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duction, rnaterials and methods, results and discussion, were prepared to
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which these manuscripts r,ri11 be submitted for publication. À general

introduction precedes, and a general discussion follows the manuscripts.
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GENERåL ABSTRÀCT

Mass-selected and bulk faba bean populations were evaluated at three

developmental stages for the following components of rate-reducing

resistance, to Uromyces viciae-fabae, in both field and growth cabinet

studies: fleck number (rn¡¡), uredinia number (Uo¡¡), infection type

(tr), range of infection types (ltn), latent period (Lp and Lpso), and

LPSM, a standardized disease index combining J-atent period and uredinial

density data. In addition, population performance in the field was com-

pared using the following indicators: mean and final rust severity (nS

and FRS, respectively), individual weekly assessments of rust severity

(nSl - RS4), apparent infection rate (¡ln), and area under the disease

progress curve (euopc). Significant differences (p-vaIue <0.01 ) among

the populations were found for all resistance components and population

indicators. There rvas some variation in the expression of these charac-

ters among individual faba bean populations, but the division between

the mass-selected and bulk populations was distinct. The mass-selected

populations had fewer flecks and uredinia, a smaLler infection type, a

narrower range of infection types, and a longer latent period, in addi-

tion to reduced rust development in the field as determined by the per-

formance indicators. The developmental stage of the faba bean plants,

at lhe time of inocuJ.ation, significantly affected all of the components

in the growth cabinet experinents and mosÈ in the field studiesr su9-

gesting that selection for rate-reducing resistance calls for the use of

plants at the same developmental stage. Comparisons between components

evaluated in the field and those evaluated in growth cabinets indicated

- IV -



that the components UDN, latent period, and the index LPSM corresponded

best with population performance in the field. These components could

effectively be used in growth cabinets to screen faba beans, for rate-

reducing resistance. 0n the other hand, the components FKN and IT did

not correlate well wiÈh the field results.

-v-
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GENERÀt INTROÐUCTION

Disease resistance can be characterized in one of two ways, depending

upon the type of host reaction elicited by the pathogen. The host can

respond to invasion either by restricting the establishment of a para-

sitic relationship, or by restricting the colonization and growth of the

pathogen folLowing successful infection (HeIson,'1975).

Terms used to describe these two types of resistance are numerous

because authors have attempted to describe and categorize resistance

genetically, mechanistically, as well as epidemiologically (Robinson,

1959; Browning et 41., 1977). Resistance to the estabrishment of a

viable host-parasite relationship is often referred to as hypersensi-

tive, race-specific, vertical, major-gene, or as qualitative resistance.

0n the other hand, terninology used to describe resistance to coloniza-

tion and growth of the pathogen subsequent to infection includes the

terms non-hypersensitive, race-non-specific, horizontal, minor-gene,

quantitative, and rate-reducing, among others (Ne1son, 1973; Robinson,

1976).

Race-specific resistance (synonymous with vertical resistance) is

characterized genetically by the expression of a differenLial interac-

tion between host genotypes and pathogen genotypes. It is effective

against one or a few races of a pathogen, but ineffective against

others. Epidemiologically, it functions by reducing the initial amount

of inoculum that is available fo.r disease developrnent; thus it delays

-1



2

the start of the epidemic (Van der Plank, 1968). Race-specific resis-

tance usually behaves as a single gene trait in which resistance is

dominant, and susceptibility recessive. This type of resistance has

dominated conventional breeding programmes due to its ease of recogni-

tion in seedlings, simple inheritance patterns, and lack of variability
in response to envi.ronmental fluctuations. However, race-specific

resistance is subject to collapse when ner+ physiologic races of a

pathogen arise. 0ften the pathogen requires only a single genetic

change to overcone a gene for resistance; consequently there are many

exanples of the ephemerality of this form of resistance (Van der Plank,

1978).

Host plants may also possess several resistance mechanisms which

become functional once infection sites are established. These mecha-

nisms tend to restrict the extent of colonization of host tissuesr âs

well as the extent to which pathogens are capable of producing inocul-um

for subsequent infection. Resistances of this type reduce the amount of

disease that develops by reducing the amount of disease that occurs

within an infection cycler âs well as the rate of disease development

from one infection cycre to another (Browning et al., 1977; Nelson,

1978). These resistances are known as race-non-specitic (synonymous

with horizontal resistance) and they are characterized by a lack of

differential interactions with pathogen genotypes. They, often, but not

always, resul! from the conbined action of several genes, and it is

their polygenic nature which accounts for their greater durability.

Race-non-specific resistance can be expressed

and a number of mechanisms have been proposed which

combination , act in reduc ing the rate of

in a variety of ways

might singly, or in

epidemic development
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(Parlev1iet, 1979). Van der Plank (1963) described the following four

manifestabions of race-non-specific resistance: (1 ) reduced infection

frequency, Q) reduced spore production, (3) increased latent period,

and (4) reduced infectious period. Parlevliet (1979) has since

suggested the addition of a fifth component to this list on the basis

that differences in colony and lesion size have been noted in many host-

pathogen systems. The latter component, howeverr Dây be monogenically

inherited and as such is not by itself indicative of a nore durable

resistance (ParIevliet, 1919; Rashid,'1983).

In the rust of faba beans ( vicia faba L.), caused by uromvces

viciae-fabae (pers. ) Schroet. , race-specific resistance has tradition-

aJ-]y been employed in conventional breeding programmes (papoyan, 1970;

Mohamed, 198'1). However, U. viciae-fabae, which is widespread on faba

beans in the Midd1e East, North Àfrica, and on spring-sown crops in

Europe (Mansour et aI., '1968; Mohamed, '1981; Lapwood et al., .1984), 
has

recently been shown to exist as numerous races (Conner and Bernier,

1982b; singh and sokhi, 1980). In Manitoba, it is thought that native

species of Vicia and Lathyrus could be important sources of initial
inocuLunr for these races (conner and Bernier, 1982arb). Às a result,

faba bean cultivars with specific single gene resistance to Uromvces

viciae-fabae would be expected to give only.short-Iived control.

Consequently, faba beans have recently been evaluated for more durable

types of resistance such as the polygenically inherited rate-reducing

resistance. Àt lhe University of Manitoba, Conner and Bernier (1982d)

evaluated open-pollinaLed faba beans for their abitity to retard devel-

opment of rust. In field trials, they recognized three accessions which

had consistently low area under the disease progress curve (¡unpc)
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values' as rvell as six others which had ÀUDPC scores that varied from

low to intermediate during three years of testing vlithout selection.

shortly thereafter, Rashid (1983) recognized eight other faba bean

selections as slow-rusters, and an additional four as moderate-rusters.

These were characterized on the basis of AUDPC and final rust severity

scores over three to four years of testing using mass selection tech-

niques in which selections with high scores as well as those with unde-

sirable reaction types (highly resistant

eliminated prior to harvest.

or hi ghly suscept ible ) v,ere

The objectives of this study were to evaluate the slow- and moderate-

rusting faba bean selections for the components of rate-reducing resis-

tance to determine if they could be used to differentiate among the

populations. In order to investigate the variation in expression of the

rust components, the faba beans reere evaluated at three developmental

stages, in both field and controlled environment studies, using two

prevalent races of Uromvces viciae-fabae.



tiTENAT'T'RE REVIEW

2"1 WCIÀ FÀBÀ t. (THE HOST CROP)

Faba beans ( vicia faba L. ), the world's fourth most important pulse

crop after dry beans, dry peas, and chickpeas (Hawtin and stewart,

1979), have a potential as a 'medium protein and energy crop'

(Hebbrethwaite, 1983). As a menber of the order Lequminosae, FamiIy

Papilionaceae, faba beans have the capability Lo fix atmospheric

nitrogen, thereby enhancing their use as a break for cereals (SIinkard

and Buchan, 1 980) . in addition to its use as a source of vegetable

protein for human consumption, the crop may also be used as a replace-

ment for soybean mear in animat feeds (canada, lgis), and as a 'high

nitrogen green manure' (Robinson, 1968).

Despite these benefits, world-wide production of faba beans has

remained relatively constant over the past decade with present produc-

tion levels being approximately 4.2 metric tonnes. The crop is grown on

3.2 million hectares annuaIly, in over 50 countries. China is the prin-

cipal. producer, with 55% of. the total 1985 world production, whereas the

next major producer, Ethiopia, contributed only 12%, countries with

faba bean yields in excess of 50 metric tonnes include Egypt, Italy,

-5-
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France, Morocco, East Germany, Spain, and Turkey (reO, 198S). Recently,

production of the crop on a commercial scale has commenced in Canada,

the united states, Àustralia, and New zealand (Hebbtethwaite, 1983).

Records indicate that Vicia faba is one of the oldest cultivated

plants, with the earliest found remains dating back to 2000 B.c.

(Kramer, 1956). The species is commonly divided into two subspecies,

pauci'iuqa and eu-fabae, according to a classification schene proposed by

Muratova (1931). within the eu-fabae, three varieties based upon seed

size and shape are recognized: the large-seeded var. ma'ior Herz., the

intermediate-seeded var. eguina Pers., and the small-seeded var. minor

Beck. A significant quantity of the maior type is harvested green for

use as a vegetable whereas the eguina and minor types are usually

harvested dry (Hawtin and Hebblethwaite, 1983).

it is thought that Vicia faba probably originated in Þtest (Cubero,

1974) or Central Asia (i,adizinsky, 1975a) and that the related species,

y. narbonensis t. (zohary and Hopf, 1973), is a possible progenitor.

However, due to a lack of archaeological evidence neither the place of

origin of y.. faba nor lhe progenitor is known with certainty. Two

species morphologicalLy siinilar to vicia faba, y.. qaril-aea plitm. et

Zoh. and Y. hvaeniscvamus Mout., have also been suggested as possible

progenitors; however, as with y. narbonensis, dissimilarilies in karyo-

type (ebdalla and Gunzel, 1979) and in albumin profiles of seed protein,

as well as failure to hybridize, indicate a lack of affinity between the

three wild species and Vicia faba (Ladizinsky, 1975b).

Domestication of faba beans occurred during the late Neolithic period

and the crop is believed to have spread into Spain, portugal, and
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Eastern Europe during this time (zohary and Hopf, 1973). By 3000 8.c.,
y.. faba had spread throughout the Mediterranean region, south along the

Nile Valley, and northwards into Europe where finds dating l¡ack to the

Bronze Àge have been uncovered (Hawtin and Stewart, 1979). In addition,

it is assumed that faba beans were cultivated as far south as Ethiopia

and as far east as Afganistan and that these two areas represent secon-

dary centers of diversity (tawes et al., 1983). Although uncertain, it
is believed that thís crop has been grovrn for some time in the Himalayan

region of India and that it was introduced vrith the silk trade into

china c.100 B.c. (Tao, 1981 ), and subsequently into Japan around 700

À.D. (ttogurer 1979). Remains more than 2,000 years old have been uncov-

ered in the United Kingdom indicating that faba bean cultivation was

widespread throughout this area (Bond, 1979). In the New world, faba

beans were introduced into Central and South Àmerica by the Spaniards

and Portuguese during the'16th century (Sond, 1976) and inLo eastern

North Àmerica as a vegetable crop during the early 1600's (Hawtin and

Hebblethwaite, 1983).

Field-scale cultivation in Canada began in 1972 when European culti-
vars were introduced as a potential protein crop during a period of high

soybean meal prices (Furgal and Evans, 1980). These varieties were not

well adapted to the drier Canadian condilions and it was in '1981 that

Aladin, the first 1oca1ly-bred cultivar, r{as licensed. This is a

higher-yielding cultivar with greater yield stability and with protein

content similar to the introduced cultivars (ucVetty et a1. , 1 981 ) .

Àlso in that year, a second Canadian cultivar, Outlook, was released for

use in the irrigated areas of Saskatchewan and Alberta where it consis-

tenfry oul-yielded Àladin (Row1and et a1. , 1982). Recently, pegasus,
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the third Canadian bred small-seeded cultivar v¡as released. pegasus is

5% and 7% higher yielding lhan Outlook and Aladin, respectively (l,lcvetty

et al., 1985).

Faba bean yields in this country are comparable to those of cereals

(Evans and slinkard, 1975; Furgal and Evans, 1980), and at an average of

2,000 kg/na (platford.et a1., 1981), considerabry higher than the '1993

world average of 1229 kg/ha (reo, '1985). The area sown to faba beans in

Canada is projected to be 40,000 ha by 1990(Slinkard and Buchan, 1980).

The crop is confined primarily to Alberta and Saskatchewan where it is

nrainly grown under irrigation, and to the province of Manitoba where it
is almost exclusively rain-fed. To facilitate handling with conven-

tional cereal equipment, only ma'ior and eguina varieties are grown, and

these primarily for livestock feed, and since 1977, for export as human

food. In Arberta, the crop is grown for sirage, and in recent years

between 2,000 and 5,000 ha have been allocated for this purpose

(SIinkard and Buchan, 1980).

2,1,1 Cross-Fertilization in Vicia Faba

Vicia faba has a breeding behavior that lies somewhere between

totally self-pollinating and obligately cross-pol1inating. The mean

amount of cross-fertilization in this crop is approximately 35% although

values ranging from 4-84% have been reported (Bond and Poulsen, 1983).

in Manitoba, the amount of cross-pollination has ranged from B.b-s8.B%

(ucvetty and Nugent-Rigby, 1984). According to Hawtin (1ggz), this
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íntermediate breeding nrechanism couples some of the advantages of fuIl
autogamy such as independence of pollen vectors wilh some of the

benefits of fulI allogamy including the exploitation of heterosis and

the maintenance of heterogeneity within populations. However vari-

ability in the amount of cross-fertilization is responsible for the high

degree of non-uniformity in open-pollinated populations and synthetics

(Devries, 1978) and this has led to difficulties in improving yield

stability as well as in breeding for other traits (Gates et al., 1983).

Consequently, considerable emphasis has been placed on.the development

of autogamous beans (Lawes, 1973) despite problems with reduced levels

of autofertility and the loss of heterosis in inbred lines (Hawtin,

1982) although these may be restored upon hybridization (Poulsen, 1975).

Many factors other than plant genotype influence the leve1 of cross-

fertilization in faba beans. Bond and Poulsen (1983) in their discus-

sion of the results obtained by a number of researchers (picard, '1960;

Kambal, 1969; El-Sherbeeny, 1970; Cubero, 1976; Hatltin and Omar, 1980;

Porceddu et aI., 1980) have concluded that while geographical location

may play a ro1e, the results are inconclusive. Nevertheless one would

expect a trend to¡vards increasing levels of outcrossing with higher

latitudes due to an increased number of long-tongued bumble bees (Bombus

spp.) in cooler regions. The size of fields and the location of plants

within fields may also be important. Bond and Pope (1974) reported that

nore crossing occurs in small than in large fields and that a higher

proportion of cross-breds result from field centers than from borders.

0n the other hand, Derenne (1966) noted 52% crossing on border plants

and only 35% f.or plants further within a fie1d. Hawlin and Omar (1980)

observed similiar results. Bond and Poulsen (1983) suggest that in
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fields up Lo 12 ha there is probably littte difference in outcrossing

except in the extreme border plants to which bees may have greater

access. Prant density may affect the degree of crossing, but reports

in the literature are inconsistent (golden and Bond, 1960; Homola,

1973). Porceddu et al., (1980) noted higher levels of outcrossing on

flowers at the lowest five nodes. This observation is in agreement with

other reports (Hanna and tawes, 1967; poulsen, 197b) and is consistent

with the reported tendency towards higher levels of auto- fertility on

the upper nodes (sond and poulsen, 1983). It is suggested that this

differentiation between the upper and lower nodes to ensures seed

production during periods of variable pol1en vectors (poulsen, 1975).

À1so, higher percentages of outcrossing, in generar, have been associ-

ated with the small-seeded variety minor (riorden and Bond, i 960;

Filippetti and De Pace , 1982) although there are confLicting reports in

the literature (¡ond , 1976).

The considerable variation in levels of cross-pollination in faba

beans and the conseguent heterogeneity in progeny has led to difficul-
ties in the development of a satisfactory breeding strategy. Breeding

methods traditionally empJ.oyed in the improvement of faba beans include

modifications of either mass selection, recurrent selection or pure line

selection (Hawtin, 1982). Perhaps the most success has been achieved by

the use of mass selection. This technique has been particularly useful

in the improvenent of crop uniformity and has also been of benefit with

characters of high heritability such as those associated with yield
(Hawtin, '1982). Recurrent selection has also been useful, particularly

wilh quantitatively inherited characters such as yield and disease

resistance (Hawtin, 1978; Bernier and conner, 1983). This technique is
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in current use at the International Center for Agricultural Research in

the Dry Àreas (tc¡nne), and in Egypt where it is used to improve popura-

tions for release as open-pollinated cultivarsr or to provide a source

of genetic variability through recombination for further improvements of

the crop by other methods. In the past, it has been used successfully

in the devel.opment of faba bean cultivars in England (¡ond, 1g7g).

