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ABSTRACT

The seedling and post-seedling reactions of five cultivars of

I" aestivum L. en. Thell" to eight races of 8. graminis f. sp. tritici

Eriks" and Henn. have been compared. The seedling and post-seedling

reactions of Florence Aurore to the eight races of stem rust vüere

similar" In both the seedling and posË-seedling stages of development

Fl-orence Aurore expressed a susceptible react,ion Ëo races EA3(295),

F44(295), H7(40), EAB(40), EA13(34), c10(158-1), and C50(1sB-s) and

a moderately susceptible reaction to race C25(38)" Seedlings of Hope,

Africa Mayo, Kenya Page, and Conley were susceptible to some races of

stem rusË buË post-seedlings of these cultivars expressed a degree of

resistance to the same races. In Ëhe seedling stage Ïlope and Africa

Mayo exhibiËed a suscepËible reacËion Ëo all eight races of the patho-

gen. However, when Hope was inoculated at about Ëhe ear emergence

stage, it expressed a moderately susceptíble reaction to these same

races. Similarly post-seedlings of Africa Mayo developed a moderately

resistanÊ reaction to races EA3(295), EL7 (40), EA13(34) and C25(38)

and a moderaËely susceptible reaction Lo races E^4(295), EAB(40),

C10(158-1) and C50(158-5). In the seedlíng stage Kenya Page was moder-

ately resistant to race EA3(295) but was susceptible to the other seven

test-races. In the post-seeclling stage Kenya Page expressed a moder-

ately resistant reaction to all the tesË-races except C10(158-1) and



C50(158-5) to which it expressed a moderately suseeptible reacËion.

Conley exhibited seedling resisËance to râces EA3 (295), EA7 (40),

EA13(34) and C25(38). Races EA4(295), EAB(40), C10(158-1) and C50

(158-5) had virulence on seedlings of Conley. tr'ltren Conley was inocu-

lated at about the ear emergence stage, however, it expressed moderate

resistance Èo these same races.

'Ihe st.age of development aË which resisËance became effective was

deteruined by inoculating each cultivar at various stages of growth"

Ilope and Africa Mayo exhibited moderate susceptibility between the 4th

and 5th leaf stage to boËh races EA4(295) and EAB(40). Kenya page and

Conley exhibited moderate resistance to both races abouË the 3rd leaf-

stage. There rras no inËeractÍon beËween Ëhe race and the stage of

devel-opment at which a degree of resistance r¡ras expressed. That is,

the stage of development at which resistance T¡ras expressed was inde-

pendent of the race used.

The number of genes controlling post-seedling resistance was de-

ter¡rine<l by anaLyzing the pattern of segregation in the Fr, Fz, and

F. generations of backcross populations thaf had been Ínoculated withJ

stem rust races 'EA4(295) and EAB(40) " One dominant gene determined

the post-seedling reaction of Hope and Africa Mayo to each race of the

pathogen. The same gene appeared to be effective against both races.

The post-seedling resisLance of Kenya Page and Conley r4ras controlled

by two duplicate dominanË genes r¿hich were effective against both races

x1



EA4 and EAB.

Inter-allelic relaËionshíps vrere esËablished by analyzing the

segregation raËios obtained from crossing in dia1le1 the four sources

of posË-seedling resisËance. No suscepËible segregates ü/ere detected

in the crosses llope/Conley and Kenya Page/Conley. The populaËion of

the laËter cross may not have been large enough to detect a four gene

difference. The other four crosses of the diaLlel, Ilope/Africa Mayo,

Ilope/Kenya Page, Africa Mayo/Kenya Page, and Africa Mayo/Conley seg-

regated for posË-seedlíng resistance Ëo stem rust races EA4 and EAB"

Therefore, these culËivars have among them at least four differenË

genes controlling Post-seedlíng reaction' Hope has one gene which is

also carried by conley" The other gene carried by conley may be simi-

l_ar Ëo one of Ëhe genes of Kenya Page. The second gene carried by

Kenya Page and the one gene carried by Africa Mayo are different from

each other and from Lhe genes in Hope and Conley'

x11
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It{IRODUCTION

About one-síxth of Kenyar s 225,000 square miles is suj-table for

cultivated crops. The 11,000,000 inhabitants and 3% population growth

raËe exerË eonsiderable pressure upon the available land resources'

The stapl-e foods consist of maize, bananas, potatoes, beans, millet,

and sorghum. trlheat has become an importanË food crop. In 1970 the

total internal consumption of wheat flour was 92, 886 metric tons " At

Ëhaü time the Kenyan I.lheat Board estímated an annual 5% Lnctease in

domesËic wheaË usage. Due to a meíze shortage the following year in-

ternal consumpËion soared by an unexpected rate of. 25"3% (Report of

the Kenya trlheat Board L97L-72) "

In 1968 the area planted to wheat in Kenya reached a peak of ap-

proxfmatelLy 167,000 hecËares. Since then the planted area has been

declining and in Lg72 it qras abouË 110,000 hectares. This decline in

wheat production has been influenced by a l-ower price paid to Ëhe

wheat producer and by a higher Price paid for ntaLze, mi1k, and barley"

In Kenya Puccinia graminis f.sp. tritici Eriks" and Henn., P"

striiformis tr^Iestend., and P. reqondita Rob" ex. Desm. pose a ËhreaË Ëo

wheat production. Either sËem rust, or stripe rust can destroy a \'/heat

crop (pinto and Hurd 1970) " During the wheat growing season climatic

condiLions favor stem rust developmenË. There may be 10 - 20 days per

monËh during which there is some precipitation. At Njoro, Kenya (0o
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zors, 35- 56'E) the daily minímum temperature sÉy range from 9 - 140C

and Ëhe daily maxirmrm rarely exceeds 30oC'

I,tiËhin the geographical wheat growing region of Kenya Ëhere are

different growing seasons. ilheat is grown conrnercially somewhere with-

in this geographical region all year round. Initial stem rusL inoculum

comes from infecËions on connercial planËings in an adjacent area and

from infected volunteer wheat" Barberry spp" do noË aPPear to funcËion

in the stem rust, epidemiol-ory of Kenya (Guthrie 1-966). Changes in the

virulence of the paËhogen population nay arise from an exchange of

inoctrlum beËween the wheaË growing regions of eastern Afríca (Green

et al" 1970)

Genetic resistance provides an economical ltreans by which Ëo con-

trol cereal rusËs" Since 1908 wheat research in Kenya has tried to

uraËch pace with the changes in virulence of the sËem rust pathogen'

From 1908 to 1973, !32 wheat cultivars have been released in Kenya'

Because of Ëhe Changes in prevalence of older races and the occurrence

of ner¿ races, the average conrnercial life of a wheat cultivar during

Ëhe period 1960 - 1970 was only 4.4 years. The Ëwo cultivars Africa

Mayo and Kenya Page are a striking exception to this patËern. Africa

Mayo and Kenya Page were released in 1960 and 1963 respectively" Each

year they have expressed adequate resistance in field nurseries and

consnercial plantings Ëo be reconunended for production the following

yeat.



The EasË African races of stem rust EA4(295), EA5(34)' EA7(40)'

and EAB(40) have virulence on seedlings of Africa Mayo and Kenya Page

(Evans et al. Lg6g). In L966 race EA4 became prevalent. During 1968 -

70 these four races courprised over 7ff/" of Ëhe isolates identified

(Green et al. L97O; Harder eË al. L972). Consequently, the resistance

of Africa Mayo and Kenya Page, which is ineffective in the seedling

stage but becomes oPerative someËime later, has aroused inËerest as a

means of controlling the stem rusË pathogen'

The cultivars, Hope and Conley, have exhibited a Lype of resist-

ance similar to thaË of Africa Mayo and Kenya Page. Hope and Conley

have not been grov.rn cournercially in Kenya but they have been included

in a stem rust parenËal collection which has been organized by the Plant

Breeding SËation, Njoro, Kenya. This parental collection \¡ras grol^7lì'

annually aË t!üo locations. They have expressed a satisfacËory level

of resisLance ín Ëhe field in spite of being susceptible in the seed-

ling stage Ëo a number of Ëhe prevalent races (Green eË a1. l97O;

Harder et al. L974.

. The resistance of these four cultivars could be used in combina-

tion wíËh seedling resistance genes in order to develop culËivars with

durable resistance. To uËilize this resistance on an efficient and

systematic basis in the breeding program, however, it was necessary

Ëo determine:

(a) the stage of develoPment at which this type of

resistance becomes effective,
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(b) the sPecËrum of resisËance,

(c) the mode of inheritance'

(d) Ëhe number of genes controlling resisËance'

(e)Ëheinter.allelicrelaËionshipsamongtheresisËance

genes.

Throughout this thesis the ËermrrposË-seedling resistancerr is

used in Ëhe sense Ëhat the first seedling leaf of a wheat cultivar is

susceptible to one or more races of the paËhogen buË, aË a laËer stage

of developmenË Lhe planË expresses resisËances to Ëhe same race or

races (Anderson 1966). The term ttseedling resistancett refers to that

type of resistance which is effecËive at the first leaf sËage, and

generally is effective ËhroughouË the life of the plant'
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LITERATI'RE RE\NEI,¡

2.I Resistance and SuscePtibility

I,lhen a pathogen causes disease in Ëhe hosË, the hos¡ is said ro

be susceptible to the pathogen. Hence, susceptibility means ttthe sum

toËal of qualities which unke a plant a f-i_t host for a pathogenrr (I'Iood

et al" 1940). The converse of susceptibility is resistance. A resisE-

anË host has the ability to prevenË a Pathogen from causing suffering

(Horsfall and Dimond 1960). The ability to htiËhstand the effects of

the paËhogen is a property of the host. Some hosts may offer no hin-

drance Ëo the growth and spread of the paËhogen whereas oËher hosËs may

cause the death of the pathogen. Ihese t\,Io types of hosts can be

placed a¿ opposite ends of a conÉinuum with varying degrees of resist-

ance and susceptibility in betv¡een.

2"2 Glassification of Disease Resistance Mechanisms

Disease resistance mechanisms are generally classified as escape'

exclusion, host-parasite inËeractions afËer infection, and Ëolerance

(Stakrnan and Harrar 1957; Fuchs L977; Schafer 1971). Escape and exclu-

sion are not Ërue forms of resistance. In either case the pathogen

faÍls to make contact vrith the host" That is' a hosL crop may pass

through Ëhat developmental phase when iË is poLenËially susceptible

wiËhout the pathogen contacting it. Hence, the host croP apPears re-

sistant. Escape as a mechani.sm of resistance depends upon the ontogeny



of the host in relation to the epidemiology of the pathogen"

Exclusion is another way of preventing Ëhe pathogen from making

conËact with potentially susceptible hosË tissue. Cleistogamous barley

genotypes are resistant Ëo Ustilago nuda since basidiospores are ex-

cluded from the florets CMacer 1960).

Other morphological featuïes may hinder the pathogen from contact-

íng susceptible Ëissue" Such features rnay include leaf pubescence,

waxy bloom, and leaf angle (Fuchs L}Tlr). Neatby and Goulden (1930)

sËudied the segregation of leaf pubescence and stem rust resistance in

the cross Marquis x H-44-24. They found no correlaËion beËr¿een resist-

ance and leaf pubescence"

Hayden (1956) noted differences in infectibility among spring

wheat cultivars LhaË were exposed Ëo sPore showers of race 158 of

Puccinia graminis tïitici. Susceptible Ëype pustules developed on the

stems of both Marquis and Sentry. However, a greater number of pus-

Ëules per culm developed consistently on Marquis than on Sentry.

Hayden concluded that the differences in infecËibility were due Ëo a

mechanism other than a physiotogical one. Hart (L929) detected a

correlation between the time of stomatal opening in the morning and

the resisËance of the wheat cultivars Hope, Webster, Acme, and Velvet

Don. These cultivars were characterized by stomata Lhat were slow Ëo

open in the morning. This conËrasted with the suscepËible culËivars,

f.ike Marquis and LiËtle cIub, whose stomaLa were oPen during the



morning ttdew-periodtt. Peterson (1931), however, \^7as unable Ëo relate

stomatal behaviour of. H-44-24, Hope, and Pentad wheats with sËem rust

infecËion.

Tolerance has generally been defined as the capacity of the hosË

to endure attack by a paËhogen withouL sustaining a ProPortionate loss

in yíeld or quality (Caldwell et al. 1958; Simons 1966; Schafer l-97l.:'

Leakey lg73). It is difficult to select cultívars with tolerance'

Simons (1966, Lg6g) attempted to identify oat lines wiËh Ëolerance to

cror¡rn. rust. All of the oaË lines were heavily infected' Lines with

tolerance extribited a minimum reduction in yield and kernel weight'

These críËeria, however, do not distinguish between true tolerance and

ttslow-rusting" or ttlate-rusting" (Luke et al' 1971). A host r¿ith tnre

tolerance has the capaciËy to carry the extra burden put on it by the

energy demands of Lhe parasite without suffering any substantial loss

in vitaliËy. Cultivars Ëhat are slornr rusËing exhibit reduced infecti-

bility. Slow rusting cultivars usually exhibit a lower percentage of

infection than normally suseeptible cultivars Ëhroughout the growing

season; ¡¿hereas late rusLing cultivars e><hibit disease symPtoms later

than susceptible cultivars (Luke et al. 1971). Therefore, slow rusËing

and late rusting cultivars might exhibit Ëhe same percentage of plant

tissue attacked at the end of the growing season as Ëolerant and sus-

ceptible cultivars. The slow rusËing, late rusting, and toleranË

culËivars might also shor¿ the s:me relaÈively srna11 reduction in yield'
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kernel weight, or quality as comPared to the susceptible culËivar"

The resistance mechanism, however, would be different in each case'

HosË:parasite interacËions following infecËion are thought to be

due to physiologÍcal processes (stakman and Harrar 1957). This tyoe of resisÉ-

ance mechanism is charactetirzed by the hypersensiËive reaction wherein

the host and parasite are mutually incompatible, resulting in localized

necrosis of host tissue and in deaËh or l-imited growth of the parasite.

physiologic resistance is generally operative throughout the

en¡ire life of a plant (Goulden et al. 1930; Green and KnoËt L962)'

However, there are some reports of seedling resistance and post-seedling

susceptibility (campos et al. 1953; Duff 1954; Evans et al. 1969).

Conversely, some cult,ivars may be susceptible in the seedling sLage but

at a later stage of development they become resistanË. This maturescenË

type of resisËance T¡Ias firs¿ reported by Stakrnan and Piemeisel (1917)

and Maíns and Jackson (1921). The phenomenon of seedling susceptibility

and post-seedling resistance has not been adequately invesËigated as to

rvheLher Ëhe resístance is physiological, morphological, or functional'

trrlhen physiologic specialization of the pathogen is considered,

resistance to the rust fungus can be eiËher specific or non-specific

(Hooker L967a; Caldwe1l 1968). Nonspecific resistance functions more

or less effectively againsË all races of Ëhe pathogen. Specific resisË-

ance functions againsË certain races or biotypes but not against oLhers'

Specific resistance Ðay be effective againsË a few or fllany races (Green



L97L; Koo and Auserm:s 1951). The spectrum of resisËance obtained

by combining a number of specific genes may appear to be simi-

lar to nonspecific resistance. Rajaram and Luig (f972) identified

several ¡¡heat culÉivars with a broad spectrum of resístance as indi-

cated by a low coefficient of infection. This broad specËrum of resist-

ance appeared to be similar to nonspecific resistance. A genetic analy-

sis of this resistance revealed that it r¿as due to the curmrlative effect

of a few genes for specific resistance.

Specífic resistance in Triticum sPp. Ëo Puccinia spp" is noË an

trall or nothingt' phenomenon. Loegering (1966) has proposed te::urinology

Ëo describe the host:pathogen inËeraction. Reaction type is a character

of the host and may have a phenoLype of either resistance or suscepËi-

bility. Likevrise, the pathogen may have a characËer, pathogenicíty,

which may have a phenotype of either virulence or avírulence.

T,oegering (1966) coined the Lerm aegricorpus to describe "the single

living manifestaËion of specific genetic interactions in and between

host and pathogenrr. Infection Ëype is a character of the aegricorpus

which rnay be eiËher low or high"

2"3 The Inheritance of Disease Resistance Mechanisms

The inheritance of disease resístance has been reviev¡ed recenËly

by Hooker (L967 a), Oggema (1972), Quinone s (L972), and l,Ialker (1965) .

These reviews point out that a disease resist.ance mechanism can be

inheríted by means of either a few major genes (oligogenically), or
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a number of minor genes each wiËh a small effect (polygenical1-y) " Ex-

cept perhaps for specific physiological resistance, the type of resisË-

ance mechanism does not necessarily deËermine the mode of inheritance'

ïnheritance sËudies of host -parasite inËeractions have provided evi-

dence ËhaË specific resisËance is controlled by najor genes. Flor (1953'

Lg56, 1959) proposed the gene-for-gene concePt to explain Lhe relaËion

of pathogenicity genes in Melampsora l-ini Ëo reaction genes in Linum

usitatissimum. Evidence has been provided for a number of other host-

parasiËe systens to show that they conform to Ëhis concepË. For example,

a gene-for-gene relat.ionship has been demonsËrated in the ErVsiphe

graminis hordei:Hordeum system (luloseman 1959), Erysíphe graminis tritici:

Triticum sysËem (Powers and sandos 1960), Puccinia graminis Êritici:

TriËicum (Green L964; Luig and Watson 1961), Puccinia recondita:Triticum

system (Dyck eË al. 1966), and the Puccinia graminís avenae:Ävena sys-

tem (Martens et a1. 1970) .

Ìlajor genes segregaËe int.o discrete classes that are rather easy

to determine. Minor genes segregate inËo conËinuous classes that are

ill-defined, and therefore, estimation of Lhe number of genes control-

ling a trait becomes dífficulË"

Toxopeus (1959) int.ercrossed clones of Solanum tuberosum, with

and without non-specific resistance to PhyËophthora infestans' The non-

specific resistance appeared to be cont.rolled by a series of minor

genes. símilarly, Ëhe non-specific resistance of the sËrawberry clone
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Cambridge Favourite Lo PhytophËhora fragariae extribited polygenic in-

heritance (Goodings L973).

