistance, variability of plant

pathogens, and on the interrelationships of host-pathogen-environment

interactions (27, 32, 56, 74, 88) . However, not all the problems have

been solved. The control of some plant diseases through the utiliza-

tion of host resistance has not been completely achieved (87). Plant

pathologists and breeders have learned not to exþect newly released re-

sistant cultivars to remain resistant over long periods of time. The

pathogenic population has proven very versatíle in overcoming the ob-

stacles provided by the growing of resistant cultivars. Ihrough sexual

and parasexual mechanísms of variation as well as mutation, pathogenic

fungi have been able to overcome previously resistant cultivars.

Intensive cropping and the exLensive use of single crop varieties

over large areas is a feature of today's agriculture. This has, however,

eliminated the intraspecific and intravarietal diversity that was so

valuable in stabilízi-ng the population of plant pathogens (13, 36, 4I).

As a result, new virulent pathogenic strains are endowed with a selec-

tive advantage v¡hich allows them to spread unchecked over a conËinuous

host genotype over large areas. The occurrence of catastrophic epide-

mics especially ín the sma1l cereal grains clearly illustrates this

point (13).

For these reasons, net,/ emphasis has been placed on finding more pro-

fitable ways of using traditional types of resistance, í.e. specific re-

sistance (13, 56, 74), and efforts are norv also being directed aL ex-
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ploring the potential of other types of resistance, i.e. general resis-

tance in controlling plant pathogens.

It is the general consensus that plant pathogens may never be ex-

terminated, but losses caused by destructive epiphytotics can and must

be avoiclecl . A better: understanding of the mechanisrns of resistance in

plant populations, of the exact nature of host-pathogen interactions,

and of the mechanisms through which new pathogenic forms arise and be*

e.ome prcdominant rvill undoubtedly help in hring'ing aborrt better croPs

and more food for a fast rising worl-d population.
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LITERATURE RE\[EI^I

Specific Resistance

Although resistance of this sort has mainly been studied in connec-

tion with pathogenic fungi, it is norv well established that it also

operates against bacteria, viruses, insects and nematodes (1, 39, 44,

45, 91).

Specific resistance has been described as the type of resistance

that protects the host from certain strains, races, or populations of a

paËhogen, but not from others (16, 36, 74). A multitude of names have

been used for describing specific resistance including vertical resis-

tance, seedling resistance, oligogenic resistance, hypersensitivity,

protoplasmj-c resistanee, and physiologic resistance among others (L6, 36,

74).

Genetic Nature of Resistance

Specific resistance is usually conditioned by one or a few genes

whose geneËic behavior can be fully studied and described in so far as

their spectrum of resistance, allelic relationship, línkage, pleiotropy,

epíst.acy, and the effect of the environment or specific modifiers are

concerned.

Biffen (B) was the first to recognize

tance in 1905. He reported that resistance

hlest., the causal agent of Ëhe stripe rust

Mendelts laws of heredity, and that it was

sive gene pair. Subsequent studies on the

corroborated this fact and further extended

of host-pathogen inLeractions.

the genetic nature of resis-

to Puccinia striiformis

disease in wheaË, followed

governed by a single reces-

nat.ure of resisËance have

our knowledge on Ëhe essence

HosË plants possessing specific resistance genes usually react
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hypersensiEively when attacked by incompatible strains or races of a

pathogen. Stakman (86) first described the hypersensitive reaction of

several cereal species when inoculated with non-compatible cultures of

Puccinia graminis sp. The hypersensitive reaction v/as characterized in

the host by a pronounced chlorosis or necrosis followed by death of the

infected tissue which was triggered soon after the pathogen made physio-

logical contact with the hosË plant. Death of infected host cel1s and

inrnediately adjacent Ëissue was thought to be due to the action of the

pathogen. Now, however, tissue necrosis is considered Lo be more of a

host response to invasion by any incompatible dísease inciting organism

(BB). The invading organism is thus isolated from the living host tis-

sue and eventually degenerates. This type of resistance is frequently

referred to as hypersensÍtivity, and it characterizes most of the genes

that condition specific resistance. Not all resístance genes, however,

induce this type of host reactíon (74).

hlhen a pathogen is comprised of several separable and stable races,

specífic host resistance is likely to be effectíve againsË only a few

of those races. Other races of the pathogen will be characterízed by

their virulence against host specific resistance genes (97).

Host-Pathogen Interactions

The exact nature of the host-pathogen interacËion that leads to

host resistance or susceptibility was noË fu1ly understood until the

work of Flor (26, 27), which led him to postulate the gene-for-gene

theory. Working with flax, Linum usitatissimum L. and the causal agent

of flax rust Melampsora lini Desm., Flor realized that the type of ín-

fection in a given flax host planË v¡as the result of an interacËion be-

tvJeen two complementary genetic systems, one in the host and the other



in the pathogen. He tested F2 populatíons of flax crosses, with F2 pro-

geny from crossed rust races and found that: when flax F2 populations

segregated for one dominant gene for resistance, the F2 rust population

segregated for one recessive gene for virulence; F2 fLax crosses segre-

gating for two resistance genes, characterízed populations of Ëhe rust

pathogen with two recessive genes for virulence; three dominant genes

for resistance in the host differentiated rust races t¡iËh three reces-

sive genes for virulence. This equivalence of the number of loci gover-

níng vírulence in the pathogen, with the number of loci conËrollíng re-

sistance in the host 1ed him to propose that during the correlative evo-

lution of host and pathogen a complementary genetíc system developed in

such a way that each specific locus governing resistance in the host

could be counteracted by a corresponding related locus for virulence in

the parasite. Thus, a host variety carrying genes for specific resis-

Ëance could only be rendered susceptible by rust races possessing genes

for virulence to those specific resistance genes.

In his elucidation of the mechanisms that. contribute to the evolu-

tion of host-pathogen systems Person (71) recognized that during the

development of such a system tvro muËational events have evolutionary

significance. These are: 1) mutations to resistance in the host, and

2) mutations to virulence in the parasite. Other mutations, such as

host mutations to susceptibility and parasite mutations to avirulence,

although expected to occur, have no selective advantage and do not. per-

sist. Person (71) pointed out that muËations for resistance in the host,

or for virulence in the parasite, are not límited to any specific locus,

though when a muEation for virulence occurs in the parasite íts genetic

expression is related to the specific resistance gene that is rendered



ineffective.

The gene-for-gene theory is generally accepted in all cases where

Ëhe pathogenic populatÍon consists of several races and specific resis-

tance is operative in the host population. This concept has stimulated

research towards a better understandíng on the nature of host-pathogen

interactions.

Breeding Behavior of Specific Resistance Genes

Follovring Biffenrs (B) demonstration that genes for specific resis-

tance were inherited in a mendelian fashíon, many reports followed which

indicated that segregation for resístance usually fitted simple genetic

ratios. There are situations, however, where resisLance is attributed

to more complex genetic interactions.

A1le1ism for Resistance. - Production of crop cultívars with use-

fu1 combination of resistance genes has ofEen been hindered because some

genes occur at a single locus comprising an allel-ic series for resis-

Eance (21, 23, 27, 28, 33, 53, 83).

In wheat, Green et al. (33) reported that two alleles for rust re-

sistance at the Sr7 locus could be distinguíshed. One alleler 9rþr t.s

present in the variety Kenya Farmer, and the second gene, Sr7b, was des-

cribed in Marquis and Hope (53). They also reported alleles at the Sr9

1ocus.

Some of the genes condiËioning resistance to races of P. recondita

Rob. ex Desm. f.sp. tritici also consist of an allelic series at a given

locus. Soliman et al. (85) recognized three alleles for rusË resistance,

at the Lr2 1ocus. Haggag (35) found four alleles or very closely linked

resistance genes at the Lr3 locus. Dyck and Samborski (23) reported the

presence of trvo alleles at the I-r14 locus



Multiple al1eles for rust resistance have also been reported in

other crop species. Flor (27) found 5 loci cont.rolling resisLance to

races of M. lini ín flax. In maize, five loci are also known to occur

for resisLance to P. sorghi Schw., (83) among which 14 alleles at the

Rpl locus have been distinguished.

Unexpectedly low frequencies of recombination have sometimes been

observed Lo occur between genes for rusË resistance originally described

as aI1eles (23, 28, 83). Conceivably, such al1eles characterize a group

of genes originally derived from one ancestral gene for rust resistance.

By gradual differentiation they have evolved 
"p""iti"ity 

of reaction to

races of thÀ corresponding rusË pathogen. Recombination can be explaín-

ed by assuming that such alleles belong to a complex locus governing

rust reaction. In the locus the genes are arranged in tandem fashion

(83). If this assumption is valid more than one allele in the coupling

phase could be incorporated in the complex locus, and thus a wider spec-

Ërum of resistance could be introduced into a corrunercial cultivar.

Not all loci conditioníng rust resistance are as complex and in

some of them only two alleles, one for resistance and one for suscepËi-

bility, have been recognized. In wheat, at least 17 loci for stem rust

resistance have been detected and conceivably the number will increase

as more emphasis is placed on Ëhe identification of specific resistance

genes. AbouL 18 wheat leaf rust resistance loci have also been identi-

fied in wheat (22).

Dominance. - The majority of the genes conditioning specific resis-

tance which have been investigated exhibit complete dominance (5, 6, 27,

36, 74). Normally a single gene provides resistance to a wide spectrum

of races of a pathogen. Many of the new crop cultivars are kno\nm to



possess several dominant genes for rust resistance which usually act in-

dependently. The wheat cultivars Manitou and Timgalen are examples of

such cultivars.

Most of the dominant rust resístance genes are usually expressed

in the seedling sLage, although this resístance is normally operative

throughout the life of the host p1ant. Some cultivars, however, are

susceptible in the seedling stage, buË resistant at later stages of plant

development. Such is the case in the mature-plant resistance to some

races of stem rust carried by Ëhe bread wheat cultivars Hope, H-44 and

some of their derivaËives (6). Adult-plarrt tesistance to leaf rust is

reported in the cultivars Exchange, Frontana, and hybrids derived from

them (24).

Some situations are knor¿n where a single resistance gene exhibits

complete dominance to one rust race, buË behaves as recessive to another

race. This is true of Lhe stem rust resistance gene 516, to races 56

and 158, respectively (41), and of the Yr3 alle1es for stripe rust re-

sistance carried by some European wheat, cultívars (57). A resistance

gene may occasionally behave either as a dominant or as a recessive to

the same rust race, depending upon the genetic background of Ëhe host

into which the gene r¡ras incorporaËed (21). Resístance genes may exhibit

complete dominance in one background but only incomplete dominance in

another (3, 2\).

Recessiveness. - Recessive resistance genes

sisËance to P. striiformís has been found to be

are less comrnon. Re-

mainly controlled by re-

cessive genes or by a polygenic system (5, 57, 64, 82). Recessive genes

for rust resistance are also known to operate in corn against. P. sorghi

(59) and in wheat to P. recondita (25, 105).
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Complementarv Gene Action. - The term complementary gene action is

used here to describe the relationship of Lr,¡o or more genes, both or all

of ¡¿hich are necessary for the ful1 expression of resistance. Resis-

tance due to a complementary effect of two or more genes against some

races of P. graminis Pers. f.sp. triticí Eríkss. & Henn. was found in

crosses with the wheat cultivars Kenya 58, Kenya 1174, Egypt NA95 (4) 
'

Gabo, Lee and Timstein (47), In oaËs' resistance to some cror¡/n rust

races in seedlings of the cultivar Victoria is dependent on t\.,/o linked

dominant complementary genes (94). In corn, three recessive complemen-

tary genes are reported to condition resisLance io p. sorghi (59).

Linkage and Independent Assortment. - If trnTo or more genes for re-

sistance are located on the same chromosome, they will segregate inde-

pendently of one another only íf they are 50 or more cross-over units

apart. If they do not segregate at random but assort together more

often than they do apart, the genes are said to be linked. If two link-

ed genes can frequently be separated by recombination, the linkage is

regarded as loose. If only a sma1l percentage of recombinants are re-

covered, the genes are considered tightly linked.

Linkage of genes governing resistance to certain rust races has

been detected in eorn againsË P. sorghi (34) and P. polvsora Underw.

(90); in oats against P. coronata Corda f.sp. avenae Erikss. (94); in

bread wheat to P. graminis tritici (56) and P. recondita (25, 105) and

in flax to some races of M. lini_ (27). In some instances, genes for re-

sistance to t\"ro rust specíes are reported to exhibit linkage (55, 56,

62, 95).

Epistasis. - hrhen a gene at one locus masks or inhibits the ex-

pression of a gene at another locus, the first gene is considered epis-
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tatic over the second. ResisËance genes thaË condition the broadest

spectrum of resistance are coÍtrnonly epistatic to those conditioning a

narroürer spectrum of resistance (36, 83). Rust resistance genes ex-

pressed in the seedling stage normally mask the effect of adult-plant

resisËance genes (24).

Factors that Affect Host-Pathogen Interactions

A disease, when caused by a microbial organísm, is the result of

an interaction between Ëhe genetic system of the host and t,he genetic

system of the pathogen as affected by the environment (27). I{hen a

pathogen infects a host plant, an interaction is inítiated which may

lead to host resisËance or susceptibility. The phenotypic expression

of the disease is described as trinfection typetr and is a measure of the

host-paËhogen interaction. Resistance or susceptibility are expressions

of host reactions Ëo specific races of a paËhogen and are geneËically

controlled. By the same token avirulence or virulence are pathogeni-

cíty characters and are under genetic control in the pathogen. The

phenotypic expression of host characters, resistance or susceptibility,

and the phenotypic expression of pathogen characEers, avirulence or

virulence, cannoË yet be separately determined and are therefore mea-

sured through the observation of Ëheir interaction as described by the

infection type and as affected by the environment (50, 52).

Role of Temperature. - Variations in temperature are known Ëo affecË

the expression of rrinfection types'r. According to Johnson (40), tr{ater-

house first reported that seasonal variations in climate, mainly varia-

tions in temperature and light, had a marked influence on the rust re-

actions of wheat, oats and barley seedlings when tested in the green-

house. Johnson (40) also noted that flucËuations in temperature may
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profoundly affect the expression of rust reactíon on some host varie-

ties. He noted that temperature exerËed its effect not on the host or

on the pathogen but on the rthost-parasite complexrr. Studies by Newton

and Johnson (67) on the effect of temperature and light on the reactions

to P. recondita of the wheat leaf rust differential hosts showed varia-

tions in infection type in different varieties.