Pure-l-ine selection, on the other hand, has not led to much improvement

in faba beans although this technique may be of some value with simply

inherited Lraits (Nassib et al., 1978).

2.2 T'RO}{YCES VICIÀE-FABÀE (PERS. )SCHROET. (THE PÀTHOGEN)

2.2,1 The Prevalence and Distribution of Uronvces viciae-fabae

Rust, caused by Uromyces viciae-fabae (Pers.)Schroet., is one of the

more important foliar diseases of faba beans, possibly second in impor-

tance only to chocolate spot. U.. viciae-fabae is world-wide in distri-
bution. It causes a disease which is common in most faba bean growing

areas yet it rarely results in significant yield reductions (Hiratsuka,

1 933; Gaunt, 1 983 ) .

Rust of faba beans can be severe in the Middle East and North Àfrica.

In Egypt, El Helaly (1939) reported that rust is the most destructive

fungal disease of faba beans. It is prevalent in Èhe northern areas,

where disease severity can range up to 100% (t'lohamed, 1981), although

losses of 5 to 20% are more typical (Mansour et aI. , 1968). This
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disease was first observed in Egypt, in 1925, and it is now of annual

occurrence there, being most destructive on faba beans grovrn under irri-
gation or where rainfall is high (nI Helaly, 1939; Mohamed, 1981). U..

viciae-fabae has also been reported from Tunisia and Morocco where it is

most severe along the wetter coastal regions (Blaeser-Diekmann, 1982).

In Ethiopia, Iran, and Palestine, rust is considered to be responsible

for significant reductions in faba bean yields, often in conjunction

with chocolate spot (nalti, '1945; Kaiser et a1.,1967; Mengistu, 1979).

In Syria, Hanounik (1979) reported that faba bean rust was widespread,

being present in 93% ot the fields surveyed. He noted that rust vras

particularly severe late in the season, when it often resulted in exten-

sive defoliation of the plants. Recently, this disease has been

observed in the sudan (for the first time since the early 1940's), in

one of the largest faba bean growing areas within the country (Hussein,

1979). In Europe, Berthelem ( 1 980) reported that U. viciae-fabae is

more serious on spring-sown than on winter-sown faba beans because the

fungus requires higher temperatures and lower humidities for superior

growth. The author also noted that infection resulted in smaller and

more shrivelled grain and that later-sown cultivars r+ere most suscep-

tible. In scotland, Harrison (1984) reporred that spring-sown faba

beans were the most vulnerable, especialJ-y in drier weather, but that

yield losses were still minor since the disease was most severe late in
the season after nany of the pods had already been set.

Reports of yield reductions attributable to rust infection

lent in the literature. Rademacher (1934) reported heavy

late-sown faba bean crops in Germany; and similarly, serious

been found to occur in Palestine (Reichert and palti, 1946) ,

are preva-

l-osses in

losses have

Yugoslavia
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(Kispatic, 1949), and more recently from Iran (naiser et al. , 1967).

Williams ( 1 978 ) ' in Tasmania, observed a linear relationship between

yield loss and rust severity at the pod filling stage. when rust was

most severe, yields were reduced by as nuch as 45%. The yield losses

were due almost entirely to a reduction in the weight of seeds per pod,

an observation similar to that of E1 HelaLy (1939).

In North Àmerica, faba bean rust has been recently reported from both

Saskatchewan and t'lanitoba. in Manitoba, Bernier (1975) noted that rust

occurred in trace amounts in 1973, but became more severe in 1974, espe-

cia1ly on late-sown crops. He suggested that this disease nay become

serious, especiarJ.y if infection should occur early in the growing

season. In 1973, Mckenzie and Morrall observed rust in an irrigated

field of faba beans and on two lines in an experimental plot at the

University of Saskatchewan. The authors contend that the university

isolate represents .a new biotype of the fungus since these lines when

grovrn previously remained infection-free. The authors consider rust to
be a potential problem for faba bean production in western canada.

q. viciae-fabae has been found to be very damaging on lentils
(Prasada and vermar 1948; Gupta,1974; Nene et al. r 1g7s) and recently

Richardson ('1979) indicated that this pathogen can be seed-borne on this

host. In the northern areas of India, U,. viciae-fabae has al_so been

shown to be economically important on peas (soiri et al., 1974; singh and

Sokhi ' 1980); however, some resislant material has been identified
(Harsinghani et a1., '1980).
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2,2,2 Taxonomv of Uro¡nvces viciae-fabae

The accepted name for faba bean rust is Uromvces viciae-fabae

(Pers. )Schroet. (taundon, 1968). Names synonymous with u. viciae-fabae

include uredo viciae-fabae Pers., uromyces fabae (pers. )¡e Bary,

Uromvces orobi (Pers.)Fucke1, Uromyces viciae Fuckel, Uromyces polymor-

phus Peck & CIint., and Uromyces yoshinqai p. Henn (taundon and

Waterston, 1965).

The legitimacy of the name Uromyces viciae-fabae is contingent upon

the assumption that the original characterization of this rust by

Persoon, in 180'1, included a description of the telial state. Boerema

and Verhoeven (1979) and Deighton (1960) contend that Persoon failed to
describe the telia and therefore, based upon his description of the

uredo onIy, Uredo viciae-fabae Pers. cannot be the legitimate basionym

for the telial state. Boerema and Verhoeven (1979) state that the bino-

mial Uromvces fabae based on Puccinia fabae Grev. has priority.

0n the other hand, Jörstad (in Cummins, 1978) found telia in

Persoon's coll-ection of uredo viciae-fabae, and cummins (1978) and

taundon (1968) contend that Persoon did indeed refer to these in his

original description. The authors point out that Persoon's reference to

dark coloured sori suggests the presence of either telia or sori

containing teliospores and that as a result the name Uredo viciae-fabae

Pers. is an appropriaLe basionym for the perfect state and that the

combination, Uromyces viciae-fabae (Pers.)Scroet., is the valid name for

this species.

Although the name Uromvces viciae-fabae has gained wide acceptance in

the literature (cummins, 1962, 1978; Laundon and Ï.iaterston, 1965; wilson
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and Henderson, 1966; cummins and Hiratsuka, 1983), names such as

uromvces fabae continue to be used (Kapooria, 1971; McKenzie and

Morra1l,1975; Narsinghani et al.,1980; pal et aI.,1980; Hanounik and

Maliha, 1 985) .

2,2,3 Bioloqv and Life-Cycle of Uronvces viciae-fabae

i n fect ion of faba beans wi th Uromvces vic iae-fabae is usually

restricted to the upper and lower leaf surfaces of the plants. However,

when conditions are favourable for the pathogen, infection may spread to

include stems and pods (Kaiser et al., 1967), and occasionally, partial

or complete defoliation of pJ-ants may occur (Gaunt, 1993). symptoms of

this disease include the development of distinctive rust-coloured erup-

tions or pustules which at times may be surrounded by chlorotic halos.

Late in the growing season, the pustules darken in colour due to the

production of overwintering propagules (Martens et al., 1984).

Uromvces viciae-fabae is an autoecious macrocyclic rust known to

infect many wild and cultivated members of the genera Lathyrus, pisum,

vicia, tens, and orobus. The life-cycIe of this fungus is complex,

involving five different spore states, aIl of which may be produced on a

single host. There are numerous descriptions of the five successive

spore stages (basidiospores, pycniospores, aeciospores, urediniospores,

teliospores) and those referring specifically to faba bean rust include

cummins (1978), ¡liraLsuka (1933), and Laundon and l¡aterston (1965).

Typically, it is the urediniospore state which is responsible for the

damage attributable to this disease. However, in the 1entil growing

areas of India' aeciospores rather than urediniospores are the predomi-
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nant source of inoculum, and when repeated production of aeciospores

occurs, urediniospores are short-Iived, being produced only very late in
the season, and then followed rapidly by the production of teliospores

(Prasada and verma , '1 948 ) .

The teliospores, formed usual-ly late in the season, are dark brown to

bIack, single-ce11ed, thick-walled, stalked spores which facilitate the

survival of the fungus during periods of adverse environmental condi-

tions. These spores germinate readily without a dormancy requirement

r,rhên temperatures are suiLable (lz to 220c), and humidity is high

(Prasada and verma, 1948; Kispatic, 1949; Gupta 1974). Kispatic (1949)

noted that teliospores on faba bean petioles germinated 10 to 15 days

earlier than those on stems. This observation, in conjunction with the

lack of a dormancy requirement, is important, particularly with autumn-

sown faba beans ( Ki spat ic , 1 949 ) .

Basidiospores are produced on gernination of the teliospores and

give rise to pycnia on upper and lower leaf surfaces. The pycnial stage

occurs only infrequently in field-grown faba beans, but it is often

observed in the laboratory (Gupta, 1974. prasada and singh, '1975).

Studies on the sexual behavior of this rust have shown it to be hetero-

thallic. Aecia develop most cornmonly on the underside of leaflets, but

onry when pycniospores from a pycnium of a particular matini tyþe come

into contact with a pycnium of opposite rnating type (Brown , 1940;

Prasada and singh, 1975). Àeciospores are usually produced early in the

season just prior to the formation of urediniospores. However,

repeating aeciospores are known to occur, and secondary aecia are often

visible eight to ten days after the appearance of the initial aecia; the

former can be distinguished from the latter by the absence of pycnia
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(wilson and Henderson, 1966). Kispatic (1949) observed six to nine

generations of aeciospores per season in Yugoslavia and he suggested

that more generations per season were likely to occur in other faba bean

growing areas. In northern india, as previously mentioned, rust spread

from plant to plant occurs primarily by means of aeciospores; these may

be produced in such great numbers that severe damage to the 1entiI crop

ensues (prasada and verma, 1948). However, the authors noted that

aeciospores were unable to retain their viability from one season to the

next. This observation vras also supported by Kispatic (1949) who added

that aeciospores could possibly survive year-round in Mediterranean

climates. I.iilson and Henderson (1966) have suggested that the intermit-

tent occurrence of rust on faba beans in February in south-western

England may be due to the survival of aeciospores on seedling plants.

Uredinospores in this rust can form on aecial mycelium. This short-

cycling phenomenon rvas first reported by Brown (1940) and it results in

the complete omission of the aecial stage. Uredinospores can reinfect

lhe host to produce several generations of uredinia; consequently, they

are referred to as'repeating'spores (rittletield, 1981). under nost

climatic conditions, it is the uredinial phase which is reponsible for

disease epidemics. Kispatic (1949) found that bet¡veen six and nine

urediniospore generations courd occur during the growing season, in

zagreb, Yugosravia. He indicated the possibility of even greater

numbers of generations in Dalmatia, Yugoslavia.

Prasada and Verma (1948) observed that urediniospores lose their

viability quickly with increases in tenperatures above the optimum of 17

to 180 C. This result was in agreement with Hiratsuka (1934) who also

reported that urediniospores of this rust were not very heat tolerant.
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Kispatic (1949) and others (Hiratsuka, 1934; prasada and verma, 1949)

have reported, however, that the uredomycelium is very resistant to heat

and sunlight and that this probably is important for the continued

deveLopment and survival of the rust in hot, dry conditions. This rust

also has been reported to produce amphispores, a modified form of the

urediniospore with thicker walls which enable it to survive extended

periods at high temperatures (wilson and Henderson, 1966; Mckenzie and

Morrall, 1975). Gaunt (1983) notes that there is no shortage of

inoculum of this fungus, but that in all likelihood the dominant form of

survival probably varies ï¡ith different Iocations.

2.2,4 Host Ranqe of Uromvces viciae-fabae

i,lilson and Henderson (1966) cited Plowright (1889) as having first
investigated the host specialization of Uromyces viciae-fabae.

Plowright failed to infect any tathyrus or Vicia species other than y.

faba. He vras, however, successful in infecting P. sativum in addition

to Y. faba. Gaumann ('1934), using the same race of u. viciae-fabae as

Plowright ' summarized the work done to date and established the

following six formae speciales:

1. f. sp. viciae-fabae de Bary on p. sativum and I. faba

2. f.. sp. pisi-sativi Hiratsuka on p. sativum

3. f. sp. Fischer on y. cracca, p. sativum, and weakly on

y.. hi rsuta

4, f. sp. viciae-sepium Gaumann on g. sepium and y. faba

5. f.. sp. viciae-nipponicae Hiratsuka on y. nipponica

6, t. sp. viciae-uniiuqai Hiratsuka on V.. uniiuqa.
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comprised of three formae special-es.

IJ. orobi to the g. viciae-fabae as f
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(Pers.)lev. as a separate species

Subsequently, Jörstad (1958) moved

sp. orobi.

In 1949, Kispatic, working in Yugoslavia, reported a much wider host

range for faba bean rust isolates than had previously been described by

Gaumann (1934). Kispatic recognized nine races on the basis of rust

reaction on nine vicia species as well as on lentil and pea. He

obtained no infection of lentils, and most pea varities were classified

as relatively resistant. Although Kispatic did not use the same rust

isolates as Gaumann, his work refuted Gaumann's claim that the specif-

icity of the formae speciales of U.. viciae-fabae was restricted to two

or three host species. More recently, Kapooria and Sinha (1966) showed

differences in host range when eight Vicia species as well as tathyrus

aphaca were tested. in addition to Y. faba, only y. biennis and y.

narbonensis were the same as Kispatic's hosts. subsequently, using a

di fferent rust collection, Kapooria and sinha (971 ) reported

conflicting results on L. aphaca. Their results indicated that rust

isolates were capable of infecting species included in Lhe host ranges

of several formae speciales.

In North America, U. viciae-fabae has been reported on nine Vicia

spp. r 21 Lathyrus spp. and Pisum sativum (Ànonymous, 1960; Conners,

1967). In Canada, it has been found to infecl six Vicia spp.r six

Lathvrus spp. r and Pisum sativum (conners, 1967). Recently, cross-

inoculation studies by Conner and Bernier (1982a) have demonstrated that

U. viciae-fabae isolates from native and introduced host species of

Vicia, Lathyrus, anrl Pisum have still wider host ranges than those indi-

cated in previous studies. The authors observed that isolates from V.
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faba could be categorized into two groups based on their ability to

infect either y. americana or L. latifolius. Isolates in these groups

were able to infect hosts included in the host ranges of several of the

formae speciales described by Gaumann (1934). The Pisum isolates from

Manitoba and Quebec differed in host range (Conner and Bernier, '1982a).

This study verified the existence of host specificity among isolates of

U. viciae-fabae and indicated that the wide host ranges showed little
relationship to the formae spe-ciales described by Gaumann (1934).

2,2,5 Pathoqenic Variabilitv in Uromvces viciae-fabae

Different physiologic forms within Uromvces viciae-fabae have been

identified (Hiratsuka, 1933; Gaumann, 1934; Brown, 1940) and the vari-
ability in virulence of specific isolates has been confirmed (Kispatic,

1944, 1949; McKenzie and Morrall, 1975; Singh and sokhi, '1980; conner

and Bernier, 1 982b) .

Kispatic (944) tested 14 faba

isolates from three locations. He

races due to the lack of cultivar

established nine races on the basis

varieties.

bean cultivars against single spore

found it difficult to differentiate

uniformity. However, in 1949, he

of their reaction on a number of pea

In India, Singh and Sokhi (1980) identified six physiologic races

from seven isolates of U. viciae-fabae based on differential reactions

of 11 lentil hosts. The authors propose that six pathotypes from seven

isolates indicates high variability within this palhogen. Recently, an

additional race on sr+eet pea rvas identified (Sokhi, 1984).
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In Canada, Conner and Bernier (1982b,c) were able to identify sources

of resistance to specific isolates of U. viciae-fabae in faba beans.

They used these to differentiate 17 rust isolates collected from species

of Vicia, Lathvrus, and Pisum. Seven faba bean inbred lines allowed the

identification of seven rust races, and the use of 12 Iines and culti-
vars of pea in combination with the faba bean inbreds altowed the char-

acterization of an additional four races. The authors suggest that

their results indicate that a great deal of variability exists within

populations of this pathogen, in Manitoba. Further studies within the

province (uurithi, 1984) have idenified seven additional races with

virulence patterns distinct from those races previously identified, thus

supporting Conner and Bernier's contention of the variable nature of

this pathogen.