Hooker (L967b) investigated the inheriËance of post-seedling re-

sistance oÍ. maíze to Puccinía scjrghi using data from 65 crosses ín the F1r

lZ, and F, generations. Disease scores of the F, Plants resembled a

normal distribuËion. The mean score of the F, was usually between thaË

of the E, and the mosË resistant parent. The calculated heritabílity

value was quite high. In general, the heritability values for poly-

genically inheriËed resistance Lo othet mai'ze diseases have been moder-

ate Ëo high (Kappehnan and Thompson 7966; Hughes and Hooket l97L) 
"

2.4

Van der Plank (1963, 1968) defined Ë!üo categories of resisËance

based on Ë.heir effecË on an epidemic. These Lwo categories have been

Ëermed horizontal resistance and vert.ical resistance. The epidemio-

logical characterisËic of horÍzontal resistance is a slowing down of

Ëhe epidemic or a more flatËened out disease developmenË curve. Verti-

cal resistance resulËs in an apparent reduction of iniËial inoculum so

that the epidernic is delayed. Van der Plank (1963, 1968) defined these

terms mathematically. Resistance is vertical if there is a differential

interaction among races of the pathogen and cultivars. tr{hen there is

no differential interaction among races and culËivars the resistance

ís horízonËal. A differenËial interaction can be detecËed through an

analysis of variance. A non-significant race x cultivar interaction

Epidemiological Effect of Dísease ResisËance Mechanism
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ï.rould indicate horizonËa1 resisËance, Alternatively, a simpler' more

crude test. to deËecË horizontal resistance is available: if any host

cultivar can rank in order the pathogenicity of the races or if any

race can rank in order the resistance of Ëhe culËivars, then the re-

sistance is horizontal- (Van der Plank 1968) "

Recently various resist.ance Ëerrns have been dívided into two grouPs

(Caldwell 1968; Abdulla and Hermsen 1971). The first group treats the

following Ëerms as synon)mìs: physiologic resistance, specific resist-

ance, inajor gene resistance, oligogenic resísLance, differenËial resíst-

ance, and vertical resistance" The second group includes the following

natnes: non-specific resistance, generalized resistance' polygenic

resistance, tolerance, uniform resisËance, and horizontal resistance"

This type of equatíng does noË recognize the existence of different

mechanisms of resistance, the way in which they are ínheriËed, and how

they affecË an epidemic. There is no necessary relation between the

resistance mechanism, the manner in l¿hich it is inherited, and how iË

affects an epidemic. For example, vertical resistance is noË neces-

sarily always inherited oligogenically, nor does horizontal resistance

have to be inherited polygenically. Red-skin onion varieties are re-

sisËant to Colletotrichum circinans which causes onion smudge. Rieman

(1931) obtained evidence that pigmenEatíon in the outer scale of the

onion developed under the influence of 3 genes, each having a specific,

defined function. The inheritance of color in the ouLer scales appeared
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to be identical with the ínheriËance of resistance to disease. The

genes controlling pigmentatíon had a pleiotropic effect on resistance

to Colletotrichum circinans.

Cleistogamous flov¡ering barley varieties are resistanË to all

races of UsËilago nuda (Macer 1960). Pedersen and Jorgensen (1965)

reported that lodicule size affected cleistogamy in barley" Lodicule

size vras inherited monogenically" Differences in reciprocal crosses

indícated thaË extra nucl-ear factors might also have affected the size

of the lodicules and especiaLly the tendency for open flowering" Fehr

et q!. (L964) doubted Ëhe effectiveness of the lodicule to deËermine

cleistogamy in barley.

2.5 InheriËance of Post-Seedling Resistance

As early as 1815, Thomas Knight suggested that disease resistant

wheats might be developed (Biffen 1905). Biffen crossed Ëhe variety

Red King r'rhich rl'as suscepËible to PuccÍnia striiforrnis to Burt v¡hich

was resistant. He noted that Ëhe F, Plants were all- susceptible.

Segregation occurred in the F, according to Ëhe ratio I resistant to

3 susceptible. He concluded that resistance to P. striiformis r¿as

inherited in a MendeLian manner. Biffen developed the cultiva! tLitËle

Josst . It is norv known to be susceptible to some races in the seedling

stage. To this day, however, it has maintained a high level of post-

seedling resistance to most races (Loegering et al. L967).

The phenomenon that young wheat plants v¡ere someËimes more
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susceptible to !. graminis tritici- Ëhan older plants was first reported

by stakman and Piemeisel (1917). A few years later the same phenomenon

was noËed with regard to Pugcinia recondita (Mains and Jackson 1921) '

I,fains and Jackson (1921) noted Ëhat Kanred wheat and Ëwo other lines

had a high level of resistance in the field" i'lhen seedlings of these

Lines r{ere inoculated under greenhouse conditions, they were fully sus-

ceptible. Seedling susceptíbility and post-seedling resisËance of

Kanred to leaf rust hlas explained as being the result of a type of re-

sisÈance Lhat becomes expressed at later stages of maturity' Hayes and

Aamodt (1923), Hayes et al. (Ig25), and Johnston and Melchers (L929)

corroborated these reports that a mâturescent tyPe of resistance I^las

Ëhe mosË logical explanation of the phenomenon of seedling suscepËibiliËy

and post-seedling resistance.

Abouc Ëhe same Ëime staluran and T,evine (1918) detected an alarming

plasticity of the stem rust organism based on the different physiologi-

cal capabilities of stem rust, isolates ' WheaL breeders and paËhologists

quickly realized that in order for a wheaL variety to have adequate

SËem rust resistance to be suitable for conrnercial production it rmrst

have resistance to all known races of the pathogen. The problem of

developing a stem rusL resistant variety focused on the identificatíon

of genetic sources of resistance.

Some of the resistant cultivars identified included the tetraploid

wheats Acme, Velvet Don, Pentad, Iumillo, and Yaroslav errner. I'Ihen



15

they were grov/n Ín field nurseríes, they exhibited a good level of re-

sistance Ëo sEem rust (Hayes and Aamodt lg23; Hart L929; Goulden et al.

L930) " I^Ihereas when they were inoculated in the seedling stage with

pure race cultures under greenhouse condiËions, they were suscepEible

to a number of races (Goulden et al " 1930) "

In an attempt to transfer the resistance from a tetraploid to a

hexaploid wheat, I"lcFadden (1930) crossed Yaroslav ertrner to Marquís"

He selected Ëwo lines from Ëhis cross which were resisËant Ëo all races

in Ëhe field. These two lines were later named Hope and H-44-24"

Hope and H-44-24 appeared to have a broad spectrum of resisËance.

GeneËic sËudies revealed Lhat Ëhey possessed genes for both seedlíng

resistance and post-seedling resistarice, and that Lhe seedling resisË-

ance genes !üere inherited independently from Ëhe post-seedling resist-

ance genes (Goulden et al. L92B; Goulden 1929; Clark and Humphrey 1933).

Broad spectrum resisLance, therefore, appeared to be simply ínherited'

Neatby (1931) detected tv/o genes controlling stem rust resistance

in the cross Marquis by H-44-24" IIe classified 15 races of stem rust

into 3 groups based on the correlated reaction of hybrid lines to these

races " One of the tqTo genes Ln H-44-24 deËermined the reaction Ëo

groups I and II, while Ëhe other gene conditioned the reaction to groups

I and III. He concluded that a host gene conditioned resistance to a

group of races. The production qf resistant varieties appeared to be

greatly simplified" He thought thaE it, would not be necessary to Ëest

the reaction of the host to all races but only to key races wiËhin each
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group. Since then the experÍence of r^¡heaË breeders

has proved this optimism to be unjustified (Stakman

2.5 .L Single Gene

Post-seedling resistance of cereals t

quently been reported to be inherited as a

et al. (L928), Goulden Q929), Neatby and

(L934), Neatby (1936), KnoËt (1968, L97L),

paËhologists

Chrístensen

o Puccinia species has fre-

Mendelian character. Goulden

Goulden (1930) , Hayes et al.

and Rajaram and LuLe (L972)

and

and

1960) ,

Recent work has confirmed the earlier reports that Hope and H-44-

24 possess both seedling resist.ance and post-seedling resistance genes'

Seedling resistance genes Sr7b, Sr9d, and sr17 have been locaËed on

chromosomes 48, 28, and 78 respecËively (sears et al. 1957; Loegering

and Sears L966; Knott 1971). Identifying Ëhe chromosomes Ëhat carry

genes for posË-seedling resistance has been more difficulË.

Sears et al. (1957) developed a]_]- 2L substítution lines of Hope

by crossing Hope to Ëhe Chinese Spring nullisomics and then backcross-

ing five times Ëo the appropriate chinese spring nullisomic. The substi-

tution lines and parents vrere inoculated in the post-seedling stage wiËh

a culË.ure of stem rust race 29. None of the subsËitution lines r^7ere as

resistant as Hope. They concluded that the post-seedling resistance of

Hope was the result of interaction between genes on differenË chromo-

somes. KnotË (L97Ð, however, rePorËed that lIope carries a post-

seedling resistance gene on chromosome 38.
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reported that Ëhe post-seedling resistance of some wheat cultivars to

stem rusË was controlled by a single dominant gene. PosË-seedling re-

sistance to P" recondita has also been attribuËed to a single major

gene (þck ql al. 1966; Mclntosh and Baker L966; Bartos eË al" 1969;

Dyck and Kerber 1970) " AlLen eL al. (1966) concluded that Post-seedling

resistance to ?. sgriiformis in some wheat cultivars was inherited mono-

genically. McKenzie and Martens (1968) identified the recessive gene

pg-ll in the &p s4!iva. line cI3034, which : - conferred post-

seedlíng resistance Ëo B" graminis f"sP" avenae.

2.5.2 Tr¿s_ eL More Genes

There are reports thaË the inheritance of resisËance as expressed

ín the field is conËrolled by Ëwo or more genes. Both Neatby and

Goulden (1930) and Clark and Humphrey (1933) studíed the inheritance of

stem rust. resistance in the cross Hope x Marquis " The resisËance of

Hope was controlled by two independently inherited genes " The adult

plant resistance of Thatcher to sËem rusË r,ras conferred by two recessive

complementary genes (Hayes and Ausemus 1936; Koo and Ausemus 1951; and

Sears et al" L957). Some inheriËance studies of post-seedling resist-

ance have merely concluded thaË Ëhe number of genes involved vrere more

Ëhan one (Ilayes et al. 1923; Hayes et a1. L934; Peterson and Love 1940;

Pal et al " L956; Allen et al. L963)
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2"5"3 Gene Interactions

Early geneticists thought that genes acted as autonomous units.

Genetic research, however, has revealed Ëhat Ëhe íntegration of gene

action is complícated. Gene inËeracËion is the interactíon beËween

allelic or non-allelic genes of Ëhe same genotype in the production of

a particular phenoËypic character. Interaction betv¡een alleles may re-

sult in a gene being described as dominanË or recessive. Dominance and

recessiveness, however, are not proPerties of the gene per se. Rather

they are the resulË of the actíon of the genetic locus in question

within the total reacËion system of the particular genotype (Murray

1972). Non-allelic interactions involve more Ëhan one locus to produce

an effect. The expression of an allele can be modified by Éhe external

environment and by other genes of the genotype. Strickberger (1-968)

noted that Ëhe ttmuËua1 inËerdependence of all Ëhe developmental stages

in an organisms g1ovlth makes iË likely that mosË genes, íf noË all,

affect more Ëhan one phenotypic character.rr

A character may be Lransmítted from parent to progeny in a dominant

or a recessive manner. Post-seedling resistance of r¿heat cultivars to

Puccinia species has been reported frequent,ly to be inherited as a

dominant trait (Goulden et al. l92B; Neatby and Goulden 1930; Dyck et al.

1966; Mclnrosh and Baker L966; Knott 1968; Bartos et al. 1969; Dyck and

Kerber 1970; Rajaram and Luig 1972). It has been well documented Ëhat

the post-seedlíng resistance of Thatcher wheaË to stem rust exhibits

recessive inheritance (Hayes et al. 1936; Koo and Ausemus 1951; Sears
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er al. L957) .

lhatcher and Marquillo are Iumillo durum derivaËives ' Neither of

the derivatives have as broad a spectrum of resistance as lumillo durum

(Peterson and Love 1940). The failure Ëo recover the same leve1 of

resisËance in a progeny líne as \¡ras expressed in the parent could be

the conseguence of selectíng within an F, population that vlas too small"

The desired recombinant type that combined the resísËance of the lumíllo

parent vrith the T. aestívum characËeristics of the oËher parent r¿ould

be ratler rare. LÍnkage beËween stem rusË resistance and undesirable

,rdu¡rm-typert genes would further reduce the frequency of the desired

recombinant Ëype. Alternaf:Í-vely, the failule to idenËify progeny with

the same specËrum of resistance as the Iumillo parent could have resulÉed

from screening the segregating population rnrith a pathogen population

which failed to detect some of the resisËance genes. Finally it is pos-

sible that cytoplasmic factors may have played some role in determining

Ëhe resisËance of lumil]-o.

Gytoplasmic facËors affect host:parasite interactions as evidenced

by the ouËbreak of leaf blight of corn in the Ameriean corn belt (Hooker

Ig72). Sanchez-Monge et aL. (1973) developed alloplasmic forms of tetra-

and hexaploíd wheats. They backcrossed the tetra- and hexaploid wheats

a minimum of five times in order Ëo transfer the nuclear material into

a forei.gn cytoplasm. The donor cytoplasms were from Ae. ovata' Ae

cauclata, and T. timopheevi. The normal and alloplasmic forms were ino-

culated with races 21 and 133 of stem rust" A few of the alloplasmic
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forms, which had been susceptible to these races ín their own cyËoPlasm,

$rere resistant. Some alloplasmic forms, thaË had been resistant to

Ëhese races in fheir or^¡n cytoplasm, were susceptible. In the develop-

ment of these alloplasmic forms, however, they díd not indicate whether

they checked the stem rust reaction afËer each generaËion of backcross-

ing. Reaction genes ean be gained or lost by meiotic crossing over

betr.reen homologous chromosomes "

Because a given traÍt rnay be conËrolled by a inajor gene and one or

more modifier genes, the Ërait may be difficult to Ëransfer inËo another

genetic background. Modifier genes are any genes that by interactíon

affecË Ëhe phenotypic expression of genes at oËher loci" Depending on

the Ëype of modifying action such genes rray be classified as enhancers

or reducers (Knott and Anderson 1956; Sears et 41.1957; Sunderman and

Ausemus 1963; ItuorË and Green L965; l{illiams et al, 1966).

Dyck et al" (Lg66) idenËified two independently inherited genes,

Lr12 and Lr13, for posË-seedling reacËion to P. recondita" These genes

Írere transferred by backcrossing inËo a Thatcher background" The single

gene lines had a higher infecËion response Ëhan the parents, Exchange

and Frontana. The parents seemed to carry modifier genes Ëhat enhanced

Ëhe resistance of the major gene. The mode of inheritance of Lr13 was

also sensitive Ëo Ëhe genetic background. That is, Lr13 \^7as partially

dominant in Front.ana whereas in the culËivar Manitou iË behaved as a

recessive gene"
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The range of resistance conferred by the combination of two or more

genes is usually the sum of each genets range (Knott L957a, I957b;

Sunderman and Ausemus 1963). No gene interaction apPears to be involved'

Some resistance genes, however, mâY interact wiÈh oËher resistance genes

to enhance the expression of resistance Êo a particular race of t-he

pathogen. That is, the combination of genes produces a lower infection

type to a particular race than any gene singly (Berg s! al' 1963;

Schafer q! al" 1963; KnoËt 1968)

Modífier genes have noË been isolated" Sears et 41" (1957) poinËed

out thaË the modifier genes may noË necessarily be ín the hosË" Since

the detection of gene interaction is based on Ëhe infection type Pro-

duced, modifier genes may be presenË in Lhe host or Ëhe paËhogen"

Alternatively, the modified effect (the infection type) may be produced

by Ëhe inËeraction of Ë\,ro sets of complementary genes, those of the hosË

and pathogen. In view of the complexíty that genetic interact.ions can

assume, it is not surprising thaË genetie analyses have concenËrated

on major genes 
"

2 "5 "4 Linkage

Linkage is the association betr,¡een different genes by virtue of

Èheir close proximity on the same chromosome' and consequently, the

association of Ëhe phenoËypic characters that are controlled by these

genes. Complete linkage rarely occurs. Linkage between genes is broken

by crossing over between homologous chromosomes during meiosis.
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McFadden (1930) noted an association between susceptibility to dis-

coloraËion on glumes, rachis, peduncle, and the stem area and resistance

to the st.em rust pathogen. Other workers have noted a similar assocía-

Ëion between the discoloration of cerËain plant organs and resistance

to stem rusË (Goulden and Neatby L929; Ausemus L934; Hayes et e!. L934;

pan 1940). Because stem rust resisËant non-pigmented types vrere occa-

sionally recovered, Ëhe línkage vras not complete, or the rust free non-

pigmented plants \¡rere escapes or spontaneous muËanLs. I^Ialdron (L929)

thoughË an antagonisËic relat.ionship beËween the host and pathogen pro-

duced the pigmenËation. Hart and ZaLeskL (1935) failed to find an

anËagonÍsËic relationship beËween the host and the stem rusL organism.