Specific rust resisËance genes have more recently been identífied

and transferred singly into a contrnon susceptible background. This has

facilítated studies on the effect of environmental factors upon Èhe ex-

pressíon of such genes. Loegering (50) ínvestigated thl effect of diffe-

rent temperatures on the host-pathogen interaction involving the 516

alleles in the host and the P6 alle1es in the pathogen. He found a re-

sistant reaction when the 516 allele inËeracted with the P6 allele at

60oF temperature; at BOoF, however, a susceptible reaction was obtained.

Other specific rust resistance genes are also known to be temperature

sensitive. Such is the case wiËh the Lr17 and LrlB genes for leaf rust

resistance; the 1evel of effectiveness is decreased with increased

temperatures (22).

Other EnvironmenËal Factors. - Variations in the expressíon of Ín-

fection types can also be caused by fluctuaËions in light intensity and

duration, although Ëhe effect of light alone is difficult to separate

from that of temperature. Newton and Johnson (67) mentioned work carried

out by Haussebrauk in 1939 on the effect of light on the reaction of the

leaf rust differential hosts when inoculated with several races of leaf

rust. Haussebrauk found that reduction of light either had no effect

at all, or increased resistance. The cultivars Carina and Brevit, how-

ever, varied in the degree and direction of reacLion change, depending
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upon specific races to which they were tested. To certai¡ ¡¿ssc rharz

were more resistant under conditions of reduced light, whereas to other

races they were more susceptible under the same conditions. Newton and

Johnson (67) also investigated the effect of light duration and inten-

sity on the reaction to leaf rust of the differential wheat cultivars.

They showed that plants giving an intermediate reaction (moderate re-

sístance) r^rere more sensitive to changes than highly resistant or highly

susceptible varieties. In general, they reported that there i^/as a ten-

dency to¡¡ards susceptibility as the duration of light was longer and

the intensity was hígher.

Differences in soil fertility may also influence Ëhe expression of

the infection type in host-pathogen interactions. According to Chester

(18), Gassner and Haussebrauk were the first to attempt an experimental

approach to this problem in 1934. They demonstrated that some of the

leaf rust differential wheat cultivars, when gror.^/n on increased levels

of nitrogen, changed the reactíon types from resístant to susceptible.

Some cultivars, like Malakof, however, røere quiLe stable under all leve1s

of nítrogen"

Modifying Genes. - Some resistance genes are altered by the pre-

sence or absence of other host genes, which by themselves have no notice-

able effect orr host reaction. Such modifying genes have been noticed in

connection with rust resistance (3, 21, 33, 35). The effect. of a modi-

fying gene may be towards increased resistance or in the direction of

susceptibility.

The effect of modifying genes can best be studied v¡hen specific re-

sistance genes have been incorporaËed singly into a contrnon susceptible

background, and then compared wiËh the original host reaction (33).
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Knott and Anderson (47) reported that. the resistance to race 158 of stem

rust conditioned by the incompletely domínant Sr7 gene could be enhanced

in the presence of genes Sr9 or Sr10, which by themselves are ineffec-

tive against race 158. Green et al. (33) found that stem rusL resistance

genes Sr7 and Sr10 showed a decreased level of effectiveness when trans-

ferred by backcrossing to the variety Marquis. They attributed this loss

of resistance to loss of modifiers.

The effect of modifying factors in the expression of leaf rust re-

sistance genes has also been observed. Anderson (3) studied the breed-

ing behavior of the Lr2a allele present in the våriety I,Iebster. He re-

ported that this gene, r¿hen transferred into the background of Prelude,

exhibited compleËe dominance, while when transferred into Thatcher, be-

haved as an incompletely dominant gene. He postulated that Thatcher

carries one or more modifying genes which suppress the ful1 dominance of

LrTa, He also found that Thatcher suppressed the 1evel of resistance of

the Bagè (81) gene.

þck and Samborski (2I) clarified the behavíor of Ëhe alleles for

leaf rust resistance at the Lr2 locus. They showed that the resistance

conditioned by t!;.e Lx?a allele, as reported by Anderson (3), was par-

tially inhibited in the Thatcher background. The Lr2c allele carried

by the variety Carina, behaved in an almost identical manner. That is,

it acted as a dominant gene for leaf rust resistance in the Prelude back-

ground and in crosses with Red Bobs, but r,/as only partially dominant in

crosses with Thatcher. The clearest demonstration of the effect of mo-

difiers, vras noted r¿ith the Lr2b allele carried by the variety Loros.

Lr2b in a Prelude background behaved as a dominant gene; in crosses with

Red Bobs it exhibited incomplete dominance; and in crosses with fhaËcher
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it behaved as a recessíve gene. This reversal of dominance r¡/as ex-

plained by assuming that the expression of the resistance gene, when in

a heterozygous state, vras controlled by the genetic background of the

susceptible parent used in the cross.

Dyck et al. (24) also found that the leve1 of resistance of the

Lr12 and Lr13 genes for adult plant leaf rust resistance carried by the

varieties Exchange and Frontana, respectively, could be enhanced by the

presence of modifying genetic factors.

Since Biffen (B) first demonstrated that resistance to plant patho-

gens was geneËical1y controlled, the production of resistanË cultivars

has been strongly advocated by plant pathologists and breeders as the

leasË expensive way of combattíng plant diseases. Specific resistance

genes have frequently been used in producing resistant cultivars. Never-

theless, this kind of resistance has frequently proven unreliable be-

cause plant pathogens have great plasticity and are able to produce nev/

virulenE strains identifiable by Ëheir virulence on previously resistant

cultivars. As a consequence, a repetitious cycle of producing a resis-

tant variety Ëo prevalent races of a pathogen and the discovery sooner

or laËer of nevl virulent races that can attack the previously resistant

variety, has developed (41, B7). Yet, the combination of more and more

genes for resistance into newer cultivars has become a contrnon procedure.

Cabbage is perhaps one of the first cultivated specíes where speci-

fic resistance genes were incorporated through plant breeding. Accord-

ing to Stakman and Harrar (BB), Jones and his associates undertook the

task of íncorporating resistance Ëo Fusarium oxysporum f. conglutinans,

the causal agent of cabbage yellows, into cabbage in 1909. They sËarted



15

by selecting plants that survived in heavily infested soil and by a pro-

gram of cross pollination and progeny testíng on infested soil they even-

Ëua1ly obtained several lines that possessed a suitable resistance to

the pathogen. In 1916 they released the cabbage variety Wisconsin

Hollander descended from these lines. The resistance of this variety

\¡¡as found to be unstable, partícularly at high soil temperatures (97).

Studies on the nature of resistance indicated that this cultivar was

made up of at least tt/o genotypes for resistance. Some lines possessed

a single dominant resistance gene (96), v¡hile others carried more com-

plex factors, probably a system of minor genes (Ð. Continuous selec-

tion by breeders, has resulted in more stable resistance by the incor-

poration of both resistance systems in Ëhe same genotype. lrtrisconsin

Hollander is still grorrn successfully in some areas of the U.S.A. (91)"

In potatoes, Solanum tuberosum L., specifíc resistance genes (R

genes) to Phytophthora infestans (Mont.) de Bary were first introduced

from the Mexican wild poËato S. demissum Lind1., about 1926 (80). Pre-

viously, all potato varieties belonged to Ëhe species Ëuberosum proper

and lacked genes for specific resistance. Hence, all were susceptible

to P. infestans (30, 63), although some cultivars possessed a degree of

so called rrfield resistancert v¡hich will be discussed later in connec-

tion with general resisËance.

The incorporatíon of R-gene specific resistance through breeding,

r¿as followed by a period of great expect.ations. In greenhouses and ex-

perimental nurseries, R resistant planËs reacted hypersensítively when

the foliage \{as inoculated with the prevalent populaËion of P. infestans.

The infected t.issue became necrotic and Ëhe pathogen \,ras prevented from

becoming established. The first potato cultivars that were released
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carrying such resistance proved almosL irmnune when exposed to the then

prevalent population of Ëhe pathogen, probably races 0 and 4 according

to Van der Plank (74). After a blight-free period of. 2 to 3 years, it

was discovered, horvever, that R resistant cultivars became susceptible

to ne\,/ strains of P. infestans possessing genes for virulence previously

undetected in the pathogenic population (10, 11, 74).

The first R resistant cultivars possessed the R1 resisLance gene

and the first P. infestans race identifíed by its virulence on R1, was

named race 1, according to the system for naming races proposed by Black

et al. (12) , where a race is named after the R siecific gene it over-

comes. Race 2 appeared when potato cultivars possessing the R2 gene

were released and so on.

Potato breeders soon noticed the extreme and unexpected versatility

of the pathogen. hlhen cultivars with only one R gene \{ere released, Ëhe

first races of P. infestans to appear possessed only one gene for víru-

lence that was specifically related to Ëhe host resistance gene that was

overcome. I^Ihen cul tivars with two R resístance genes were produced the

pathogen counteracted with races possessing the two related genes for

virulence, and cultivars with Ëhree genes for resistance have been ren-

dered susceptible by races possessing the three corresponding genes for

virulence (30, 74).

SËudies on the breeding behavior of the R resistance genes have

shown ËhaË such genes exhibit complete dominance and assort índependent-

ly (9, 60). A total of nine independently inherited R resistance genes

have been described from S. demissum and one from S. stoloniferum

Schlecht. (29). Most of the

ineffective these resistances

paLhogenic races that are able to render

have already been identified (29,37r 74).
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This situation illustrates a fact already noted by Black (10) that re-

sistance through hypersensíLivity may never give adequate protection to

potaËo cu1 tivars, due to the rapidity \,/ith \,/hich the pathogen changes

its races when under selective pressure created by the R resístant host

population.

In wheat, Triticum aestivum and T. turgidum spp.r resistance to

the three major pathogens !. graminis tritici, P. recondita and P.

formis, depends mainly on specific resistance genes, a fact already

cussed.

strii-

dis -

Incorporation of specific resistance genes Èo P. graminis tritici

has absorbed much of the effort in wheat breeding programs in Australia,

North America (Mexico, U.S.A., Canada), Kenya, and practically ín every

country where wheat is an important crop (42) and stem rusË is a threat.

Serious attempts to produce varieties resistanË to !. graminis

were underËaken in Ëhe U.S.A. after the 1916 stem rust epiphytotic that

destroyed the wheat crop in Ëhe cereal belt of U.S.A. and Canada. The

cult,ivar Ceres, released ín 1926, vzas a dírect product of such efforts

(BB). This cultivar replaced Marquis until the stem rust epidemic of

1935 caused by race 56. The cultivars Thatcher was released in 1934

(88) and it carried the genes Sr5 and SrL6 (32, 46) for specific resis-

tance which provided good protection to race 56. Those genes r,¡ere in-

effective against a strain of race 158, first ísolated in 1939, but

Thatcher remaíned free of rust until 1950 when race 158 suddenly became

prevalent and attacked it. In 1953 and 1954 this same race nearly des-

troyed the bread wheat (Thatcher) and durum wheat (Stewart) crop of

Minnesota, Dakotas, and the Canadian prairie provinces (19, 32). In

L954, the cultivar Selkirk containing resistance gene 516 rn¡as released
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by the Canadian breeding program, and it eventually became the most im-

portant bread wheat cultÍvar in the spring wheat atea of U.S.A. and

Canada (51). The 516 gene provided good protection against the then pre-

valent races of P. graminis despite the isolation of races 158-3 CAN.

and 158-5 CAN. with virulence on Selkirk. For some unknown reason these

strains never became prevalent (32). Selkirk also carried resistance to

leaf rust in genes Lr10 and Lr16 and it was the breakdown of this resis-

Ëance, coupled with the fact that agronomically better varieties became

avaí1able, that prompted its retirement from cultivation.

Selkirk ís one of the few varieties in which specific resistance

genes provided effective protection to a cultivar over a relatívely long

period of time. Eventually it was replaced in Canada by the cultivars

Manítou and Neepawa, without ever having sustained any losses from stem

rust. The persistence of the Selkirk resistance has been attributed to

a combination of the specific resisËance of the 516 gene, and general

resístance, perhaps derived from H-44 through its parent Redman (i6).

Green (32), however, argued that this is not the case, and he noted that

Selkirk, in addition to the 516 gene, also carried some specific adult-

planË resisLance deríved from H-44. In Canada, the currently grown

bread wheat cultivars, Manítou and Neepawa, are becoming increasingly

susceptible to some strains of leaf rust and eventually they will need

to be replaced by newer resistant cultivars; as \{e noted earlier, the

never-ending vicíous circle continues.

Wheat breeding in Australia has follorved a similar patËern to that

in North America and elsewhere. Prior to 1938, the cultivaËed vrheat

varieties $rere susceptible Ëo some of the then prevalenttrwild typett

strains of P. graminis though they possessed some specific resistance
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(56). In 1938 the variety Eureka containing gene !Ér was released and

proved highly resistant to race L26-6,7 of. !. graminis. This race had

prevailed in Australia and Nev¡ ZeaLand for about 15 years (56). A few

years after the release of Eureka, a nevr form of race 126-617 was iden-

Ëified by its ability to attack this. cultivar. This new form was desig-

nated race L26-tr617 according to the system of race classification de-

veloped by Inlatson and Luig (103). The culËivar Gabo containing gene

Sr11, followed Eureka, and in turn \,üas followed by the detection of a

new strain of race 126 that had virulence against Sr11, designated race

126-2,617. Eureka and Gabo r¿ere followed by other cultivars, all of

which carried dífferent single dominant genes for resistance. In each

case, the pathogen developed strains that were virulent to the specific

genes used in the breeding program (56, 103).