2.3 THE CONCEPTS OF DISEÀSE RESTSTÀNCE IN PTANTS

The SouLhern corn leaf blight epidemic in the United States of

America, in 1970 (National Àcademy of Sciences, 1972) demonstrated

unequivocally the vulnerability of the world's major crop plants. Às a

result the potential for catastrophic yield losses once again becane an

important concern to agriculturists. The basis for this concern lay in
the hazards created by the genetic homogeneity of crop systems. crop

uniformity was such that more than 75 % of the u.s. corn crop yras

susceptible to.a ner+ race of eocèl-i-obo]u5.
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In order to protect crops from disease, man has relied most conspicu-

ously on the use of either chemical or biological methods. The environ-

mental hazards of chemicals as well as their lack of cost-effectiveness

has made biological means of disease control increasingly attractive.
The most widely used biological method has involved the development and

deployment of disease resistant varieties.

2.3,1 Disease Resistance Terminoloqv

Resistance to disease has been variously defined. Russell (1978)

describes it in a very broad context as any inherited characteristic of

a host plant which lessens the effects of parasitism. similarly,
Simmonds (1983) aef ines resistance as a state of l-ess disease, with

immunity or the lack of disease as the limiting case. Robinson (1969)

has defined resistance'in more specific terms as the ability of a host

to hinder a pathogen or disease causing agent, and Day fi974) has

expressed it genetically as an attribute of the host which enables it to

resist pathogens that would otherwise grow on it. Nelson (977) has

described resisLance as an active, dynanic response of a host to a para-

site, therefore excluding from his definitíon such passive phenonena as

immunity, klenducity, and disease escape.

Ðisease resistance can be characterized in one of two ways, depending

upon the type of host reaction ericited by the pathogen. The host can

respond to invasion by restricting the establishment of a parasitic

relationship or by restricting the colonization and growth of the

pathogen following successful infectíon. In the latter situation,
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resistance tends to be effective against many races or biotypes of the

pathogen whereas in the former case, it is often only effective against

a few races or biotypes (Nelson , 1975).

Terms used to describe these two categories of resistance are

numerous (rabte 1 ). This multiplicity of terms has arisen, in part,

fron the attempts of various researchers to describe and categorize

seemingly different forms of resistance. unfortunatery, many of the

terms imply characteristics of the resistances other than their effec-

tiveness or lack of effectiveness, and as a result, are not synonymous.

For example, the mode of inheritance has been used to differentiate

between three types of resistance: monogenic, oliogenic, and polygenic,

in which resistance is governed by one, few, or a number of genes,

respectively. Similarly, different terms have been used to describe

resistance that is expressed at different growth stages of the host

plant. seedling resistance is most pronounced in very young plants,

although as Russell (1978) has stated, it may exist in mature plants as

well. 0n the other hand, mature or adult prant resistance is not

usually expressed in seedlings (Parlevliet and Van Ommeren, 1975).

Van der Plank (1963, 1968) introduced the terms 'verticaL' and 'hor-

izontal' to describe the resistance reactions of potato ( Solanum !_ube.-

rosum L. ) varieties infected with various pathogenic races of

Phvtophthora infestans (¡lont.) deBary. He observed that trvo potato

varieties (t¡aritta and Kennebec) responded differentially when infected

with p. infestans. The verlical fluctuations in a diagram depicting the

resistance of these varieties to 16 races of the late blight palhogen

prompted him to propose the term vertical resistance (Vn). Furthermore,

when van der PIank examined the perfornance of two oÈher potato
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TABLE 1. DISEASE RESiSTÀNCE TERMINOLOGY.

2.

RESISTANCE TO THE

hypersensitive
race-specific
non-uni form
di fferential
unstable
di sc r imi na tory

RESISTÀNCE TO COTONIZÀTION

field
non-hypersensitive
race-non-spec i f ic
un i form
generalized
stable
durable
di la t ory

ESTABLISHMENT OF À PARASITIC RELÀTTONSHIP

vertical
monogen ic
oJ. igogen ic
ma j or-gene
qualitative

AND SUBSEQUENT cROwTH 0F A PATHOGEN

horizontal
mul t i gen ic /polygen i c
m I nor-gene
partial
quantitative
rate-reduc i ng
incomplete
slow- ( rusting/mi ldewing. . . etc. )
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varieties (Capet1a and Katahdin) he noted that they reacted similarly to

all 16 races, although Capella was consistently more resistant than

Katahdin" This type of host response, Van der P1ank, termed horizontal

resistance (Hn). in 1975, Van der Plank expanded his definition of HR,

stating that "Characteristically, horizontal resistance slows epidemics

down (reduced r). Sporulation is less abundant, or fewer spores infect,

or the time taken from infection to sporulation is increased, or these

effects occur together. Ànd the effects derive, I believe, trom a

genetic basis distinct from that of vertical resistance."

Van der P1ank's (1953, 1968) categorizaLion of resistance as either

vertical or horizontal has generated much debate in the literature. His

definitions implied that the lack of host-pathogen interactions

conferred HR with an inherent stability not found with VR. In addition,

he suggested that HR is quantitative in expression, polygenically inher-

ited, and displays a non-reduced initial amount of inoculum (xo), buL a

reduced apparent infection rate (r). Às Parlevliet f979) has pointed

out, these characteristics may be associated, although not necessarily.

Buddenhagen and ÐePonti (1983) contend that the inadequacy of Van der

P1ank's terminology relates to the fact that HR and VR were described

not only in epidemiological and genetic terrns but also in interaction

and specificiÈy terms. Others have voiced similar concerns (Browning et

al., 1977; Parlevliet and Zadoks, 1977; Nelson, 1978; Russell, 1978;

Ellingboe, 1981)"

Perhaps the most controversial aspect of Van der Plank's definitions

surrounds his assumption that HR is distinguished by a lack of host-

cultivar interactions. Many examples in the literature refute this

contention (Jeffrey et al. , 1962; caten, 1974; clifford and clothier,
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1914; Habgood, 19'76; Kuhn et al., 1978). For instance, Parlevliet

(1978) has shown that the barley cultivars Vada, Berac, and Julia, when

tested against four leaf - rust races show no interactions between

cultivars and races; the cultivar Vada being consistently the most

resistant. Vada, according to Parlevliet, represents HR as defined by

Van der Plank. Resistance in this cultivar is inherited polygenically,

appears to be stable, is quantitative in expression, and has a reduced

apparenl infection rate (Parlevliet and Van Onmeren, 19751, Parlevliet,

1976,1978). Parlevliet (1977 ) has, however, observed a small but

significant interaction, when a fifth race is introduced, that indicates

race-specific aspecls in the partial resistance of cultivar Julia to

race 18. More recently, Parlevliet and Van Ommeren (1985) have reported

a similar race-specific effect for the cultivar Berac and the barley

leaf rust race 22. Similarly, the Oryza sativa - Xanthomonas orvzae

system, also seems to show small race-specific effects. The rice culti-
vars, when arranged according to their respective leve1s of resistance

to the bacterial leaf blight pathogen, show sn¡all cultivar - isolate

interactions. The cullivars Selem Gempel and Cicih Godangan show the

same rating to isolate Xo-7323 but a very different response to Xo-7306.

However, isolate Xo-7306 infects Cicih Godangan and the cultivar Ketan

Bulu equally, but f.o-7323 does not (Yamamoto et al., 1977).

From the standpoint of disease epidemiology, VR functions by reducing

the initial amount of inoculum that is available for disease develop-

ment. Van der P1ank (1968) states lhat for pathogens such as P. infes-

tans and P. qraminis, there is as a result, a delay in the start of the

epidemic. The effect of vR on epidemic development can be demonslrated

mathematically by the following equation:

Xo = Xov erat
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where xo is equal to the proportion of infected foliage in a field

without VR; Xov equals the proportion of infected foliugu in a field

þrith VR; r equals the infection ratei ¡t = the lag time required for

disease to increase; and e, the base of the natural logarithms is equal

to 2.718" Àccording to Van der Plank (1968) manipulation of this equa-

tion reveals that the delay in the epidemic is proportional to the loga-

rithm of the ratio Xo/Xov, although not particularly sensitive to it.
This implies that at low rates of infection, the benefits of VR are

large whereas the effects are very small at high rates of infection,

unfortunately at a time when they are most needed.

Horizontal resistance can influence many aspects of the disease

cycJ.e. It does so not by reducing the amount of initial inoculum as

observed r+ith vR, but by retarding or slowing down the rate of epidemic

development once it has been initiated. Nelson (1978) therefore

proposed the term 'rate-reducing' to describe this type of resistance.

In rate-reducing types of resistance, the apparent cr logistic infection

rate, r, measures the speed of the epidemic and is estimaLed as follows:

1 x2 ( 1-x1)
F=' tz-t1 x1( l-xZ)

where x1 and x2 represent the amount of diseased tissue at sampling

tinres 1 and 2, respectively (zadoks and Schein, 1979; Van der Plank,

1963).
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2.3.2 Genetics of Resistance

Biffen (1905) was the first to report on the genetics of resistance

to a plant pathogen. In his investigation of the inheritance of resis-

tance to stripe rust he established that in Rivet wheat resistance r,las

conferred by a single recessive gene. This vras an important conclusion

in that it demonstrated that resistance to Puccinia striiformis in wheat

conformed to Mendalian principles and as such was heritable.

Ward (1902) was the first to recognize that pathogenic organisms

differed genetically in their ability to cause disease in particular

host genotypes. That is, onry certain pathogen genotypes rvere capable

of parasistizing certain host genotypes i others r+ere avirul_ent.

Similarly, shortly after Biffen's report, Barrus (1911) was also able to

demonstrate variability in a pathogen. He reported that isolates of

Colletotrichum lindemuthianum (Sacc. and Magn.)nri. and Cav. differed

in their ability to produce disease on varieties of phaseolus vulqare.

À few years after Barrus's report, Stakman and Levine (1922) reported on

the variability in Puccinia qraminis f. sp. tritici and this formed the

basis for the elucidalion of the concept of physiologic race.

Flor (1946, 1947 ) examined the relationship between genetic vari-

ability in the pathogen species andvariability in the resistance of the

host, and he was able to conclude that for each gene conditioning resis-

tance in flax ( linum usitatissimum) lhere rr'as a specific Aene in lhe

flax rust fungus ( Melampsora lini (Pers.)tev.) determining pathogen-

icity. Flor's experiments showed a very simpte pattern of genetic

interactions between this host and pathogen and ttrese results led him,
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in '1955, to f ormulate the gene-f or-gene theory (r'1or , 1942; 1955) .

BriefIy, Flor's (1956) theory maintained that "for each gene condi-

tioning rust reaction in the host there is a specific gene conditioning

pathogenicity in the parasite". Day (1974), as weLl as other authors,

(Person, '1959; Flor, 1971; person and Sidhu, l97l Ne1son, 197g;

Ellingboe, 1984), have subsequently reported on the widespread applica-

bility of the gene-for-gene theory to many economically important host-

parasite interactions.

Àlthough the biochemical basis of host-pathogen interactions has yet

to be elucidated, a very simple hypothesis suggests that whereas domi-

nant genes have a positive function, recessive genes do not. This

hypothesis assumes that incompatibility results from the specific recog-

nition of gene products produced by dominant genes in both the host and

pathogen. However, if either or both genes are recessiver Do recogni-

tion takes place between the host and pathogen, and compatibility or

susceptibility results (nl1ingboe, 1976),

Van der Plank (1963,1958), having defined vertical and horizontal

resistance genetically, suggested that vertical resistance was

controlled by a few genes and lJas race-specific whereas horizontal

resistance tlas determined by many genes, each of small effect, and was

race-non-specific. He further implied that vertical resistance adhered

to the principles defined by the gene-for-gene theory whereas horizonlal

resistance did not. subsequently, many authors have objected to Lhe

genetic definitions of the terms vertical and horizontal as well as to

their epidemiological implications (nay, 1974; EIlingboe, 1975i Browning

et al. , 1977; Parlevriet 1977; parlevliet and Zadoks, 1977; Johnson,

1981)
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Vertical or race-specific resistance generally behaves in a qualita-

tive fashion as a single gene trait in which resistance is dominant and

susceptibility recessive (van der Plank, 1963). Examples of this type

of resistance are common in the literature (giffen, 1905; tupton and

Macer,1962; Ullstrup, '1965; Green and Campbell, 1979i yuen and Lorbeer,

1983). Yuen and torbeer (1983) found that resistance to Bremia lactucae

Rege1 in the lettuce ( Lactuca sativa L. ) cultivar Vanguard 75 was

conditioned by a single dominant gene, and Green and Campbell (1979)

noted that many of the wheat cultivars grown during this century have

possessed this type of resistance. Recently, DeJong and Rademaker

( 1 986 ) reported that a

(Puccinia horiana Henn. )

morifolium Ramat.). in addition, Lupton and Macer (1962) found that

resistance to yellow rust of wheat was under the control of single

9enes. They found that resistance was inherited commonly as a dominant

Lrait although in a few cases, it was inherited in a recessive manner.

Resistance conferred by a single completely dominant gene is common

having been identified from almost all economically important hosts to

nearly all rust species.

Resistance conditioned by a single recessive gene is also common,

being known to occur in several hosts (Samborski,1963). In the inheri-

tance of resistance to Puccinia qraminis f. sp. secalis in barley,

Steffenson (1984) identified a single recessive gene that was respon-

sible for the resistance. Bartos et â1., (1969) have found that the

wheat cultivars Thatcher and Marquis possess specific resistance to race

9 of Puccinia recondita which is determined by a single recessive gene.

Similar]y, Sawhney et al., ('1978) have reported that lhe resistance of

single dominant gene conditions white rust

resistance of chrysanthemum ( Chrysanthemum
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tritici is determined by two recessive genes.
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sp.

Most cases of race-specific resistance are under oligogenic rather

than monogenic control. The oligogenes may be either dominant or reces-

sive or a combination of both dominants and recessives (Hooker, 1967).

At least eight loci are thought to be involved in the yellow-rust resis-

tance of Aeqilops comosa sibth. and sm. (nitey et aI. , ig66) and the

genetic control of resistance to powdery mildew in some barley cultivars

is thought to involve several atLeles with some of them operating at the

same locus on a single chromosome (Mosenan, 1966).

Many exceptions to this rather simple qualitative mode of inheritance

have been reported. However, the majority of these can be readiry

explained by Flor's gene-for-gene theory and by the model describing the

specific recognition of gene products (rlor , 1971), For example, in

cereal-rust interactions, seven or more infection types have been recog-

nized by early ¡+orkers and these are known to be governed by single

major genes. These infection or interaction types can be explained on

the basis of partially functioning genes, the products of which interact

to varying degrees with pathogen gene products to give a range of pheno-

typic expression.

it is often observed that resislance to rusts in cereals is inherited

as an inconpletely dominant character whi.ch implies a quantitative

interaction of gene products. simirarly, many resistance genes are

temperature-sensitive and their expression may either increase or

decrease with increasing temperatures (UdeoglaLanya and Clifford, '1978).

This implied either impaired production or activity of producLs at unfa-
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vourable temperature. There are instances of resistance being governed

by complementary dominant host genes as in the oat variety Bond r+ith

regard to Puccinia coronata (naker, 1966). And this suggests that the

specific recognition factor is a complex molecule formed from a conjuga-

tion of two gene products.

À significant aspect of vertical resistance with respect to breeding

is that while it is generalJ.y relativery easy to manipulate, it is

subject to collapse when new physiologic races of a pathogen arise or

increase in frequency. In many cases, the pathogen requires only a

singre genetic change to overcome a single gene for resistance. Às a

result there are many exanples of the instability of this form of resís-

tance in cereals to stem rust ( puccinia oraminis), and in potato to

late blight ( Phvtophthora infestans): âs welL as in many other host-

pathogen interacti.ons (van der Plank , 1978). There are, however,

instances where resistance conditioned by a single gene has been effec-

tive for many years (Johnson, 1984). For exampre, DeJong and Rademaker

(1986) state that since testing began in Hol1and, in 1975, no break-down

of white rust resistance has been observed in chrysanthemum. Similarly,

resistance to stripe rust in some wheat cultivars has been long-lived
(Grama et aI. , '1984 ) .