Occasionally Ëhe bacterial blight organism, Xanthomonas transll¡cens,

was isolated from the pigmenËed areas. They concluded that the pigmen-

tation was produced by Ëhe inËeractíon of host and sËem rust pathogen

as affected by the environmenË. Hagborg (1936) attributed the discolora-

tion of plant organs of Hope, H-44-24, and theír derivatives to three

causes: one was the true black chaff organism, Xanthomonas translucens;

the second was Ëhe fungus Alternaria; and the Ëhird was physiological

in origin, Ëhat is pigmentaËion could also be produced under conditions

of high hurnidity and high light intensity"

RecenËly Shuh-Ji et al" (1968) demonstrated that Conley, a Hope

derivaËive, possessed a partially dominant gene that controlled physio-

logical discoloration. This gene, located on chromosome 38, had a f-ink-

age value of. 2L - 247. t,/ith a gene for rusË resistance" The physiologic
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origin of pigmentation is probably under genetic control, but the pene-

t.rance and expressivity of this gene appears to be incomplete as light

and humidity seem Ëo affect its expression.

The gene pg-11 in Aveqa sativa confers post-seedling resisËance

Ëo p. graminis f.sp. avenae (McKenzie and Martens 1968) " Plants which

carry pg-11 resistance .are green in the seedling sËage and susceptible

to oaË stem rust" The planls change to a ye1-1oT¡7 green color and become

resistanË Ëo Ëhe paËhogen siûulËaneously" The gene pg-11 is associated

wíth a decrease ín total pigment content of the plant tissue (Harder

et a!" L97L) " AttempËs to separate these two characters by backcrossing

and growing raËher large populations has failed" They concluded that

the gene pg-ll may be closely l-inked Ëo genes affecting pigmentation

levels or Ëhat pg-ll per se may noË be a gene controlling rust reaction-

It may be a gene which affects pigmenÉation and simultaneously affects

rust reaction.

Reaction to t\,üo or more paËhogens uny be linked. The stem rust

resist.ance of Hope,ll-44-24, and their derivatives has been reported to

be linked with reaction to p. _fçSg_ndita., B" sËriiformis, and Erysiphe

graminis (tlayes eË 41" L934; Neatby 1936; Mclntosh et a1. 1967).

The early attempts to determine the inheritance of post-seedling

resistance vrere conducted in field nurseries and usually involved more

Ëhan one year (Goulden et al" L92B; Neatby 1931; Clark and Humphrey

1933; Hayes et al. 1934). Both natural and artificial epidemics were

used. When artificial epidemics vlere used, there was only limited
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cont.rol over Ëhe races Present and the uniformity of their distríbuËion'

The segregating host populations e>chibited maturiËy differences' There-

fore, it was difficult to obËain uniform environmental conditions for

infectíon and development of the paËhogen Ëhroughout Ëhe phase which

would have permitLed dífferentiatíon between true resisËance and the

ttresistancetf due to Senescence,oÏ escApe. The obserVed segregaËion ratios

might not have accuraËely reflected Ëhe actual geneËic raLios ' The in-

ËerpreËation of the daËa became difficult and confusing' FurËhermore'

r¡hen inheriËance studies of disease reacËion are conducLed in Ëhe field

iÉ is difficult to distinguish between seedling resistance genes ËhaË

are effective ËhroughouË the life of the plant and post-seedling resisË-

ancegenes.Theestimatedgenenumber,therefore'mayincludeboth

seedling and posË-seedling resistancq genes'

The deËect.ed number of genes in a segregaËing hosË population is

determínedbythenumberofgenesinthepathogenpopulationwhichfail

to overcome the resisËance genes of the host population. That is, wtten

asegregatÍngpopulationisscreenedtoamixtureofraces,Lhenumber

of genes det.ected r¡ill- be Ëhose conferring resisËance Ëo Ëhe pathogen

populaËion. For example, assume thaË cul-tivar tXt carried Ëhe inde-

pendentlyinheriteddominanËgenesSrA,SrB'andsrCwhichreacËas

foll-ows to races ã, b, and c:

SrB SrC

SS
RS
RR

race a

race b
race c

SrA

R

R
R
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If cultivar txt is crossed to the universal suscepË tYt and Che F,

progeny is screened to the mixture of races a, b, and c' monogenic seg-

regation would be detected. The same result would be obtained if only

race a is used as the test-race. If race b ís used to screen Ëhe seg-

regatíng material, then two genes would be detecËed" And if race c is

the test-race, three genes would be detected.

Some recent investigations of the geneËics of post-seedling resisË-

ance have been designed in accordance wiËh the gene-for-gene concept.

Under greenhouse conditions the host material is inoculated with a pure

race culËure. As a result of this experimental design, Dyck et al.

(1966) and Mclnrosh and Baker (1966) suggested that the inheritance of

posË-seedling resisLarice to leaf rust also conformed to Ëhe gene-for-gene

model.

2"6 Factors That May contribuLe Ëo Non-specific Resistance

2"6"L Entrv of the Pathogen

Penetration of the pathogen into the host is an early phase of the

infection process. Pathogens can enLer the hosË through wounds, natural

openings, and by direct penetration of the cuticle (Stakman and Harrar

1957; Fuchs 1971). In general, the cereal rusts enter Ëhrough the

stomata. A noted excePtíon is P. recondita which can produce germ tubes

cuticle (Caldwel1 andthaË are capable of directly penetrating the leaf

Stone 1936)

Two cultivars

in the percenLage

exhibiting the same infection resÞonse may differ

area infected. The cultivar with a lower percentage
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ínfection would seem to be offering some resísËance to Ëhe entry of the

pathogen. Race 1-58 had virulence on Hope, Thatcher, and lularquis. The

percenËage area infected was consistently less on Hope Ëhan on Thatcher

and Marquis (Johnson 1949). Hayden (1956) reported differences in

infecËibi1.ity among spring wheat cultivars exposed to sPore showers of

race 158. Both light and heawy spore shovrers caused more Pustules per

culm on Marquis than on SenËry" This differential rate at \,ühich infec-

tions develop on a cultivar has been called trslow-rusËingrt by Caldwell-

(1968) and Hooker (1967a).

Caldr.¡ell eË al. (1970) sËudied the spread of leaf rust in winter

wheats that r¿ere separated by 38 ft" buffer zones. The plot centers

v¡ere inoculaËed. Comparison of the number of pusËules at predetermined

daËes and locaËions within the plots were used to deËermine Ëhe rate

of spread of leaf rust. Purdue selection 45 v¡heat was fasÉ-rusting

compared to Bulgaria BB r¿hich was considered slow-rusting.

Bror¡der (1973) obtained infection type data on seedlings of Bulgaria

88 and purdue selection 45 to 25 races of leaf rust" He concluded from

the infection type data that Bulgaria 88 has specific raËher than

general resistance and that the reaction of Bulgaria BB v/as controlled

by 2 genes.

Hart (L929) attributed Ëhe 1ov¡er percentage of stem rust infections

on Hope, Webster, Velvet Don, and Acme to stomatal movement. The stomaLa

on these cultivars opened more slowly in the morning than the cultívars

LíÈtle Club and Marquis which exhibifed a higher percentage of infections.
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Peterson (1931) was unable to relate stonatal behavior of Hope, H-44-24,

and Pentad wheats to the percentage of sËem rust infection" He artifi-

cially lengthened the dew period by spraying a fine mist of water onto

the planËs. the percentage of infections dÍd not increase significantly.

The role of stomata and their response Ëo stimuli that might be received

from the paËhogen and host has not been adequately elucidated" A corre-

lation beËween t!üo traíËs does not imply a causal relaË.ionship but

rather might reflect their muËual correlaËion to a Ëhird factor.

Various morphological features such as a !'Iaxy rtbl-oo¡Jr, leaf angle,

and leaf pubescence have been attributed a role in preventing the en-

trance of the pathogen (Hooker L967a) " Neatby and Goulden (1930) re-

ported that in Ëhe cross Marquis x H-44-24 leaf pubescence and stem rusË

resisÈance \fere inherited independenËly. Babayants (1969) detecËed a

negative correlation between the lignin content of wheat stems and the

percenËage of the area infected with stem rust" There Ís only limited

evidence that morphological features of cereal hosts do or do not in-

hibit penetration of the rust pathogens "

CulËivars that exfiibit a reduced number of infections per unit of

time have been identified in other hosË:parasite systems (Szeijnberg

L969; Luke et al. I97I; Gooding irg73). UllsËrup (1970) demonstrated

that polygenic resistance of maize to Helminthosporium turcicum condi-

tions a reduction in the number of infections rather than any decrease

in lesion size. Goodings (L972) attributed the resistance of some stra\^7-

berry clones to Phytophthora fragariae to a high capaciÈy for root
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regenerat ion.

2.6.2 Resistange Afler Entrance

sËakrnan and Harrar (1957) described three general types of resist-

ance afËer entrance. The first involves necrogenic effecËs of the

paËhogen andfor hypersensitivity of the host to infection. The second

is associated r¿ith Ëhe relative ability of the pathogen Êo grow in the

host. Thirdly, mechanical barriers Ëhat may inhibit Ëhe growËh of the

pathogen. Klement et 41. (L967), Hooker (L967a), and SËakman and

Earrar (1957) have reviewed the liËerature dealing !üiËh these aspects

of resistance after enËrance. A brief review of the mechanical barriers

Ëhat limiË Ëhe growth of the pathogen after enteríng the hosË is germane'

PeËerson (1931) noted Ëhat larger stem rusË pusËules developed

just above the nodes and on the peduncle of Hope wheat than on the other

stem regions. Zadoks (1961) has reported similarly thaË the level of

resistance to P. striiformis is not uniform in all planË organs" In

some cultivars the primary leaves may be more susceptible than older

leaves. The leaves ulay be resistanË whíIe the head is quÍte susceptible

and vice versa.

Hursh (Lg24) detecËed stem rust mycelium growing only in collenchy-

mous Lissue. The ratio of collenchymous tissue to sclerenchymous tissue

r.¡ould be expected, Ëherefore, Ëo affecË the size to which pustules can

grorù.

The wheat cultivar I^Iebster is susceptíble to several stem rust
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races in the seedling stage (Hart 1929). I,Ihen it is grol^7n in fÍe1d

nurseríes it exhibits a fairly high percenËage of infections but the

pusËules are always smal1. HarË (1931) attributed the resisËance of

Webster to the small collenchyma bundles and thick epidermis. BabayanËs

(L969) also detecËed a positive correlation beËween the breadth of the

chlorenchyma bands in wheat cultivars and the breadth of sËem rust

uredopusËules.

The host may also affect spore production and release" SuscepËible

pustules of crown rusË race 2L6 on Clinton oats yielded nearly twice the

quantity of spores as did suscepËible pustules on Cherokee (Torres and

Brolming 1968). Johnson and Taylor (L972) found some ísolates of P"

åi$Élrnig capable of producing twice the weight of spores as oËher

isolates of the same race. This may be a feature of a specific race-

cultivar combination or an attribuËe solely of the pathogen"

2"7 Factors That Influence the Expression of Non-specific Resistance

The expression of specific resisËarrce can be modified by environ-

menËal factors such as lighË, temperature, and humidity and by genetic

facËors (NewËon and Johnson 1941; KnotË L957: Anderson L9663 þck et al"

1966; Loegering L966) " The literature pertaining to Ëhe factors that

influence the expression of specific resístance has been reviewed re-

cently (Oggema 1972; Quinones L972).

Environmental and genetic factors are similarly capable of modify-

ing the expression of non-specific resistance" That there v¡as an opËimum
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lighË intensity for sËem rust nryrcelíal development and sporulation in

llope was demonstrated by Hart and Zaleski (1935). Hope was resistant

to sËem rust race 21 under normal intense sunlight. Under conditions

of ::educed sunlight,, however, it was suscept.ible. McFadden (1939)

claimed g¡at H-44 wheat possessed tvro types of post-seedlíng resistance.

He termed one type morphologi.c and the other Ëype photologic because

it 'uras expressecl only under conditions of high lighË intensity.

Slovencikova {7972) noted that post-seedlings of one wheaË cultivar

r.rere resístant to P' striiformis when grolÀ/n under long-day conditions

in the greenhouse" But t¡hen Lhe same culËivar \^7as gro\^ln under short-

ciay condítions, it. was suscepËible. Similarly Ëhe expression of non-

specífÍc resist-ance in Solangq Luberosum to PhvtophLhora infestans can

Clones adapted to long-daYbe urodifiecl by day-length (Umaerus 1959)

condiËions are more susceptible when grown under short-day conditions

ín l,fexico than when gror^rn under long-day conditions in Minnesota. Envi-

ronmental and/or geneËic factors other than day-length, however, may be

resÞonsible for Lhe observed difference.

TemperaËure is known to affect Ëhe expression of non-specific re-

sistance. Hart and Zaleski (1935) determined that Hope was more resist-

ant to sËem rust at. a Ëemperature over 26oC than at a lower temperature.

It uny be that

l.aËion of the

the temperature also affected the development and sporu-

rust mycelium. Combinations of minor genes for resistance

striiformis gave a lower infection response at a higherin wheat Ëo P.
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temperature profil-e than at a lower temPeraËure profile (Lewellen et al '

fg67). The non-specific resistance of the cabbage cultivar Wisconsin

Hollander to Fusarium oxysporum f.sP. conglutinans can be suppressed

by a consËant soil ËemPerature over Z6oC çwatker 1959) '

Hayden (1956) provided evidence that the number of sËem rust lesions

produced per wheat culm was a function of the infectibiLity of the host

and of Ëhe inoculum load. Light urediospore showers of. 2,500,000 spores

t
per 2 fË.' caused 0.025 lesions per culm on Sentry and 5.25 lesions per

culm on Marquis. A heawy spore shower of. 57,450,000 spores per 2 ft.Z

caused 1.25 lesions per culrn on SenËry arrd 23.5 lesions per culm on

Marquis. The late-rusting characterisËic and sma1l uredia reaction in

some oat cultivars also seemed to be affected by inoculum load (Krull

er al. 1965; Luke et al. 1971). To screen breeding material for differ-

ences in infectibiliËy iË is obvious that consideration must be given

Ëo provide for a uniform inoculum load throughout the critical test-

phase.

The expression of non-specific resisËance in potato to PhvËophthora

ínfesËans can be influenced by nutrient supply. Lowings and Acha (1959)

found a positive correlation between high nitrogen levels and increased

blight resisËance. They aËtributed the increased resistance to a delay

in the onset of senescence. Main and Gallegly (L964) reported ËhaË when

potato plants l^7ere grolÁ7n in a balanced nutrient solution before inocula-

tion Ëhose wiLh non-specific resistance survived while those without

non-specific resistance died. I^lhen the same clones rtrere gror¿/n in a high
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concentrat.ion of nuËrients before inoculation boËh Ëhose with and wíËh-

out non-specific resisËance hTere kiLled'

Grainger(1956)detectedtwopeaksduringwhichPotaËoclonesare

relaËively more susceptible. These periods of increased susceptibility

were relaËed to Ëimes of slo¡,r growth, and to a high ratio of total

carbohydrate in the whole plant to the residual dry weight of the shooË'

The physíological condition of Ëhe plant aË the time of inocuLation or

cofiËact wiËh Ëhe pathogen appeared to influence the expression of

res is tance .

Plantagehasapronouncedeffectontheexpressionofresistance.

Seedlings may be quite susceptible" As they grow and develop' however'

resístaoce becomes expressed. A maËurescent Lype of resistance has

been deËected in wheat Ëo the Ëhree species of Puccinia, in potato to

P. infesËans, in cabbage to F. oxysporum f.sp. conglutinans, in corn

Ëo B:Erínia polysora aúd P. sorÊhi (Gorllden eË al.1930: Toxopeus 1958;

I{alker 1959; Zadoks 1961; }yck et al. 1966; Hooker 1967b; Van der Plank

1e68) .

Another type of onËogeneËic resistance is thaË type which is asso-

ciaËed wiËh the time required to reach maËurity. The non-specific re-

sistance of some potato and strawberry clones Lo Phytophthora sPP., and

the late- and slo¡¿-rusting characteristics of some oat cultivars is

positively correlaËed with maËurity (Toxopeus 1958; Luke 1971; Goodings

lg72). rhe association is sËrong enough that these authors suggesË

thaË iË may be difficult Ëo combine early maturity with resistance'
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SuscepËibility and resístance are phenotypic characteristics of

the host which resulË from Ëhe interaction of host, pathogen, and envi-

rorimenË" These three elements make up what Van der Plank (1968) calls

Ëhe disease triangle. The effects of each are equivalent" Modification

of the expression of resistance, hence, is to be expected and not Ëo be

treated as an excepËion.
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EXPERII"IE}TIAI, MATERIALS AND I"IETHODS

3"I Selection of the Parental Cultivars

In order to study the inheritance of post-seedling resistance of

a cultivar that culËivar must be susceptible to a race of stem rust in

Ëhe seedling sËage and become resistant to Ëhe same race in Ëhe post-

seedling stage. In Kenya the stem rust reaction of all of Ëhe conrner-

cial culËivars and the lines being considered for release are assessed

in field nurserÍes at Ë\,ro locaËions each year. The percentage of stem

tissue infected on Africa Mayo and Kenya Page was consisËenËly low re-

lative t.o Ëhe susceptible lÍnes in Ëhese nurseries. Because these tvro

cultívars e>rhibited good resistance in field stem rust nurseries, they

have been recornnended for conunercial production each year since their

release in 1960 and 1963 respectively. These tvro culËiva¡S I'7ere known

Ëo be susceptible Ëo a number of races of stem rust in the seedling

stage (Evans et al. 1969). llence, Africa Mayo and Kenya Page were se-

lected as sources of post-seedling resistance'

The cultivar Conley vras selecËed because it expressed the highest

level 0f resistance in field nurseries. It has also been used as a

source of sËem rust resistance in the wheat improvement program at Njoro.

The inheritance of stem rust resisLance of Hope to North American

strains of stem rust has been studied by Neatby and Goulden (1930) 
'

clark and Humphrey (1933) , Sears eE a1. (1957) , and Knott (1968 ' L97L) "

Ilope was included in this study to determine the inheritance of its posË-
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seedling resistance to two East African races of sËem rust, and secondly

to determine if the other three cultivars carríed the Hope gene(s) fot

post-seedling res istance.