Tn L964, cultivars with more than one gene for resistance, such as

Mendos which contains genes SrTt, Sr11, and Sr17, began to be released

(56). But again the pathogen evolved new virulence and the resistance

of Mendos r¡ras overcome with the appearance of race 2L-2r3r4r5r7. Since

then varieties with four or five genes for specific resisËance such as

Gamut containing genes 516, Sr9b, Sr11, SrG5, and Timgalen containing

genes Sr5, 516, SrB, SrTt, and SrT have been developed. At the present

time no strains of P. graminis virulent on these cultivars have been..

isolated from field collections, although laboratory cultures have been

obtained to which Timgalen is susceptible (56).

Genes for specific resistance have also been used in oats, Avena

ry. and P.

cultivars has

sativa L., against its two major pathogens !. graminis

coronata avenae (13, 14). The release of resistant oaË

likewise been paralleled by the appearance of races of the pathogen
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carryír,g genes for virulence that match the specific genes for resis-

tance possessed by the cultivars (L4, 61).

The list of crop species where genetically controlled disease re-

sistance has been incorporated through breeding is very great. This

kind of resistance has lessened considerably the risks of catastrophic

epiphytotics. Nevertheless, the pathogens are constantly evolving in

response to the selectíon pressures imposed by resistant cultivars.

Recently, attention has been turned tov¡ards another kind of resis-

tance which operates against the entire pathogenic population, and al-

though it does not confer immunity to a host, it-does limit damage caused

by the parasite by restricting its development in space or time. This

type of resistance has been described as general or generalized resis-

tance (10, L6, 36, 63, 74, 92).

General ResisLance

By definitíon, general or generalízed resistance, affords the host

protection against all races or populatíons of a pathogen (16, 36, 74).

General resistance does noË involve a differentíal interaction between

varieties of the host and races of the pathogen as is the case with spe-

cific resistance. As a ru1e, cultivars possessing general resistance

are scored as susceptible when tested in the greenhouse, but when groÌ¡rrr

in the field they show some degree of resistance. This kind of resis-

tance has been described as "fie1d resistance'r in potat.oes and it operates

against the entire pathogenic population of P. infestans (30, 63). Other

names that have been applied to general resistance are: horízontal re-

sistance, partial resistance, nonhypersensitive resistance, nonspecific

resisËance, minor gene resistance, and quantitatively inherited resis-

tance (16, 30, 36, 74, 92).
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Nature of General Resistance

The exact mechanism of general resistance has never been fu1ly un-

derstood. Stevenson et al. (89), postulated that in potatoes it is

governed by multíple recessive genes. Caldwel1 (16) stated that this

type of resistance may be a manifestation of few or several interacting

plant characters. Van der Plank (74) advanced the theory that iL is

the interaction of genes not particularly concerned with the resistance

mechanism per se, that is, of genes that govern ordinary processes in

healthy plants. It is known, for instance, that cultivars of S. tubero-

sum rrrhich do not possess any R-gene specífi" rurr"tance and therefore

are not inrnune to blíght, differ significantly in the degree of resis-

tance they possess (49,63,74r 92)" This varíation is noË found in

the infection type but rather in the time of appearance of disease symp-

toms and the speed of disease development to epidemic proportions.

Muller and Haigh (63) reported that potato varieties which possessed

high levels of field resistance had a lower "probabil-ity of becomíng in-

fected per unit area of folíage" when compared with susceptíb1e varie-

ties. The probability of a leaf becoming infected depends upon the:

source and amount of inoculum, persistence of \n/ater on the leaf surface,

and the susceptibility of the leaf per se (49). Lapwood (49) reporËed

that the potato varieties Majestic and Arran Viking, when grown in the

field, blighted slower than Up to DaËe and King Edward cultivars. This

was mainly due to fewer spores produced per lesion on the,former culti-

vars, rather than to greater resistance of leaves to infection or longer

generation time by the fungus.

In oats, Krull et al. (48) reported that some cultivars bear signi-

ficantly smaller uredia when attacked by !. graminis evenae under field
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conditíons. They suggested that such varieties possess some trpartial

resistance" to the pathogen. Some varieties of corn that are suscep-

tible in the seedling stage to P. polysora and/or P. sorghi possess

general resístance (74), However, since corn is an outbreeder, it is

much more difficult to evaluate resistance owing to the greater geno-

typic heterogeneity present in this crop.

General resistance may or may not occur alone in crop cultívars.

In potato varieties derived from S. tuberosum proper, general resístance

was the only protective defensive mechanism possessed by some cultívars

(63). trIhen the R-gene for specífic resistance wås í.,corporated into S.

tuberosum from S. demissum, the two kinds of resistance were likely

brought together in some of the initial crosses. However, general re-

sistance was masked by the effecË of the R-genes which are epistatic.

In many instances general resistance was lost when breeders selected

sËrongly in favor of phenotypes that vrere ímmune or hypersensiËive to

attack by P. infestans. In corn, the two kinds of resistance may natu-

talLy occur together since resistance to P. sorghi andfor !. polysora

is controlled by specific resistance genes as well as by some degree of

general resistance (36, 74).

Factors that Influence the Expression of General Resistance

Plant Age. - Crop cultivars possessing some degree of general re-

sistance and devoid of genes for specific resistance, are normally sus-

ceptible when naturally exposed or artificially inoculated in the seed-

ling stage. This has been reported in potatoes (31), 
"ori çl+¡ and per-

haps in some wheat cultívars (16). However, as the plants grow older,

they become more resistant up to about the flowering stage when resis-

tance is at its peak. After flowering, resistance slowly declines and
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the plant becomes susceptible at the onset of senescence.

Nrrtrítion. - High levels of nitrogen in the soil condition suscep-

tibility in crop cultivars with general resístance (92), perhaps as a

consequence of the more luxurious growth that plants attain at high

levels of nitrogen. Main and,Gal1eg1y (58) reported that potato varie-

ties with general resistance appeared fu1ly susceptible when grown in

soil high in nitrogen, whereas the same varieties showed resístance

under normal growing conditions. Lowings and Acha (54), nevertheless,

noted that under certain conditions, high levels of nitrogen increased

resistance in some potato cultivars, perhaps by àelaying the onset of

senescence.

Temperature. - Little is known about the effect of temperature on

the expression of general resistance. Walker (97) reported that there

are t\,ro types of resistance to cabbage yellows caused by F. oxysporum f.

conglutinans. One type is of the specific kirr! and is controlled by a

single dominant gene. The second type is polygenic in nature and pos-

sibly a kind of general resístance. This type of resistance is not ful-

ly expressed in young cabbage seedlings but it does appear in older ,

plants, and it is suppressed at soil temperatures of 25oC or higher, In

general, ít is possible thaË high temperatures affect general resistance

in the same manner as specific resistance, that is, at hígher tempera-

tures the host tends to become more susceptible.

Variability in Plant Pathogens

The extreme variability of plant pathogens is clearly exemplified

by the many reports in the literature on the appearance of ner^r pathoge-

nic races that render previously resistant crop varieties susceptible.

In addítion to variation resulting from sexual- recombinaËion, the origin
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of new races in plant pathogenic fungi has resulted from mutation,

heterokaryosis and parasexual recombination.

l"futation. - Mutation, the ultimate source of variability in living

organisms provides a constant flow of ne¡r¡ genes into the species gene

pool. Mutations have greater.selectíve advantage in organisms Lhat nor-

mally undergo sexual reproduction, because the mutated genes can then

be reassorted in new combinations rvhich can be fixed by selectíon (72) .

In organisms devoid of sexual reproduction, the capacity to store gene-

tic variability is limited, but alternative mechanisms including hetero-

karyosis, parasexuality, and to a limited extent cytoplasmic inheritance,

maíntain genetic variability (38, 72).

Many pathogenic fungi mutate abundantly when cultured in artificial

media and there is evidence that muËations also occur ín nature (BB).

In naturer any mutation Ëhat places the parasite at a compeLitíve advan-

tage, such as a mutation to virulence towards a previously resistant

host populaËion, will ultimately determine the survíval of Lhe mutated

form, províded such mutatíon does not impair the overall fitness of the

mutant Lo survive.

A change from avirulence to virulence in planË pathogenic fungi

may be explained by a one-step mutation alone íf: the pathogenic phase

of the parasite occurs in the haploid condition and virulence is govern-

ed by a síngle gene; or if the parasite is dikaryotic, but heterozygous

at the locus for avirulence. Virulence as a rule is expressed as a re-

cessive trait, and homozygosity is necessary to overcome the related

host gene for resistance.

Changes in the race composítíon of P.

ted to mutations (37). Reddick and Mills

infestans have been attríbu-

(77) reported that when iso-
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lates of this fungus \.{ere passed through a seríes of host varieties

with increased levels of resistance, new and more virulent races \^/ere

recovered, by a process they call-ed "adaptive parasitism". Subsequent-

ly, however, Peterson and Mi1ls (73) referred to ner¡l races arisíng from

repeated passage through resistant foliage as muLant forms, thereby

ruling out adaptive parasitism as a mechanism through which new races

of this fungus may aPPear.

Mutation is considered an important contributor to the origin of

new races of rust fungi. Newton and Johnson (66) obtained mutants for

virulence in P. graminis tritici, and l^Iatson (98) isolated three green-

house mutants of P. graminis different from the parental races by their

ability to attack single gene lines of the host which the parental races

were unable to attack. trrlatson and Luig (104) suggested that new Austra-

lian races of P. graminis arise by "progressive increase in virulence",

brought about by a mutation in one of the díkaryotic nuclei resulting

in a change from the homozygous avirulent to the heterozygous semiviru-

lent condition. In other rust fungi, reports of mutation of loci govern-

ing pathogenicity are presented by Flor (27) for M. 1ini, and by Sambor-

ski (81) for P. recondita and many others.

Heterokarvosis. - Heterokaryosis in fungi is defined as the staËe

in which E\^/o or more nuclei with different genetic facËors share a com-

mon cytoplasm (20, 70).

The establishment of the heterokaryotic condition may come about

through: mutation; fusion of vegetative cel1s carrying unlike nuclel;

or inclusíon of non-identical nuclei in a single spore.

The potential of heterokaryosis as a mechanism of natural variaËion

especialLy in fungi pathogenic to plants has been widely discussed (15,
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17, 20, 70), and divergent opinions exist concerning what constitutes

evidence for the occurrence and role of heterokaryosis in natural popu-

lations of fungi. The heterolcaryotic mechanism has frequently been used

to explain variability in plant pachogens, especially those fungi in

which the sexual stage ís unknown.

Most plant pathologists are of the opinion that heterokaryosis is

a courmon phenomenon in natural populations of fungi pathogenic to plants.

Little, however, is known of the extent heterokaryosis alone can affect

the pathogenic capabilities of a parasite, and under r¿hat circumstances

heËerokaryosis operates in nature. lurthermore, much of the evidence

presented for heterokaryosis in plant pathogens is derived from labora-

tory studies r¿ith auxotrophic mutants under circumstances unlikely to

be found in nature. Any extrapolatíon made from such studies to explain

heterokaryosis in wíld populations of fungi should be taken with caution

(L7, 70). Heterokaryosis is extremely imporËant for the initiation of

the parasexual cycle in both perfect and imperfect fungi, and hence for

the release of genetic variability through somatic recombination.

The importance of heterokaryosis is best demonstrated in the hetero-

thallic basidiomycetes. In both saprophytic and pathogenic fungi, the

dikaryon represents a special kind of heterokaryon which is very stable.

In saprophytic fungi the heterokaryon as well as the homokaryon are

capable of indefinite vegetative growth, while in some pathogenic basi-

diomycetes such as the smuts, the dikaryon is pathogenic while the homo-

karyon is saprophytic. In the rust fungi, the dikaryon as r¿ell as the

homokaryon can be either pathogenic on the same host species as in Ëhe

autoecious rusts, or the heterokaryon can be pathogenic on one group

of hosts while the homokaryon infecLs the alternate hosts as in the
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heteroecious rusts.

Exchange and regrouping of nuclei between dikaryons has been sug-

gesEed in some rust fungi, possibly as a mechanism for the evolution of

ne\,r races, (27, 65, 99) , Nelson et al . (65) mixed urediospores of races

38 and 56 of !. graminis tritíci and used Ëhe mixture to inoculate a

large number of susceptible wheat seedlings. The first generation of

urediospores harvested from those susceptible seedlings were used to

inoculate the resistant eÍmer wheat Kfiapli, and they ísolated a ner^r form

that r¿as virulent on this cultivar. Many of the urediospores of this

ner^7 rusË isolate hacl three or four nuclei. This heterokaryon \ô/as un-

stable, and after 25 uredial generations could no longer be maintaíned

on Khapli. I^Iatson (99) found that new het.erokaryons could be produced

as a result of hyphal fusíon arrá.l,rclear exchange between two or more

races of P. graminis Ëritici. But Watson and Luig (101) stated that al-

though nuclear exchange is relatively frequent in the rust fungi, such

an event seldom contributes to the formation of ner¡/ races. They consí-

dered other asexual systems of variat.ion such as parasexuality to have

more significance than nuclear exchange by itself.

Parasexual Recombination. - Genetic recombination in Ëhe absence

of meiosis was described by Pontecorvo (75,76) as the parasexual cycle.

ParasexualiËy was first reporËed in Aspergillus and has since been demon-

sËrated in many fungal species. IË ís thought to be of general occurrence,

especially in fungi lacking a perfecË stage. This or a similar process

has been Ëhought to operate in several plant pathogeníc fungi (15, 70,

102). The parasexual cycle consists of: heterokaryosis; fusion of un-

like nuclei in the hyphal ce11; recombination of genetic factors at mito-

sis, and segregation without going through sexual reproduction. New paËho-
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genic forms assumed to be derived by parasexual recombination have been

reported by Buxton (15), and Singh and Hoffmann (84) in Fusaria; by

Tinline (93) in Helminthosporium sativum; and in Ustilago zeae by Rowe11

(ts¡ .

Variation in some rust fungi has been explained at least. in part by

somatic recombination. l,Iatson (99, 101) and lrlatson and Luig (102) stu-

died the occurrence of somatic recombinants in P. grarninis from uredo-

spore míxtures of different races after being passed through a suscep-

tible host. From such mixtures Lhey obtained a diversíty of new forms

that could not be accounted for by nuclear exchange alone and they sug-

gested that somatic recombination occurred. Parasexual recombination

for factors conditioning virulence was also proposed to occur in a mix-

ture of túro races of P. coronata_ avenae by Bartos et al. (7).