2,3.3 Rate-Reducinq Resistance

Nelson(1978) has stated thal Van der P1ank (1963) should have defined

horizontal resistance in epidemiological terms rather than genetically.
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He has suggested that since it is a resistance that reduces the apparent

infection rate it should be referred to as rate-reducing or rate-

limiting resistance. Incomplete vertical resistance can aLso slow down

an epidemic and therefore rate-reducing (slow-rusting) is not character-

istic of one form of resistance or the other. Nevertheless he does

suggest that at least some slow-rusting might be conditioned by hori-

zontal resistance.

The literature on the inheritance of rate-reducing types of resis-

tance indicates a polygenic or quantitative inheritance (Helson, 1978

simonsr 1975; Hooker, 1969). Hooker (1963, ig5'7) has reporLed that

general resistance to northern leaf blight and leaf rust in maize is

conditioned by many genes. Other examples of quantitatively inherited

rate-reducing types of resistance in maize include that for brown spot

(l¿ott et aI., 1963), southern corn leaf blight (pate and Harvey, 1954),

and stalk rot (Kappelman and Thompson, '1966). van der plank (1984)

notes that estimates of gene pair numbers range from less than two to

greater than twenty, allhough more commonly from two to six.

In their investigation of the general resistance of maize to Puccinia

sorqhi, Kim and Brewbaker (gll) have found that one to three gene pairs

are involved and that this trait is highly heritable ß3.4Ð. Skovmand

et al., (1978b) have reported that 2 Lo 12 pairs of genes are involved

in the inheritance of slow-rusting resistance in wheat to stem rust.

They obtained abnormally high numbers of slow-rusting progeny in crosses

involving the spring wheat cultivars Idaed 59 and Kenya 58, which indi-

cated that only a few genes condition slow-rusting. Luke et al., (197s)

found that the slow development of crown rust ( Puccinia coronala Cda.

f. sp. avenae Eriks.) on Red Ruslproof oats ( Àvena byzantina C. Koch)
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lvas controlled by 2.16 genes and they estimaLed the heritability to be

87%. Simons (1975) has also reported that field resistance to oat crovrn

rust is under polygenic control. Heprer et aI., (19s7) found the slow

development of asparagus rust was controlled by at least four to five

factors, and Parlevl iet ( 1 978 ) has provided evidence that seven loc i
appear to be involved in the inheritance of parti.al resistance in barley

to leaf rust ( Puccinia hordei). GavinleLvatana and Wilcoxson ( 1978)

have demonstraÈed that the number of genes affecting the slow develop-

ment of leaf rust in crosses among the wheat cultivars Lee, Marquis, and

Thatcher is between 3 and 21 genes. Theyr âs well as skovmand et al.,
(1978b), note that gene number estimates are conservative for many

reasons, but especial.ly so since in hill plantings, rust spread from

fast to slow rusters leads to high inoculun densities and consequently

an underestimation of the number of genes involved.

Specific resistance genes may be involved in the control of rate-

reducing types of resistance. Nelson (1978) has proposed that race-

specific, major gene resistance and non-race-specific minor gene resis-

tance are conditioned by the same genes. Martinez-Gonzalez et af.,
(1983) reported that slow-rusting in Era wheat was due to the combined

effects of the specific Aenes Sr5, 516, Sr8, Srga or 9b, Sr11, 5112,

sr17, and perhaps others. They noted, however, that Era might, in addi-

tion, possess other factors that condition slor+-rusLing because many of

its ancestors rusted stowly. skovmand et al., (1978a) found that the

genes sr5, sr7b, and sr'I1 did not affect slow stem rust development on

wheat. They noted, however, that the genes 516 and SrTt-1 interacted

with the genes controlling slow rusL development, but that these genes

T.t 
se were not responsible for slow-rusling since a few lines



35

containing them rusted rapidly" similarly, Àyers et a1., (1981 )

reported that specific aenes in the slow-rusting spring wheat line FKN

had little eftect on ÀUDPC ¡+hich the authors used as a measure of slow-

rusting ability. They observed, however, that progenies r+ith the gene

Sr9b either aLone, or in combination with the genes Sr5 and Sr8 resulted

in smaller AUDPC values, but fast-rusting progenies with Srgb were also

identified. The authors suggest that therefore factors other than gene

Sr9b condition the slow-rusting trait. Rowell (1981) was unable to

separate the resistance mechanisms in the wheat cultivar Idaed 59 which

has specific resistance to P. qraminis f. sp. tritici conferred by the

gene SrTt-'l. This gene or a dominant gene closely linked to it has been

identified as one conditioning low receptivity and thus slow- rusting

ability in Idaed 59 (Rowe11 and McVey , 1979).

In addition to Rowell's (1981) work in which he noted that the gene

SrTt-1 conditioned slow-rusting resistance in Idaed 59, other authors

have provided evidence for singre gene control of this type of resis-

tance. Habgood (1972) presented evidence to indicale that resistance to

Rhvnchosporium secalis in the winter barley cultivar Vulcan was due to a

single gene. similarry, Martin and Erlingboe (1976) showed that a

single gene Pm4, rvas responsible for the observed slow-nrildewing of

wheat infected with cultures of Ervsiphe qraminis f. sp. tritici
carrying the compatible virulence gene, p4. They demonstrated that

differences in compatibility among lhe three possible compatibre

parasite/host genotypes (p4/pm4 , pAlen4, and p4/pnL) could be detected

and that the p4/pm4 parasite/host genotype resulted in a slower rate of

development. Their results indicated Lhat gene-for-gene relationships

are applicable to horizontal (rale-reducing) resistance.
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Residual effects of 'defeated' major genes, i.e., resistance genes

that have been overcome by a pathogen with matching virulence genes,

have been suggesled to contribute to rate-reducing types of resistance

(Nass et aI., 198'1; Brodny et al., 1986; teath and pedersen, 1986).

Martin and Ellingboe (1976) reported that the race-speciiic resistance

gene, Pm4, reduced the infection efficiency of a powdery mildew isolate

with virulence gene P4, compared to a near-isogenic ¡.¡inter wheat line

with the recessive allele, pm4. Nass et al., (1981), working with near-

isogenic winter wheat lines with mildew resistance genes pm3c, pm4, or

MA observed that they had lower disease efficiency and sporulation than

the recurrent parental line Chancellor, when inoculated with E. qraminis

isolate 144, possessing virulence against these genes. They suggested

that these effects on isolate 144 were residual expressions of pm3c,

Pm4, and MÀ. Recently, Brodny et al., (1986) have demonstrated residual

effects of the wheat stem rust resistance genes sr6, sr8, and srga on

pustule size and sporuiation capacity. They also noted that residuality

was greater when the three genes were combined in one line, than from

either single genes or any paired gene combinaLion. Àdditiona1ly, resi-

dual effects of 'defeated' genes have been reported for northern leaf

blight of maize caused by Exserohilum turcicum (pass. )Leonard and Suggs

(Leath and Pedersen, 1986). Ànderson (1982) has suggested, however,

that residual gene resistance may be attributable to near-isogenic lines

that "were not as nearly isogenic as intended." consequently, the

possibility exits that unidentified quantitative resistance genes rvere

transferred along with the qualitative genes during production of the

near-isogenic lines. Royer et af. , ( 1984) has shown that the near-

isogenic wheat line cI '14118, with the resistance gene pm2 from the

cultivar Ulka, does not possess the same leve1 of partial resistance to
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compatible mildew races as does the near-isogenic line cI 14119, with

Pm2 from CI 12632. The authors suggest that this result indicates the

importance of background differences in the expression of resistance.

There is considerable evidence in the literature to indicate that

most of the gene action conditioning rate-reducing types of resist,ance

is additive (Ca1dwel] et al., 1957; pope, 1968; parlevliet, 1976;

Nel-son, '1978; Grama et a1., 1984). caldwel1 (1968) and cardwell et al.,
(1957) have noted that the collective action of minor genes conditions a

resistance simil-ar to major genes and Parlevliet (1976) has reported

Lhat partial resistance is conditioned by minor genes. Pope (1968) has

suggested that wheat cultivars that were susceptible to stripe rust

might possess minor genes that could be added to minor genes in other

moderately resistant cultivars to enhance the level of resistance.

Grama et â1., (1984) observed additive gene action for stripe rust

resistance in wild emmer, that was indicated by the occurrence of trans-

gressive segregation towards resistance.

2,3,4 Conponents of RaÈe-Reilucinq ResÍstance

2,3,4,,1 Infecùion tr'requency (IF)

infection frequency (Par1evliet, 1977; parlevriet and Kuiper , 1977a1

Jeger et a1., 1983), also referred to as disease or infection efficiency
(shaner, 1973; shaner et al. , 1978; Rouse et al., 1980; villareal et

a]., 1981; Àhn and 0u, 1982b), infectibility (watrt et al., 1990), and
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receptivity (MorLensen and Green , 1978; Nutter and pederson, lggs), is

defined by Parlevliet (1979) as the proportion of spores resulting in

sporulating lesions. Àhn and Ou (1982b) tave equated this component to

the ratio between the number of lesions per unit area of leaf and the

spore concentration of the inoculum (mathematically expressed as:

lP=llÏ., where Y is the number of lesions per unit area of leaf and X is

the proportion of spores in the inoculum).

In rust diseases, this component is usually recorded as uredinial

number per unit area (Martin et aI., 1979; Milus and Line, 1990;

Neervoort and Parlevliet, 1978). In mildews, evaluation is contingent

upon the number of conidia having formed elongating secondary hyphae

(carver and carr , 1977; Rouse et al., 1980), and in diseases such as

glume blotch of wheatr lesions are examined for the presence of Septoria

nodorum (Berk.)nerk. pycnídia (Jeger et a1., 1983; tancashire and Jones,

1985).

Low infection frequency is considered to be a major contributing

factor to rate-reducing types of resistance. Àsher and Thomas (1984)

noted that in addition to it being the easiest component to measure, IF

made the greatest contribution to the slow-mildewing resistance of

spring barley. Parlevliet and Kuiper (1977a) flkewise found IF to be

significantly correlated with the levels of partial resistance of barley

cultivars to leaf rust ( Puccinia hordei) in the fie1d. Mortensen and

Green (1978) reported that Low receptivity was important in the resis-

tance of the slow-rusting cultivars Glenwari, }Jarigo, Hopps, and idaed

59, to wheat stem rust. Field trials have indicated that the observed

low receptivity of the latter cultivar, ât the heading stage, reduced

infection to about 92 Lo 98% in comparison to that on the susceptible

wheat Purdue 5481CI (Rowell , 1982; Rowell and McVey , 1979).
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Àlthough the importance of infection frequency has been established

many researchers have noted difficulties with the use of this component

as a measure of rate-reducing resistance. For instance, Villareal et

al., (1981) have emphasized that iF is only a relative measure because a

true ratio of the number of infection sites to the number of spores

applied cannot be obtained since not all spores in the inoculum settle

or stay on host tissues. Johnson and ttilcoxson (1979) have found that

selection for IF in the slow-rusting of barley is ineffecLive since IF

is otten associated with a high variability. They suggest that this

variability is most probably due to the non-uniform inoculation of

plants. Others tend to agree. For exampre, shaner and Finney (1980)

have reported a large variation in uredinia numbers on the winter wheat

cultivars Monon and CI 13227, which they attribute to difficulties in

obtaining uniform spore deposition. Similarly, Parlevliet and Kuiper

(1977a) have found that the number of uredinia varies greatly from one

plant to another and from one leaf part to another giving a large error

variance despite use of large numbers of replicates. They, too, suggest

that this large error is due to difficulties in obtaining even inocula-

tion and uniforn dew formation. Parlevliet f977) in his assessment of

iF in the barley - leaf rust system found a coefficent of variation

(C.v.) equal to 21% associated with this component. He hypothesized

that this relatively high c.v. rvas responsible for his inability to

discern a cultivar - isolate interaction although one r+'as indicated for

the cultivar Julia - isolate '18 combination.

Às these examples from the literature suggest, measurement of IF
necessitates the uniform inoculation of the plants under investigation.

Ahn and 0u (1982a) reported that in lhe blast disease of rice, an
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increase in spore concentration resulted in a concomitant increase in

the number of lesions. Parlevliet and Kuiper (1977a) have indicated

that cultivar effects on IF may be density dependent. They suggested

Lhat testing for cultivar differences should be done at low spore densi-

ties as this is rnore indicative of the fieLd situation.

Other environmental and host effects have been shown to influence

infection frequency. In a recent report, Nutter and Pederson (1985)

observed that receptivity increased as the duration of leaf wetness r,¡as

increased following inoculation ot barley seedlings with spores of

Pvrenophora teres. WahI et al., (1980) observed no significant differ-
ences with IF in wheat seedlings infected with stem rust. In adult

plants, however, significantly fewer uredinia developed on the slow-

rusters than on their fast-rusting counterparts. They concluded that

this component of resistance r.las strongly influenced by differences in

plant growth stage and was thus inappropriate for use in the detection

of slow-rusting in wheat seedlings. similarry, Martin et al., ft977)

found that some wheat lines exhibiled low numbers of stem rust uredinia

in both seedlings and adult plants whereas in other lines onLy adult

prants or portions of these plants showed reduced receptivity. They

indicated that caution should be exercised when extrapolating conclu-

sions from one stage of plant development to another.

Interactions between infection frequency and other components of

resistance have been reported. Neervoort and Parlevliet (1978) noted

that the components IF, spore production, and infectious period showed

conpensatory effects. A high IF tended to reduce the infectious period

and the spore production per lesion per day. The compensatory effects

between IF and spore production rlere especially pronounced. Leonard
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(1969) observed decreased sporulatíon per pustule of !. qraminis f. sp.

avenae' as the number of pustules increased per leaf in partially resi-

tant oats. similai'Iy, Rouse et ar., (1984) have demonstrated an expo-

nential decrease in the cumulative number of spores produced per mildew

colony as the number of colonies increased on primary leaves of three

wheat cultivars. Parlevliet and Kuiper (1977a) have reported a correla-

tion between IF and latent period (r=0.80), in the adult plant stage.

They suggested that this association was most likely responsible for the

observed connection between IF and partial resistance of barley culti-
vars to leaf rust in the fierd. In addition, Jeger et aI., ('1983) have

reported that IF was significantly correlated with lesion cover and

incubation period in the glume blotch of wheat.

Evidence concerning the nature of the genetic control of infection

frequency is at present inconclusive. Rowell (982) reported that a

single dominant gene conditions low receptivity to infection by stem

rust in the wheat cul-tivars idaed 59 and w2691srTt-1. This gene is

either very closely linked or identical to the specific resisÈance gene

srTt-1. Rowelr and Mcvey (979) reported that row receptivity is

controlled by one recessive gene in the wheat cultivar Lee, and two

recessive genes in Thatcher. 0n lhe other hand, Parlevliet (977) has

hypothesized that iF is under porygenic control. Recently, Modawi et

â1., (1985) demonstrated the lower receptivity of wheat lines possessing

the gene Lr7c, as compared to those lines r+ithout Lr?c, when inoculated

with cultures 6 and '17 of P. recondita, but the absence of such a

difference in lines having tr'1 or Lr3a suggests that there is a residual

effect of specific aenes that relate to low infection type in some

cases, but not in others.
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2,3,&"2 taLent Period (tp)

Incubation period, defined as the time from inoculation to the

initial appearance of symptoms, and latent period, the time between

inoculation and sporulation (Parlevliet, 197Ð, are resistance compo-

nents that have been studied extensively since they can be measured

reliably and are found to correlate well with performance in the field
( Parlevliet , 1975; Jones , 1978; shaner , 1 980 ; subrahananyam et al . ,

1983; Àsher and Thomas,'1984). parlevliet et al., (1985) state that Lp

is by far the most reproducible component and the easiest to measure.

Other researchers tend to agree. Lancashire and Jones (1985) observed

that LP had a lower variabiliLy (c.v.=12,4%) than all other components

evaluated, except lesion width, in the g]-ume blotch of winter wheat.