The cultivar Florence Aurore hTas used as the susceptible parent in

the genetic analysis. In the seedling stage and in all subsequent stages

of growth it consistently gave a 3* to 4 infection resPonse" It was al-so

readily infected. The parentage and country of origin of each cultivar

Ís shown in Table 1 "

Table 1" The Parentage and CounËry of Origin of the SelecËed Cultivars"

CulËivar Parentage

CounËry
of

Origin

Florence Aurore

Hope

Africa llayo

Kenya Page

Conley

Florence/Aurore*

L{arquis /Yaroslav einner

hfríca/ltÍayo 484

Mentana/Kenya 5B/Bage

/3lxenya 184gl-

w2563+lLee+

Algeria

u.s.A.

Mexico

Kenya

u. s.A.

Pedigrees
(1e68) 

"

l{ayo 48

Kenya 1B4P

RL2563

Lee

illustrated according to the method proposed by Purdy et â1"

NewËhatch lMarroqui

Rel iance/3 /Nutcut/Florence/825 6

That ch e r/ 3 /lu1cMurachy / Excha n ge / 2 / 21) Redman

HoPe/Timstein
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3,2 The Purity of Parental Cgltivars

The genetic homogeneity of each cultivar was provided for by using

single seed propagation. Tr¿o samples of 16 - 20 seeds per cultivar rvere

inoculated at both the seedling and heading stage. One sample vras Íno-

culated with test-race EA4 and the oËher sample vras inoculated with test-

race EAB. One plant of each cultivar that had a typical reaction to the

appropriate test-race r,Ias harvested and subsequenËly increased' All of

the oËher planËs were discarded. Thus two seed supplies of each culËivar

hrere esËablished" One seed supply was geneÉically homogeneous for iËs

reactíon to EA4 and the oËher was homogeneous for its reaction to EAB.

The parental plants used in all cross-race combinaËions derived from the

appropriate seed supply. For example, to produce a backcross poplllation

of Conleyf2"æ Florence Aurore that \,Ias Ëo be inoculated wiËh EA4, the

parental source of Conley and Florence Aurore derived from the original

seed source that had a Ëypical reacËion to EA4.

By establishing two seed supplies of each culËivar rather than one,

it was possible to reduce the amount of time required to carry out the

sËudy. The auËhor had only a limiËed period of time in Kenya during

¡¿hich Ëo conduct the sËudY.

3.3 Grov¡ing the Parents and Progenv

In order to circumvent the problems associatecl with inËerpretíng

host-pathogen relationships based on data collected from field nurseries,

Ëhe parents and Progeny were grol^In and tested under greenhouse conditions '



37

Problems associated wiËh field Ëests rnrould be a lack of control over:

(1) the distribution of stem rust races in space and time, (2) unÍformity

of inoculum in space and time, (3) maturity differences, and (4) nicro-

environment differences boËh within and beËween seasons.

The parenËs and progeny lì/ere gro!/n in plastic pots 12.5 cm ín dia-

meËer. Four or five seeds v/ere planted per pot. The poËs vrere placed

on greenhouse benches 76 cm x 244 cm" Supplementary lighting for 18

hours per day was provided by a bank of L25 watt fl-orescenL tubes ' The

greenhouse consisËed of four similar benches ËhaË r,rere isolated from each

other (Figure 1) "

The seeds were dressed with uMilstemt to conLrol powdery mildevr and

tDieldrex Mt Lo control soil borne fungi and insects. A small amount of

8-40-0 fertilizer with 1% copper was applied at the time of planting and

again when the Plants had headed'

Meterological data collected at Ëhe Plant Breeding sËation, Njoro

during 1971 is illustrated in Tables 2 ' 4'

3"4 Size of PoPul-ation Used

Because of the problems associated with inoculating and incubating

adult planËs and the greeenhouse space required to gro\"7 plants to matu-

riËy, minimum populaËion sizes were used" In order to reduce the size

of population required to establish a genetic ratio and Ëo distinguish

between more than onä probable ratio, each source of post-seedling re-

sistance was backcrossed once to the suscepLible culLiVar Florence Aurore'
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Iab¡e Z" Average Weekly Maximum and Minimum Temperatures in the Green-

house with Supplementary Lighting During I97L'

Ave. Ave.

Max" 
oc 

Min.oc Date

Ave. Ave.

Max. 
oc Min. oc

Ðate

Jan. i- - 7

8-14
L5-21
22-ZB
29- 1+

Feb" 5 - 11

t2-L8
L9-25
26- 4

Mar. 5 - 1-1

12-18
-19 - 25

26- 1

April ?- - B

9-1-5
L6-22
23-29
30- 6

May 7 -1-3
L4-20
?-L - 27

28- 3

June 4 - 10
L1-17
tB-24
25- 1

30.5
31 .0
30"0
30"0
30 "0

32"2
32.8
35"6
37 "8

35 .0
35 .0
32 "O
31" 0

28"9
32.2
35.6
28.9
36 "7

31.0
32.8
32 "B
33.3

33 .3
???

30.5
30"5

9"4
10.0
LL "7
tt "7
LT "7

10.0
10"6
10 "0
9"4

11" 1

11"1
L1"1
LI "7
.IL 

"7
13"9
t4.4
T2 "B
12. B

12"8
t3.4
LL "7
T2 "B

8.3
10.6
10.6
10 "0

29.5
32 "2
30"5
31.6
32 "B

30"5
27 "B
27 "8
32 "8

32 "8
35 .0
36"1
29.5

33.9
32 "2
32.2
33"9
32.2

32.2
32.8
28 "3
30.5

31 .6
28.9
30"0
30.0

10.0
10.6
10"6
8"3
8.9

10.0
10.0
LL.7
10 "0

8"9
8.9
8.9

10.6

9"4
8.9
9"4

10"0
10"0

8.9
8.3
8.9
8.9

8.3
11" 1

L0.6
10.0

July 2- I
9-15

L6-22
23-29
30- 5

Aug. 6 'L2
13-19
20-26
27- 2

Sept" 3 - 9

1-0 - 16

\7 -23
24-30

Oct" 1- 7

8-L4
T5-2I
22-28
29- 4

Nov. 5 - 11

12-L8
L9-25
26- 2

Dec" 3- 9

10-16
L7 -23
24-30
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Table 3. Sumnary of Ralnfall Obsewed in nrn at thc Plant Breedlng Statlon, NJoro, Kenya Durlng
197r.

Dâte Jan. Feb. AprÍ1 May June Ju Iy Aug. SepË. Oct. Nov. Dec.

1-
2-

4-
5-
6-
7-
8-
9-

I0 Trace
tl
T2

l3
t4
i5 0.8
t6 25.4
L7 16. B

18 Trace
19

20
2t
LL

¿J

/+
z) u.y
26
LT

zó
ZY

30.
31

- 7rì - nì
- 33.1

0.1 5.0
I .6 1.9

6.4
8.4

0.7
to
o:,

Trace
2.4
q.J

I.)

l7 r

36.3

2.L
8.3

I ..+

0"1

2.O
Trace
o.t

0.7

2.4
1q
0.1

:

o.¿
t_,

tro""

0.1
0.4

Ã

0.5
8.5
õ.¿+

- 14.8
- 32.6

4.2 I.4

0.5 34.0
0.6

17.3
Trace 

_

sôn - ì t
17.3 11.6

L .1 0.q
5.¿
t.¿ rrâce

rl.9 10.5
- Trace 9.3

2.L
0.6
7.O
5.2

LA.L

t1

I3.l
7.0

)1
8.5

tB.2

23.8

4.)

3.0

lrace
7)

ó.¿

ô1
Ê,t

0.6

6.0
).J

t:, 
-

= 0.4
- )n

0.5 14.0
0.2 1.0

2.4 0.4
- 5.4

t.J ¿l .o
8.4 2.6
) \ lÁ 1

6.0 4.2
0.3 | .2

13.6 0.5
).t v-t
0.4 Trace
4.t 0.5
X Trace

Trace

fto..

Tra ce

L.2

o.7
0.6
t:t

8.7
1.8
ö. t

o:t

0.6 - 3.2 2.5
LJ.l - l..l

- 0.4 0.2 1.8
0.5 L2.s 4 .I o.2
l.L 6.2 f8.7 Tracc
0.3 - 7.0
x - x 4.5

q q oL

8.5 L.4
18.1 9.3
6.6
4.5 x

llonthly 43,9
Toual

Grand Total 9U+.1 ¡mn-

Nit 2t.7 134 .2 r34.2 146.7 5s.4 r73.8 7 5 .3 L6 .4 51.1 61.3
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Table 4" Average Number of Hours of
at Plant Breeding SËation,
l97t "

Bright
Nj oro,

Sunshine Per DaY

Kenya Dur ing

Month Hours Month Hours

Jan.

Feb "

l"Iar "

April

May

June

8"3

9"3

7.3

6.0

6"4

6.3

July

Aug.

Sept.

Oct "

Nov.

Dec.

6.2

6"2

6"1

7"8

6.2

7"O
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1,he method proposed by Hansen (1959) r¿as followed to calculate the mini-

rmrm population size. More Ëhan 100 first generation backcross (3C1F1)

seeds were produced for each cultívar-race combinaËion. Each BC'F, Line

derived from a single BCttt planË. The within UCttZ line size vras based

on the probability of distinguishing between a line that was segregating

from a line that was homozygous susceptible.

To determine the símilarity or dissimilarity of the genes being

carried by the sources of resisËaÍ'Lce a diallel analysis was conducËecl .

Large numbers of F, lines \Árere not screened because of the limitations

imposed by the requirements to handle large numbers of adult plants in

Ëhe greenhouse. The identification of susceptible F, plants that gave

rise Ëo homozygous suscept,ible F, lines was considered as evidence that

the parenËal cultivars carried different genes for PosË-seedling

res is tance.

3.5 The Test-Races of Puccinia graminis f"sp. tritici

The specËrum of resistance of a cultivar r¡ras assessed by inoculaËing

the cultivar in both Ëhe seedling stage and post-seedling stage with

eight different races of stem rust. Races EA3, EA4, EA7, EA8 and EA13

were selected because of their virulence and prevalence in race surveys

carried out in Kenya (Green et al. 1969; Harder et al. L972). the races

C10(158-1), C25(38), and C50(158-5) were chosen to evaluaLe the resíst-

ance of these cultivars to some Canadian sËrains. The East African and

Canadian race numbers, virulence forrmrlae, and Itstandard" race numbers



of the eight races are lisËed in Table 5.

To keep the study withín manageable limits only two East African

races were selecËed Lo determine the inheritance of post-seedling resíst-

ance. Races EA4 and EAB were selected because Ehey were known to be

virulent on seedlings of the five cultivars (Evans eË al" l-969). These

tÍro races, therefore, would be abl-e to deËect those resisËance genes

that become effective after the seedling stage"

Iu addition, ïaces EA4 and EAB had virulence on a number of the

cormrercial cultivars" They also had vírulence on CT L2632, a T. Ëimo-

pheevi derivative, Èhat had been used exËensively as a sources of resisË-

ance in the wheat improvement program (Dixon 1960; Evans et al" L969) "

New host genes wiËh resistance to Ëhese Ëwo strains of the paËhogen,

were needed for the development of rust resistant cul-tivars.

3.6 The SPrity and Incrga¿e of the Inocula

A differential seË and 10 - 20 poLs of seedlings of Florence Aurore

were inoculated with a culture of each race. The inoculated maËeriaI

was kept ín isolated compartments " If the race keyed out on the differ-

ential set without any Ërace of eontamination, Ëhen the increase of the

race-culture l{as deemed pure" The urediospores were collected and used

inrnediately. This procedure was followed Ëo check Ëhe purity and ensure

Ëhe viability of Ëhe inocula used for every test.
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Table 5. Stem Rust Race Numbers, Their VÍrulence Fonnulae, and rrstandardt'

Race Equivalent.

ttStandardtt

Virulence Formula Race

East African Race No.

EA3

EAl3

Canadian Race No.

c10 (1sB-1)

c25

cs0 (1sB-s)

2 14 ,5 ,B rr5 ,22* 295

L"7 rzLr23

2,4,8,L5,22 295

4A

l121415 r7 ,BrzLr23

41517 r8rL5 r23

L,2,2L,22

EA4

Lr517,2L,23

BA7 5,L5,22

l121417 "Brz|r23

EAB L5,22

40

34

6 r7 ,8, GB*t'

1" 5,9a,9b,10, 11,13 ,14,L5,L6,L7

158

3B

158

5,6,7,10,11,15

7rB

L, 5, 6, 9 a, 9b r10, 1l rL3,t4 r15 rL6,l7

* Differential cultivars: 1 = Reliance; 2 = Kota; 4 = Vernal; 5 = H-441;

7 = Marquis-Srl1; B = GLza I44; 15 = CI 8154-Fro"or2i 2I = Renor¿n selec-
tion containing sr17; 22= Iumillo; 23 = Kenora.

tb* Differential cultivars: The differential number corresponds to the
identified ttsingle-genett transferred into a Marquis background.

Adapted from Green (197f) and llarder et al. (L972).
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3"7 Method of Inoculating Seed!íngs

hlhen the first leaf v¡as 7-10 cm 1ong, the seedlíngs were ínoculated

by air-spraying urediospores of pure cultures suspended in Mobilsol-100

oil. The excess oi1 on the seedlings was allowed Ëo dry off. before they

were placed in moist chambers" The seedlings were fogged with a fine

spray of water and left in the moist chamber for 18 - 20 hrs " After

incubaËion the seedlings vrere transferred to greenhouse benches. Infec-

tion types v/ere recorded 13 - 15 days after inoculation"

3 "8 Uethod of Inoculating*,Post-Seedlings

Pr¡re fresh inoculum v-as colLected from seedlings of Florence Aurore"

A concenËraËed suspensíon of urediospores in Mobilsol-100 oi1 was sprayed

on Ëo planËs anyËime afËer the 5Ëh leaf stage but before floweríng" The

excess oi1 on the plants \^Ias allowed to dry off before the plants were

placed in moist chambers " The plants were fogged with a fine spray of

!,7ater and 1ef t in the chamber at high humidity for 18 - 20 hours. After

Ëhe incubation period the plants vrere transferred to greenhouse benches

and the supplementary líghting switched on. In order to permiË the pus-

tules to develop to maximum size, the reaction Ëo sËem rust r¿as recorded

T9 - 22 days after inoculation"

3.9 Recording the Stem Rust Reactions

The classification of infection types on seedlings and

was ín accordance vrith Ëhe system Proposed by Stakman et al.

fection types ranging from 0; to 1, I+ to 2, 2i Lo 3 and X,

pos t -s eedl ings

(L962). In-

'^+tano J' f,o +



46

rvere considered Ëo correspond to resisËant, moderaËely resistant' moder-

ately suscep¡ible, and susceptible host reactions' respectively' Moder-

aËely resistant and moderately susceptible reactions vlere considered as

degrees of host resistance. The percentage of the plant area infected

$ras esËimated in accordance with the modified Cobb scale" trrfhenever pos-

sible the infection type and level of infection were recorded for the

flag leaf, flaf leaf sheath, and stem region below Ëhe flag leaf"

Fost-seedlings vrere classified as suscePtible if the pustules were

Large and coalesced, if the leaves, leaf-sheaths and sËem were all

equally susceptible Ëo infection, and if there rtTas more tliran 207" infec-

tion. Because Ëhe parents had only inËermediate levels of resistance,

the progeny v/ere classified as moderately resisËant, moderaËely suscep-

tible, and suscePtíble.

3"10 Tests for Goodness of Fit

The Chi-square goodness of fit procedure was used to comPute the

probability that the observed segregaËion ratio fitted a hypothetícal

raËío. Yates correcËion facËor (Snedecor and Cochran 1967) was used

whenever Ëhe number of either of the expected classes r'las less than 30.



CHAPTER 4
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EXPERIMENTS CONDUCTED

4.1 SEED],ING AND POST-SEEDLING REACTIONS OF FIVE I'IHEAT CULTIVARS TO

EIGI{I RACES OF STEM RUSÏ

Ieqg-ég-ction

In order to develop a cultivar of wheaË resistant to the sËem rust

paËhogen employing a program of hybridízatíon. and selection, Ëhe planË

breeder requires ParenËs which between Ëhem have resistance to all the

races in Ëhe epidemiological area. A judicious selection of parents can

be based on a knor¡ledge of eacb cultivar's spectrum of resistance which

can be det.ermined by tesËing the host to a seri-es of pure race cultures'

Wheat cultivars and lines have been screened ín Ëhe greenhouse and

field to some of the East Afrícan races of stem rust (Evans et al' L969;

Harder gL aL. Lg72) " From these Hope, Africa Mayo, Kenya Page, and

Conley rnrere chosen for furËher study because they exhibit a good 1evel

of resisËance in the fieId"

The purpose of Ëhis experimenË was: (1) Ëo compale the seedling

and post-seedling reacËion of each cultivar to 5 BasË African races of

stem rust and 3 Canadian races, and (2) to evaluate the spectrum of

resistance of each cultivar.

Materials and Methods

The five cultivars Florence Aurore, Hope, Africa Mayo, Kenya Page,

and Conley vtere grol,Tn in field stem rust nurseries Ëogether wiLh numerous
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otherentries.TheirreactiontostemrustandPercentageinfection

are listed in Table 6.