Sexual Recombination. - Pathogenic variabiliËy through sexual re-

production Ís a dírect consequence of the reassortment of genes at loci

cont.rol l ing virul ence .

Flor (27) has shov¡n that in the autoecious fungus M. lini, recom-

bination of genes controlling virulence takes place during sexual repro-

duction. He reported the isolation of. 64 races from the F2 progeny of

a cross between race 22 from South America and race 24 from U.S.A. 0f

these, 62 wete previously unídenËified races and some possessed more

virulence than eiËher parenË. Variations of !. graminis tritici due to

reassortment of genes for virulence during sexual reproduction have been

reported by Craigíe (19), Newton et al. (69), Roane et al. (78), Stakman

and Harrar (BB), and many others. Of special interest is the report of

Roane et al. (78) who sËudred the appearance of new races arising from

barberry as a result of sexual reproduction under natural conditions.
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In a four year period, they isolated 42 races and subraces from cereal

fields in the area of barberry bushes. The virulence potential of these

42 races \,ras so broad that no conrnercíal wheat cultivar in the Uníted

States would have effective resistance if all races r^rere to become pre-

valent.

Changes in Race Distribution Due to Differences in Virulence and

Aggressíveness. - The race composition of many pathogenic fungi fluc-

tuates (32,43r 100), partly as a direct response to man-made altera-

tions in the host population, brought about by the production of resis-

tant crop cultivars (41). However, varí,ation in the prevalence of races

occurs even rvhen the host population remains undisturbed (32, 43).

Alterations in race prevalence not directly related to changes in host

cultivars may be due to the ínteraction of environmental factors wiËh

genotypic characters of the pathogen oËher than virulence, mainly aggres-

siveness. Virulence and aggressiveness are unrelated pathogen characters,

but both are under genotypic control (100). Vírulence relates Ëhe abí-

lity of a pathogenic race to overcome specific host resistance genes,

while aggressiveness describes the apËitude of a race to become predo-

minant when ín competitíon with other equally virulent races of the patho-

gen (43, 100).

Changes in the race composition of P. graminis tritici have been

observed whÍch cannot be explained by variation in the virulent capabi-

lities of the races involved. Luig and Watson (56) reported that the

elimination of Ëhe Australian-New ZeaLand wild-type races of stem rust

!üere not directly related to the growing of resistant wheat cultivars,

but to their inadequate fitness to meet the competition from race 126-

617 when it appeared in that area. This race, first isolated ín L925



(56), proved to be highly aggressive and soon overran the wild-type races.

Selective pressure caused by the growing of resistant wheat cultivars pro-

duced changes to race L26-l1617, and later to race L26-2,6t7, These new

races adquired by mutation the ability to attack cultivars which previous-

1y were resistant to strain L26-617. At this point, specific changes for

vírulence related to the corresponding genes for resistance in the culti-

vars, became reassociated with characters for survival and aggressiveness

(56). Strains of race L26 and of a closely related race 222 became pre-

dominant from 1938 to 1954. According Ëo Luig and ![atson (56) the race

L26-222 complex would have continued to predomir,rte had it not been for

the rise to prominence of more aggressive and previously unrecorded vari-

ants of races 2L and 34. The prevalence of races 2l and 34 has been ex-

p1aíned on the basis of characters associated \,üith aggressiveness (56, 100)

In the spring wheat belt of the U.S.A. and Inlestern Canada, races 56

and 158 have predominated for the last 35 years although a great many

other races have been identified in trace amounts during rust surveys

(32) . Raee 56, first identified in Canada in 1931 (68), became predo-

minant and caused the epiphytotic of 1935 which nearly destroyed the

variety Ceres (BB). This race did not become predominant on accounL of

its virulence on Ceres, since this cultivar was also known to be suscep-

tible to other contemporary races such as 11 and 34 (i00), but because

of its greater aggressiveness. This race continued to prevail despite

the fact that cultivars resistant to it were planted after 1935 (43).

In 1950, tace 56 was displaced by the less aggressive but more virulent

race 158, mainly due to Ëhe fact thaÈ 158 possessed virulence to culti-

vars to which race 56 was avirulent. Race 158 caused the epidemics of

1950, 1953, and 1954 which prompted Ëhe release of Sel-kírk which is re-

30
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sistant to both races 158 and 56. When host varieties with resistance

to both races Trere gro\.vn, race 158 soon declined and race 56 once more

rose to predominance. Race 56 agaín was later displaced by the more víru-

lent and probably aggressive race 158-1L CAN. This in turn was superseded

by the stil1 more virulent strain 158-1LX CAN which sti11 predominates

(32) .

The prevalence of these races in trrlestern Canada when all cultivars

presently gro\{n are resistant, has been in part explaíned by taking into

consideration Ëhe prevailing environmental conditions and host populations

under r¿hich these rust races ovenøinter. It is known that the primary en-

vironmental conditions and host populations that influence the predomi-

nance of stem rusL races in northern U.S.A. and trnlestern Canada, are not

found in those areas, but in Mexico and in the south of the United States

where the rust population overwinters. Stem rust of r¿heat does not sur-

vive Ëhe winter in WesËern Canada and rust development is initiated

every spring from inoculum blown ín from the south. IË appears clear

that races found in Canada ) ate those that predominated and proved more

aggressive in the souËh, and were able to overcome the obstacles of un-

favorable climate and varieties in their annual migration to the north

(32). It has been suggested that paËhogens possessing unnecessary genes

for virulence are less fit to survive and would be displaced by natural

select.ion in favor of forms carrying the minimum number of genes for viru-

lence (74) . Accordíng to Green (32), this hypothesis does not apply to

the present pathogeníc rust population prevailing in I^Iestern Canada, r,¿here

rust races with a large number of unused genes for virulence predominate.

Green (32) and Luig and Watson (56) have presented ample evidence which

shows that the prevalence of rust races depends not only on the number of
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genes for virulence, but in addition, on other charact.ers directly re-

lated to aggressiveness.
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IMRODUCTION AND LITERATURE REVIEI^I

Since the prime topic of this thesis is concerned with the mode of

inheritance of genes conditioning resistance to P. recondita tritici in

hexaploid Triticale, the following sectíon is devoted to a review of the

literature related to this amphiploid.

Triticale is a new plant genus produced artificíally by man. It re-

sults from crossing either hexaploid or tetraploíd wheat (Triticuu sp.)

with diploid rye species (Secale sp.) follor¡ed by the doubling of the

chromosome complement of the sterile F1 hybrid. The name Triticale has

been coined from the prefix of Triticum and the suffix of Secale, the

parental genera (17). Accordíng to OtMara (13), trrIilson in 1876 was the

first to obtain and describe a sterile F1 triticale hybrid, although the

first fertile triticale r¡ras not reported until 18BB by a German worker,

Rimpau. Presumabl-y, the ful1y fertile amphiploid was derived via spon-

taneous chromosome doubling within a natural population. Since then,

many neÌ¡r triticales have been produced artif icially.

In general, most of the early tríticales r¡/ere the subject of study

by botanists and cytogenetieists who were mainly concerned with the taxo-

nomic and evolutionary aspect of intergeneric hybrids (4, 6, 13). It

\ì7as not until the early 1930's that triticale began to be evaluated as

a potenLially new field crop (10, 11).

Ploidy Level of Triticale

Two polyploid forms can commonly be produced in triticale, namely,

hexaploid (2tl = 6x = 42) and octoploid (2N = Bx = 56). Hexaploid tri-

ticales result from hybridizing any of the wheat cultivars belonging to
L/

the tetraploid species T. turgidum L. with any of the diploid species

l/fn. wheat nomenclature system as proposed by Morris and Sears (9) is
used throughout.
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of Secale sp. followed by doubling of the chromosome number of the re-

sulting sterile hybrid. Likewise, an octoploid triticale is derived by

doublíng the hybrid produced from crosses betl^leen any of the hexaploid

cultivars of T. aestivum L. em Thell. and diploid rye.

Cytogenetics and FertiliLy of Prímary Triticales

Triticale combines the ful1 chromosome complement of both wheat and

rye. I{heat-rye crosses are relatively easy to perform, although the per-

centage seed-set obtained is normally not high. Hovzever, by excising

the embryo from the seed and culturing it in synthetic medía (2, 16) re-

latively good success in rearing the hybrid seediings can be achíeved.

These F1 hybrids are sterile due to chromosomal imbalance of the gametes,

however, with the use of certain drugs, e.B. colchicine, their complete

chromosome complement can be doubled (2). This resultsin the production

of balancedgametes and consequently a fertile amphiploid. Triticales

produced by this means are usually referred to as ravr or prímary triti-

cales in contrast to the so-called rrsecondary" triticales which are ob-

tained by recombination due to crossing and selection between tr¡ro or more

primary t.riticales.

Primary triticales are characterized by their partial fertility

which has been observed in both the hexaploid and octoploid types (6,

10, 13). The reason for such infertility is yet not fully understood al-
It

though Muntzing and his cor,¡orkers (10, L2) observed the meiotic chromo-

some behavior of octoploid triticales to be highly irregular and sugges-'

ted that this ín part was the cause of infertility. He proposed that

this anomalous meiotic behavíor resulted from inbreeding depression of

the rye component r¿hen incorporated into an otherwise inbreeding species.

O'Mara (13), however, disagreed !üith this interpretation on the basis of
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hís findings that hybrids between octoploid triticales - in which there

would not be inbreeding depression - \.vere sometimes more meiotically ir-

regular and less fertile than the parental 1ines. Riley and Chapman (17)

proposed that cytological instability and low fertility of triticale were

two unrelated phenomena and that selection for improved fertility would

not automatically result in increased meiotic regularíty. They contended

that infertílity was the result of a general incompatibilíty between the

genotypes of inbreeders such as wheat and the genotype of rye which is

an outbreeder. Riley and Bel1 (16) showed that there \¡Ias little corre-

lation between the frequency of univalents and fèrtility in several arti-

f icially produced amphiploids. Ml-lntzing (11), and Müntzing et al. (I2)

noted that most chromosomes observed as univalents in metaphase I of tri-

ticale \¡/ere rye chromosomes, a condition particularly true in octoploid

tritícales in which reversion to pure wheat due to loss of the rye chro-

mosomes is sometimes observed to occur.

Cytological instability and partial fertility is also known to exisL

in primary hexaploid triticale (6, 1B). Sanchez-Monge (18) reported thaL

the frequency of univalents observed in metaphase I is of the same magni-

tude as that found in the octoploid forms. Moreover, he expressed the

opinion Ëhat such univalents r,rere rye chromosomes. More recently, how-

ever, Shigenaga and Larter (19, 20) reported that in the hexaploid culti-

var Rosner, both wheat and rye chromosomes contribute to the aneuploid

condit ion.

It remains, ho\,reveI, that the fertility of both octoploid and hexa-

ploid forms of primary triticales, has been improved over the years as

a result of selection, although none has been found with fertility equal

to that of cultivated vrheat. Further progress in the improvement of
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fertility has been made through the utilizatíon of primary strains in a

hybridization and selection Program.

Improvement of fritl"ut" fnto"glt g

Lov¡ seed yield of triticale in general has been correlated r¿ith one

or more of the following characters:

i) Reduced fertilitY,

2) Shrivellíng of seed resulting from incomplete endosperm deve-

lopment and consequently, low test weight,

3) lrleak straw, which results in early lodging,

4) Lateness, which becomes a limiting factor under conditions of

soil moísture sLress or risk of frost.

In addition, Zillinsky and Borlaug (24) mentioned the following fac-

tors that affect yield stability of triticale:

5) Genetic sensitivity to day-length; some triticales require long

days in order to flower, therefore, they behave poorly under

short-day conditions,

6) Restrícted adaPtation, and

7) Disease problems.

a) Octoploid Triticales - Mlintzing (10) ín L934 was first to engage in

a program to improve triticale through hybridizati.on and selection.

The fírst strains evaluated by him, yielded only 50 percent of the

yield of a wheat cultivar included as a standard. By L963, however,

the yield had been raised to 9l percent of the wheat standard.

Müntzing (11) attributed this success to the improvement of seed

type and increased test weight. He noted, that although fertility

of these triticales !,¡as improved relative to the st.rains initially

tested, it. never approached that of the wheat cultivar.
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b) Hexaploid Triticales - Recently attention has been shifted towards

the l-rexaploid forms of triticale as a crop species. Sanchez-Monge

(18) postulated that the optimum chromosome number of tritícale was

at the hexaploid level and that emphasis should be placed on the ín-

vestigation of strains of this particular tyPe. He noted that pri-

mary hexaploid (6x) triticales had similar incomplete fertility to

that found in the octoploid (8x) forms. Hovrever, phenotypically the

6x triticale rvas far more vigorous and tillered more than the Bx

types. Pissarev (i4) reported that almost complete fertility could

be achíeved by crossíng octoploid with hexapioid triticales and then

selecting for highly fertile recombinants. Kiss (4) has also follow-

ed a similar approach with some success.

The most intensive breeding programs geared to develop hexaploid

triticale as a ne\¡/ field crop are those being conducted by the Univer-

sity of Manitoba in Canada and by the Centro de MejoramienLo de l{,aíz y

Trigo (CIIß{YT) in Mexico (6, 24).

The Canadian program was initiated in 1954 when the University of

Manitoba obtained a large number of primary triticales from co-operators

throughout the r¿orld (6) . These triticales l¡/ere initially evaluated in

the field and the most promising strains saved for further improvement

through hybridization. Simultaneously, the production of nerv primary

tríticales \¡/as undertaken. According to Larter et al . (6), the fírst

lines derived from intercrossing primary triticales were excessively Ëal1

and not suited for immediate use as a cereal crop. They observed, how-

ever, that hexaploid triticale rvas higher in fertility and developed

better seed than the octoploid forms.

In 1963, the University of ManiËoba initiated a winter triticale
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nursery in Northwest Mexico, wiLh the aim of obtainíng two plant genera-

tions each year, one in Canada in the suÍÍner months, and one in Mexico

during the winter. This move proved highly rewarding to the breeding

program in that it permitted breeding materials to be evaluated in a ne\^l

environment \^rhere strains with broader adaptation, earliness and insen-

sitive to day-length could be selected (6).