They also point out that this low value is consistent with Lewontin's

(1965) suggestion that opportunistic species should have short and

stable generaton times. parlevliet (1977) reported a c.v. for tp of

1.9% and he concluded that LP was the most sensitive component of the

partial resistance of barley to leaf rust. Shaner and Finney (1980)

also noted that in the leaf rusl of winter wheat, LP was the component

measured with the least error even when the percentage uredinia erupted

was visually estimated. Parlevliet and Van Ommeren U975) found that

the LP of P. hordei, when measured in young flag reaves of barrey,

correlated very highly with levels of partial resistance in the field
(r= -0.94 and r= -0.91, in 1973 and 1974, respectiveJ.y). In fact,
Neervoort and Parlevliet (1978) and Parlevliet et al., (1985) have shown

that ËP alone estimated the partial resistance as well as al.l the oLher

components in combination.
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Àssessnent of this component has, for the most part, been restricLed

to studies conducted in the greenhouse or in growth chambers. However,

Parlevliet (1975) and Shearer and Zadoks (1972), in sma1l-scale field

studies, have estimated the LP of B. hordei and S. nodorum, respec-

tively. in both these studies, âs well as in others (Sztejnberg and

Wahl, 1976; Martin et al. , 19'l9i Osman-Ghani and Manners, 1985), the

characterization of LP was based upon visual assessment of the time

after inoculation at which the earliest lesion sporulated. Shaner

(1980) has indicated, however, that this method does not necessarily

provide an accurate estimation of LP because hosts may differ markedly

in the time required for the same proportion of lesions to sporulate,

although differences in minimun LP may be smalI. Other researchers have

characterized LP as the time between inoculation and the appearance of

50% of the lesions (Parlevliet, 19751, Johnson and Wilcoxson, 19791,

Subrahmanyam et al., 1983; Nutter and Pederson, 1985). This approach,

however, provides no information about the minimum LP nor about the rate

at which lesions become infectious (Shaner, 1980). Shaner et al.,
(19i8) have attempted to overcome these problems r+ith estimation of LP

by the calculation of a weighted average latent period, using the

formula:

.Lp =.8 r.i ri
'l =U

where Pi is the proportion of sporu).ating lesions in relation to the

final number of sporulating lesions that appear on the ith day after

inoculation; ti is the ith day after inoculation, and n is equal to the

number of days after inoculation when the maximum number of lesions.are

sporulating. A modified expression of LP as the time at which 50% of

the lesions are sporu).ating is obtained by the regression of the probit
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of the proportion of lesions erupted on the number of days following

inoculation. Fronr this, Tso (the day by which S0% of. the uredinia had

erupted), an estimate of LP, can be obtained with the advantage that

daily observations are not as necessary as they are for the calculation

of the weighted average latent period.

There are numerous examples of the effectiveness of latent period as

a method of distinguishing rate-reducing types of resistance. Ohm and

shaner (1976) reported that the Lp for F. recondita f. sp. tritici was

longer by a factor of 1.2 Eo 1.8 in slow-rusting winter ¡vheats when

compared to fast-rusters. Similar results have also been noted by Milus

and Line (1980); Nutter and pederson (1985); and shaner and Finney

(1980); as well as others. subrahmanyam et al., (1983) found that the

LP of !. arachidis in peanuts decreased substantially from highly resis-

tant to resistant to moderately resistant genotypes whereas the moder-

ately susceptible and suceptibre groups differed very littIe with

respect to this component. similarly, ltahl et aI., (1980) reported that

r+hile they did not observe differences in infectibility in wheat

seedlings inoculated with !. qraminis f. sp. tritici, they did find that

uredinia developed much nore rapidly in Prelude, a fast-rusting cultivar

as compared lo the slow-rusting wheat ThaLcher.

Parlevliet (1979) has stated that when measuring latent period,

plants should be compared at the same stage of development since this

can greatly influence results. For example, the high correlations

bet¡veen this component and levels of partial resistance in the field
refer primarily to those situations where LP is measured on adult

plants. Correlation coefficients between partial resistance and tp
measured on seedlings are typically very much smaller. Parlevliet et
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41., (1985) have found that measurement of latent period in the young

flag leaf is a very reliable sel-ection criterion for partial resistance

to barley leaf rust. Similar results have been obtained for yeIlow rust

of barrey (Parlev1iet,1980) as well as in rye for p. recondita f. sp.

tritici (ParrevIiet, 1977) and in wheat for p. recondita f. sp. tritici
(ParlevIiet, 1980). Such results have not been restricted to the cereal

rusts. Jones (1978) observed that oat cultivars infected with powdery

miLdew caused by Erysiphe qraminis f. sp. avenae showed smalt differ-
ences in incubation period at the seedling stage (from 4.5 to 6 days)

but large differences at the adult stage (from 4.0 to'12 days).

Parlevliet (1975), in his examination of the partiaJ- resistance of

barley to leaf rust, observed that all cultivars showed an increase in

LP from the primary leaf up to the frag leaf. The Lp of the flag leaf

then decreased with aging. This pattern, arthough discernible in
susceptible cultivars, vras much more pronounced in resistant cultivars.
Parlevliet concluded that not only does LP vary with developmental stage

and leaf age, but also r+ith the leaf position on the plant and the loca-

tion on the leaf itself. He observed thal LP appears to be shorter at

the leaf nrargins. This observation has also been noted by yarwood

(1961) witn bean rust, and with brown rust of wheat by Mehta and Zadoks

(1970). Osman-Ghani and Manners (1985) have reported that latent
periods were longer on flag teaves than on seedling leaves.

Parlevliet (1975) has examined the effect of temperature as well as

light intensity and daylength on Lp in the barley - leaf rust system.

He has concluded that there are no indications of these environmentaL

factors influencing the cultivar effect on LP. Kochman and Brown (197S)

have also reported thal the development of p. coronata f. sp. avenae on
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oat cultivars is insensitive to temperature effects. However, they did

observe that for P. qraminis f. sp. avenae, tp was shorter at 30 - 350c

than at 20 - 250C. Shearer and Zadoks (1972,1974) examined the effects

of temperature and the duration of leaf wetness on the latent period of

9.. nodorum. They observed that under field conditions and in growth

chamber experiments, an increase in temperature and an increase in the

duration of leaf wetness both caused LP to decrease. The magnitude of

the response r+as similar (up to seven days) under both sets of condi-

tions.

Latent period has been shown to be associated with many other compo-

nents of rate-reducing resistance. As previously indicated, there is a

strong association between latent period and the level of partial resis-

tance in the field (Parrevriet and van ommeren, 197i; Neervoort and

Parlevliet, 1978i Parlevliet et a1. , 1 980; parlevliet et al. , 1 985;

statler and Parlevliet, 1987). parlevliet et ar., (1985) have hypoth-

esized that genes that control latent period most like1y also govern

partial resistance to a large extent. Parlevliet (1980) has also found

a strong association between infection frequency and Iatent period in

lhe barley - ye1low rust system" Recently, in further investigations of

this systern, Parlevlie! (1986) has observed that these components are

governed by the same genes and are pleiotropicarly associated.

Latent period has been estimated to be controlled by three to six

genes acting in an additive manner in the barley cultivars Sultan,

voIIa, Julia, and vada (Parl.evliet, 1978), and three to four in cebada

Capa (Par1evliet and Kuiper, 1977b). Parlevliet (1980) found that the

culLivar L94 carries no.genes for a longer LP, whereas Vada carries five

Èo six minor genes, and cebada capa possibry three to four. These
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authors have demonstrated that recombination and accumulation of these

genes for a longer LP is possible. Parlevliet et al., (1985) have shown

that lines obtained through selection for a longer LP in the greenhouse

possess a very high level of partial resistance. They have concluded

that genes governing tP also govern partial resistance to a rarge

extent. Lee and shaner (1985) have indicated that the rong Lp of p.

recondita on some slow-rusting wheats is determined by two to three

recessive genes showing additive effects. They suggest that wheats with

a very long LP can be selected for by making crosses among different
slow-rusting cultivars, since all crosses that they examined displayed

transgressive segregation.

2.3.4.3 Spore production (Sp)

The estirnation of spore production, expressed variously as sp per

unit leaf area, sP per lesion or pusture, sp per unit area of lesion, or

SP per unit area of sporulating area (Parlevliet, 1979), is a sensitive

method of assessing resistance. Johnson and Taylor (976) have indi-
cated that not only does SP measure the sum of the effect of all compo-

nents, but that it is also a nuch more precise estimate than that of lhe

other components. The use of SP nakes it possible to detect differences

often overlooked by the use of other components. For example, Mortensen

and Green (1978) reported that the resistance of the wheat cultivar
Exchange v¡as due to its low urediniospore production per pustule despite

its relatively high receptivity to the three stem rust races tested.
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The slow-mildewing resistance of the wheat cultivar Knox is also partly

attributable to its low spore production (Shaner, 19i-3).

Sharma and Heather (1979) found that resistant clones of populus

resistant to leaf rust produced fewer urediniospores per uredinium than

the moderately susceptible clones. This pattern of higher numbers of

urediniospores per pustule on more susceptible tissues is in agreement

with similar observations for P. qraminis on oat cultivars (teonard,

1969) and P. hordei on four cultivars of barley (Cfifford and Clothier,
1974). Recently, Osman-Ghani and Manners (1985) reported substantial

differences between cultivars in spore production per unit area of leaf.

They observed that more spores of yellow rust were produced on leaves of

the spring barley cultivars Àstrix and Senta than on Sultan and Zephyr.

Àttempts by various researchers to quantify differences in Sp in
susceptible and resistant hosts has yielded varying results. Jeger et

al., (1983), for instance, observed that twice as many spores of s.

nodorum per square centimeter diseased tissue t+ere produced on the

winter wheat cultivar Maris Ranger than on the more resistant cultivar
Maris Huntsman. Shaner et al. , (1978) found that P. recondita produced

two to three times more inoculum on the winter wheat cultivars Monon and

suwon 92 than on the slower-rusting cultivars suwon 85 and p6029.

Villareal et al., ('1981) have reported a much greater, sixfold to seven-

fold' increase in the number of spores produced on a susceptible rice

cultivar than on two cultivars possessing slow-blasting resistance.

Spore production is a very difficult component to measure accurately,

primarily because of its dependency upon many factors. tancashire and

Jones (1985r) working with s. nodorum found that components associated
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rlith sporulation (mean spore density, growth of spore density, mean

number of spores, and growth of spore number) had the greatest vari-

ability (".g., 64"9% f.or the increase of spore density). Rouse et ¿r.,
(1980) observed that the r+heat cultivar Vermillion had reduced sporula-

tion compared with the cultivar Knox. Shaner (1973), however, observed

less sporulation on Knox than on vermillion. Rouse et al. , ( 1 9g0 )

suggested that this inconsistency was due to differences in the develop-

mental stage of the plants used. Furthermore, they noted that the use

of screening methods involving only seedlings could lead to erroneous

conclusions. Other workers have observed similar resuLts. Mortensen

and Green (1978) found that with respect to SP, results with seedlings

conducted in growth chambers did not correlate well with slow-rusting in

the field, nor with SP on adult plants under controlled conditions.

Other studies involving wheat stem rust (Martin and Miller, 1974; Depaur+

and Bucannon, 1975) and barley leaf rust (parlevriet, 1975; Neervoort

and Parlevliet, 1978) also support these conclusions. on the other

hand, Johnson and Taylor (1976) cite a number of examples where measure-

ment of sP in seedlings has adequately assessed resistance levels.

Spore production is dependent on many factors in addiÈion to differ-
ences in plant age. Jeger et al., (1983) reported thaÈ spore production

per square centimeter diseased . Lissue was linearly related to the

product of maximum temperature and the duration of leaf wetness.

Osman-Ghani and Manners (1985) reported that in all barley cultivars

exanined except for one, spore production was significantly lower at

higher temperatures. Mehta and Zadoks (1970) have observed a dependency

of sP on inoculum density. À high spore deposit reads to high pustule

density and high pustule density causes a short Lp, a high rate of
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pusture opening, a steep increase of daily sp, an early and high maximum

of daily SP, a relatively rapid decrease of daily SP and a relatively
short sporulation period. They found, however, that total sp is inde-

pendent of inoculum density and pustule densily. These conclusions

agree with the results of Yarwood (1961) with bean rust. Johnson and

Taylor (1976) attribute this independence to the fact that with few

pustules per unit area of leaf, the pustules were larger and sporulation

occurred over a longer period than with many pustules per unit area. On

the other hand, shaner et aI., (1978) observed that !. recondita of a

common size on the winter wheat culivars Monon, Suwon 92, and suwon g5

produced essentially equal numbers of spores. The observed lower

productivity of uredinia on Suwon 85 was due almosL entirely to their
smaller size. The authors showed also that uredinia on p5028, which has

greater slow-rusting resistance than Suwon 85, were not oniy smaller

than uredinia on Monon and suwon 92, but also produced few spores per

sguare millimeter of uredinium.

In general there tends to be a negative correlation between Sp per

pustule and pustule sizer âs well as between pustule density and infec-

tion frequency. Nelson (1975) has suggested that in order to compare

the SP of various lines, similar infection frequencies must be used, but

this is very difficult to do in practice due to the typically high vari-
ability of this component. Good results often can be obtained by exam-

ining total SP because this is often less dependent upon inoculum

density, however, since sp can occur over a period of 65 days under near

optimal conditions, this too can be difficult to estimate accurately

(Johnson and I{itcoxson, 1970). Neervoort and parlevliet (1978) did,

however, measure tota] sp per unit leaf area in the barley - E. hordei
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system and f ound that i t , 1i ke LP , r\ras hi ghly correlated v¡i th levels of

partial resistance in the field (r=0.85). They suggested, however, that

the LP is the preferable measure since it is estimated more easily, more

accurately, and sooner after inoculation.

Spore production appears to be influenced by a number of minor genes.

Mortensen and Green (1978) indicated that low urediniospore productivity

in conjunction with low receptivity is probabl-y inherited in a complex

manner in wheat cultivars to stem rust, and as a result would probably

be difficult to breed for.

2,3.4,,4 InfecLious period (Ip)

Very litt1e work has been done on examining the significance of the

length of the infectious period, defined as the period during which an

infected leaf produces a demonstrable amount of spores (t'lehta and

Zadoks, 1970), on the rate of epidemic development. This is attribu-
table to the fact that the majority of spores tend to be produced soon

after pustule maturation and also because infectious period shows a

negative correlation with infection frequency (t"tehta and Zadoks, 1970

Parlevliet, 1979). There is, however, ât least one example in the

literature which indicates clear differences in infectious period among

susceptible and resistant cuLtivars. In the barley - leaf rust interac-

lion in which lhe resistant cultivar Vada has been shown to have a

shorter infectious period relative to the susceptible variety t94.

Parlevliet (1979) notes, however, that this shorter infectious period
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longer latent period and the earlier

in the more resistant cultivar.

Mehta and Zadoks (1970) showed that in primary leaves of wheat, p.

recondita f. sp. triticina had an infectious period that in one experi-

ment lasted for up to 72 days, when pustute densities were low. They

observed, however, that maximum sporulation occurred on days 9 to '13

and that this was dependent upon pustule density. EyaI and peterson

(1967 ), working with the same pathogen, saw maximum sporulation from 13

to 14 days but also observed a long sporulation period. Mehta and

Zadoks (1970) speculated on whether sporulation periods of over two

months would occur in nature. À long sporu].ation period, they

suggested, would enable the fungus to survive when the chances of infec-
tion were temporarily ]ow. Neervoort and ParLevliet (1978) described an

infectious period in the barley - leaf rust interaction that varied from

about four to five weeks for the curtivars L94, Zephyr, and sultan, to

about three weeks for the resistant cultivar Vada.

Neervoort and Parlevliet (1978) observed compensatory effects between

-the components infection frequency, spore producLion and infectious
peri'od. This, they pointed out, agreed with the results of varwood

(1961) with bean rust.
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2,3.4.5 Colony Size and lesion Size (rS)

Parlevliet (1979) has noted that many host-parasite interactions have

demonstrated differences in colony size, which he defines as the area

acLually invaded by the pathogen, in addition to differences in lesion

size, which is defined as the area showing disease symptoms. Lesion

size can be measured in terms of arear. dianeter, and length, or it can

be assessed using a scale especially devised for the particular host-

parasite system under investigation.

Many researchers have suggested that lesion or colony size is an

indicator of the growth rate of the pathogen in the host (Shaner et al.,
1978; Parlevliet, 1979; villarear et al., 198'1 ). Jeger et ar., (19g3)

found that this component was inadequate to distinguish varying resis-

tance levels of two wheat cuLtivars to the glume blotch pathogen.