Tocomparetheseedlingandpost-seedlingreacËíonsofËhefive

cultivars to five East African stem rust races' five pots of each cul-

tivar were planted. Five seeds uTere planted Per pot' The seedlings

wereinoculatedwithpurerace-culturesofEA3'EA4'EA7'EAB'and

EA13 (.f. chapter 3.6 and 3.7)" the seedlings were incubated for 18 -

20hrs.inachamberathighhumidity.FourËeendaysafterinoculation

Ëhe infectíon types \¡rere recorded

AtabouttheheadingsËagethesameplantswereagaininoculated

(cf.ChapËer3.B)withpureracecultures.Plantsthathadbeenino-

culated with a parËicular race in Ëhe seedling stage were inoculated

with the same race. The infection type and percentage of infected area

were recorded abouË 21 days afËer inoculaËion (cf. chapter 3'9)"

Thesameprocedurewasfollowedlat'erinCanadatodeterminethe

seedling infection response of the culËivars Ëo c10(158-1) , C25(38) ' and

c50(158-5). The technique of inoculating plants at about the heading

stage was modified. The plants were sprayed v¿ith a mist of vTater con-

taining Tween-20. urediospores from sporulating pusËules on Little club

were transferred by fingers onto the leaves and stems of the test-plants"

The field stem rust

Results and Discussion

reactions and percentage infections for each

cultivar for each of five years are recorcled in Table 6' Each year the
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Table 6. The Field Reactions
f.sp. trítici.

of Five Wheat CulEivars to P. graminis

Cultivar

Year

Florence
Aurore Hope

Africa
Mayo

Kenya
Page Conley

L967

1968

L969

1970

L97T

70S*

80s

60s

60s

B0s

tR-I'lR

r l4s

TR-tS

IMS

10 MS

2s

3R-S

5S

5MR-MS

10 MS

5MS

R

MR-10

MR. t
5MR

TMR

10 MR

TMS

ËMR

5MR-ts

10

5

r"tò

MS

o O"r" adapËed from stem rusL reacËions

in the Stem Rust Parental CollecËion
Breeding Station, Njoro, KenYa'

that \^tere recorded on cultivars
and Wheat VarietY Trial I, Plant

stemsofFlorenceAurorelùerecoveredwithalargepercentageofsuscep-

tible pustules. The reaction class and percentage infecËion of each of

the other cultivars 11ope, Africa Mayo, Kenya Page, and conley varied

considerably from year Ëo year (Table 6) " In some years a very low per-

centage of susceptible pustules occurred on the stems of Hope and Africa

Mayo. It should be pointed out that these readings vTere not taken by

the same person each year. some r^rorkers might have scored the most sus-

cepLiblereacËionfoundint'heplotasthetypicalreaction.Alsothe

susceptiblepust'ulesrecordedmayhaveoccurredinregionsofgreater

susceptibility. PeLerson (1931) noted that large stem rust pustules

could be found around the node, on the stem riear the auricle, and on the

peduncle. In any case the level of resistance exhibired by these four
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cultivars \,¡ould give them adequate proËection under field conditions '

The seedling infection types and post-seedling reactions of the

five cultivars to eíght races of stem rust as obtained from greenhouse

tesgs are presented in Table 7. Florence Aurore !r'as susceptíble in the

seedling and post-seedlíng stage to all races except c25 to which it

expressed moderaËe susceptibility in both stages of development" Tlhe

seedling reaction of Florence Aurore, Ëherefore, can be used as a relí-

able prediction of its post-seedling reaction'

In the seedling sËage Hope was susceptible Ëo all test-races except

c25. Seedlings of Hope inoculated with tace c25 produced a 2* infection

respolLse whereas it produced a 3* to 4 infection response v¡hen inoculated

rsj,th the oËher Ëest--races. In the post-seedl ing stage, however, Hope

expressed moderate susceptibility to all races. Therefore, the seedling

Ínfect:ion response failed to predict the post-seedling reaction' The

post-seedlings of Hope expressed a degree of resistance to those races

r¿hich were virulent on Ëhe seedlings "

þ,fríca Mayo had no seedling resistance to the tesL-strains of the

paËhogen (Table 7). Post-seedlíngs, however, developed a moderately

resistant reaction to races EA3, EA7, E413, and C25. To Ëhe other races

BA4, EAB, C10, and C50 post-seedlings of Africa Mayo expressed moderate

susceptibilitY "

I^Ihen seedlings of

infection resPonse \'.las

susceptible to all the

Kenya Page ruere inoculated with race EA3 , a ; (2)

obtained (Table 7). Seedlings of Kenya Page were

other test-strains of Lhe pathogen (Table 7)' In
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Table 7" The Seedling Infection Type and Post-Seedling Reactions of Five
ItrheaË Cultivars to EighË Stem Rust Races"

Cultivar
Forrmrla

No"

ttsLandardtr

Race No.
Florence
Aurore

Africa
MayoHope

Kenya
Page Conley

EA3

Seedlings
PosË -Seed1 ings

EA4

Seedl ings
Pos t -Seed1 ings

BA7

Seedlings
Pos t-Seedlings

EAB

Seedl ings
Post-Seedlings

EA13

Seedlings
Pos t-seedlings

c10
Seedlings
Pos t -S eedlings

c25
Seedlings
Post-Seedlings

c50
Seedlings
Pos t-Seedl ings

295

295

158-1

158-5

;L
R

3

MR

;2
t{R

3+
l,IR

3+
MR

3+
S

ù

4
S

L'T

MS

.+

ù

3+
l4s

3+
MS

J-r
l4s

3+
I4S

J-r

Ì,fS

J-r

MS

2+
MS

+

MS

3+
MS

3+
MR

J-r
l,fs

J-r

l4R

3+
MS

J

MR

4
MS

3+
MR

3+
MR

J'1-

MS

3

I,IR

4

MS

23crl
MR

2+
MR

3+
MR

40

40

34

38

3+

S

(+

ì)

"2
R

3+
l,IR

J

MR

t¿

R
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Ëhe post-seedling stage Kenya Page was moderately resistant Ëo all races

except to c10(158-1) and c50(158-5) to which it v¡as moderaËely susceptible'

conley differed from the other cultivars in that it expressed seed-

ling resistance to several races (Table 7). In the post-seedling stage

Conley cont,inued to be resistant to these races. On the other hand races

EA4, EAB, ClO, and c50 had virulence on seedlings of conley. In the post-

seedling stage Conley expressed a moderately resistant reaction to these

same races "

typical post-seedling reaetions of the five cultivars Lo races EAB,

c10(158-l-), and c50(158-5) as expÏessed under greenhouse conditions are

shown in Figures 2 and 3. The pustules that developed on the stems of

Florence Aurore were large, confluenË, and ruptured the epidermis ' No

chlorosis or necrosis were observed around the pusËu1es- Florence

Aurore offered no resËriction Ëo Ëhe developmenË of the stem rust fungus '

ïhe pusËules Ëhat developed on Ëhe stems of the other cultivars

remained distinct and did noL coalesce (Figures 2 and 3). Chlorotic

and necroËic areas surrounded the pustules. Occasionally the chlorotic

areas developed only at either end of the pustules on the sEems of Hope

and Africa Mayo. The development of the sËem rust pathogen hras restricËed

as evidenced phenomenologically by the characteristics of the aegricorpus'

Generally, the seedling reactiorr of a cultivar can be considered a

relÍable indication of the level of resistance it I^7i11 l-rave aË subsequent

stages of developmenL (Goulden et al. 1930; Green and Knott L962) ' How-

ever, some cultivars may be resisLant in the seedling stage and



FLORENCE

AURORE

TlOPE

CONLEY

Fígure 2. TYPical stem rusË
HoPe, Africa MaYo,

race EAB (40)'

AFRICA

MAYO

KENYA

PAGE

stems of Florence Aurore,
Kenya Page inoculated with

reactions on

Conley, and



FA HOPE AFM C],Y KPG

TIOPE Ar'M CLY KPG

Typical stem rust reactions on
Hope, Africa Mayo, Conley, and
(158-1) (upper photograph) and
graph) 

"

sËems of Florence Aurore,
Kenya Page to races C10
C50(158-5) (1ower photo-

Figure 3.
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subsequently lose their resistance (Duff 1954; Evans et a1. L969) ' Other

cultivars may be susceptíb1e in the seedling stage but become resistant

sometíme afLer the seedling stage (stakman and Piemeisel 1917). The

resist-ance of Hope, Africa Mayo, Kenya Page, and conley fall into the

LaË.ter category.

A cultivar Inay possess more than one ËyPe of resistance. conley

has seedling resistance to EA3, EA7, E413, and C25 and post-seedling re-

sístance to the other four races. In general, Ëhe seedling resistance

of Conley conditions a more resisËant reaction than does its post-

seedlíng resistance. The seedling resistance is effective throughout

the life of the plant. Therefore, seedling resistance is epistatic Ëo

post-seed1íng res istance.

A cultivar ín. i:he

a uniform reaction to

was moderatelY suscePt

post-seedling stage did not riecessarily express

all test-races. In the posË-seedling stage lÌope

ible to all races whereas Africa lufayo and Kenya

Page were moderately resistant to some races and moderaËely susceptible

to other races.

It is noËeworthy tha¡ none of the eight test-races produced a 3*

or 4 infection type on post-seedlings of Hope, Africa Mayo, Kenya Page,

or Conley. This may be an indication of horizontal resisLance as de-

fined by Vr-rn der Plank (1968) " The eight Lest-races, however, constitute

a verJ small sample of the virulence within the toLal stem rust pathogen

population. AL some future date an isolate of stem rust nay be identi-

fied that has virulence on conley but not on }Iope, Africa Mayo; and
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Kenya Page. This would result ín a differential inËeracËion and thereby

prove Ëhat post-seedling resistance is

sisËance. Adult plant resistance to P"

noË equivalent to horizontal re-

recondita apparently conforms to

the gene-to-gene model (Dyck et a1. 1966). Bartos et al. (1969) demon-

straËed that the adult plant resisËance of ThaËcher to leaf rust hTas race

specific. This precedent should prevent one from assuming a priori Ëhat

post-seedling resistance to r¿heat stem rusL is identical with horizontal

resisËance.
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4 "2 THE STAGE OF DEVELOPMEI{I DIIRING hrlIICH RESISTANCE TO STml RUST

BECOMES EFÏ'ECTIVE

Introduction

In 1917 Stakrnan and Piemeisel reported Ëhe phenomenon Ëhat young

plants of some wheat culËivars ürere more susceptible to Puccinia graminis

than older planËs" Cultivars such as Yaroslav ermter, Iumillo, Acme,

Pentad, and Kota became resistanË as they approached flowering to races of stem

sËem rust to which they had been suscepËib1e in Ëhe seedling stage (Hursh

L924; Goulden eË al. 1930). Craigie (1957) noted that Regent and Redman

wheat developed resistance about the fifth leaf stage Ëo a number of

races to which they had been susceptible in the first leaf sËage. Sínce

Ëhen very little work has been done to deËermine the stage of develop-

menË during which the posË-seedling resistance of a cultivar becomes

effective.

The ob.ject of this experíment was: (1) to determine the stage of

development during r¿hich the cultivars, Hope, Africa Mayo, Kenya Page,

and Conley developed a degree of resistance to sLem rust races EA4 and

EA8, and (2) Ëo tesË for a race by stage of development interaction.

Materials and Methods

Each of the five cultivars Florence Aurore, Hope, Africa Mayo,

Kenya Page, and Conley was planted on a series of seven dat.es. There

v¡ere seven days between planting dates. The cultivars were planted and

gror,rn as described in Chapter 3.3. DuplicaËe seËs of each planËing date
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I¡Ief e gfo\{n.

When the plants from the first planting daËe of the fastest growing

cultivar, Florence Aurore, vtere in the pre-milk stage, the stage of

deveiopmenE for all of the cultivars in each planting date vras assessed

and recorded" The stage of development was determined by utilizing the

modified Feekes scale as published by Large (1954). The number of leaves

that had completely emerged was considered Ëhe ttleaf-stagettof the plant.

One seË of all seven planË.ing daËes of all Ëhe cultivars rüas inoculated

wíth a pure culture of race EA4 (Chapter 3.7 and 3.8)" The other set

was inoculaËed wiËh sËem rust race EAB. The plants were incubated for

18 - 20 hours in a moist chamber. Fourteen days laËer the infection

types on the plants of the Last three planËing dates vrere recorded"

Twenty days after inoculation Ëhe sËem rusË reaction and percentage in-

fecËion on Ëhe plants of the fírst four planting dates r^rere assessed

(Chapter 3.9). The above procedure rüas repeated about five months later.

Results and Discussion

The stages of development for each planting date that Ëhe cultivars

had attained at the time of inoculaËion are listed in Table B. The cul-

tivars did not grovr aË the same rate. For the first planting daÊe the

fastest growing cultivar, Florence Aurore, was in the pre-milk stage

while the slor¿est growing cultivar, Conley, was in the boot stage" All

of the cultivars in Ëhe lasË planÈing date were in the first leaf sËage.
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Table 8. The SËage of DeveloPment* for
Planting Dates at the Time of

Five Cultivars in Each of Seven

Inoculation.

Planting
Date

Florence
Aurore

Africa
Mayo

Kenya
Page ConleyHope

T

II
TII

TV

v

\Æ

VII

Pre-milk

Flowering

BooË

Flag Leaf

5Ëh Leaf

3rd Leaf

1st Leaf

Boot

Flag Leaf

5th Leaf

4t}:. Leaf.

4t}:. Leaf

2¡d Leaf.

lst Leaf

Flowering

BooË

Flag Leaf

5th Leaf

4t}:. Leaf

2nd Leaf

1st Leaf

Flowering

BooË

6th Leaf

5th Leaf

4th Leaf

2nd Leaf

1st Leaf

Boot

Flag Leaf

6th Leaf

5th Leaf

4tl:. Leaf

2r.d Leaf

1sË Leaf

As described by Large (L954).

The reaction of the five cultivars to race EA4 at different stages

of development Ís presented in Table 9. Florence Aurore vras suscepËible

at all stages of development. The reacËion class of Hope changed from

S Ëo an X and then to an MS. Thereafter Ëhe Hope reaction Ëo stem rust

race EA4 remained unchanged. The critical stage of development during

which Hope became resisËant would have been the 4th leaf stage.

Íhe reaction class of Africa Mayo changed from S to MS betvreen the

4th and 5th leaf stage. Kenya Page became progressively more resisËant

Ëo race EA4, reaching a maximum by the 5th leaf stage" The reaction

class of Kenya Page changed from S Ëo X, to MS, and finally Ëo ì{R' Simi-

larly the resistance of Conley increased and became MR by the fifth leaf

sËage. The critical sËage of development during which the resistance of
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Kenya Page and Conley first became expressed

2nd leaf and 3rd leaf stage.

would have been the late

Different Stages of
Race EA4.

Table 9. The Reaction of Five WheaL

Development to !. graminis
Cultivars at
f.sp. tritici

Cultivar
Planting

DaËe

Florence
Aurore

Africa
Mayo

Kenya
Page ConleyHope

I
II

TII
IV

V

VI

VII

MS

¡ts

MS

MS

x

S

I,fS

MS

I,fS

l,fs

S

S

S

MR

l,IR

MR

ì,lR

ì,fS

X

S

MR

MR

¡,lR

MR

MS

MS

S

S

S

S

b

S

S

S

Ihe reaction class of the 5 cultivars inoculated with race EA8 at

different stages of development are recorded in Table 10" Florence

Aurore \4ras susceptible at all stages of development. The other four

cultivars began to express resistance during the same stages of develop-

ment Ëo race EAB as they did to race EA4. That is, the resistance of

Hope developed <luring the 4th leaf stage. Siniilarly the critical stage

of development during rvhich the resist.ance of Africa l"layo became ex-

pressed was the 4th to 5th leaf stage. I(enya Page and Conley first began

to express resistance during the latc 2nd leaf stage and the expression
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of resisLance íntensified up to

mained constant"

the 5th leaf stage and thereafter re-

Cultivars at Different Stages of
Race EAB.

Table 10. The Reaction
Development

of Five Wheat
to B. graminis f.sp. tritici

Cultivar
Planting

Date
Florence
Aurore

Africa
Mayo

Kenya
Page ConleyHope

ï
IT

III
rV

V

\ru

VIT

MS

lfs

t4s

MS

S

S

S

MS

l,fs

MS

lrs

S

s

S

MR

MR

MR

MR

MS

x

S

MR

MR

MR

MR

MS

MS

S

S

S

S

S

S

s

S

There \^ras no race by stage of developmenË interaction. The culti-

vars became resistant aË different stages of development, but the stage

of development at ¡qhich a cultivar became resistant vlas a characteristic

of the cultivar and was not influenced by the race.

It should be emphasized that the determination of t'1eaf-stagett was

based on the number of leaves that had completely emerged. This crite-

rion does not Eake inLo account the extent to rvhich the next leaf had

protruded up through the previous leaf's sheath. The choice of this

criEerion, even if arbitrary, pennitted an easily recognizable ttleaf -
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stagerr.

I^Ihen seedlings of culËivars known to possess post-seedling resist-

ance are inoculated with a race culture, the infection type on the lst

leaf should be taken as characteristic of the seedling only. Clipping

back the young planË and re-inoculating iË or inoculating successive

leaves rnay not necessarily provide an accurate assessment of iËs seedling

reaction.

Studies of the post-seedling resisËance of some v¡heat cultivars

to Puccinia recondita also shov¡ that all- cult,ivars do not become resist-

ant aË Ëhe same sËage of development (Samborski and Ostapyk 1959;

Anderson L966) " Furtherrnore, Lhe expression of leaf rust resist,ance may

intensífy and reach a maximum at abouË the flag leaf stage. Samborski

and Ostapyk (1959) concluded that the distincËion between seedling re-

sistance and posË-seedling resistance was not very clear.

Green and KnotË (L962) hypothesized that, in the seedling stage a

seedling resistance gene may be ineffective agaínst some races but it

may become effective against these same races at some subsequenË onto-

logical stage. In such cases the resisLant reaction may be due to a

meLabolite whose production is controlled by this gene. In the early

growth phases the concentration of thís metabolite nËìy be too lorv for

resistance to be expressed. As production of this metabolite continues

the concentration of it passes a critical threshold and resísLance becomes

expressed. Alternatívely the resistance may not be controlled

siological mechanism but rather by a morphological mechanism,

by

In

a phy-

any
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event the plant musL reach a definable ontogenic stage before resistance

is expressed. If the pathogen determines the stage of host development

arwhichresistancebecomesexpressed'thenaracebystageofdevelop-

ment interaction would be expect.ed. No such interactíon v¡as detected in

this exPeriment"
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4 "3 THE INHERITANCE OF POST-SEEDLING RESISTANCE IN FOUR WHEAT CULTIVARS
TO TWO RACES OF STfrf RUST

,ï,ntroduction

Biffen (1905) reported that the resistance of some wheats r,o

Puccinia striiformig was inherited as a Mendelian character. His report

met scePticism. Yet by L946 t}.e list of wheat genetic studies compiled

by Ausemus et al. (L946) contained a substantial number of works Ëhat

dealt with the inheritance of disease resístance. Most of Ëhese inheri-

tance sLudies of disease resi-stance were performed in field nurseries

wiËh little conËro1 over the variability of virulence within the Ëest,-

paËhogen in space and time, and no control over environmental cond.itions

within and beËween seasons. Consequently the results vrere ofËen diffi-

cult to interpret.