Yield tests from 26 localities across r¡resËern Canada showed that

some of the most recent triticale selections compared favorably rvith

wheat cultivars in regard to plant height, maturity, stralù strength, and

resistance to stem rust (6). It was observed, håt..rut, that triticale

r^/as narrowly adapted particularly under conditions of hígh moisture stress

where considerable sterility and thus low yields vlere recorded (6). How-

ever, the overall yield of the best triticale strain equalled that of the

standard r¿heat culËivar.

The Mexican tritícale program carried out by CIìßÍYI is a direct out-

growth of a cooperative breeding program established in 1964 by this in-

stitution and the University of Manitoba (24). These t\ùo centers freely

exchange breeding materials and information which has 1ed to a rapid im-

provemenL of hexaploid triticale. The following are some of the most

outstanding improvements of triticale achieved by this combined breeding

effort (6, 24):

1) The development of lines having complete fertility thereby re-

moving the most important 1imíting factor in raising yields.

2) The selection of fertile lines in which seed shrivelling has

been eliminated.

3) Selection of lines carrying genes for light insensitivity,

which permit the evaluation of breeding mat.erial under either
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short or long day conditions.

4) Improvement of yíeld - a direct response to the overall ltp-

grading of plant type, seed weight, and fertility.

The solution to these problems has greatly enhanced the possibí1í-

ties of triticale becoming a neI{ cereal crop. However, many other pro-

blems sti1l remain to be solved among which the following are given

priority by CIMIIYT'S breeders:

a) The introductíon of genes for dwarfism to reduce crop losses

due to lodging.

The fixation of genotypes that conditioñ broader adaptation

and stability under many different environment and soil con-

ditions.

An understanding of the mechanisms of disease resistance.

The search for triticale lines possessíng high levels of grain

protein and lysine, and thus, the production of triticale cul-

tivars r,rith high nutritive value.

Potential Utilizatíon of Triticale

Pissarev (14) reported that octoploid tritícales could produce a

higher protein content and stil1 retain the bread-making quality of hexa-

ploid wheats. Mllntzíng (11) has also found that octoploid triticales

have in general a higher protein content than wheat, together with su-

perior gluten and bread-making properties.

Hexaploid triticales do not possess the same bread-making charac-

teristics present in the octoploid forms (2I) , However, Larter et a1.

(6) do not consider this to be a serious drawback since hexaploid tri-

ticale could likely find its place in those countries where unleavened

bread is commonly used. They also reported that some triticale lines

b)

c)

d)



have been experimentally processed as breakfast foods with excellent

results. Other possible uses of triticale are in the distilling and

brewing industry and as a feed for livestock consumption (6).

Protein content in the grain of hexaploid triticales is reported

to be of the same level as that found in bread wheats with the amino-

acid balance comparing favorably with that of either wheat or barley (6,

22), particularly the essential amino acids threonine and lysine.

Studies made at CII,D{YT (22, 24) have shown that both protein and

lysine content of the grain are greatly affected by the environment and

that there is an inverse relationship between prótein content and per-

centage of lysine.

Some recent studies on the nutritive value of triticale proteíns

in feeding trials using the meadow vole Microtus pennsylvanicus have

shown that considerable diversity exists in the efficiency with which

such proteins increase body weight (24). Protein efficiency ratings as

reported by Elliott (see 24) ranged from values aPproaching zeto' to

values equal to egg proteín. These findings have further enhanced the

possibiliLy of hexaploid triticale becoming an established crop species

of importance, especially íf plant breeders could produce cultivars with

high nutrit.ional value.

Disease Problems in Triticale

Octoploid as well as hexaploid forms of triticale are reported to

be susceptible to many of the same microbial pathogens that attack both

wheat and rye (24). Susceptibility to ergot (Clavíceps Purpurea) is a

serious problem in most rye cultivars and it ís also found in some tri-

ticales (6, 24). This disease is endemic in temperate zones where rye

is commonly cultivated and could seriously restrict triticale production

48
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in these areas unless resistance is found. Bacterial blight presumably

(24) also ís found in many experi-caused by XanthoqqnCq translucens

mental lines of tritícale.

The cereal rusts (Puccinia sp.) are considered to be the most

serious threat to tríticale production. It is generally believed that

wheat is resistant to the rust forms which attack rye, and that rye is

not attacked by rusts specialízed to wheat (8, 23) . Consequently, tri-

ticale which combines the fu11 chromosome complement of both wheat and

rye could be expected to be resistant to both rusts forms. In practice

this expectation has not been realized and "everàl rust species parti-

cularly those having wheat as a host infect triticale (3, 7, 15) . Never-

theless, variation in infection types similar to that found in wheat also

occurs in triticale.

Chester (3) reported that leaf rust reactions of several triticales

tested by him v¿ere the same as those of the wheat Parent, i.e. susceP-

tibility to wheat leaf rust (!. recondita tritici) and resistance to rye

leaf rust P. dispersa (= P. recondita secalis). Larter et al. (6) re-

cognized that resistance to P. recondita tritici was lacking in Canadian

triticales. They also suggested that resistance to the existing races

of P. gramínis tritici in western Canada, was conditioned by genes for

resistance contributed by the rye Parent.

' Lopez (7) screened many lines of octoploid and hexaploid triticales

in the seedling stage with several stem rust isolates collected from tri-

ticale, rvheat and rye. He reported that it rvas mainly the wheat stem

rust pathogen that rvas virulent on triticales, although a few rye stem

rust isolates were also found to attack the same triticales. Rajaram

et al. (15) recorded the reactions of several lines of hexaploid and
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octoploid triticales to leaf rust collected from hexaploid rvheaLs. They

reported that some lines had seedling resistance. In addition, some of

the seedling susceptible triticales, Trhen tested in the adult-p1ant stage,

showed some resistance.

Taxonomic Problems in Triticale

According ro Baum (1), I^littmack in 1899 f irst applied the name Tri-

ticosecale to intergeneric fertile hybrids resulting from the cross Tri-

ticum aestivum x Secale cereale. This same class of hybrids v¡ere later

referred to as Triticale (10) and O'Mara (13) suggested that this name

be conserved to describe all allopolyploids resuiting from crossing wheat

\^rith rye. The name has been rvidely accepted and used in connection with

both octoploíd and hexaploid forms. Baum (1) proposed that Triticale

should be reserved as the valid generic name in view of its extensive

use in the literature, notwithstanding the earlier use of the term Triti-

cosecale.

In regard to the species name, some disagreement exists. Larter et

al. (5), proposed the scientific name Triticale hexaploide Lar. for the

hexaploid forms. However, theír proposal has not been accepted by Baum

(1) on the grounds that ít does not conform to regulations of the Inter-

naËional Code of Botanical Nomenclature. Baum (1) in turn proposed a

species name in accordance with the parental wheat and rye species ín-

volved in the synthesis of the amphiploid. Thus, Triticale turgidocereale

would describe the hybrid from the cross T. turgidum x Secale cereale'

Triticale dicoccocereale describes the amphiploid T. dicoccum x S. cereale

and so on. This system of naming would have some merit only if I¡/e \4/ere

to restrict the naming of triticales to the primary forms. In addition,

all of these t'species" are fully interfertile and extensively used in
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hybridization programs. Some system of naming hybrids such as Baum's

duro-montanum or Triticale dicocco-Triticale turgidocereale x Tritíca1e

cereale x TritiçClg persicocereale or any other hybrid combination for

that matter would have to be developed. Clearly, Baumts Proposal lacks

the flexibility needed in such a system.
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THE INHERITANCE OF RESISTANCE TO PUCCINIA

RECONDITA ROB. EX. DESM. IN HEXAPLOID TRITICAIE

1"1. A. Quinones

ABSTRACT

The inheritance of resistance to wheat leaf

dita Rob. ex. Desm. f.sp. tritici was studied in

rust caused by P. recon-

the hexaploid triticales

6A-190, Rosner, Armadillo, Bronco, and Toluca 160.

Resistance in the triticales studíed \^/as mon_ogenically inherited

and each líne carried a single dominant gene. The genes conditioned re-

sisËance to races 15 and 30, and were given the following temporary desi-

gnatíons: Gene A (64-190), B (Rosner), C (Armadillo), D (Bronco), and E

(Toluca 160). Gene A was l-inked in repulsíon with gene C with a cross

over value of.44.75 !L.44 percent and assorted independently from the

other genes. Genes B and C were also independently inherited. No recom-

binants rá/ere recovered from the cross beËween Bronco x Toluca 160 suggest-

ing thaË genes D and E were identical or closely linked. The parental

triticale lines Bronco and Toluca 160 (genes D and E, respectively) aP-

peared to carry in addition to the resistance gene, rnodifying genes which

inhibited the expressíon of resistance in certain crosses.

The results obtained indicated that the genes governing resistance

were derived from the r¿heat parental species and that resistance to wheat

leaf rust carried by the rye parent r,ras not expressed in the Ëriticale

amphiploid. It was also found that genes conditioning resistance to wheat

leaf rust Ìüere equally effective in conditioning resistance to rye leaf

rust.
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INIRODUCTION

During the last tr,/o decades, considerable breeding efforts have been

channeled into the development of hexaploid Triticale as a comrnercial crop

species (11, 12, 24). During this short period of time tremendous progress

has been made in the improvement of agronomic characteristics such as fer-

tility, seed type, earliness, plant type, and yie1d. However, other pro-

blems still remain to be solved, among which, the clarification of the

mechanisms of disease resistance is of considerable importance.

The cereal rusËs (Puccinia sp.) are considered to be the most serious

threat to triticale production, especially leaf rust caused by P. recon-

diËa Rob. ex Desm. f.sp. tritici which has been found to be particularly

virulent on many of the experímental triticale lines (L2, 24). To date

there have been no studies on Ehe inheritance of resisLance in triticales

to cereal rusts. The present study r¿as undertaken with the purpose of

gaining some insight into the genetic mechanisms thaË contríbute to leaf

rust resistance in hexaploid triticale.

MATERIALS AND },GTHODS

The hexaploid triticale lines used as progenitors in this study,

their parentage, origin, and reaction to several races of wheat leaf rust

and to one isolate of rye leaf rust are given in Table I.

Diallel crosses were made between the 6 lines 6A-190, Rosner, Arma-

dillo, Bronco, Toluca 160 and Accession No. 6239. All of these lines

were backcrossed to Acc. 6239 which was used as a contrnon susceptible

parent. In addition, other susceptible lines were used in crosses and

backcrosses in the following manner: Rosner with Rosner "S" and Acc.

6507; Armadillo rvith line 6Ã 276; Bronco r,¡ith Bronco t'S" and Acc. 6507:'

and Toluca 160 v¡ith Toluca 160rrS'r. RosnerItSr', Bronco t'S", and Toluca



T
A

B
LE

 I.
P

ro
ge

ni
to

rs
, 

th
ei

r 
pa

re
nt

ag
e,

P
uc

ci
ni

a 
re

co
nd

ita
 t

rit
ic

i 
an

d

(!
. 

tu
rg

id
um

 v
ar

. 
du

ru
m

 c
v.

 S
te

\,r
ar

t 
x

S
. 

ce
re

al
e)

 
6A

-1
90

(t
t. 

tu
re

id
um

 v
ar

. 
du

ru
m

 c
v.

 G
hí

za
 x

S
.-

ce
re

al
e)

 x
 (

!. 
tu

rg
id

um
 v

ar
. 

du
ru

m
cv

. 
C

ar
le

to
n 

x 
S

. 
ce

re
al

e)
 x

 
(!

.
tu

rg
id

um
 v

ar
. 

pe
rs

ic
um

 x
 S

. 
ce

re
al

e)
 x

P
ar

en
ta

(!
. 

tu
rg

id
um

 x
 S

. 
ce

re
al

e 
hY

br
id

 o
f

un
kn

ow
n 

id
en

tit
y)

]

R
os

ne
r 

ttS
tt

R
os

ne
r 
x 

(!
. 

tu
rg

id
u*

 v
ar

. 
di

co
c-

co
id

es
 x

 S
. 

ce
re

al
e)

 x
 T

. 
tu

rg
id

um
.r

"r
. 

p.
r"

 i"
rr

ñ 
* 

E
l-"

.r
"ã

1.
I-

E
lE

-
14

Y
 -

 1
M

-0
Y

 -
lW

-O
I^

l

le
. 

tu
rs

id
um

 v
ar

. 
du

ru
m

 x
 S

. 
ce

re
al

e
L'

-
cv

. 
P

et
ku

s)
 x

 (
!. 

tu
rg

id
um

 v
ar

. 
pe

rs
i-

S
um

 x
 S

. 
ce

re
al

e)
] x

 l
_(

T
. 

tu
rg

id
ur

n 
va

r.
du

ru
m

 c
v.

 G
hi

za
 Í 

S
. 

ce
re

al
e)

 x
 (

T
.

tu
rg

id
um

 v
ar

. 
du

ru
m

 x
 S

. 
ce

re
al

e)
l

x-
'2

24
-L

5Y
-2

M
-1

n-
2M

-o
i^

I 
-)

B
ro

nc
o 

rr
S

il 
X

-2
24

-4
0Y

-1
M

-2
Y

-I
M

-O
W

or
ig

in
 

an
d 

se
ed

lin
g 

re
ac

tio
n 

to
 t

he
 i

nd
ic

at
ed

 r
ac

es
 o

f

P
. 

re
co

nd
ita

 s
ec

al
ís

.

A
cc

es
 s

 io
n

N
am

e 
cr

 
:!

N
o.

O
ri

U
. 

of
 M

. 
;1

+
 

;1
+

R
os

ne
r

R
os

ne
r 

rr
sr

t

R
ac

e 9

In
lh

ea
t 

le
af

R
ac

e
t5

U
.

A
rm

ad
ill

o 
C

IM
M

Y
I

of
 M

.

of
 M

.

ru
s 

t
R

ac
e

30

U
.