Habgood (1977 ) observed that LS was similar for all barley cultivars

tested for resistance to leaf blotch ( Rhvnchosporium secalis (Oud. ) ¡.
J. Davis). This result is in agreement with a number of other workers

(Marshall, 1972; I.lilliams and owen, 1975). In contrast to the above

examples, there are many instances where ts has been shown to be an

effective component of resistance. tancashire and Jones (1985) measured

a variety of factors associated with this component and looked at mean

values as well as rates of change of lesion length, Iesion width, and

lesion area' as well as shape factor which they calculated as the ratio
of lesion length to width. They considered that ]esion area as wel-l as

shape factor and rates of change of lesion area and shape factor were

the most biologically meaningful and independent ( in addiLion to three

other components exanined), giving significant differences belween the
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cuLtivars at p<5%. Of the 11 components examined, they recorded the

lowesl coef f icent of variation f or lesion width (9.0Ð. Martin et aI.,
(1979) reported that size of uredinia, in addition to differences in
receptivity, rvere the characters that most clearly separated slow-

rusting wheats from fast-rusters in their reaction to p. qraminis f. sp.

tritici. Similarly, Ohm and Shaner (1976) showed that in the resistance

of winter wheat to leaf rust, pustule size on the two slow-rusters r.¿as

four- to six-tenths of that of the two fast-rusters examined. In addi-

tion, they noted that pustule size was most restricted on plants inocu-

lated in the boot stage compared to plants inoculated at six other pLant

growth stages. Villareal et al., (1981) found that LS was an irnportant

component contributing to a reduced r-value in the slow-blasting resis-
tance of five rice cultivars.

Ohm and Shaner f976) found correlations between latent period and

uredinium size and they suggested that linkage or pleiotropic effects of

genes might control these components. Milus and tine (1985) reported

that for stripe rust on the winter wheat cultivars Gaines, Nugaines, and

Luke, uredinium size was postiveJ.y correlated with rust intensity and

lesion length, but negativeJ.y with latent period. They suggested that
pleiotropic aene effects were involved, and that selection for one

component should enhance resistance in terms of the others. Mehta and

Zadoks(1970) found that pustule density negatively influenced the size

of pustules. Similarly, Shaner (1983) observed a significant negative

correlation between uredinium growth rate and the number of uredinia of

P. recondita per'16 square milimeters of tissue in fJ.ag 1eaves of wheat.

He found consistent differences in the growth rates oÍ uredinia in this
system wilh the average rates for the fast-rusting cultivars Morocco,
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Monon, and Suwon 92 being 0.07, 0.0S, and 0.04 mm2/day, respectively,

and for the slow-rusters 0.03 and 0.02 mmz/day. Shaner (1993) concluded

that the slow growth rate of uredinia would be a significant factor in
retarding disease development in the field.

Environmental factors have been reported to affect LS. MiLus and

Line (1980) observed that differences in LS among cultivars in the

seedling stage were more evident at diurnal temperatures of'10-300C than

at 2-180C. Nutter and Pederson (1985) found that although LS was not

greatly affected by increasing leaf wetness duration up to 24 hours, it
almost doubled after 40 hours of treatment.



MANUSCRIPT i

Characterization of the components of rate-reducing resistance and

assessment of population performance in field-grown faba beans (vicia

faba t. ) to rust (Uromyces viciae-fabae).
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ABSTRÀCT

Four faba bean mass-selected (uS) populations, three bulk (sK) popu-

lations, and the rust-susceptible population 2N40 were evaLuated in

field studies for the following components of rate-reducing resistance:

fleck number (rnN), uredinia number (uo¡¡), infection type (tr), range of

infection types (lrn), and latent period (lp and Lpso). The populati.ons

were artificially inoculated, at one of three developmental stages, with

either rust race 3 or 4 of Uromyces viciae-fabae. Significant differ-
ences (p-value<0.01) among the faba bean populations were found for all
components although there was considerabl-e variation in the expression

of these components anong the populationse. on the basis of these

componentsr the populations were readily separated into those that were

derived by mass-selection and those that were bulk populations, a result

confirmed with cluster analysis. In general the MS populations demon-

strated the greatest overall resistance to rust. The best slow-ruster

was the MS population 2N43, with low mean values for FKN and uÐN, a

small IT and ITR, and a long latent period. The components were not

equally effective in differentiating among the faba bean populations for

levels of rate-reducing resistance. Principal component analysis indi-
cated that components were equally effective in assessing rate-reducing

resistance adequately enough to be usefut for identifying breeding

material. The most consistent results were obtained for the components

LPso, ITR, and UDN; the components FKN and Lp, were the least useful.

-57-
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Population performance ín the field rvas compared using the following

indicators: mean and final rust severity (RS and Fns, respectively),

individuar weekly assessments of rust severity (nsl - RS4), apparent

infection rate (¡ln), area under the disease progress curve (eunpc), and

LPSM' a standardized disease index combining latent period and rust

severity information. Àlthough significant differences among the popu-

lations were found for all performance indicators, LpSM was the most

efficient, followed by AUDPC, RS2, FRS, and RS.

The components of resistance as well as the performance indicators

were variously affected by plant development stage at the time of inocu-

lation, rust race, and year of testing. only the components Lpso and

UDN' and the performance indicators RS and ÀIR did not show a signifi-
cant race or developmental stage effect. However, they in addition to

all other parameters were influenced by year of testing. The resistance

components were related to each other and to the population performance

indicators, as demonstraled by significant Kendall's tau-b coefficients

of concordance.



TNTRODUCTION

Rust of faba beans, caused by Uromvces viciae-fabae, is one of the

rnost common and potentially serious diseases of faba beans. It is espe-

cially severe in the Middle East and North Africa where diseasè severity

can range up to 100 % (uohamed, 1981), although losses of 5 to 20 % are

more typical (Mansour et aL. , '1 958 ) . In Europe, Berthelem ( 1 990 ) and

Lapwood et a1.' (1984) have reported that rust is increasingly important

on spring-sown faba beans, more so than on winter beans. in Western

Canada, reporLs of rust from the major faba bean growing areas have been

common since the introduction of this crop in 1972 (McKenzie and

Morrall, 1973r1975; Bernier, 1975; Conner and Bernier, 1992a).

Recent studi.es have shown that U. viciae-fabae exists as numerous

races (Conner and Bernier, 1982b). In Manitoba, native species of Vicia

and Lathvrus may function as important sources of inoculum, in addition

to being sources of nerv races. Faba bean accessions with specific

resistance to races 1 and 3 (Conner and Bernier, 1982b) have been iden-

tified (Rashid and Bernier, 1984). However, due to high pathogen vari-
ability and the paritially out-crossing nature of this crop, it has been

suggested that cultivars possessing this type of resistance may provide

only short-term rust control (Bernier and conner, 1983). Therefore,

faba beans have recently also been evaluated for more durable types of

resistance such as the polygenically inherited generalized resistance

(Hookerr 1969) also referred to here as slow-rusting or rate-reducing
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resistance. This type of resistance has been demonstrated to occur in

faba beans. Conner and Bernier (1982d) evaluated open-pollinated faba

beans for their ability to retard development of rust. in field trials,
they recognized three bulk populations which consistently had low area

under the disease progress curve (¡u¡pc) scores as well as six others

which had AUDPC scores that varied from low to intermediate during three

years of testing. Rashid (1983) recognized eight other faba bean selec-

tions as slow-rusters and an additional four as moderate-rusters over

three to four years of mass-selection. The slow-rusting selecLions were

characterized on the basis of AUDpc and final rust severity scores.

This study r+as undertaken to obtain information on the nature and

stability of the slow-rusting character in faba beans. Despite the

large number of reports on the components of sl-ow-rusting, there is
little inforn¡ation exists concerning these for crops other than the

cereals, particularly under fietd conditions. The objectives of this
study were to: (1) evaluate the components of rate-reducing resistance

for each of several field-grown faba bean populations inoculated at

three developmental stages with two races of Uromyces viciae-fabae; Q)

compare population performance in the field using measures of rate-
reducing resistance based upon weekly assessments of uredinial

frequency; and (3) determine relationships anong resistance components

and performance indicators in the fie1d, to establish methods of evalu-

ating and screening rate-reducing resistance to Uromyces viciae-fabae.

À sub-objective of this study was to examine the utility of two statis-
tical multivariate techniques (principal component and cluster analysis)

for the handling of disease resistance data.



MÀTERIåIS AND METHODS

Four faba bean mass-selected populations (uS), three bulk populations

(nx), and the rust-susceptible population 2N40 (p.1.222128) were eval-u-

ated for the components of rate-reducing resistance in field experi-

ments, in 1982 and'1983, at the university of Manitoba campus Farm. In

three to four years of prelinrinary field evaluati.ons, the mass-selected

and bulk populations consistently had low area under the disease prog-

ress curve (¡U¡pC) and final rust severity scores (Conner and Bernier,

1982d; Rashid and Bernier, 1985).

6.1 EXPERIMENTAT DESIGN

In each year, three well-isolated sites at two locations, 2.5 km

apartr vlere selected for evaluating the resistance of faba bean popula-

tions at three developmental stages to tno races of Uromyces viciae-

fabae. Each site was assigned one of six treaLment combinations

involving plants at one of three developmentar stages (2.9, 4.5, and

5.3) and either rust race 3 or 4 (Conner and Bernier, 1982b). plots at

each site vrere arranged as a randomized complete block design with six

replications. Each replication consisted of twenty plants of each of

lhe eight popuraLions, sown in single, 1.2 m rows, 15 cm apart. The

three stages of development refer to plants 3b, s0, and 55 days from

sowing, respectively, and are based on Lhe developmental key ior beans

developed in Britain by the Ministry of Agriculture (¡non , 1976) and
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modified subsequently by Liew and Gaunt (1982). Since there did not

appear to be J.arge differences in maturity among the faba bean popula-

tions, no attempt was made to stagger dates of data collection.

6.2 }IETHOD OF INOCTTIATION

Plants were inoculated with urediniospores of U. viciae-fabae, during

cool evenings with a high relative humidity. To facilitate infection

following inoculation, each replication was enclosed by polyethylene

sheeting for 12 hr.

Urediniospores required for inoculation were increased under green-

house conditions on two-week-o1d seedlings of the rust susceptible popu-

lation 2N40. Spores were collected with a cyclone spore collector
(Browder, 1971) and stored at 50c for one to two months, prior to use

(Àppendix À).

In '1982, inoculum consisting of urediniospores in talc was dusted

onto leaflet surfaces with a modified atomiser (Rowell and Olien,'19S7).

Prior to inoculation, plants were sprayed with water containing a few

drops of lween 20 (nolyoxyethylene sorbitan monolaurate). In 1983,

urediniospores were suspended in the water - Tween 20 solution and lhis
was applied to leaflets with a controll.ed droplet sprayer (rren, Micron

corporation, Houston, Texas). Rows were sprayed uniformly by walking

alongside each row at a set pace, with the sprayer aimed towards the

plants at a fixed angle. In both years, the inoculum concentration rvas

adjusted so that approximately 50 urediniospores were deposited per

square centimeter of leaflet area. Ðuring the inoculation of each

replicate, two Petri plates containing water agar were placed wiLhin the

plots to nonitor inoculum deposition.
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6"3 EVÀr¡g¡TroN 0F THE CotrfpoNENTS 0F RESTSTANCE Ar{p

One week after inoculation, and subsequently at weekly intervals for
four to six weeks, leaflets at node six, on six randomly selected plants

per population in each replicate were evaluated for the following conpo-

nents of resistance: (1) number of flecks, (zl number of uredinia, (3)

infection type and range of infection types, (4) urediniospore produc-

tion, and (5) latent period.

In addition to the above, populations r,rere compared in terms of rust

severity and final rust severity, apparent infection rate, area under

the disease progress curve, and LPSM, a new disease index combining

Iatent period and rust severity information.

5.4 MEAST'REIiIENT AND STÀTISTICÀI ÀNÀIYSES

5.4.1 Nunbers of flecks and uredinia

Numbers of flecks and uredinia were estimated by counting their
occurrence on leaflets. À pale chLorotic zone of cells on the leaf

surface constituted a fleck. Pin-point sized necrotic areas thought to

indicate hypersensitivity v¡ere not included. In the delermination of

uredinia number only erupted lesions were considered. Mean leaflet area

was estimated for each faba bean population at each developmental stage

with a LI-COR model 3000 area meter (Lambda Instrument Corporation,

Lincoln, NE). These values were used to calculate lhe numbers of flecks

and uredinia per square centimeter of Leaflet area. To correct for

heterogeneous error variance, data were transformed to square roots.
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Fleck frequency (the proportion of the spores applied per square

centimeter of leaflet area that result in flecks) and uredinial
frequency (the proportion of the spores applied per sguare centineter of

leaflet area that result in erupted uredinia), v¡ere also calculated.

These data were transformed to square roots. The frequency data,

however, will not be presented since population rankings did not differ
appreciably from those for numbers of flecks and uredinia.

6,4.2 Infection Èvpe and range of infection tvoes

Infection type and range of infection types were classified on the

basis of pustuJ.e size (rabte Z). Infection type represents the predomi-

nant rust reaction whereas the parameter range indicates the extent of

the variability in infection type per leaflet.

Data were assigned a numerical varue ranging from 1 to 10 which

corresponded to infection types'1 to 4, and the ranges 1 Lo zr'l to 3, 1

to 4, 2 to 3,2 lo 4, and 3 to 4. These categorical data were analyzed

without transf ormation.

6.41.3 Ureiliniospore production

This component rvas assessed under field conditions, but was found to

be extremely variable and ineffective to distinguish the faba bean popu-

lations. It was eliminated from alL analyses and will not be presented.
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TABTE 2. Infection types of uromyces viciae-fabae on vicia faba.

infection type Host reaction Reaction category

0

,

1

2

3

2

No visible sign of infection Immune

Necrotic fleck

Uredinia minute
( littIe sporulation )

Uredinia small
(-0.5 mm in diameter)

Uredinia large
(-1.0 mm in diameter)

Uredinia very Iarge
(>1.0 mm in diameter)

Hypersensitive

Very resistant

Resistant

Susc ept i b1 e

Very susceptible

(modified from Conner, 1 981 ) .
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6.å.4 tatent period

Latenl period was estimated as either the period of time after inocu-

lation when sporulation was observed on at least one uredinium per

leaflet (fe), or as the time at which 50% oÍ. the erupted uredinia sporu-

lated (lpuo). Both LP and LPss tl€rê expressed in rerms of days. LPso

is similar to Shaner's Tso (Shaner, 1980) but, unlike Tso, which is

calculated from the linear regression coefficient and y-intercept of the

regression of probit percent of uredinia erupted on time after inocula-

tion, LPso is determinded on an individual plant basis by estimation of

the t irne at r+hich the max imum number of uredin ia erupt. tP¡ e i s thought

to provide a better estimate of latent period because those situations

where there are either few or many erupted uredinia are given equal

weight. In the estimation of T5e, however, more weight is given to

plants with many erupted uredinia and this tends to underestimate the

latent period. tike T5e, LPso has the advantage over other methods of

calculating latent period in that daily data collection on percent ured-

inia erupted is not required since it can be adequately estimated by

interpolation of values. LPso rvas assigned a value of 31.5 days as a

conservative estimate of latent period for those situations where no

erupled uredinia were observed over the sampling period.

6.4.5 Leaflet area infeeted bv Uromvees vieiae-fabae

The percent leaflet area infected by rust was visually assessed using

a pictorial key of 1, 5, 10, anð 25% leaflet area covered by erupted

uredinia. Logit transformation of these data, calculated as indicated

below, rras necessary to stabilize variances:

logit(x) = 1o9 e I x / (l-x) l
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where x is equal to the proportion of leaflet area infected by rust. To

avoid taking the logarithm of zero, all values of percent leaflet area

infected (x) were replaced by (x+1), prior to transformation

These transformed data were utilized in severaL ways to compare the

performance of the faba bean populations. Mean values of leaflet area

infected by rust over a four week period were determined as were mean

values of leaflet area infected at the final sampling tine or at the

sampling time just prior to leaflet senescence (fina1 rust severity).

In addition, the values of leaflet area infected over time were summa-

rized as area under the disease progress curve (auoeC), using the

formula:

k
ÀuDPc =,!, [( st + S i-' )/2)

where s is equal to the rust severity at week i, and k is the number of

successive observations (wilcoxson et a1., 1975). The apparent infec-

tion rate for each population was estimated as the slope of the regres-

sion ]ine of logit disease severity on time.

6.4,6 LPSM - a standardized severitv neasure

It was noted that although estimation of latent period provided

information about the time for infected tissue t.o become infectious and

consequently the rate of disease development, it provided litt1e infor-

mation about the intensity of infection. Two populations could differ

marginally with respect to latent period, but differ substantially with

respect to the number of erupted uredinia. To facilitate identification

of populations with a long latent period and few erupted uredinia a

standardized disease index was developed that combined Lpso data with

lhe number of erupted uredinia.
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6,a,.7 Statistical Ànalvses

À11 data were analyzed using the GLM, pRINcoMp, and CLUSTER subpro-

grams of the Statistical Analysis System Version 82.2 (S¡S Institute
Inc. , 1982) running on the Amdahl 580/5950 installation of the

University of Manitoba.