Flor (1956) proposed Ëhe gene-for-gene concept to explain host-

pathogen interactions" Since Ëhen Ëhe experimental design used to study

host-parasite interactions has been based on this concept. The progeny

from a cross betI,Teen a resistant and a susceptible host is tested to a

Pure race-cu1t.ure of the pathogen. The raËio of resistant to susceptible

progeny provides an estimate of the number of genes controlling resist-

ance in the host.

An experiment rrlas designed to investigate the manner in which post-

seedling resistance was inherited and the number of genes controlling

its expression in four wheat culÊivars to tv/o races of stem rusr.
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MaËerials and l"feËhods

The four sources of post-seedling resistance, Hope, Africa M"Ío,

Kenya page, and Conley, rrrere each crossed and backcrossed Ëo Florence

Aurore which is susceptible in all sËages of growth. About 250 - 300

backcross seeds (BC'F') were produced for each donor parent. The parents

and each BCIF' population vrere planËed in plastic poËs in the greenhouse

(Chapter 3"3). At about the ear emergence stage, Ëhe Parents and pro-

geny vrere divided into two grouPs of equal síze. One group r.las inocu-

lated wiËh a pure culËure of stem rust race EA4 (295) and the other grouP

was inoculated r,¡iËh a pure culËure of race EA8(40) (Chapter 3.8). RusË

reactions r^7ere recorded three weeks after inoculaËion (Chapter 3.9)

The progeny of a random sample of 25 tCttt planË.s from each Tace-

cross combination r^7ere also tesËed to races EA4 and EA8" The parents

and about 16 - 25 seeds Per BC'F, backcross line were planËed. At about

the ear emergence stage the backcross lines and parents vrere inoculated

wiËh the appropriate Ëest-race. If the BC'F' planË had been inoculated

wiËh race EA4, then Ëhe progeny of Ëhis plant ülas also inoculated with

EA4. Símilarly the BC'F, lines that Inrere inoculaËed with race EA8

derived from BC'F, plants that had been inoculated r^7ith EA8. Because

there was limited greenhouse space, only two race-cross combinations

trere growrt and inoculaËed at a Ëime.

The term ttbreeding behavior of a linerr is used in this Ëhesis to

indicaËe that a line is either homozygous for reaction or segregaËing

for reaction. AfËer the BC.F^ lines of each cross had been inoculated
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vüíth race EA4 and Ëheir breeding behavior determined, they were gror¡¡n

to maturity. The plants within each BC'F, 1i.ne were bulked together at

harvest to produce BC'F, bulk seed" A sample of 5 - 7 BC'U¡ bulks per

cross and the parents were planted. At about Ëhe ear emergence stage

the material was inoculated with a pure race culture of EAB. Rust re-

actions r{ere recorded 2L days after inoculation. The breeding behavior

of each BC,F^ bulk inoculaËed with EAB vras compared to ¡þs þ¡ssrlíno
IJ

behavior of its BC'F, progeniËor thaË had been inoculated with EA4"

Control plants of Florence Aurore were incruded each Ëime thaË seg-

regating material r"ras t,esËed to a race. If the average level of infec-

Ëion on Florence Aurore was less t]nar. 20%, the inoculation and/or incu-

baËion conditions for that partieular test !,Iere considered to have been

less Ëhan optimum. In such a case Ëhe rusË reactions \,úere not recorded"

The rr,ateríal r¡as grovrn to maturity and subsequently progeny tested.

The Chi-square goodness of fiË Ëest \nras used to compute the proba-

bility that the observed segregaËion raËio fitted a hypoLhesized ratio.

Results and Discussion

If resístance is inherited in a dominant manner,

expressed by a proportion of the BCIF' plants. On the

resistance is inherited in a recessive ûtanner, all of

will be susceptible.

The number of genes controlling resistance can be

probability of an observed segregation raËio fitËing a

then it will be

other hand, if

the BC'F, plants

estimated by the

hypothes ized
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segregation ratio" If resisËance is controlled by a single dominant

gene, then the raËio of resistant to suscept,ible BCIF, plants would be

1:1. The progeny of Ëhe resistanË planËs would segregate whereas the

progeny of the susceptible planËs would breed true for susceptibility'

Therefore, the expected ratio of segregating BttUZ lines to homozygous

susceptible lines would also be 1:1. The segregation ratio within the

segregatine BC'F, lines would be 3:1"

on Ëhe oËher hand if resistance is conËrolled by two índependent

dominant genes, the expected ratio of resisËant to suscepËible BCrFt

plants would be 3:1. The AaBb, Aabb, and aaBb genotyPes would be re-

sistant and Ëhe aabb genotype would be susceptible" The progeny of the

first three genotypes woul-d segregate whereas Ëhe progeny of the aabb

genotype would be homozygous susceptible" Hence, the expected ratio of

segregatine BCIF, lines Ëo homozygous susceptible lines would be 3:1"

The segregation raËio r,¡ithin the lines derived from AaBb progenitors

would be 15:1, while Ëhe vrithin line segregation ratio derived from

Aabb and aaBb progenitors would be 3:1"

Hope

The post-seedling reactions of Hope, Florence Aurore, and the baclc-

cross progeny to races EA4 and EAB are listed in Tables 11 and 12" Re-

sistance to both races rÁIas expressed in about one half of the Uttt,

plants. Hence, the resistance of Hope was inherited as a dominant char-

acter. The observecl segregation ratio of both the BCIF, plants and the
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Brfrr lines for reaction to race EA4 fitted a single gene

rario (o .7 /\ P < 0.9, o "95 <- P, Table 11) .

segregation

Table 11" The SËem Rust Reactions of Parents and Progeny of Cross Hope/

2* Florence Aurore* Ëo Race EÈ4(295).

Parent or Generation SËem RusË Reaction Expected P-value

Ilope

Florence Aurore (FA)

Hope/2* FA

BCttt Síngle Plants

BCTFZ Lines

t4s

32 MS 35S

9S

1:1 0.9 - 0"7

1: 1 0.9510Seg

* Th. pedígree has been written according to
Purdy et al. (1968) .

the system suggested bY

The segregation of BC'F, plants to race EA8 conformed Lo a hypothe-

sized single gene raËio (0.3r/- P( 0.5, Table 12) . The observed 17 seg-

regating BC1F2 lines Ëo 6 homozygous suscepËible 1ínes did not confor:rt

to the hypothesized single gene ratio (f(.0.05). The within line seg-

regaÈion, however, confirmed thaË Hope possessed a single gene for re-

sistance to race EAB(14BMS:54S, P = 0.7 - 0"5). The excess number of

segregating lines may have been fortuitous "
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Table L2. Ïhe sËem RusË Reactions of ParenËs and Progeny of cross äope/

2:t Florence Aurore to Race EA8(40) '

Parents or Generation Stem Rust ReacËion Expected P-value

Hope

Florence Aurore (FA)

tiope/2* I'A

MS

BC-F- Single Plants 62 MS 51 S 1:1 0'5 - 0'3
II

BCLE Z 
Lines l7Seg 6S 1:1 0'05-O'O25

Africa MaYo

The posË-seedling reactions of parents and backcross progeny of the

cross beËween Africa Mayo and Florence Aurore Ëo races EA4 and EA8 are

recorded in Tables 13 and 14. Resistance \Â7as expressed by about one

half of the BCIF, plants. Therefore,resisËance was inherited as a domi-

nanL LraiË. Íhe observed segregation of BC'F, plants and BC'F, l-ines

for reaction to race EA4 exhibited single gene inheritance (0.1< r( o'2,

0.7< p ( o.g, Table 13). The within line segregation did not conform

Ëo Ëhís hypothesis (76 MS:40 S), 0"02( P< O'05)' There \¡lere a few too

many planLs in the susceptible caËegory which or,ay have been a chance

occurrence.
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Table 13. The Stem Rust Reactions
MaYo / 2* Florence Aurore

Parents and Progeny of Cross Africa
R¿ce EA4.

of
Ëo

Parent or GeneraLion Stem RusË Reaction Expected P-value

Africa l"faYo

Florence Aurore (FA)

Africa I'Iayo/2* FA

BC1F' Single Plants

Batt, Línes

MS

43 MS 56

11

1:1

1:1

0"2 - 0.1

0"9 - 0"79Seg

Similarly, Ëhe segregation of Ëhe BC'F, plants and BC'F, lines for

reacrion Ëo race EAB fitted an assumed single gene ratio (0'9 ( t ( 0'95'

0.5( p <0.7, Table 14). The wirhin line segregation (81 MS:40 S, 0.05(

P<O.i)alsoconformedËothesinglegenemodel.Therefore,the

post-seedlÍng resisËance of Africa Mayo to race EAB was inherited mono-

genically.

Table 14. The Stem Rust Reactions
l"laY o / 2* Florence Aurore

Parents and Progeny of Cross Africa
Race EAB.

of
to

Parent or Generation Stem Rust Reaction Expected P-value

Africa MaYo

Florence Aurore

Africa l"layo/2:t FA

BCtFf Single Plants

BC1F2 Lines

MS

50s

13S

1:

1:

0.9s - 0.90

0"7 - 0"5

49 MS

9Seg
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Kenva Page

The post-seedlíng reactions of parents and backcross progeny from

the cross between Kenya Page ancl Florence Aurore to races EA4 and EAB

are lisËed in Table 15 and 16. Because resistance to either race !¡as

expressed by a large proportion of the BC'F, plants the resistance of

Table 15. The Stem Rust Reactions of Parents and Progeny of cross Kenya

Page/ZYc Florence Aurore to Race EA4"

Parent or Generation SËem Rust ReacËion Expected ?-value

Kenya Page

Florence Aurore (FA)

Kenya Page/Z"æ EA

BC'F'SinglePlants 75 l'IR 295 3:1 0"7-0"5

BC1F2 Lines 14Seg 7S 3:1 0.7 - 0.5

Table 16. The Stem Rust ReacËíons of Parents and Progeny of Cross Kenya

Page/2* Florence Aurore to Race EA8.

Parent or Generation SËem RusË Reaction ExpecËed P-value

Kenya Page MR

Florence Aurore (FA) S

Kenya Page/2:t FA

BC.F. Single Plants 55 MR 22 S 3:1 0"7 - 0'5
II

Bc,F^ Bulks 15Seg 4 S 3:1 0"9 - 0.7
IJ

MR
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Kenya page was inherited as a dominant Ërait. The observed segregation

of both rhe BCIF, planEs and BCIF, lines to race EA4 fitted a Ëwo gene

model (0.5 < P( 0.7, 0.5< P< 0.7, Table 15). Resistant plants felI

into only one category. Those progeny v¡ith one gene $Iere able to ex-

press the same leve1 of resistance as those progeny v¿ith Ëvro genes"

Therefore, the posË-seedling resistance of Kenya Page to race EA4 is

controlled by two duplicate dominant genes.

The segregation ratio of the BClF1 plants indicated Ëhat Ëwo ín-

dependent genes I¡Iere segregating for reacËíon Ëo race EA8 (0.5( f ( O.Z,

Table 16). 'fhe rust reactions of the BC1F, lines vrere not recorded be-
J-¿

cause the level of infection on the check plants of Florence Aurore was

less than 20%. The BC'F, lines l./ere Plogeny tested as BC'F, bulks" The

raËio of 15 segregaËing Ëo 4 homozygous suscepËible BC1F3 bulks fitted

a 3:1 rario (0.7( t.( 0.9, Table 16). There was only one leve1 of re-

sistance (MR) expressed by the progeny. Hence, the two resistance genes

of Kenya Page were acting as duplicates.

Conlev

The post-seedling reactions of the parenËs and backcross progeny

from the cross between Conley and Florence Aurore Lo races EA4 and EA8

are recorded in Tables 17 and 18. Resístance to eiLher race I¡ras ex-

pressed by about three-quarLers of the BCIF' plants. Hence, the post-

seedling resistance of Con1cy to both races was inherited as a domínant

character. The observe<l segrcgation of both the UarFr_ plants and BC'F,



Table 17. The stem Rust Reactions of Parents and Progeny of cross

Conlev/2* Florence Aurore to Race EA4'

Parent or Generation Stem Rust Reactíon Expected P-value

ConIey

Florence Aurore (FA)

Conley/2* FA

BClFl Single Plants 54 MR 12 S 3:1 0'3 - 0'2

BC'F2 Lines l7Seg 5 S 3:1 0"95

Table 18. The Stem RusË Reactions of Parents and Progeny of cross

ConLev/2^* Florence Aurore to Race EAB'

parent or Generation stem Rust Reaction Expected P-value

Conley MR

Florence Aurore (FA) S

Conley/2* FA

BCIF' Single Plants 48 MR 17 S 3:1 0"95 - 0"9

Batu: Bulks l9Seg 2 S 3:1 O"2 - 0'1

MR
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l-ines for reaction to race EA4 conformed

(0"2( r( o.:, o.es( P, rable 17). The

ing as duplícates"

to a hypothesized 3:1 ratio

trüo genes appeared to be act-

The observed segregatíon of. 48 moderately resistant BC'F, plants to

17 susceptible BCIFI planËs to race EAB indicated that resistance \das

conrrolled by two genes (0.9( P< 0.95, Table 18). The rust ïeacËions

of the BC,F^ lines of Ëhis cross to race EAB were noË recorded because
L¿

the level of infection on the check plants of Florence Aurore was less

tinan 2O%. The BC1F2 línes vlere progeny tested as BC'F, bulks. The

raËio of 19 segregating Ëo 2 homozygous susceptible BC1F3 bulks con-

firmed that Conley has tl,/o genes for posË-seedling reaction çO"f ( f (

0.2, Table 18).

Comparison of the breeding behavior of a BC'F, bulk inoculated with race

EAB Ëo the breeding behavior of its BC'F, progenitor Ëhat had been ino-

culated with race EA4

If we assume Ëhat a given cultivar has one gene that confers post-

seedling resistance to tvro races of sËem rusL, Ëhen any one hybrid line

Ëhat derived from a cross between this cultivar and a suscepËible one

would exhibit the same breeding behavior to both races. That is, if the

hybrid line carried the resisÉance gene, it r,¡ould be homozygous resist-

ance oï segregating for reaction to both races, but if the hybrid line

did not caïry the gene, it would be homozygous susceptible to both races

On the other hand, if a cultivar possesses a gene that conditions
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posL-scedlilìg rcsistance to onc race ancl a <lif fcrent gcne f or rc¿rction

to a seconcl racc, tficn a proportion of the hybrid lines r'¡ould exhibit

a dissinilar breeding beiravior to each race. That is, under sucir cir-

cumstances hybricl lines that are homczygous susceptible to one race may

be either homozygous susceptiblc or segregatíng for reaction to the other

race. The probability of faitíng to detect a line that exhibits clis-

similar breedíng behavior to the tvr'o races depends upon the number of

genes that condition resistance to each race and the number of lines

that are inoculated rvith both races (cf. Appendix I) '

The breeding behavior of the BC'F, bulks inoculated rvith race EAB

and the breecling behavior of their Uar_t, progenítors inoculatecl r¿ith

race EA4 for each sollrce of posL-seedling resistance that rntas backcrossed

to Florence Aurore are listed ín Table 19. The three assumPtíons Iüere

made that l(enya Page had two gcnes controlling post-seedling reaction to

race EA4, that it had two differenL gcnes for reaction to EA8, and that

the genes r,rere inherited independently. Íhe four uatu: bulks that seg-

regated for reaction to EAB derived from Oatt, lines that had also seg-

regared to EA/r (Tab1e 19). Similarly the Lwo uctus bulks that were

hornozygous suscePtible to EAB derivcd from tvro BC'F, lines that v¡ere

homozygous susceptible to EA4. If tire three assurnptions were true' then

the probabil Í ty of f ailing Lo cì et.ect onc or nore BCIF: bullts thal- rvould

havc eyJribitecl a cliss;imil,¿lr breccling bchavror from its BCTOZ pro¡¡eniLor

^|t.?is ë/4)'' x (1/+)' ( O.OZ (Trble 19 ancl Appcndix r). Thc as.';urnptÍons,
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Table 19. The Breeding Beh.avior

Rust Race EAB and the

Line Progenitors That

of BC. F^ Bulks Inoculated l'Iith Stem
IJ

Breeding Behavíor of Their UattZ

Were Inoculated With Race EA4.

Kenya Page/2* Florence Aurore

EAB

seg Ilomo S

EA4

ConLey I 2rt Florence Aurore

EA4

Hope/ 2* Florence Aurore

seg

Homo S

0

2

4

0

4

2

0

3

0

0

o

1

6

1

1

2

2

0

J

2

EA8

seg llomo S

seg

llomo S

3

0

3

3

EAB

seg Homo S

EA4

Africa T{ayo/2* Florence Aurore

seg

Homo S

EA8

seg Homo S

seg

Homo S
E^4
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therefore, IÁrere rejected and it was concluded that Kenya Page has two

genes for post-seedling ïesistance whích are effective agaínsË both races

EA4 and EA8.

The previous three assumptions r¡¡ere also made with regard to Conley.