R
ac

e
16

1

;1
-

4

R
ye

 le
af

 
ru

st

B
ro

nc
o

B
ro

nc
o 

rr
st

r

;1

;1

is
ol

at
e

R
LR

-1

;1
- 

;1
-

;1

cr
},

fl{
yr

C
IM

M
Y

|

;1
-

;1

t+
Z

 
t+

Z
*

3+
4

;1

;1

;1

'f
;L

t 2
 

1'
 2

43

Lt
ì o\

;1

;r
* 

z+

3+
4



T
A

B
LE

 I.
 

co
nt

in
ue

d

fft
. 

tu
rg

id
um

 v
ar

. 
du

ru
m

 x
 S

. 
ce

re
al

e)

" 
T

I. 
t"

ts
rd

"*
 v

"r
. 

ãã
?ã

T
cu

* 
x 

s.
ce

re
al

e)
ì 

x 
l(T

. 
tu

rg
id

um
 v

ar
. 

pe
rs

i-

--
--

-J
cu

m
 x

 S
. 

ce
re

àl
e)

 x
 (

T
. 

Lu
rg

id
um

 v
ar

.
du

ru
m

 c
v.

 S
te

\d
ar

t. 
x 

S
. 

ce
re

al
eÏ

x-
zg

s 
-z

ty
-2

M
-r

Y
-lM

-o
t^

t 
7

P
ar

en
La

ge

T
ol

uc
a 

16
0 

rr
sr

r 
X

-2
98

-l4
y-

11
4-

1Y
-2

M
-O

W

(t
. 

tu
rg

id
um

 v
ar

. 
pe

rs
ic

um
 x

 S
.

'ã
.r

ãT
J)

-
(!

. 
tu

rg
id

um
 v

ar
. 

du
ru

m
 c

v.
 G

hi
za

 x
S

. 
ce

re
al

e\
 x

 (
!. 

tu
rg

id
um

 v
ar

. 
di

co
c-

co
id

es
 x

 S
. 

ce
re

al
e)

[ff
 .

 t
ur

si
du

m
 v

ar
. 

d.
ur

um
 c

v.
 G

hi
za

 x
S

. 
ce

re
al

e)
 x

 (
T

. 
tu

rg
id

um
 v

ar
. 

du
ru

m
õv

. 
cu

rr
et

or
, 

* 
l. 

""
t."

1Ð
 

x 
(q

.
tu

rg
id

um
 v

ar
. 

du
ru

m
 c

v.
 S

te
w

ar
t 
x 

S
.

ce
re

al
e 

cv
. 

P
ro

lif
ic

) 
x 

(!
. 

tu
rg

id
um

""
r.

 
e.

""
"*

 
x 

S
. 

ce
re

al
ãÌ

 -

N
am

e 
or

 
-,

k

A
cc

es
si

on
 N

o.

T
ol

uc
a 

16
0

T
ol

uc
a 

16
0 

I'S
t'

6A
-2

7 
6

oA
""

""
"io

n 
nu

m
be

r 
gi

ve
n 

by
 t

he
 D

ep
ar

tm
en

L 
of

 P
la

nE
 S

ci
en

ce
, 

U
ni

ve
rs

ity
 

of
 M

an
ito

ba
.

O
rie

in
R

ac
e 9

W
he

at
 le

af
 

ru
st

C
IM

M
Y

T

C
IM

M
Y

1T

U
. 

of
 M

.

R
ac

e
15

A
cc

. 
62

39
 

U
. 

of
 M

.

R
ac

e
30

;1
+

R
ac

e
16

1

;r
* 

z+
 tf

 f

A
cc

. 
65

07
 

U
. 

of
 M

.

R
ye

 le
af

 
ru

st
is

ol
at

e
R

LR
-1

/7
1

t+
z

4 4

I 1'
 2

4 34 34

Lt
r -{

34



5B

160 "S", are susceptible isogenic lines of Rosner, Bronco, and Toluca

160, respectively.

To minimize outcrossing, two heads per plant were bagged at flower-

ing, rvhich provided enough seed for the rust tests. Greenhouse rust re-

actions \¡/ere scored on seedlings of F2 baclccross lines and on F3 families.

Homozygous seedling susceptible F2 backcross lines or F3 families, I^/ere

planted in the field for an evaluation of their adult plant leaf rust

reaction as scored at floweríng time.

The F2 and F3 lines to be tested for seedling reaction were grown

in pots in the greenhouse or grovlth chambet ,rnd"t conditions normally

used for such studies. Enough seed of each F, backcross line or F3 farnily

v/ere sor¡/n to obtain 15 - 20 seedlings in the susceptíble x resistant

crosses, and from 30 - 60 seedlings in the resistant x resistant F3 fami-

1ies. Parental material was included in all tests. Race 15, isolate

20/68 of P. resong.i!_t tritíci, was used (hereafter referred as race 15)

to test the rust reactions ín all crosses. In addition, some of the

1ines, whose reactions to race 15 were known, were inoculated with race

30 of wheat leaf rust and r.vith isolate R1,R-1/71 of rye leaf rust (P. re-

condita secalís).

For each inoculaËíon, potËed seedlings at the 1 to LL leaf stage

were placed in an incubation chamber and dusted wíth a mixture of talc

and rust spores of one of the races used. After 18 to 24 hours incubation

the pots rüere removed to a bench in the greenhouse. Rust readings were

taken 10 - 12 days after inoculation according to the system described

by Stakman, et al. (22) .

Linkage intensities r¡ere calculated on the basis of the following

formula of l"tode and Schaller (16) :
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p= l\t-
(1)

N

vrhere n is the number of segregating families and N is the total number

of families observed.

In the absence of segregation in the cross Bronco x Toluca 160, it

r^ras possible that two linked 1ocí were involved. Therefore, an estimate

was made of the maximum amount of recombination p, which might exist be-

t\^reen the tiuo loci each controlling resistance to the same race without

observing a single recombinant type in the population Ëested. The for-

mula used was outlined by Hanson (7) as follows:

D=
^RC (2)

where P*a is the probabilíty of obtaining the recombinant types, n is

the number of families tested, and P is the probability of being'vürong.

RESULTS

Susceptible x Resistant Crosses

A complete surnmary of F, backcross data and F, data ís given in

Tables II and III, respectively. For the sake of clarity, each cross is

presented separately under the heading of the resistant. parent used.

6A-190

This strain is a primary triticale that has been subjected Ëo selec-

tion for a period of more than 20 plant generations. It was included in

this study to determine if genetic studies could be carried out using

primary triLicales in which fertility is incomplete.

6A-190 vras crossed and backcrossed to the susceptible triticale

Acc. 6239. A total of 101 F2 backcross lines and 71 F3 families v/ere

analyzed for their reaction to race 15 of wheaË leaf rust. The F2 back-

N2 -2ntl
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cross lines gave a satisfactory fit to a ratio of 1 segregating:1 suscep-

tible (Table II). I^Iithin each of the segregating lines a 3:1 ratio was

obtained, indicating that a single dominant gene for resistance is pre-

sent in 6A-190. Data from F, families of this same cross segregated in

the expected 1:2:L ratio and substantiated the above hypothesis (Tab1e

III). lhese results indicate that genetic studíes can be carried out

using primary triticale strains. The gene in 6A-190 has temporarily been

designated as gene 4 and control-s seedling resístance to leaf rust races

15, 30, and possibly 9, and 161 (Table I). In additíon, this same gene

appears to confer resistance to the rye leaf trl"t i.olate RLR-1/71, a

conclusion based upon the follotuing observations: 1) The cultivar Pro-

lific which contributed the rye genome (R) to the 6A-190 triticale is

susceptible to thís particular isolate, Ëhus, resistance to rye leaf rust

in 6A-190 is not conditioned by Ëhe rye parent; and 2) F3 familíes r¿iÈh

known reactions to race 15 were inoculated trvice on the same plants, first

at the l-leaf stage with rye leaf rust (RLR-1/71) and 6 days later at the

t¡¿o-leaf stage r¡ith wheat leaf rust race 30. Families resistant to race

15 were also found resistant to rye leaf rusË and to race 30. Similarly

families either susceptible or segregating to race 15 were also suscep-

tible or segregatíng respectively to the other t\.,/o races. Most important.,

v¡ithin a segregating fanily, seedlings resistant to RLR-1/71 rvere also

resistant to race 30, and seedlings susceptible to one were also suscep-

tible to the other race. This clearly showed that the same gene condi-

tioned resistance to all races tested. Families scored as homozygous

resisËant exhibited a;1 to 1+ type of react.ion, a level of resistance

equal to that of 6A-190. In the segregating families, however, the re-

sisËant seedlings ranged from;1 to 2f in reaction type indicating that
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TABLE II. Segregation of reaction to race 15 of leaf rust Í,nE2 lines

from backcrosses to the indicated susceptible parent.

Number of lines
Expected

Backcross combination Segregating Susceptible ratio P.

Acc. 62392 x 6A-190 F2

Rosner "Stl2 * Rosner F2
Acc. 6ng2 x Rosner Fi
Acc. 65072 x Rosner F2

6A 2762 x^Armadillo F2
Acc. 6ngL x Armadillo '

F2

Bronco "5"2 * Bronco F^
Acc. 62392 x Bronco E:
Acc. 65072 x Bronco F;

Toluca 169 r'5r'2 x Toluca

Acc. 6z3sz * r"rl33 l-uä'
F2

47

70
33
L2

s4

62
39

9

i:
9

23
t_6

30

1B
3
8

24

L2

1:1 .70-.50

1:1 (.ot

42

43

39

I2

1:1 .50-.30

1: 1 .50- .30
1: 1 .50-.30
1:1 .50-.30

1 :1 .30-.20

1:1 .50-.30

1:1 .50-.30
1:1 (.ot
1: 1 <.01
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Ëhe resistance gene when in

its overall effectiveness as

susceptible variety.

Rosner

the heterozygous condiLion was reduced in

influenced by the genetic background of the

Rosner is the first Canadian hexaploíd triticale cultivar to be

licensed (11) .

Rosner vras crossed and backcrossed to three different susceptible

Ëriticales, namely, Rosner t'Srr, Acc. 6239, and Acc. 6507, and a Eotal of

225 FZ backcross lines and L44 F3 families r¡rere tested with race 15.

Disease reactions and segregatíon among F, and f3 tines were the same in

crosses involving the 3 susceptible parents (Tables II and III). The

resulting segregatíon indicated that Rosner carries a single dominant

gene, tentatívely designated as gene B, ivhich confers resistanÒeto wheat

leaf rust races 15, 30, and possibly 9, and 161 (Table I). In addiËion,

some families with knorvn reactions to race 15 rvere also inoculated with

rye leaf rust (RIR-1/71) and rvheat leaf rust race 30 in the same manner

as described above in the discussíon of 6A-190 tritícale. The results

indicated that gene B also conditioned resistance to race 30 and to the

rye leaf rust isolaËe. All seedlings scored as resistant exhibited the

same level of resistance as that of Rosner, indicating that gene B condi-

Ëioned complete dominance.

Armadillo

Armadillo is an advanced line produced by the CIMMYT Mexican triti-

cale program. It is one of the first light-insensitive, ful1y fertile

lines to be developed and has been used extensively ín hybridization pro-

grams to introduce the two above mentioned characters inËo other triticales

(24) .



T
A

B
LE

 II
I"

 
S

eg
re

ga
tio

n 
of

fr
om

 r
es

is
ta

nt

C
ro

ss
 c

om
bi

na
tio

n

A
cc

. 
62

39
 x

 6
A

-1
90

R
os

ne
r 

tr
st

t 
x 

R
os

ne
r

A
cc

. 
62

39
 x

 R
os

ne
r

6A
 2

76
 x

 A
rm

ad
ill

o
A

cc
. 

62
39

 x
 A

rm
ad

ill
o

B
ro

nc
o 

'ts
rt

 x
 B

ro
nc

o
A

cc
. 

b2
39

 x
 B

ro
nc

o

T
ol

uc
a 

16
0 

rr
st

t 
x 

T
ol

uc
a 

16
0

A
cc

. 
62

39
 x

 T
ol

uc
a 

16
0

re
ac

tio
n 

to
 r

ac
e 

15
 o

f 
le

af
 

ru
sË

 in
 F

3 
fa

m
ili

es
 

de
riv

ed

x 
su

sc
ep

tib
le

 c
ro

ss
es

"

R
es

 is
 Ë

an
tN

um
be

r 
of

 f
am

ili
es

L2

S
eg

re
ga

tín
g 

S
us

ce
pt

ib
le

20 15 24 27

39 45 27 55 54 s4 22 92 4s

33
B

)t
6

20 27 10 38 2L 37 J+ 30 35

E
xp

ec
te

d
ra

tio

L:
2

l:2 I:2 L:
2

L:
2

P
.

.5
0-

.2
5

.7
5-

.5
0

.2
0-

.1
0

.2
0-

.1
0

.7
5-

.5
0

I 1 1 1

l:2 L:
2

1 I

L:
2

L:
2

.5
0-

.2
5

(.
ot

.2
5-

.L
O

(.
ot

1 1

o\ U
J

.. l:.



64

This sLrain was crossed wiËh two different susceptible parents,

6^-276 and Acc. 6239. A total of 78 F2 backcross lines and 2I9 F3 fami-

lies were scored for leaf rust reaction to race 15. The segregation

among the F, backcross lines and F, families rüas the same in crosses in-

volving both susceptible parents (Tables II and III). A raËio of 1 segre-

gating;l susceptible was obtained r¿ith the F2 backcross lines, indicat-

íng that a single dominant gene \,/as segregating in this cross. F, data

supported this assumption. Thís gene \,/as provisionally designated as

gene C and confers seedling resistance to races 15, 30, and possibLy 9,

and 161 (fa¡le f). F, families inoculated with isolate RLR-1/71 of rye

leaf rust and race 30 of wheat leaf rust, as previously described, seg-

regated only for gene C which suggested that this gene also conditions

resistance to rye leaf rust. This gene exhibited complete dominance as

observed by the;l to 1+ typ. of reaction scored in all resistant seed-

1 ings .

Bronco

Bronco is another advanced line obt.ained from the CI¡ß'Iyf triticale

program. Its fertility is acceptable although lorver than that of Rosner

or Armadillo. It was chosen in the present study because its type of re-

action to leaf rust clearly differed from that of the other resistant

lines indicating that a different gene may be involved.