6.4,.7.1 Ànalysis of variance

One-way analysis of variance of unweighted means was performed for
each resistance parameter using transformed data (non-transformed data

for IT and ITR) to test for the significance of population differences.
Additional anal-yses of variance were done to examine the significance of

yearr race' and developmental stage differences. Each analysis was then

repeated after elimination of all insignificant effects to improve

precision of the error term. Scheffé's significant difference procedure

was used to identify subsets of mean values that were not significantly
different (p-value<0.01; Neter et ar., jgB5). Transformed means were

converted back to actual values for presentation in the tables.

6,&.7.2 Kendall's tau-b coefficienls of concordance

Kendall's tau-b coefficients were computed to identify possible

inter-relationships among the components of resistance. This is a valid
test for non-normal data and is invariant under all order-preserving

transformations. Kendall's tau-b is a non-parametric statistic based on

concordances and discordances. Concordance is determined for pairs of

observations by observing whether values of Lwo variables vary together
(in concord) or differently (in discord). In the calculation of these
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coefficients, data are ranked in order according to values of the first
variable and then re-ranked according to values of the second variable.

The number of interchanges that occur with respect to the first variable

are tabulated and used in rhe calculation of this statistic (Noether,

1967).

6,4.7.3 Principal component analysis

This is a multivariate technique for examining relationships among

several variables. The purpose of this technique is to derive a number

of linear combinations (principal components or eigenvectors) of the

variables while retaining as much information as in the original vari-

ables. This analysis extracts the eigenvalues and the eigenvectors from

the correlation matrix of the the components of resistance. The eigen-

vectors are composed of the weights of the resistance components

contributing to each principal component. Each principal component has

associated with it an eigenvalue representing the amount of the total
variation that the principal component accounts for. The eigenvalues

sum to the number of variables analyzed. The principal components are

orthogonal Èo each other. The first principal component has the largest

variance associated with any linear combination of the observed vari-

ables (Harris, 1985).

6.4.7,4 ClusÈer analysis

Cluster analysis l¡as used to determine whether the eight faba bean

populations formed groups having distinct combinations of resistance

components. To prevent one component of resistance dominating the
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others because it is numerically larger, standardized variables with a

mean of zero and a standard deviation of one were calculated frorn each

of the components of resistance. The components, nean infection type

and range were excluoed due to their categorical nature. The standard-

ized variables were used in the cluster analysis.

the purpose of cluster analysis is to prace objects into groups or

crusters suggested by the data, such that objects in a given clust,er

tend to be similar to each other, and objects in different clusters tend

to be dissimilar. This technique finds hierarchical clusters using

ward's ninimum variance clustering method. In very simpre terms, this
is a method that fotlows a series of steps begining with t clusters each

consisting of one object and ending with one cluster containing aIl
objects. Àt each step in the procedure a merger of two clusters results

in the smallest increase in the sum of squares index (n). This index is

computed from the differences between each object in a given cluster and

its cluster mean (Romesburg, 1984). The advantages of this clustering

algorithm are discussed by Kuiper and Fisher (975), Goodall (197g), and

Milligan (1980).



RESTtrTS ÀND DISCUSSION

7,1 cHARÀcrERIzATIoN oF THE col.rpoNnnTs oF RÀTE-REDuCINc REsIsrÀNcE

1,1,1 Nunber of flecks per square centimeter of leaflet area (r,nn)

0n the basis of the mean number of flecks produced per square centi-
meter of leaflet area, Scheffé's significant difference procedure

categorized the eight faba bean populations into three distinct groups

(rabte 3). The rust-susceptible population 2N40 had the highest mean

FKN Q5.74) ' and it differed significantly from the other populations

with respect to this component. The three bulk faba bean populations

2N34, 2N430, and 2N52, with varues of 11.4b, 12.77, and 14.44, respec-

tively' rlere indistinguishable statistically. These three populations

comprised the second group. Group three consisted of the four mass-

selected populations 2N319, 2N122, 2N43, and 2N29, with values ranging

tron 2,21 for 2N29 to 5.13 for 2N319.

Comparisons among populations inoculated at the three developmental

stages were significant indicating that developmental stage affects
expression of this component as reported for other resistance components

by Ohm and shaner (1976). plants inoculated at stage 4.5 had the

highest mean FKN (13.28) whereas those inoculated at stage S.3 had the

lowest (5.12). Àdditiona1ly, significant differences r+ere observed

between races; higher values for mean FKN were seen in plants inoculated

with urediniospores of race 3 (10.33) than in those inoculated with

- 71
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TABLE 3. Effect of_host population,.developmental stage, rust race, and year
on the number of flecks and uredinia per square ceñtinreter of leaflet-
area of eight field-grown faba bean populations.

Flec ks Uredinia

Populat i on 1

Developmental
Stage 2

Race 3

Yeara

2N40 (¡n)
2N34 (sK)
2N430 (¡n)
2N52 (sK)
2N31 9 (MS )
2N29 (us)
2N43 (¡,fs )
2N122 (us)

2.9
¿q
5.3

25.7 4
11 .45
12.77
14 .44
5.13
2.21
2,23
3.13

8.75
13.28
5.12

'10.33

8.30

11 .72
7.30

1 .09

45.28 a
21 .22 b
20.23 b
21.80 b
7.27 c
5.56 c
4.51 c
4.59 c

15.27 a
18.90 a
12.41 a

16.66 a
14.83 a

22.49
9.96

1 .94

cl

b
b
b

L

b
d

1982
1983

a
h

a

b

a
b

Mean square error

lData are means f.or 432 observations combined over developmental stages,races, and years.
¿Data are means for 1'152 observations combined over populations, races,
and years. The t!.gg stages of developmenti 2.9r 4-.5, and s.3, refer toplants 35, 50, and 9! iuyr from planting, respectiveryi and arå based onLiew and Gaunt's /1982) developmèntal key tor-beans.3Data are means for 1728 observations coñbined over populations,
developmental stages, and years.
aData are means fór 1728 observations combined over popurations,
developmental stages, and races.5Comparisons among means were made using square root transformed data.
Means followed by the same letter within a column are not significantlydifferen! (p-va1ue<O.01 ) according to Scheffé's significani ãiit"r.n..
procedure.



TABLE 4. Number of flecks per square cenlimeter
faba bean populations, at seven and fourteen
with two rust races, in 1982 and 1983.

1982
Race 3 Race 4

73

of leaflet area of eight
days after inoculation,

1983
Race 3 Race 4

Seven davs after inoculation

Population 2N40
2N34
2N430
2N52
2N319
2N29
2N4 3

2N122

Mean sguare error

Popu1a t i on 2N4 0

2N34
2N430
2N52
2N319
2N29
2N4 3

2N122

Mean square error

14.72
9.70
6 ,44

1 1 .30
4.28
3.06
1 .64
1.38

1 .32

1982
Race 4

1 983
Race 3 Race 4

(sK )
(¡n)
(sK)
(sx )
(us )
(us )

(us )
(us )

75.06
27 .32
31.s5
30.89
6.96
2.13
3.09
2.53

1.91

Race 3

a
ab
ab
ab
ab
ab
bc
bc

a1
bc
b
bc
cd
d
d
u

22.10 a
9.01 bcd

10.24 bc
'16.51 ab
6.44 cde
1.61 de
l.l/ e
2.84 cde

1 .03

48.03 a
1s.79 b
1 3.78 b
16.99 b
4.86 b
2.69 b
3.00 b
4.29 b

2.24

Fourteen davs after inoculation

(nn)
(sK )
(¡n)
(gK )
(rqs )
(us )
( ¡,ts )
(us )

2.82 a
12.12 a
tt.tt a
17 .53 a
4.28 a
2.98 a
4.58 a
8.69 a

'1 .60

15.18
8.44

19.15
'1 6. 00

2.35
2.84
2.87
2.40
2.07

.65

.23

.37

8.25 a
5.84 a
3.79 a
3.77 a
0.89 a
1.60 a
1.72 a
0.63 a

1.0s

11.25
.80

a
a
a
a
a
a
a
a

a

a
a
a
a
a
a
d

1.67
3.01

2.49 0.39

lData are means for 108 observations combined over developmental stages.
Comparisons among means were made using square root translorrned data.
Means foLlowed by the same letter within a column are not significantlydifferent (p-vaIue<0.01 ) according to Scheffé's significant áiff"r"n..
procedure.
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urediniospores of race 4 (8.30). Furthermore, significantly higher

varues for FKN were observed in 1982 (11"72) than in 1993 (7.30).

When year-race combinations of the data, ât 7 days after inoculation
(d.p.i.), were analyzed (tabre a), only pl-ants inoculated in jgg2, with

urediniospores of race 3, gave results similar to those observed with

the combined data. High vatues for FKN (75.06) were observed on leaf-
lets of 2N40 and this was in contrast to the relatively few seen on, for

example, 2ñ29 (2.13) or on the other mass-selected populations.

However, unlike with the combined data, the mass-selected population

2N319, could not be clearly distinguished from the bulk populations.

When pJ.ants were inoculated with urediniospores of race 4, the three

population categories observed with urediniospores of race 3, and with

the combined data, were not readily distinguishable. Although, as with

the latter combinations, popuration 2N40 had the largest number of

flecks (14.72), it did not differ significantly fron the three bulk

populations nor from the mass-selected populations 2N3'19 and 2N29.

However' the mass-selected populations 2N43 and 2N'122 were distingui-
shable statistically from 2N40. No other significant differences among

populations were detected with urediniospores of race 4.

In '1983' more significant differences were observed with race 3 than

with urediniospores of race 4. The rust-susceptibLe population 2N40 had

the largest values for FKN with both race 3 and 4, although values were

higher with urediniospores of race 4. In contrast, in 1ggz, race 3 had

higher val-ues f or FKN. In '1983, when plants were inoculated with

uredini.ospores of race 3, population 2N52 did not differ significanLly

from 2N40. Although the bulk populations 2N34 and 2N430 could be
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distinguished statistically from 2N40, they were not significantly
different from the mass-selected populations with the exception of 2N43.

With race 4, all populations were significantly different from the rust-
susceptible population 2N40, although no other differences were

observed.

Àt '14 d.p.i., no significant differences were observed among popula-

tions in either 1982 or '1983, with either race 3 or race 4. This

possibly was due to the very high coefficient of variation (C.v.) asso-

ciated with this component at 14 d.p.i. (c.v. = 1j2.19 %; Àppendix D).

The race x population interaction tlas significant at 7 d.p.i., but

not at 14 d.p.i. perhaps because at 7 d.p.í., higher FKN values occurred

with urediniospores of race 3 for 2N40, the burk populations, and 2N29,

v¡hereas lower values were observed for the other three mass-selected

populations (Appendices c and D). similarly, the developmental stage x

population interaction was significant at 7 d.p.i. but not at 1a d.p.i.
However, the interaclion between populations and the year of testing 14as

not significant at either 7 or 1a d.p.i. The coefficient of variation

for this cornponent, aL 7 d.p.i., was 63 .32 %, armost one-half the c.v.
for this component at 1a d.p.i. These high c.v.'s may have resulted

from the inclusion in these analyses, of data for the fast-rusting popu-

lation 2N40, with its comparatively large values foi ¡'ltH, and at 14

d.p.i., also to the presence of flecks from secondary infeclions (both

auto- and allo-infections), as well as to the varying rates at which the

flecks present at 7 days formed uredinia. Shaner (1980) has reported

that hosts may differ markedly in the time required for the same propor-

tion of lesions to sporulate.
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FKN, which has not previously been looked at as a component of resis-
tance was effective in discriminating among the faba bean populations in
this ínvestigaion, especially at 7 days after inoculation, in 19g2, and

particularly with urediniospores of race 3. It was less effective with

urediniospores of race 4, in 1982, and $¡ith both races in 19g3. These

results tend to suggest that FKN was most proficient under conditions

most favourable for rust as was the situation in'1992 (eppendix B).

7 .1,2 Number of uredinia per souare centimeter of leaflet area (IIDN)

The number of uredinia per square centimeter of leaflet area categor-

ized the eight faba bean populations into three groups (rabte ¡). The

first group consisted of Lhe rust-susceptible population 2N40 with a

mean value for UDN of 45.28. The three bulk populations comprised group

2 rvith values for this component ranging from 21.80 for population 2N52

to 20.23 f.or 2N430. The f our mass-selected populations, r,¡ith values for
UDN ranging f rom 7 .27 f.or population 2N3'19 to 4.51 f or population 2N43,

made up group 3.

In general the populations were ranked similarly with respect to this
component as they were v¡ith FKN. The mass-selected populations had

significantly fewer uredinia per sguare centimeter than the bulk popula-

tions which, in turn, had fewer uredinia than the rust-susceptible popu-

lation. These results are in agreement with reports from various

authors who have noted that this component is inportant in rate-
reducing resistance and that resistant cultivars have fewer infections
per unit area (Parlevliet and Kuiper , 1977a; Mortensen and Green , 197g;

and Rowe11, 1982).
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The populations behaved similarly in terms of this component when

inoculated with either race 3 or 4, although greater mean numbers of

uredinia were observed with urediniospores of race 3 (16.66) than with

urediniospores of race 4 (14.83). However, these differences were not

statisticalJ.y signif icant. I n 1982, values f or uDN were higher ez.49)
than in 1983 (9.96); this difference was significant and similar to the

results obtained with FKN. unlike s¡ith FKN, however, there were no

significant race or plant age effects although trends were similar in

that race 3 was the most aggressive, and plants inoculated at stage 5.3,

the most resistant, and those at flowering, the most susceptible. This

lack of significance is in agreement with the results of parlevliet and

Kuiper (1977a) who observed that for barley leaf rust, correlations

between infection in the seedling stage and partial resistance in the

field were as high as those between infection in the adult plant stage

and partial resistance. They suggested that selecLion for partial
resistance among seedlings might be as feasible as selection among indi-
vidual adult plants in the fie1d. Somewhat later, Parlevliet and Van

Ommeren (1985) pointed out that there is no need to evaluate partial
resistance at the same stage of development. On the other hand, Martin

et a1., (1977') advised caution when extrapolating conclusions from one

stage of plant development to another. similarly, I.lahl et al., (1990)

concluded that this component was inappropriate for use in the detection

of slor+-rusting in seedlings because no significant differences r.lere

observed, whereas in adult pl-ants, they found that significantly fewer

uredinia developed on the slow-rusters than on the fast-rusters.

Àt 7 d.p.i", UDN was not as efficient at differentiating among popu-

lafions as was FKN (tabte s). For all year-race combinations, aE 7
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d.p"i., the rust-susceptible population 2N40 had the largest values for
uDN, however, with urediniospores of race 4 in both'19g2 and.l9g3, 2N40

was not significantly different from some or arl of the bulk pcpula-

tions. In both test years, when plants were inoculated with uredinios-
pores of race 3, no significant differences were observed among popula-

tions other than those for 2N40. Ranking of the populations within each

year-race combination, ho¡+ever, was relatively consistent, although,

population 2H319 demonstrated some variability in that in 1982, with

urediniospores of race 4, it had the fewest uredinia, whereas with

urediniospores of race 3 it had more than any of the other mass-selected

populations. In 1982, more uredinia were observed on plants inoculated

with race 4 than with urediniospores of race 3, however, the opposite

was true in 1983. In general higher values for UDN were seen in 1982

than in 1983.

The c.v. associated with UDN at 7 days was very high (,l04.36 %;

Appendix E) and this may account for the relatively few significant
differences observed. Parlevliet (1977 ) reported a very large coeffi-
cient of variation associated srith this component, as have Johnson and

Wilcoxson (1970). rhis high degree of variation may be due to the rela-
tively few uredinia present at 7 days, and to the observation by

Parlevliet and Kuiper (1977a) ttrat the number of uredinia varied greatly

from one plant to another and arso from one leaf to another.