The three BCTFZ lines that segregated for reaction Ëo EA4 each gave rise

Ëo a BC.F^ búlk Ëhat segregated for reaction to EAB (Table 19). The
IJ

three UCttZ lines that were houozygous susceptible to EA4 each gave rise

to a BC,F^ bulk that was also homozygots susceptible to EAB. If the
IJ

assumptions r^7ere true, the probability Ëhat the six bulks would exhibit

a similar breeding behavior as iËs progenitor to each race v/as (3 /+)3 *

-?/(1/4)- ( 0.01 (Appendix I). The very small probabílity of occurrence

indÍcated that the assumptions Ì,¡ere false. It was concluded that Conley

has only two genes Ëhat deterrnined posË-seedling resistance and that

Ëhese tv¡o genes are effecËive againsË both Taces EA4 and EAB.

The assumption was made thaË Hope had one gene for reacËion to race

EA4 and a second gene for reaction to EAB" The probability thaL Ëhe six

BCttZ lines Ëhat segregated for reaction to EA4 would also segregate to

race EAB was (/46 = 0.016 (Table 19 and Appendix I). The one BclF2

line that was homozygous susceptible for reaction Ëo EA4 segregaËed for

reaction to EAB. This \^ras an expression of dissimilar breeding behavior.

Only a few plants in Lhis BC'F3 bulk exhibited a moderately susceptíble

reaction. It is possible tl-rat they arose from seed admixtures during

threshing and/or planting. To confirm that this particular BC'F, bulk
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exhibits a dissimilar breeding behavior to races EA4 and EAB, iË ¡vas

t.o each race. Un-intended to inoculaLe a sample of it simultaneously

fortunately the auËhorrs contract in Kenya expired before the test could

be conducted.

IË is probable that Hope has one gene for post-seedling reaction

which Ís effective against both races. The results obËained corroboraËed

KnoËtis (1968, 1971) study of Ëhe ínheriËance of sËem rust resisLance in

Hope. Knott (1968, I97L), using pure race-culËures to inoculaÉe BC1F2

families of. Hope/2:! Idarquis, repolted that Hope possessed three genes

for reacËion to sËem rust" Two of Ëhese genes, Sr9d and sr17, conferred

seedlíng resístance. The third gene, however, conditioned posË-seedling

resisËance to race 56"

The comparison of the breeding behavior of the BCtt: bulks from the

cross Africa Nlayo/2;, Florence Aurore vTas more difficult to explain. IË

rüas assumed that Africa Mayo had one gerle for reaction to EA4 and a

second gene for reaction Ëo EAB. One of the five BC'F, bulks exhibited

a dissimilar breeding behavior to its BC'FZ progenitor. The probability

that x number of BC'F, bulks would express a dissimilar breeding behavior

was calculated bv:

r(x) = cil

is the number of BC,

breedíng behavior

is the total number

F- bulks exhibiting dissimilar
J

n-x

where

of ßCrF, bulks being tested
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is the probabí1ity that dÍssímilar breeding behavior

will be observed

is the probability of failing to observe dissimilar

breeding behavior"

The probability that one out of five BC'F, bulks would extribit dis-

similar breeding behavior was 0.L56. This is a rather lorv probability

of occurrence. To confirm Ëhat this BC1F3 bulk did in facË have a dis-

sími1ar breeding behavior to its progenit.or, a sample of the progeny

from this bulk was to be inoculated vriËh race EA4 and another sample of

Ëhe progeny rüas Ëo be inoculated wiËh race EAB" Unfortunately a time

limitaËion prevenËed the author from progeny testing this BCttz line as

well as the one BCTUZ line from the cross Hope/z* Florence Aurore that

showed anomolous breeding behavior. Therefore no definíte conclusion

was drawn as to whether Africa Mayo had one gene for reaction Ëo EA4

and a second gene for reaction to EAB or whether iË had one gene which

rnras effective against both races.

If the inoculated susceptible control plants for any Ëest had less

t;¡an 20% infection, then Ëhe inoculation and incubation conditions v/ere

considered to have been less than optimum. Under such conditions in-

fections on both resistanË and susceptible plants kiere more likely to

occur in regions of greater susceptibility. Also some plants might not

show any sign of infection. IL was difficult to distinguish between

resistant ancl suscepËible plants. Consequently, the rust reactions rn¡ere

noË recordecl ancl the material was progeny tested. Under near optimum

P
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conditions for inoculatíon and incubation infections developed on all

plants. However, susceptíble type pustules developed on all plant parts

of only Florence Aurore and homozygous susceptible genotypes. Therefore,

it r¿as possible to distinguish between plants with and v¡ithout resistance.

Usually the characteristícs of the pustule can be used to assess

Ëhe reaction of the host. Occasionally 3- and/or 3 infection tyPe pus-

tules occurred close enough so as to coalesce and to form a larger pus-

tule. Such plants might erroneously have been classified as suscePtible"

Since the inoculation and incubaËion procedure was desígned to obËain a

hígh level of infecËions, thÍ-s might explain why there rùas generally more

plants scored as suscepËible than expected"

Because Ëhe donor parents, Hope, Africa Mayo, Kenya Page and Conley,

had only intermediate levels of resistance, the progeny would be expected

Ëo have inËermediate resisËance or no resisËance. Hence, Ëhe progeny

were classified as resembling either the resistant parent or the sus-

ceptible one" Transgressive segregaËion for resistance would be unlikely.

A progeny plant showing no infection was considered an escape rather than

a Ëransgressive segregant.. Such plants v/ere not included in the analysis"

The infection type on a plant rvith resistance may vary from a 1* to

a 3i-. Consequently, the I'resisLancett category was kepË broad" A 3+

infection type may occur in the region of greater susceptibility. The

1* and 2 infection types v¡oulcl occur on the lower stem regíons.

I^Ihen Lhe UCttZ lines of the crosses Kenya Page/2ru Florcnce Aurore

and Conley/2* VLorence Aurore r¡rere inoculated with race EAB, less than
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20% ínfection developed on Florence Aurore. Instead of scoring the rust

reactions of the progeny, they were grown to maturity and subsequently

tested as BC, F^ bulks " The expected ratio of segregating to honrozygous
IJ

suscepËible BC'F, bulks would be the same as Ëhe expected raËio of seg-

regaËing to homozygous suscepËible BCIF2 lines "

A small number of plants constituted each line (cf" Chapter 3.4).

The size of each line r¿as determined by the number of planËs required

üo be able Ëo distinguish between segregating lines and homozygous sus-

ceptible lines. The number of plants within a line was inadequaËe to

permit disËinguishing between a 3:1 ratio and a 15:1 ratio. The mini-

mum number of plants requÍred Lo distinguish between these Ëwo ratios

aË the 5% probability level would be about 38 (Hansen 1959) " Therefore,

the within line segregaËion r^ras computed only in those crosses which

had indicated single gene segregaËíon.

In sunrnary, post-seedling reaction vras inherited as a dominant

characËer. It r¡/as controlled by one gene in Hope and probably by one

gene in Africa Mayo. Kenya Page and Conley both possessed two duplicate

dominant genes for posË-seedling reaction that were effective againsË

both races EA4 and EAB. The post-seedling resistance of these cultivars

to East African races of stem rust would be easy to manipulaLe in a

breeding program.
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4"4 DIALLEL ANAIYSIS OF FOUR I\THEÀT CULTIVARS FOR

RESISTANCB TO STSM RUST

POST-SEEDLING

Introduct ion

Since Biffen (1905) demonstraËed that cultivars v¡ithin T. 4estivum

had geneËic resistance to P. striiformis, wheat breeders have been using

resistance genes Lo control diseases caused by Puccinia species. The

number of resistance genes that can be incorporated into one cultivar

depends upon the number of loci for resisËance" The nuuiber of alleles

for resisl-ance that can be eombined within a culËivar depends upon the

number of loci LhaÉ condition resisËance, wheËher there is an allelic

series at eac.h locus, and whether the culËivar beíng developed is to be

used as a homozygous line or an F, hVbrid.

A diallel anal-ysis can be used to determine whether several resist-

ant cultivars have a locus in conrnon. And if they do have a locus in

corrrnon, it can be determined whether they possess the same or different

al1e1es" If Ehey have different resistance genes, the degree of re-

combination beËween them can be deËermined"

A dia11e1 analvsís was carried out to determine the genetic relation-

ship of Ëhe genes for post-seedling resisËance carried by Hope, Africa

Mayo, Kenya Page, and ConleY.

Materials and Methods

The cultivars, ILope, Africa Mayo, Kenya Page and Conley, were
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crossed in dialleI" The parents and 400 - 600 F2 seeds of each cross

were planted in I2.7 cm díameter plastic pots (cf" chapter 3.3). At

about the flag leaf stage one half of each populaËion was inoculated

v¡ith a pure culture of race EA4 (295) and the other half lvas inoculated

with a pure culture of race EAB(40) (cf" Chapter 3.8)" Rust reacËions

v/ere recorded 18 - 2L days after inoculation (cf. Chapter 3.9). The

F^ plants that appeared to be susceptible to EAB r¡/ere progeny testedz'
(cf" chapter 3.4). The Chi-square tesË was used to deËermine the good-

ness of fit of Ëhe observed segregation patËern to Ëhe hypothesized ratio

(cf" Chapter 3.10) .

Results and Discussion

The stem rust reactions of the progeny from the diallel cross to race

EAB are recorded in Table 20. Some F, plants had susceptí-ble type pus-

tules on all plant parts. Some F, plants had a fairly high percenËage

ç )ZO"t") oÍ. 2* andf or 3 infection response. Both types of F, plants

were classified as susceptible and subsequenË1y progeny tested. If an

F, plant was in fact genotypically susceptible, then it v¡ould be ex-

pect.ed to breed true for susceptibilíty since it was shown that each

cultivar possessed dominant genes for reaction. Homozygous susceptible

F^ lines r,rere identified in the following crosses: Hope/Africa Mayo,
J

Hope/Kenya Page, Africa Mayo/Kenya Page, and Africa Mayo/Con1ey" Pus-

tules on stems from F, lines that bred true for susceptibility to race

EAB are shorvn in Figure 4.
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TabLe 20. The stem Rust Reactíons of F, Plants and F, Lines of Four

Sources of Post-Seedling Resistance, ThaË Had Been Crossed

in Diallel, to Race EA8"

cross or GeneraËion stem Rust Reaction ExpecËed P-value

Ilope/Africa MaYo

F., plants 94 l'fs 65

ri tines 3seg 3s

Aãjusted F, 91 MS 35 15:1 0'5 - 0'3

Hope/Kenya Page

F2 plants 167 MS 75

f3 tines 3Seg 45

Aãjusted F, 170 MS 45 63zL 0"7 - 0"5

Hope/Conley
F2 plants 157 MS 35

nl tines 3seg o

Aãjusted F, 160 MS 0 63:1

Africa Mayo/KenYz Page

F2 plants 1-84 I'fS 35

F3 lines lSeg ZS

AãjustedF, f85 I'fS 2S 63:1 0'9-0"7

Africa Mayo/ConleY
F2 plants 118 ì4S 45

F3 lines 3Seg 15

Adjusted F, 121 MS 15 63:1 0'9 - 0'7

Kenya Page/ConleY
F2 plants 214 MS 1S

F3 lines lSeg 0S

Aájusted F, 215 MS 0S 255:I



HOPE/

AFRICA MAYO

AFRICA },îA.YO/

CONLEY

HOPE/

KENYA PAGE

AFRTCA MAYO/

]GNYA PAGE

Figure 4. stem rust reactions on stems Ëaken from homozygous suscep-
tible F3 lines derived from the crosses Hope/Afríca Mayo,
Hope/Kenya Page, Africa Mayo/Conley, and Africa Mayo/Kenya
Page thaË were inoculated with race EAB (40).
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Some of Ëhe F, lines segregated. Therefore the F, progenitors of

such lines were not genotypically susceptible. The numbers of homozygous

susceptible and segregation F, lines l^/ere used to adjust the F, segrega-

Ëion ratio (Îable 20).

Hypothesized segregation ratios ¡^rere based on the number of genes

for post,-seedling resistance known to be carried by each culËivar (Tab1e

Zl). In those populations which segregated for resistance the observed

segregation patËern fitted the hypothesized ratio (ta¡te ZO). The seg-

regation ratios to race EAB indicated that Hope and Africa Mayo differed

by two genes, and EhaË llope and Kenya Page, Africa Mayo and Kenya Page,

and Africa lulayo and Conley each dif fered by three genes "

Table 21. The Number of Genes for Post-Seedling Reaction Carried by

Each Cultivar to Races EA4 and EAB.

Cultivar Race EA4 Race EAB

Hope

Africa Mayo

Kenya Page

Conley

I

1

2

2

1

I
2

2

No homozygous susceptible F, lines were identified

Hope/Conlcy and Kenya Page/Conley. iiope is involved in

Conley (Table 1). Therefore, iE is quite possible that

from the crosses

both parents of

Conley carríes
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Ehe Hope gene for post-seedling resistance.

It is more difficult Ëo justífy the lack of segregation in the

cross Kenya Page/Conley. They do not have any inrnediate conrnon ances-

tors (Table 1) " Linkage between the resistance genes carried by either

parenL would result in an íncreased frequency of suscepËible genotypes.

Linkage betv¡een the genes carried by either parent \'7as not detected

(cf. Chapter 4"3> " On the oLher hand, if the resistance genes of Kenya

page were linked in repulsion with Ëhe resistance genes of Conley, there

would be a decreased frequency of the suscepËible recombínant" If in

fact the genes carried by either parenL were different and independently

inherited or linked in repulsion, it is quiËe possible that Ëhe popula-

tion size was too small Ëo deËecË segregaËion. Of the original 457 Fz

seeds of the cross Kenya Page/Conley rust reactions I^7ere obËained on

o.-¡y 215 plants. NoË all of the seeds germinated, and some plants died

during grov/th. The systemic insecticide tRoguer-4Q' vlas sprayed on the

plants Lo control aphids and this resulted in damage to the stem tissue

of some plants. The stem rusË reaction r^/as not assessed on Ëhese dam-

agecl plants " Furthermore, some adult plants failed to show any indica-

tion of infection. These plants r^rere considered escaPes and were ex-

cluded from the analysis. The possibility of Ëransgressive segregation

for resistance, however, cannot be entirely ruled out'

F, plants suscepLible to race EA4 were identified in tl-re following

crosses: l{ope/Africa Mayo, Hope/Kenya Page, Africa Mayo/Kenya Page,
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and Afríca I'layo/Conley (taAte ZZ) " The observed segregaËíon fitted the

hypothes ízed ratío which was based on the number of genes that each cul-

tivar possessed (Tables 2L and 22) " The segregation ratios indícated

that Hope and Africa Mayo díffered by trvo genes, and that Hope and Kenya

page, Africa Mayo and Kenya Page, and Africa Mayo and conley, each

differed by three genes. No susceptíb1e plants were detecËed in the

cross Hope/Conley. This provided further evidence that Conley possessed

Ëhe Hope gene for post-seedling resistance.

All of the F, seed of the cross Kenya Page/Conley had been tested

to EAB. Therefore no conclusion could be drawn about Ëhe genetic rel-a-

Ëionship of the genes for reacËion carried by these Ë\"ro cultivars to

race EA4"

The progeny from each cross ex*ribíted the same breeding behavior

to both races. The progeny from the cross Hope/Conley did not segregate

for reacLion Ëo either race.EA4 or race EAB. Also the progeny from each

of the crosses Hope/Africa Mayo, Hope/Kenya Page, Africa Mayo/Conley,

and Africa Mayo/Kenya Page segregated for Ëhe same number of genes for

reaction to race EA4 as segregated for reaction to race EAB. This pat-

tern would be expected since the gene(s) in each cultivar that determine

post-seedling reaction was effective againsL both races EA4 and EAB

(cf " chapter 4.3) . Therefore, llope, Africa llayo, Kenya Page and conley

have among them at least four differenE genes for post-seedling reacËion"

Hope has onc gene v¡hich is also carried by Conley. Kenya Page and Conley
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may have a gene in co¡runon which is different from the Hope gene. The

other gene in Kenya Page and the gene for post-seedling reaction in

Africa Mayo are different from each other and from the genes in Hope

and Conley.



CHAPTER 5
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GENERAL DISCUSSION

Some wheat cultivars are known to have a type of resisËance to one

or more of the Puccinia species Ëhat becomes effecEive sometime after

the first leaf stage buË before flowering" The expression of post-

seedling resisËance may intensify until it reaches a maximum aË about

Lhe flag-leaf stage, as reported by Samborski and Ostapyk (1959).

The post-seedlí-ng resisËance of Kenya Page and Conley developed

¿borrË t-he 3rd leaf stage. Hope and Africa Mayo began Lo express resist-

ânce at the 4th to 5ttr leaf stage" Neither the infection response nor

fhe percentage of infection decreased appreciably from thaË stage of

development at which resistance l,zas firsË expressed until Ëhe end of

r:he flowering stage" It r¡as observed, however, that the infection type

and the percentage of infect.ion decreased after the pre-milk stage.

Even the susceptible cu1Ëivar, Florence Aurore, expressed some resist-

ance af¡er the pre-milk stage. This I^Ias not likely a true expression

of resisËance rather it was probably an expression of resistance Ëhat

1sas associated r¿ith senescence. That is, as the plants approached matu-

ríËy the collenchymous tissue began to senesce; and therefore, the stem

rusË mycelium v¡as no longer capable of growing in this tissue. As the

guard cel1s died Ëhe stomata remained permanenËly closed and penetration

of Êhe stem rust pathogen was thereby prevented.

The cultivars began to express a degree of resistance at different
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used" The stage of

Each cultivar, however, began to express a degree

same ontologíca1 stage regardless of the test-race

development at which resistance became expressed was

a unique characteristic of the culËivar, and was independent of the

pathogen strain.

The post-seedling resistance of Ëhe four cultivars was effective

against all tesË-races of the pathogen" IË would seem' therefore, that

Ëhe post-seedling resistânce of Ëhese cultivars t{as ttbroad spectrumrl

resistance. Each cultivar did not have an identical degree of resist-

ance as measured by the infection response to each stem rust race" Hope

had the lowest level of resistance, Africa Mayo and Kenya Page had inter-

mediate level-s of resistance" Conley had the highest level of resistance"

Each cultivar did not have the same degree of resistance to all

test-races. For example, Kenya Page was moderately resistant to stem

rusË races BA3, E^4, EA7, EAB, E413, and C25, whereas it vras moderately

suscepËible to races C10 and C50.