The results obtained from studies !üith this line were difficult to

interpret. The parental line proved highly heterogeneous in its rust re-

action ranging from;1- to 2f and selection of the most resistant plants

over two plant generations failed to yield a progeny with a stable type

of reaction. Nevertheless, three susceptible lines were used in crosses

with Bronco. The results are discussed separately in view of the anoma-



65

lous segregaEion obLained in the progeny from certain of these crosses

(Tables II and III).

A total of 4I F2 backcross lines and L24 F, families of the cross

Bronco 'rs'r x Bronco \^/ere tested r¿ith race 15. From the F, backcross

1ines, a 1 segregating:1 susceptible ratio r¿as obtained indicating mono-

genic inheritance (Table II). trrlithin segregaËing lines a 3:1 ratio was

observed. The segregation among the F3 families from this same cross

fitted a L:2:1 ratio supporting the assumption that only one gene r^ras

present (table III). The resistant seedlings exhibited the same varia-

tion in type of reaction (;1- to 2+) as that of tire resistant parent.

This gene was temporarily designaËed as D and conditions the same type

of seedling reaction to races 15, 30, and possibly 9, and 161 (Table r).

This gene was also found to condition resistance to the RLR-1/71 isolaËe.

Backcross lines and F3 families from crosses involving Ëhe other

susceptible parents behaved differently. Of 19 F2 backcross lines of the

cross Acc. 6ng2 x Bronco, only 3 segregated for resistance and 16 were

scored as susceptible. These results significantly deviate (P (.01) from

the expecEed 1:1 ratio (Table II). Moreover, segregation within the 3

segregating lines did not give a satisfactory fit to a ratio of 3 resis-

Ëant:1 susceptible as rvould normally be expected for a single dominant

gene, but rather the anomalous ratio of L/3 resistant:2/3 susceptible.

Simílarly, rvhen 64 E3 families of the same cross \¡rere scored for their

reaction to race 15, a significant deviat.ion from the expected I:2:L ratio

was observed, the majority of families beÍng susceptible (Table III). In

addition, of the 22 segregating families, 15 gave a good fit to a ratio

of 3 resistant:1 susceptible, but the remaining 7 families had a signifi-

cantly higher number of suscepËible seedlings. This segregation suggested
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the presence of a second gene which modifies, ín the direct.ion of suscep-

tibility, the expression of gene D. This modifying factor appears to be

carried by the resistant parent as suggested by the fact that distorted

ratios were observed in some other crosses involving this line.

In the combinaËion Acc . 65072 x Bronco, 38 F2 backcross lines were

available for study. This cross also deviated significantly from the ex-

pected ratio of I segregating:1 susceptible (Table II). Only B F2 back-

cross lines segregated, while 30 were scored as susceptible. Within each

of the segregating lines 3 segregated in a ratio of 3 resistant:1 suscep-

tible, but the remaining five had a significantly higher number of suscep-

tible seedlings. This cross further indicated that a modifyíng gene in-

hibiting resistance r¡Ias segregating.

Toluca 160

Some difficulty vTas encountered in the testing of this line. Its

type of reactíon to the races tested varied from;l* to 21 arrd aËLempts

to select a stable line were unsuccessful.

Toluca 160 was crossed with two different susceptible lines. Each

cross is presented separately in view of the different results obtained.

A total of 81 F2 backcross lines of the cross Toluca 160 t'Stt x

Toluca 160 were tested with race 15. The segregation observed fitted

the 1:1 ratio expected on the assumption that a single gene \^ras operating

(Table II). This ¡¿as later confirmed by testing I59 F3 families of the

same cross (Table III). Within segregating F2 backcross or F3 lines, a

good fiË to a ratio of 3 resistant:1 susceptible was obtained. The type

of reaction on the resistant seedlings varied from;1- to 2+* which close-

ly approximated that of the resistant parent. This gene was provisionally

designaEed as gene E and confers the same type of seedling reaction to
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races 15, 30, and possibly 9, and 161 (Tab1e I). In addition, a selec-

ted number of F3 families rrTere Lested to rye leaf rust in the manner Pre-

viously described, and the results indicated that this gene also condi-

tioned resistance to rye leaf rust.

In the cross Acc. 62392 x Toluca 160, a total of 55 F2 backcross

lines were tested with race 15. The results obtained deviated signifi-

canË1y from the expected 1:1 ratio (Table II). Only 12 lines segregated

vrhereas the remaining 43 Trere susceptible. In addition, within the seg-

regating lines only five gave a normal ratio of 3 resistant:1 susceptiblet

while the remaining 7 lines had a significantly lìigher proportion of sus-

ceptible seedlings. Similarly, when 86 F3 families of the same cross I.{ere

tested with race 15, the segregation among the families deviated signifi-

cantly from the L:2:L ratio normally expected for a single gene (Table

III). This anomaly suggested that a modifier gene was involved, partí-

cularly in view of the fact that among tlne 45 segregating F3 families,

30 segregated within each family in a ratio of 3 resistant:1 susceptible'

while the remaining 15 families carried a significanËly higher number of

susceptible seedlings. This hypothesis, however, fails to explain the

reduced number of resisËant families that were observed.

Resistant x Resistant Crosses

The relationship among Ëhe genes present in the resistant parents

used in this study vras investigated by intercrossing them in diallel.

F3 families of each cross vrere tested with race 15 in the seedling stage.

From the results presented in Table IV it is observed that gene A

present in 6A-190 was independently inherited from genes B (Rosner), !

(Bronco), and [ (Toluca 160), and was linked in repulsion r,rith gene C

(Armadillo) with a cross over value of 44,75 + 1.4 percent.



T
A

B
LE

 I
V

. 
S

eg
re

ga
tio

n 
of

 r
ea

ct
io

n 
Ë

o 
ra

ce
 1

5 
of

 l
ea

f 
ru

st
 

in
 F

3 
fa

m
íli

es
 

de
riv

ed

fr
om

 r
es

is
ta

nt
 

x 
re

si
st

an
t 

cr
os

se
s.

6A
-1

90
 x

 R
os

ne
r

6A
-1

90
 x

 A
rm

ad
ill

o

6A
-1

90
 x

 B
ro

nc
o

6A
-1

90
 x

 T
ol

uc
a 

16
0

R
os

ne
r 

x 
A

rm
ad

ill
o

R
os

ne
r 
x 

B
ro

nc
o

R
os

ne
r 
x 

T
ol

uc
a 

16
0

A
rm

ad
ill

o 
x 

B
ro

nc
o

A
rm

ad
ill

o 
x 

T
ol

uc
a 

16
0

B
ro

nc
o 

x 
T

ol
uc

a 
16

0

C
ro

s 
s

G
en

es
in

vo
lv

ed

A
xB

A
xC

A
xD

A
xE

B
xC

B
xD

B
xE

C
xD

C
xE

D
xE

R
es

 is
 ta

nt
N

um
be

r 
of

 f
am

ili
es

1B L4
0

60 26 6L 24 38 35 32 94

S
eg

re
ga

tin
g 

S
us

ce
pt

ib
le

32 76 10 27

7

45 75 B
4

27

0

l J 2 5 1

11 L6 20 4 0

P
. 

fo
r 

15
:1

.1
0-

.0
5

(o
t

.3
0-

 .
 2

0

.7
5-

.5
0

.1
0

,/.
ot

(o
t

('o
t

.9
9

æ



69

Gene B carried in Rosner appears to assort independently from gene

C (Armadillo). However, only a lirnited number of segregating families

r¿as observed. Ihese results at the moment cannot be clearly explained

unless the segregation of 61:7:1 is an ext.remely poor fit to the modified

two factor ratio of 11:4:L. Another possible explanation is to assume

that genes B and C belong to the same locus and the 7 segregating and

I susceptible families resulted from outcrossing or seed mixtures. In

the crosses involving Rosner x Bronco (g x q) or Rosner x Toluca 160 (B x

Ð, the results obtained have not been saËisfactorily explained (table

IV). It is clear Lhat gene B of Rosner is different from either genes

D or E. However, an excess of susceptible families \¡Iere recovered in the two

crosses. Mqreover, 11 of the 45 segregating families of the cross Rosner x

Bronco gave within each family an equal or higher number of susceptible

seedlings than resistant ones. Likewise, in the Rosner x Toluca 160 cross

14 out of l5 segregating families presented a similar anomalous raËio.

These results suggested that in addition to Ëhe resistancegenes, an inhi-

bitor factor was also segregating.

In the cross Armadillo x Bronco (C x !.) a similar disËorted ratio

was observed (Table IV). An excessive number of susceptíble families were

recovered, and of the 84 segregating families 20 showed \,Iithin a family a

significantly higher number of susceptible seedlings, indicating that a

modifying gene \^ras also segregatíng. In the cross of Armadillo x Toluca

160 (C x E), the data obtained indicated that these t\n/o genes assorted

independently (Table IV).

I{hen the cross Bronco x Toluca 160 (D x Ð was studied, no recombi-

nants rvere identified (Table IV). This indicates that either only one

locus is involved and genes D and E are the same or alleles, or the two
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genes if different are closely linked. If two linked genes are involved,

they would have to be separated by less than 3.14 cross-over units (see

formula 2, l{,atería1s and Methods).

Evidence gathered during the course of this study indicated that all

the resistance genes that were identified were contributed by the wheat

parental species and none by the rye parent. To test this hypothesis,

wheat-rye crosses were made with three tetraploid wheat cultivars and

Ëhree rye cultivars and the res,rlting polyhaploid F1 hybrids \À7eïe inocu-

lated with race 15 of wheat. leaf rusË and wiËh the rye leaf rust isolate

RLR-I/71.

From the results (Table V) it can be observed that resistant reac-

tions are obtained only when the wheat parent carries some genes for re-

sístance, otherwise the hybrid is susceptible. In other words, the rye

parent díd not contribute to resistance of the F1 hybrid.

An event that could have extraordinary significance in the mechanics

of the synthesis of triticale in the future rvas noted during the rust

studies carried out with the polyhaploid F1 sterile hybrids. It was ob-

served that approximately 35 percenË of the hybrid plants (normal1y com-

pletely sterile) exhibited some degree of fertility indicaËing that chro-

mosome doubling had occurred. The percentage of doublíng vras too high to

be explained on the basis of spontaneous doubling. The F1 hybrid seed-

lings \,/ere gror¡rn during the rust test in a growth chamber operating at

20oC +1 and 16 hours light. Inadvertently these hybrids when in the 1

to 2Lz leaf stage, rùere subjected to a hígh concentration of ammonia gas

in the chamber's atmosphere following a heawy application of commercial

fertilizer and it is suspected that this gas may in part be responsible

for the occurrence of partially fertile hybrids. The validity of this
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assumption a\^raits cytological verification, meanwhile, the process is

of its practical significance.being tested further in view

Fíeld Studies

F2 backcross lines and F, families that were homozygous susceptible

in the seedling stage were planted in the field to determine whether

additional factors for adult plant resistance l¡/ere present. The nursery

was inoculated about 4 weeks before heading with a mixture of the leaf

rust races r¿hich are presently prevalent ín l^Iestern Canada (20). Rust

reactions !/ere recorded after heading.

Some difficulties ü/ere encountered in classifying indivídua1 plants

for rust reaction. Most of the material ¡^ras susceptible in the field

and among the few lines that were segregating a continuous variation

from resistance- to susceptibility was observed. Rosner appears to carry

an incompletely dominant gene for adult plant leaf rust resistance, but

no conclusions could be reached with regard to Ëhe other lines.

DISCUSSION

This is the first study specifically dírected at an invesLigation

of the genetic facLors that contribute to leaf rust resistance in hexa-

ploíd triticale. The triticale materíal used in the present sËudy was

selected mainly on the basis of fertílity, and attempts were made to in-

clude progenitors which I¡/ere as unrelated as Possible.

As a working hypothesis for this study, it was assumed that resis-

tance of hexaploid triticale to wheat leaf rust I^ras genetically complex.

In other words, genes for leaf rust resistance from both the wheat and

rye parents \47ere expected to be expressed in the Lriticale amphiploid.

This assumptíon was based on the observation that both wheat and rye,

the parental genera, exhibit high levels of resistance to this rust
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pathogen (15, 18). Genetic complexity in the amphiploid was further

antícípated since the number of interacting genes for leaf rust resis-

tance from both parents was also unknown.

The genetic studies \,Iere carríed out with race 15 of wheat leaf

rust in view of its widespread distribution in I^Iestern Canada (20). How-

ever, any other race would have been as appropriate because the resistant

lines exhibited the same type of reaction to all races tested. Similarly

Lhe susceptible parent.s r/ere susceptible to all of these races.

The results suggest that resisLance in each triticale studíed ís

conditioned by a single gene. This finding indiåates the desirability

of conducting genet.ic studíes to aid breeding programs. Different sources

of resistance could then be identified and combined in a single cultivar.

Based on experience vrith other crop cultivars resistance is generally con-

ditioned by a single gene and it is often ephemeral (2r 41 9, 14,17).

This is because the pathogen requires but a single mutation from aviru-

lence to virulence to overcome each specific host resistance gene.

The combination in a single triticale cultivar of genes A, B, C, D,

and E identifíed in this study would be difficult to achíeve at the pre-

sent time, since no rust culture is available to differentiate Lhese

genes. However, triticale lines carrying tr,vo resistance genes at a time

could be developed. These lines in turn could be employed in a double

cross program to combine four different resistance genes. Large F2 PoPu- 
rj

lations derived from such crosses could be grown and many resistant plants i

selected in order to obtain recombinants homozygous for the four resis-

tance genes. Test crosses could be used to identify such plants. Un-

fortunately, this method is time consuming and impractical since breeders

are concerned not only with disease resistance but, must also select for
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other agronomic traits. Thus¡ F2 populations must be disproportionately

large in order to obtain a single recombinant homozygous at all the re-

quirecl resistance loci. The sca::city of recombinants containing the de-

sired genes for rust resistance would greatly reduce any opportunity for

selections based on other agronomic characters.

The findíng that in triticale the resistance genes were only con-

tributed by the wheat parental species vias unexpected. Rye is reported

to be resisLant to rvheat leaf rust (15) and the consensus among mosL

plant breeders is that this resistance also operates in the amphiploid.

However, as it turned out, the rye resistance geñes appeared to be hypo-

static to the susceptibility carried into triticale by the wheat parent.

Tf this is a prevalent phenomenon among all triticales, resistance to

wheat leaf rust would depend solely on resistance genes from wheat and

no¡ from rye as was prevíously expected. In addition, Ëhe results ob-

tained índicated that the wheat resistance genes were effective in pro-

viding proLection against rye leaf rust.

The gene A ascribed to the 6A-190 triticale conditioned almost com-

plete dominance. Hor¿ever, when in the hetetozygous state, this gene

appeared to be slightly affected by the total genetic background of the

susceptible line used. In the present study this was noted by minor mo-

difications on the type of reaction observed when thís gene \"74s segre-

gating. Since in the Ëriticales studied, resistance to wheat leaf rust

was under the genetic control of the wheat parent exclusively, it can be

inferred that the durum cultivar Ster¿art 63 - the parental rvheat in the

6A-190 triticale - carries only one gene for seedling resistance to leaf

rust.

The resulËs obtained with the cultivar Rosner indicated that a com-
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pletely domínant gene designated gene B r¡/as operative in the seedling stage.

In addition, Rosner carries a gene for adult-plant resistance. This gene

conditioned a lower 1evel of resistance and r.^¡as independently inherited

from gene B.

Likewise, the Armadillo triticale line r¿as found to possess a single

dominant gene designated gene C.

In the study r¡ith the line Bronco, the results obtained cannot satis-

factorily be explained. Bronco \.^ras crossed with three suscepËíb1e lines;

Bronco t'St', Acc. 6239, and Acc. 6507. In the cross Bronco trsrr x Bronco,

the data indicated monogenic inheritance and the-resistance gene was de-

signated gene D. However, when the other trnro susceptible lines were

crossed with Bronco, the results obtained did not fit the expeoted'l

ratio for a single gene. Most of the F, backcross lines or F, families

from these tr.¡o crosses were found to be susceptible. In addition, when

segregating families were tested, a few gave a 3 resistant:1 susceptible

ratio, but most had signifícantly higher numbers of susceptible seedlings.

Distorted ratios ¡vere also observed in other crosses involving the line

Bronco.

These anomalous results can in part be explained if it is assumed

that modifier genes r¡/ere also operaLing. The expression of the resis-

tance gene in the heterozygous condition may be inhibited in the presence

of such modifier genes. In this manner, a higher percentage of suscep-

tible seedlings in the segregating lines can occur. However, this cannot

explain the excessive number of susceptible lines observed unless the re-

latively low number of seedlings tested per line failed to reveal the

distorted segregation. If this interpretation is correct, Ëhe normal

segregation obt.ained in the cross Bronco Itsrt x Bronco can be explained
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by assuming that the modifying genes do not operate in the Bronco gene-

tic background. Similar modifying genes have also been reported in a

number of studies of resistance to leaf rust in cultivars of common wheat

(1, 3, 5, 6, B).

Other alternative hypotheses which could also help explain the dis-

torËed ratios are: 1) aneuploidy, and 2) the presence of a pollen-

killing gene linked with the resístance gene.

The meiotic behavior of hexaploid triticales is not completely stable

(L2r ZL) and some aneuploids usually occur even in the progeny of highly

fertile ËrÍticales such as Rosner (2L). If the chromosome carrying Ëhe

resistance gene is preferentially eliminated in some of the crosses, then

distorted ratios and a hígh number of susceptible families would be ob-

tained. Preliminary cytological observations indicated that the triti-

cales included in this study exhibited a high degree of meiotic instabí-

1ity. Nevertheless, theír f ertility v/as acceptable . If aneuploidy \¡las

in fact responsible for the distorted ratios, then, this situation would

be unique to certain crosses but would not occur in others.

Deviations from expected ratios have also been reported due to the

presence of a pollen-killing gene in some studies of rust resistance (13).

This possibility is worthy of further investigation since it may help ex-

plain part of the anomalous results found ín Ëhe present study.

Similar results to those obtained with the Bronco crosses ivere found

in the study of Toluca 160. This line gave a normal segregation for one

resistance gene in the cross Toluca 160 'rs'r x Toluca 160, and the gene

was designated gene E. However, when the cross Acc. 6239 x Toluca 160

was studied, a deviation from the expected monogenic segregation was ob-

served. This result cannot be clearly explained and the possibil-ity of
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either modifier genes, aneuploidy, or the presence of a pol1en-kil1ing

gene ís again suggested.

In North America, evolution of virulence in the wheat leaf rust or-

ganism has taken place prirnarily on hexaploid wheat cultivars. As a re-

sult, all tetraploid durum cultivars presently grov/n in North America are

reported to be resistant (18, 20,23). Results obtained in this study

and elservhere (19), demonstrated that when a tritícale was resistant to

one leaf rust race, it ruas also resistant to all other races tested. Con-

versely, a susceptíble triticale appeared susceptible to all races which

suggested the total absence of wheat leaf rust räsistance genes. No in-

dication of a differential interaction among triticales to leaf rust races

was found. This phenomenon can be explained by postulating that the leaf

rust pathogen in North America has noË yet evolved virulence tor^7ards any

of the resístance hexaploid triticales vrhose resístance genes are derived

from the tetraPloid wheats

Genetic studies of rust resistance using F, lines deríved from back-

crosses to a susceptible parent are often preferable to studies usíng F3

families (10). Fewer lines are required for the backcross analysis, in

addítion if more than one gene is present in a cultívar, F, backcross

lines províde an easier method for isolating lines that segregate for

only one gene. Regardless of the method that is followed, í.e. E2 back-

crosses or F3 families, a study of segregation among farnilies rather than

within families is more dependable.

Results obtained from field observations indicated that Rosner carries

an additional gene for adult-plant resistance r¿hich has already been des-

cribed. In all the other resistant triticale lines it v¡as not possible

Ëo determine if adult-plant resistance governed by major genes vras pre-
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sent in addition to the seedling genes that were identified. However,

the presence of minor genes contributing to rusË resistance in adult

plants \^ras suggested by the observed continuous variation in rust reac-

tion from moderate resistance to susceptíbility among F2 backcross and

F, families which lacked seedling resistance genes.
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GENERAI DISCUSSION

During the process of developing triticale into a crop species of

commercial value, several factors whích could potentially restrict its

improvemenË have been encountered. Among these factors, reduced yield

due to restricted adaptation, weak strar¡r, and disease problems are of

primary importance.

Little is known concerning the genetic factors that contríbute to

disease resistance in triticale. Reports found in the 1iËerature are

mainly related to observaËions of resistance to several pathogens, but

no geneËic studies of disease resistance have beên undertaken (3, 11,

12, L9, 20, 22, 26).

It was the objecË of the present investigation to study the inheri-

tance of leaf rust resistance in hexaploid tritÍcale. As a working hypo-

thesis it was assumed that the resistance of triticale was under the

genetic control of both wheat and rye, the parental genera. Sínce wheat

is resistanË to the rust forms which aLtack rye, and rye is reported to

be resistant to the rusts specÍalízed on r¡heat (I4, 25), a phenomenon of

cross-protection against the rust pathogens was envisaged.

The results of this investigation suggest that the resist.ance Ëo

Leaf rust carríed by the rye parent was not expressed in the triticales

studied. This fínding vras unexpected since resistance to leaf rusË has

been transferred from rye to wheat by translocating a small segment of

Ëhe rye chromosome carrying the resistance gene (5). It appears, however,

Ëhat when the complete genomes of wheat and rye are combined in the am-

phiploid, complex genetic interactions take place which inhibit the ex-

pression of certain genes including those from rye governing leaf rust

resistance. Further studies in this field are needed to gain a better



B2

unclerstancling of the kind of intragenomic relationshíps that exist in the

amphiploid. It is of the upmost importance to determine whether some trí-

Ëica1e lines exist where the wheat and rye resistance are exPressed as

they may provide by cross-protection a long-standing barrier to the evo-

lution of virulent races of the pathogen.

The results obtained indicated that resistance to leaf rust was un-

der genetic control and dependent upon the wheat genes inËroduced into

triticale. Resistance in the lines studied was found to be monogenically

inherited. The resistance to leaf rust governed by a single gene has also

been reported in several cultivars of connnon r¿heat (L, 4, 15, 23).

However, the ptoduction of cultivars with single resistance genes

has limited value in controlling rust diseases. New pathogenic races are

continuously evolving which can overcome monogenically resistant culti-

vars, by means of asexual and/or sexual variation (13, L6r 18). Recently,

however, the combination of several genes for resistance into single crop

cultivars has become a conìmon practice (7, 13, 16). This procedure is

also suggested for triticale if a broad and 1asËing resistance is to be

obtained.

It was observed that triticale seedlings lacking genes for wheat leaf

rust resistance hTere susceptible when inoculated r¿ith some strains of rye

leaf rust. However, this rust form was found to be less aggressive than

wheat leaf rust. This was indicated by a longer generation period and by

the reduced number of sporulating pusËules produced per leaf, even r,¡hen a

heavy concentration of spores was used. The reduced number of lesions per

leaf may be due to an inadequate incubaËion period, which permitted only

a limited number of spores to germinate and become establíshed. If this

is true, rye leaf rust would require a longer incubation period than Ëhat



B3

ordinarily given to v¡heat leaf rust, i.e. more than 20 hours under high

relative humidity after inoculation. The lack of aggressiveness on the

part of the rye leaf rust partly explains the fact that under field con-

clitions only wheat leaf rust is collected from susceptible triticales,

even when rye rust is present in noticeable quantities on rye cu1Ëivars.

Evidence obtained ín this study and elsewhere (19), showed that the

resistance genes present in hexaploid triticale confer Protection to all

the leaf rust races so far investigated. This can be explained by assum-

ing that such resistance genes have not been used in North America in

breeding wheat cultivars, and consequently the pathogen population has

not evolved virulence to those genes. It is very likely, however, that

as triticale is cultivaËed on a commercía1- scale, nel^r races of the Patho-

gen would be identified with virul-ence on triticale genes for resistance.

The extremely high potential for variation found in the cereal rusts

makes it necess ary for the breeder to invesËigate all possibLe sources

of host resistance. The general type of resistance reported in other

crop specíes (2, 9,10, L7r 24) deserves special consideration because

it affords protection against Ëhe entire pathogen population. Limited

field evidence was obtained during the course of this investigation which

suggested that general resistance based on a polygenic system may be

operative in tríticale. Slow rusting and relatively light infections

were observed in several segregating families r,rhich did not caîîy seed-

ling resístance genes. Similar observations \,¿ere reported by Zillinsky

and Borlaug (26). No information is available to indicate whether this

type of resistance is under the geneËic control of wheat, rYêr or both,

and further work is required on this problem. The production of crop

cultivars with eombined general and specific resistance is of unquestion-
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able va1ue. Unfortunately, a breeding method has yet to

al1ow the incorporation of these two kinds of resistance

tivar.

be

an

devised to

the same cul--

The isolation of single resistance genes in a conrnon susceptible

background by means of backcrossing has been carried out in several host-

parasite systems (1, B). These ísogeníc lines would be useful to charac-

terize resistance genes in the same background and in the absence of mo-

difiers. They would also be valuable in race idenLifícation by relating

the number of virulent genes in the paËhogen to the number of host re-

sistance genes (1, B, 2L). In view of its practical value it is recom-

mended that a similar approach be undertaken in triticale.

FurËher investigations are needed to deËermine the compleËe spec-

Lrum of resistance afforded by each gene identífied in this study. If

races of leaf rusË possessing virulence to some genes are found, a sËudy

on the inheritance of virulence on Ëhe part of the pathogen could be

carried out to determine whether or not the gene-for-gene theory as pro-

posed by Flor (6) is also applicable to triticale and wheat leaf rust.

This is the first study dealing specifically with genetic mechanisms

of disease resistance in hexaploíd triticale. The information gained

should provide the necessary basis from which additionaL investigations

could be undertaken.
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TABLE 4.1 - Seedling reactíon to race 30 of wheat leaf rust and to rye
leaf rust isolate RLR-1/71 of a selected number of back-
cross 1ines, which previously were scored as homozygous
susceptible to race 15 of wheat leaf rust.

Number
of lines

Leaf rust reactíons
Backcross combination Race 15 Race 30 isolate

RLR-1/71

Acc. 6ng2 x 6A-190

Rosner rrgrr2 * Rosner

6A-2762 x Armadillo

Bronco rrgrr2 * Bronco

Toluca 166 "5"2 x Toluca
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TABLE 4.3 - Fertility of the hexaploid triticales used in the present
study, and of three cultivars of durum wheat.

Name
or

Accession No.

fiØOo
OJ¿cl)F{j¿ qr rH o qn .¡t .¡r r+r c)
'.1 O Oji O O. aJ Oi¿
È o .Fl Ø ¡{€ 'F{
Ø'O ..LJ . O. .\- O O ' È

OOOOúlOoF-{OO(l)qr Ê zr4 z-\ z Jr rr-r o z--O'Fr O o O câ

É .i¿ .€ . tr '+{-c .€
. d oj.rr cJ o o o o.u o c)

o x > Ê. > aJ >r-{ 'r > aJ

zQ <Ø <0r <tH ÑB <u)

GROUP 1

Hexaploid triticales

6A- 190
Rosner
Rosner ItStt

Armadil 1o
Bronco
Bronco ttStt

Toluca 160
Toluca 160 trS"

6A-27 6
Acc. 6239
Acc. 6507

GROUP 2

Durum wheat cultivars

Carleton
Ghíza
Stewart 63

10
10
10
10
10
10
10
10
10
10
10

tL.7
9.8

11. B
9.L
9.7
9.7
9.7
8.9

12.o
13 .1
10.0

55.6
75.0
82.2
66.8
65 .8
56.8
64.8
49.6
64.8
7L.8
65

53 .8
s7.4
57 .6

79.8
gt.+

t04.2
77 .0
79.8
70.4
76.6
62.6
BB. B

90.4
83.2

69 .6
82 .0
78.8
86.7
82.4
80.6
84.5
79.2
72.9
79.4
7B.L

at

3.8
3.4
3.6
3.3
2.9
3.3
2.7
2.7
2.7
3.2

10
1_0

10

8.8
8.0
8.9

59.6
59 .6
6s .8

3.0
3.2
3.2

90.2
86.2
87.5