According Ëo Van der Plank (1968) if any cultivar has horizontal

resistance, then this cultivàr would be able to rank in order the víru-

lence of a series of pathogen races. A second cultivar which has hori-

zontal resistance would rank these races of Ëhe pathogen in exactly the

conversely any race of the pathogen woulcl be able to

onËological stages.

of resistance at Ëhe

same order. And

ranlc in order thc

A second race of

same order. The

Ievel of horizontal resistance of several cultivars.

the pathogen would rank the cultivars in exactly the

cultivars Keny;r Page and Africa Mayo did not rank in
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order the virulence of the eight stem rust races. Post-seedling resisË-

ance to stem rust, therefore, would not seem to be equivalent to hori-

zontaL resistance, sen¿u Van der Plank (1968).

The assessment of the horizontal resistance of these cultivars r¿as

very crude because the categories of resistance r¿ere broad. The charac-

teristics of the aegricorpus \.rere used to determine the ínfection type.

No atËempt vras made to evaluate differences in the infectibility of host

cultivars. The coefficient of infecËion (Kilpatrick and Harmon 1972)

which weights Ëhe infection type and the level of infection may be more

sensitive to det.ect differenË levels of hoxízontal resistance.

It is noteworthy that 3+ (4) infection types are not consistently

produced on post-seedlings of Hope by any stem rust race as far as the

auËhor is aware. Johnson (1949), Stakrnan (1954), and Green and Johnson

(1955) reported Ëhat isolates of stem rust race 158 produced a higher

infection type on Hope than any other North American race. The per-

centage of infected area, however, was less than on Thatcher or Marquís

(Stakman and Rodenhiser 1958).

The post-seedling resistance of corn to P. sorghi seems to be in-

herited polygenically (Hooker 1967b). P. sorghi has not been a disease

problem in the U.S.A. in spite of conditions favorable for disease de-

velopment. Some of the inbred lines used to produce the hybrid culti-

vars are quite susceptible. The environmental conditions are favourable

for the fungus. Ilooker (1967b) attributed race non-specificity to

polygenically inherited resistance. This is only circumstantial evidencc
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thaE post-seedling resístance is race non-specific.

On the other hand, Bartos et

that the post-seedling resistance

r,üas race specif ic. Isolates of P.

a1. (1969) provided conclusive evidence

of Thatcher and Marquis to leaf rust

recondíta r,¡ith virulence on the post-

seedling resistance gene Lr13 have been identified (Samborski 1972)

The rate of disease increase is called the infecËion rate (Van der

Plank 1968). IË is affected by the incubation period, the Ëime from

infectíon to sporulation, the length of time that sporulation conËinues,

and size Ëo which lesions enlarge" Pustules on post-seedlings of the

susceptible cultivar Florence Aurore developed Lo Ëheir maximurn size

wiËhin L4 - 16 days after inoculation, vrhereas the pusËules on the cultí-

vars with post-seedling resisËance reached a maximum síze 19 - 2L days

afËer inoculation. Pustules on the stems of Florence Aurore were l-arge

and coalesced whereas Ëhe pusËules on stems of Hope, Africa Mayo, Kenya

Page and Conley were sma11er" Chlorotic and necrotic Ëissue developed

around Ëhe pustules or at boËh ends and thereby limited the size to which

they enlarged. Under favourable conditions, however, the pusËules just

above the node v¡ould coalesce. Some pustules were long and very narro\¡7.

These charact.eristics of post-seedling resístance tend Ëo reduce

the rrínfection rat.et'" The cultivars Hope, Africa Mayo, Kenya Page, and

Conley would be expected to have a relatively lower infection rate than

a cultivar like Florence Aurore" In this way post-seedling resistance

may have the same effect on an epidernic as horizontal resistance.
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Post-seedling resistance may be due to a major rsrt gene. Thís

gene would be ineffective ín Ëhe seedling stage to some races of stem

rustn but it would become effective to the same race(s) sometime before

flowering (Green and l(notË 1962). Alternatively, post-seedling resist-

ance rlay be due to another set of genes which become effecËive only in

Ëhe post-seedling sËage.

This study \,üas not designed to establish which alternaËíve vlas

correct. Speculation abouË the nature of Ëhe genes controlling PosË-

seedling resistance nây prove to be helpful for future studies. The

ansr,rer may depend in part on the. nature of the disease resistance mechan-

ism, Ëhat is, whether iL is due to physiological incompatibility oT

whether it ís due to a morphological feaËure. If post-seedling resist-

ance is due to physiological incompatibility, then differenËial inËer-

actions among races and cultivars is to be expected. The identified

tSrt genes control hypersensitive resistance. Post-seedling resistance

does involve a degree of incompatibility because chlorotic and necrotic

tissue is generally produced around the pustules. The host. offers re-

sËricLion to the growth of the fungus mycelium" A limited differential

interaction among races and cultivars vras evident (Table 7), but none of

the cultivars r,¡iËh post-seedl ing resistance rrere susceptible to any of

the test-races.

Green and Knott (L962) demonsLrated that the rrsingle-genett lines

Srga and SrI0 rvere more resistant in the adult plant stage than in the

seedling stage to race 29-I (Can"). They attributed this post-seedling
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resistance to the genes Srga and Sr10 since they considered it unlikely

Ëhat other gene(s) could have been transferred togetl-rer rvith the major

gene during the production of the Sr lines.

Harder et al. (L972) reported that seedlings of the line 516 did not

shor.r the usual temperature sensiËive reaction to stem rusË race EA2(21).

They thought that the stable resistance of the line 316 may be due to a

second gene"

Crol¡ and Kimura (1970) have developed a formula Ëo determine hovr

large a chromosome segment can be transferred intact together with a

desired gene. After ten backcrosses the average segmenË remaíning intact

would be 10 map units on either side of the gene being transferred"

Therefore, it is possible that Ll'Ie tSrt lines could carry other resist-

arì.ce genes linked to Ëhe gene being Ëransferred.

IË is ingeresting to note that all of the Sr lines when grovrn in

field nurseries aË Njoro, Kenya, consistently exhibited at least 907.

susceptible type pusËules. IË is unlikely, therefore, that any of tJre

identifiecl tsrr genes are responsible for the posË-seedling resistance

of the four cultivars studied"

AlternaËively posË-seedling resistance may be produced by a set of

genes other than the ttsr-genestt. Abdulla and Hermsen (f971) hypothesized

that there are specialized polygenes that confer non-specific resistance"

These specialized polygenes are responsible for the production of the

substrates necessary for a host to exhibit resistance. If this hypothe-

sis is true, the major genes detected in the four cultivars may act as
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switching genes ¡,¡hich trturn ontt a set of polygenes that determine the

expressÍon of post-seedling resistance"

One possible procedure that could be used Ëo resolve which alter-

native is true would be to establish isogenic lines of each cultivar.

The seedling resistance genes of each cultívar ¡"rould have to be bred

out. Isogenic pairs could be developed by backcrossing. A universal

suscept would be used to conËribute the al1eles for seedling suscepti-

biliry" One line of each pair would noË have any seedling resistance

genes. The other member of the pair would still have both seedling re-

sistance genes and post-seedling resistance genes. The post-seedling

reactíon of the isogenic lines to the test-races rr¡ould then be compared.

A discussion of the problems associated wiËh developing cultivars

with post-seedling resisËance ís appropriate. The level of post-

seedling resista.nce that a cultivar has may be adequaLe in some areas

Ëo permiË its successful conrnercial production. For example, Kenya Page

and Africa Mayo have been gro\../n conrnercially in Kenya for 10 and 13 years

respecLively. Similarly, the post-seedling resistance to the Hope deri-

vatives was adequate in the spring wheat region of North Ameríca to pro-

tect them until the build-up of the race 158 complex" Although the

yield of Hope and its derivatives \^ras reduced by the stem rust epidemics

of 1953 and 1954, the cultivars without the I{ope post-seedling resist-

ance suffered a greaËer yield loss (Staliman and Rodenhiser 1958).

Genes that condition seedling resistance can be incorporated into
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a cultivar Ëo provide protecËion against those races that are virulent

on the post-seedling resisËance genes. The seedling resistance genes

and the post-seedling resistance genes nay act synergistically. The

seedling resistance genes would provide specific Protection against those

races which are most virulenË on Ëhe post-seedling resistance genes.

post-seedling resisLance tends to reduce Ëhe infection rate, and there-

fore, would inhíbit the build-up of a race \,rith virulence on Ëhe seedling

resisÈance gene.

Seedling resistance genes frequently confer a lower infecËion res-

ponse than do genes for post-seedling resistance. That is, a seedling

resisËance gene is episËatíc to a post.-seedling resistance gene' There-

fore, to combine seedling resistance ruith post-seedling resistance each

Ëype of resistance must be screened for separately. To screen for each

Ëype of resistance one requires aË least t\.lo test-races, one for each

type of resistance. The test-races would not be mixed; rather only one

race at a time would be used to inoculaËe plants. Because the Ëesting

of adult planÉs in the greenhouse requires a lot of space and is diffícult

Ëo handle, it would be preferable'to screen for seedling resístance first"

Since post-seedling resistance is rather simply inherited, it would be

expeeted Ëhat a reasonable number of plants thaË expressed seedling re-

sistance r,¡ould also have post-seedling resistance. Where conditions for

stem 1ust epidemics are near ideal, early generation material could be

screened in field nurseries for genes thaË condition resistance through-

ouË the life of the plant at the same time as quanËitative characLers are
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being assessed. The selected material could subsequently be screened

ín the greenhouse for post-seedling resistance using a test-race which

has virulence on the seedlíng resistance but not on the post-seedling

res is Lance.

An alternaËive screening procedure would be to make use of virulence

combinations in different epidemiological regions. For example, seedling

resistance and post-seedling resistance genes could be incorporated into

wheat cultivars for the rusË area of l{estern Canada" The seedling re-

sisËance genes could be sereerred for in lÍinnipeg. The East African races

of stem rust generally have vírulence on Lhe identified seedling resist-

ance genes that are being used to develop resistanË wheats for Western

Canada (Green et a1. L970; Harder q! a1" L972). Therefore, screening

for post-seedling resistance eould be conducted in field nurseries in

Kenya.

The expressivity of post-seedling resistance is subject Ëo environ-

menËal modificaËion. The inoculum load can affect the expressíon of

post-seedling resistance. Some 2* and/or 3 type pustules Ëhat occur

close together may coalesce and form r¿hat looks like one large pustule

that resulted from a single infection. hlhen there is a heawy inoculum

Load, there will be more infectíons per unit culm area. The frequency

of coalescing pustules r¿ould be expected to increase and may result in

lines being scored phenotypically susceptible" The inoculum load, the

uniformity of Ëhe inocrrlum load, variation in maturity clates of the seg-

regating material, and the uniformity of the micro-environment in space
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and time will affect the effíciency of selecting for post-seedling

res is tance .

Linkage of the genes controlling post-seedling resistance rvith un-

desirable traits would also complicaËe a breeding Prograrn. The posË-

seedling resistance of Hope, H-44-24, and Conley is linked to a gene con-

trolling pigment production ruhich results in îtbrov¡n-necrosisrt (Goulden

and Neatby L929; Shuh-Ji et al" 1968). Africa Mayo and Kenya Page do

not express Ëhis brov¡n-necrosis and hence Lhey would be more desirable

sources of post-seedling resistance.

IË may be possible thaË the different genes controlling post-seedling

resisËance r.rould segregaËe transgressively for a higher 1evel of resist-

ance. The four sources of post-seedling resistance used in this study

have been combÍned by double crossing. Promising material is in the FO.

Post-seedling resistance can be used in a breeding program Ëogether

wiËh seedling resistance. Combining seedling resistance and post-seedling

resisËance may provide a means of producing wheaË cultivars with more

durable resistance than Ëhe cultivars r^¡hich had been developed in Kenya.
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APPENDIX I

A Test to Determine Whether a Cultivar Has One Gene for Reaction to Two

Races or llheather it Has one Gene for Reactíon to Each Race.

A given wheat cultivar tAt has resistance to sËem rust races EA4

and EAB, while cultivar tBt is susceptible to both races. Cultivar tAt

is crossed and backcrossed to cultivartBt. A sample of the backcross

progeny is inoculated ¡vith race EA4 and anoËher sample is inoculated with

race EAB. Segregation ratios indicate that reaction to each race is con-

Ërolled by one domi.nant gene. The question that arises is wheLher culti-

var tAt has one resistance gene which is effective against both races'

or whether it has one gene for reacLion to race EA4 and a second gene

for reaction to race EAB.

One possible procedure to determine rqhich alternative is true is to

Ëest a series of hybrid lines to both races. If every line exhibíts the

same breecling behavior to each race, then cultivar rA' has one gene for

reacLion which is effective against both races. On the other hand, if

some hybríd lines exhibit dissimilar breedíng behavior to race EA4 and

race EAB, then culËivar tAt has one gene for reaction to each race. The

probability of failing to detect a line which exhibits dissimilar: breed-

ing behavior when the seconcl hypothesis is true can ire deríved from the

expected segregation ratios and the number of lines being tested to both

races.
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Of those BCTUZ lines that segregate for reaction to race EA4, L/2

would be homozygous suscepËible to race EAB (Table 23). The probabiliËy

Table 23. The BCrFn GenoÈypes, the Breeding Behavior of the BC1F2 Lines

Inocul-aËed r,¡ith Race EA4 and the Breeding Behavior of Their

Correspondin8 BC'F, Bulks Inoculated with Race EA8.

Genotype of ResisËant
Parent

'1.

AASB

Genotype of Susceptible
ParenË

aabb

tattt Genotypes
Breeding Behavior of BC1F,
Lines Inoculated with EA4

Breeding Behavior of BC1F3

Bulks Inoculated wiËh EAB

AaBb

Aabb

aaBb

aabb

seg

seg

Homo. Susc.

Homo. Susc.

seg

Homo. Susc.

seg

Homo. Susc"

+ Assumíng (1) thaË gene - A confers post-seedling resistance

(2) that gene - B confers post-seedling resistance

(3) that the tv¡o genes are independenËly inheríted

to

to

race EA4

race EAB

of failing to detect a BCIF, line thaË would segregate for reaction to

race EA4 and would also be homozygous susceptible to race EAB would be

(f/Z¡n, where n is Lhe number of BCrFr lines segregating for reaction to

race EA4 that are also tested to EAB.
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Similarly of Ëhose BC'FZ lines that are homozygous susceptible to

race EA4, L/2 r¿ould segregate for reaction to race EAB. The probability

of failing to detect a BCTFTlíne that would be homozygous susceptible

to race EA4 and rvould also segregate for reaction to race EAB would be

(I/Z)^, where m is Ëhe number of BC'F, lines homozygous susceptible to

race EA4 that are also tested to race EAB" trlhen a seríes of BC'F, lines,

some of which segregate for reaction to race EA4 and some of which are

homozygous susceptible to it" are also Ëested to race EAB, Ëhe probability

of failing to detecË a BC'F, line which r,rould exhibit a díssimilar breed-

ing behavior would be (L/z¡n * (¡z¡m = (Llz)r, vrhere r is the sum of n

and m"

The assumpËions are made that a cultivar has four genes for reacËion,

that the genes A and B confer resistance to race EA4 and the genes C and

D confer resisËance Ëo race EAB, and Ëhat the four genes are inherited

independently (Tab1e 24). Of the four BC'F, lines thaË are homozygous

susceptible to race EA4, 3/4 would segregate for reaction to race EAB

(Table 24). The probability of failing to detect a BC'F, Line that would

be homozygous susceptible to race EA4 and would segregate for reaction

to EAB would be (/4)n, rhur. n is the number of BC'F, lines that are

homozygous suscepLible to race EA4 and are also tested to race EAB"

Similarly of Ëhe BC'F, lines that segregate for reaction to race EA4,

1/4 rvould be homozygous susceptíble to race EAB (Table 24) " The prob-

ability of failing to detect a BC'F, line that ruould segregate for
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Table 24. The BC'F, GenotYPes'

Inoculated with Race

CorresPondinB BCrF,

the Breeding Behaviour of the BC'F, Lines

E^4, and the Breeding Behaviour of Theír

Bulks Tested ¡vith Race EAB.

Genotype of Resistant
Parent

AABSCCDD

Genotype of SuscePtible
ParenË

aabbccdd

Breeding Behaviour of BC., F,
Lines Tested with EA4 - -

Breeding Behaviour of BC., F.
Bulks Tested v¡ith EAB - "

BCttt GenotYPes

AaBbCcDd

aaBbCcDd

AabbCcDd

AaBbccDd

AaBbCcdd

aaBbccDd

aaBbCedd

AabbccDd

AabbCcdd

AaBbccdd

Aabbccdd

aaBbccdd

aabbCcDd

aabbccDd

aabbCcdd

aabbccdd

seg

seg

seg

seg

seg

seg

seg

seg

seg

seg

seg

seg

Ilomo.

Homo.

llomo.

Homo.

seg

seg

seg

seg

seg

seg

seg

seg

seg

Homo. Susc.

Homo. Susc.

Homo. Susc,

Seg "

seg.

seg "

Homo. Susc.

Susc o

Susc.

Susc "

Susc "
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reaction to race EA4 and would be homozygous susceptible to race EA4

- rTl

woulcl be G/4)"', rhere m is the number of BC.,F, lines Ëhat segregate
L¿

for reaction to race EA4 and are also tested to race EAB. When a series

of Lhese BC.F^ lines, some of v¡hich are homozygous susceptible to race
L¿

EA4 and some of which segregate for reacËion Ëo it are also tested to

race EAB, the probability of failing to detecË a BC1F2 line which would

e:iúribit a dissimilar breeding behavior rnrould be (/4)t * (3/4)*'