More significant differences rvere observed among the populations with

this component at 14 days after inoculation (taUte S). The coefficient
of variation was much smalrer (47,08 %; Àppendix F), perhaps because by

14 days, the majority of uredinia produced from the initial inoculum had

matured. In all year-race combinations at 14 d.p.i., population 2N40
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leaflet area of
days after inocula-

Seven days after inoculation

Populat i on 2N40
2N34
2N430
2N52
2N31 9
2N29
2N4 3
2N122

error

Popula t i on

1982
Race 3 Race 4

1983
Race 3 Race 4

(sK )
(sK )
(sK)
(¡n )
(¡'rs )
(us )
(¡¡s )
(l¿s )

6.85
0.82
2.33
0.28
0.23
0.08
0.08

0

0.1s

þt.þ/
23.9s
18. 99
20.46
2.56
6.23
4. 53
4.53

2.63

10.95 a
0.69 b
1.58 b
2.58 b
0.1s b
0.03 b
0.04 b
0.22 b

0.22

0.82
0.01
0.02
0.02

0

0

0

0

0.03

a
ab
ab
ab
b
b
b
b

I
o

b
b
b
b
b
b
b

a
b
ab
ab
b
Lu
b
¡^

Mean square

Fourteen days after inoculation

1982
Race 3 Race 4

1 983
Race 3 Race 4

2N40
2N34
2N430
2N52
2N31 9
2ñ29
2N43
2N122

(sx
(sK
(sK
(¡x
(us
(rqs
(¡,ts
(us

'135.93

54.47
57 .44
70.21
23.37
17.46
17 .53
12,25

4.38

a
bc
bc
b
cd
cd
cd
d

99.40 a
47.46 b
33.48 bcd
39.04 bc
1 1 .06 bcd
I .40 cd
5.75 d
6.19 d

3. u

59.38 a
27.12 bc
25. 00 abc
38.54 ab
1 5.37 bcd
9.27 cd
4.42 d

10.6'1 cd

2.85

60.46 a
33.84 abc
34.05 abc
20.33 bcd
9.58 cd
5.44 d
6.12 d
5.62 d

3.19Mean square error

lData are means for 108 observations combined over developmental stages.
Comparisons among means were made using square root transformed data.
Means followed by the same letter within á column are not significantlydifferent (p-va1ue<0.01 ) according to Scheffrá's significani áiff"t"n..
procedure.
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had the most uredinia, and in 1982, it was significantly different from

the other populations when inoculated with either race 3 or 4. In the

inocuration v¡ith urediniospores of race 3, popuration 2H52 had a mean

val-ue for UDN of 70.21 and this r+as significantly different from 2N40

with a mean of 135.93, and from the four mass-selected populations.

However' population 2H52 couLd not be distinguished from either 2N430

and 2N34, with varues for uDN ot s7.44 and s4.4j, respectively. The

latter pair of populations was significantly different from 2N122 wíth a

mean value for UDN of only 12.25, but not from the other mass-selected

populations.

Resuits for race 4 were similar to those with urediniospores of race

3' in'1982, except that population 2N34 had the highest mean value for
UDN (47.46) forrowed by 2N52 and 2N430, with 39.04 and 33.4g, respec-

tively. These populations were indistinguishable from the mass-selected

population 2N319. As with urediniospores of race 3, population 2N122

had the fewest uredinia, but this rvas not significantly different from

the other mass-seLected populations and from the bulk population 2N430.

In '1983, results paralleled those observed in 1982 except that when

populations $rere inoculated vrith urediniospores of race 3, 2N43 rather

than 2N'122, had the smallest value for this component. When inoculated

with urediniospores of race 4, population 2N52 shifted from being the

burk population with the most uredinia, in 1992, to being the one with

the least' in 1983. In addition, the mass-selected populations 2N29 and

2N122 exchanged positions in '1993, with the resulÈ that z:.t.2g, rather

fhan 2N122, had the fewest UDN.
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Unlike with FKN, the interaction between populations and races was

not significant at either 7 or 14 d.p.i. (appendices E and F, respec-

tively). Parlevliet (1977) pointed out tLat this could result from the

high c.v.'s typically associated with uredinia number. Rouse et al.,
( 1 980) reported a significant isolate x cultivar interaction for this
component of slow-mildewing resistance. They were concerned that resis-

tance based solely on this component could at least to some extent,

erode over time. The interactions between populations and year of

testing, and between races and the developmental stage at the time of

inoculation were significant at both 7 and i4 d.p. i. However, the

interactions between races or developmental stages and year of testing

were signif icant on].y at 7 d.p. i. The c.v. f or this component was

larger at 7 d.p.i. (104.36

was due to the incLusion

analyses.

%)

of

than at 14 d.p.i. (47.08 %); this perhaps

the rust-susceptible popultion in these

7,1,3 tnfecÈion tvoe (IT)

In this sLudy, IT was effective in differentiating among the faba

bean populations, and on the basis of this component the eight faba bean

populations were categorized into four significantly different groups

(fa¡te 6). The rust-susceptible populatíon 2N40 had the largest mean IT

(1.76) and this was significantly larger uhan the IT's of 2N52 and 2N34,

which comprised the second group of populations. Group three consisted

of the mass-selected population 2N319 with a mean IT of 1.05; the other

mass-selected populations 2N29, 2N43, and 2N122, with the smallest nean
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IT (0.91; approximately one-harf of the size of 2N40), made up the

fourth group. The remaining population, 2N430, with a mean IT of 1.31

could not be distinguished from the populations in either group tvro or

three. These population differences in mean infection type indicated

that populations with rate-reducing resistance had l-ow infection types

(resislant). This is contrary to the traditional definition of rate-
reducing resistance which presupposes a high or susceptible infecLion

type (Par1evliet, 1979; van der plank, lggz). The results of this study

are' however, consistent rvith those of Ohm and Shaner (1g76) who

observed that on slow-rusting winter wheats, pustule sizes were about

one-haIf that of the fast- rusting cuJ.tivars. shaner et al. , ( 1 97g)

working with the same four winter wheats as the previous authors, noted

that average uredinia on the fast-rusters were 2.0 and 1.7 Limes larger

than uredinia on the slow-rusting wireats. Kuhn et al., (1978) observed

a similar difference in pustule size between fast and slow-rusters,

however, he attributed this to differences in the latent periods of

these cultivars since no differences were seen in final pustule size.

No significant differences were observed in IT among populations

inoculated at either of the tr+o earliest developmental stages. However,

plants inoculated at the latest developmental stage had significan!ly

.smalIer infection types (l.zl and 1.37 for stages 2.9 and 4.5, respec-

tively' versus 0.98 for developmental stage 5.3). plant developmental

stage therefore, had a significant effect on uredinial size. This is in

agreement rvith Ohm and Shaner's f976) observation that pustule size was

more limited when plants were inoculated in the boot stage than at one

of six other plant growth stages. similarly, MarLin et al. , (1g7g)

concluded after examining uredinial size in both seedling and adult
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plants that caution should be exercised in extrapolating conclusions

from one stage of plant development to another. MiLus and tine (1980)

reported that evaluation of cultivars for resistance in the seedLing

stage does not always agree with similar evaluations in the adult stage.

They observed many differences in infection type among seedting and

adult plants inoculated t¡ith B. recondita. on the other hand,

Parlevliet and Van Ommeren ('1985) have suggested that there is no need

to evaluate partial resistance at the same stage of development.

Significant differences in infection type r+ere observed between

races. Race 3 resulted in a mean IT of 1.36, and race 4, a mean of

1.05. Milus and Line (1980) have reported a difference in this compo-

nent among wheat cultivars inoculated with one of two cultures of p.

recondita. In addition, differences in IT between the two test years

were significant, with a larger IT observed in 1992 (1.30) than in 19g3

(1.11). These differences may have resulted from the markedly different
test years (eppendix B) since infection type has been shown to be

subject to environmental influences. Milus and Line (1980) concluded

that temperature can influence the expression of this component after
they observed that differences in infection type vrere more evident at 10

- 30 0C than at 2 - 18 0C. The effect of duration of leaf rvetness on

this component has been investigated by Nutter and pederson (1985). firey

observed that in the net blotch of barley, lesions caused by pyrenophora

teres were not greatly affected by increasing leaf wetness duration up

Lo 24 hr, but that lesion size nearly doubled after 40 hr of treatment.

At 7 d.p.i., the number of statistically significant differences due

IT was less than those observed when these data were combined with

data at 1a d.p.i. (raute z). In the 1992-race 4 combination, no

Lo

the



TABLE 6. Effect of host popul_ation, developmentaJ.
year on infection type and range of infãction
faba bean populations.

Infection type

B4

stage, rust race, and
types of eight field-grown

Range of infection types

PopuJ.at i on 1

Developmenta 1

Stage 2

Race3

Yeara

2N40 (¡n)
2N34 (sK)
2N430 (sK)
2N52 (sK)
2N31 9 (us )

2N29 (l,ts )

2N43 (us )

2N122 (l¡s )

2.9
4.5
5.3

1.76
1 ,37
1.31
'1 .38
1 .05
0.98
0. 94
0.91

1 .27
1 .37
0.98

'1 .36
1 .05

1 .30
1.'1'1

0.16

E
cl

b
bc
h

d
d
d

a
a

b

a
t^

a

a
b

a
b

a
b

4.98 a
3.57 b
3.46 b
3.6i b
2.45 c
2.27 c
'1 .89 c
1.93 c

1982
1983

2.59 b
3.41 a

3.39
3.36
2.27

3.39
2.62

1 "21
Mean square error

lData are means tor 432 observations combined over developmental stages,races, and years
zData are means for 1152 observations combined over populations, races,
and years. The t!r9: stages of developmenti 2.9,4',5, and 5.3, refer toprants 35, 50, and.9?_Êuvr from planting, respectíveryj and are based onLie¡v and Gaunt's (1982) developmãntal kãy for'beans.sData are means for '1728 observationr .oibined-over populations,
developmental stages, and years.,Data are means fór izzg oËservations combined over populations,
developmental stages, and races.
sMeans followed Uy tfre same letter within a column are not significantlydifferenÈ (p-varue<0.01 ) according to scheffé's signiricañt díii.t"nr.procedure.
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TABTE 7. Infection type of eight field-grown faba bean populationsat seven and fourteen days after inoculation with tr,¡ô iust racesin 1 982 and 1 983.

Seven days after inocul_ation

1982
Race 3 Race 4

1983
Race 3 Race 4

Popula t i on 2N4 0

2N34
2N430
2N52
2N319
2N29
2N4 3

2N122

er rorMean square

Fourteen days after inoculation

(BK )
(sK)
(¡n)
(¡x)
(us )
(t'rs )

(us )
(us )

1 .35 al
1 . 0'1 abc
1 .02 abc
1.16 ab
0.94 abc
0.72 bc
0.97 abc
0.56 c

0.15

.68 a

.55 a

.15 a

.40 a

.07 a

.50 a

.07 a

.32 a

.20

1.44 a
0.76 b
0.6'1 b
0.83 b
0.49 b
0.36 b
0.33 b
0.31 b

0.16

2.07
1 .63
'1 .55
1 .25
0.95
0.57
0.76
0. 95

0 .28

a
ab
ab
bc
bc

bc

1982
Race 3 Race 4

1983
Race 3 Race 4

Popula t i on 2N4 0

2N34
2N430
2N52
2N319
2N29
2N4 3

2N122

(sK)
(sK )
(¡n )
(nx )
(t'ls )
(us )
(l¡s )
(us )

.83 a

.41 a

.65 a
,79 a
.23 a
.23 a
.42 a
,17 a

.32

1.89
1 .86
1 .72
1 .97
'1 .55
1 .77
1 "52
1 .30

0. 13

2.05
'1 .48
'1 .60
1 .68
1 .63
1.23
1.1s
1 .03

0.23

2.00 ab
1"62 a
2.00 a
1.84 a
1.61 ab
1 .20 ab
0.83 b
0.92 b

0.16

a
ab
ab
ab
ab
b
b
b

a
a
ab
ct

ab
ab
ab
b

Mean square error

rData are means for 108 observations combined over developmental stages.
Means followed by the same letter within a column are not signifi;a;titdifferent (p-vaJ.ue<0.01 ) according to Scheffé's signiricåni-ãïii.t"n..
procedure.
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significant differences r+ere seen among the populations. similarJ.y,

¡¡hen the data for race 3 were analyzed, the rust-susceptible population

2N4() differed significantly from only the mass-selected populations 2N29

and 2N122. One other significant difference r+as observed in 1982; that

between the populations 2N52 and 2N122, with the latter having a mean IT

of 0.55 as compared to 1.15 for 2N52.

In 1983, in the inoculation with urediniospores of race 3, population

2N40 (with a mean IT type of 1.44) differed significantly from the

remaining populations. No other differences were observed. in the

inoculation wíth urediniospores of race 4, population 2N40 had a mean IT

ot 2.07, the largest value obtained for this component. It differed
significantly from the mass-selected populations and from the bulk popu-

lation 2N52. The mean IT of 2N40 was almost four times that of 2N29

(0.57), the population with the smallest mean IT.

The largest values for this component were observed in the '19g3-race

4 combination for populations 2N40, 2N34, and 2N430, and in the

1982-race 4 combination for the other populations. conversely, the

smal]est IT for all populations excluding 2N40, r+as found in the

1983-race 3 combination. The smallest value for the rust-susceptible

population 2N40 was observed with urediniospores of race 3, in 19g2.

Àt 14 d.p. i. , few statistically significant differences were seen

among the populations, regardless of the year-race combination analyzed.

No significant differences yrere observed in 1982, with urediniospores of

race 3; however, in the inoculalion with race 4, population 2N40, in
addition to populations 2¡¡34 and 2N52 were found to differ significantly
from only 2N122.
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In the 1983-race 3 combination, population 2N40 differed signifi-
cantly from the mass-selected populations 2N29, 2N43, and 2N.122. No

other statistically significant differences were observed. when the

faba beans rlere inoculated with urediniospores of race 4, the bulk popu-

lations were found to differ significantly from the mass-selected popu-

lations 2N43 and 2N122, but not from 2N3'19 and 2N29. In this year-race

combination, the rust-susceptible population 2N40 could not be distin-
guished statistically from the other populations.

The coefficients of variation for IT at 7 d.p.i. (42.74%) and at 14

d.p.i. (¡1.17%) were large, although much smaller (Appendices G and H,

respectively), than for those components measuring J-esion number. Many

workers have reported that the interaction of IT with receptivity may be

responsible for some of the varibility associated with this component

(shaner and Finney, 1980). Àlthough precautions were taken to ensure

uniform deposition of inoculum on Leaf surfaces, differences in the

infectibiliy of the popularions may have affected pustule size.

7"1.4 Ranqe of infection tvpes (ITR)

The eight faba bean populations were caLegorized into three groups

based upon significant differences in range of infection types (table

5). The rust-susceptible population 2N40 displayed the greatest range

with a varue of 4.98. The three bulk populations 2N34, 2N430, and 2Nb2,

comprised the second category, and the four mass-sefected populations

made up the third. The mass-selected population 2N43 had the smallest

value for this component (1.89), a'nd it was much smaller than the range

observed for 2H40.
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All of the populations used in this study exhibited a range of infec-
tion types. This is in contrast to Milus and Line's (1980) observa-

tions, who in their investigation of this component on winter wheat

infected with p. recondita, found that only those race-cultivar combina-

tions that were resistant as determined by one or more other components

demonstrated a range of infection types. They noted that range of

infection types is similar to the race-specific nesothetic or'X' infec-

tion type of P. sraminis described by stakman et al., (1962), although

it may not consist of the comprete range of infection types.

No significant differences were observed among populations inoculated

at either developmental- stage 2.9 or 4.5, however, popuJ_ations inocu-

lated at developmental stage 5.3 had a significantly smaller iTR (2.27),

and IT. Likewise, during the two test years, the populations behaved

similarly in terms of IT and ITR, with significantly smaller vaLues for

both components occurring in 1983. However, the populations differed,
in terms of IT and iTR, in their reactions to the two races. i^thile race

3 produced a significantly larger mean infection type than did race 4,

the latter race generated a significantly greaLer range of infection

types than oid race 3. This race-specificity is in agreement with the

culture-specificity described by Milus and Line (1980) for both ITR and

IT, but it is in contrast to the evidence for nonspecificiLy of. resis-
tance to B. striiformis in wheat cultivars grown in the northwestern

United States (line et a1. , 1976)"

At 7 d.p. i. , statistically significant differences among populations

were less obvious than they were with the combined data (faUle g). In

the '1982-race 3 combination, the rust-susceptible population 2N40 wilh a

va.lue for ITR of 3.55 differed significantly from only the mass-selected
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populations 2N29, 2N43, and 2N122, with values for ITR of 1.64, .1.90,

and 0.92, respectively" In addition, the bulk popurations could not be

distinguished from the mass- selected populations 2N31g, zNZg, and 2N43,

except for 2N52 which was significantJ-y different from 2N29. In 1983,

populations inoculated with urediniospores of race 3, with the exception

of 2N40, did not differ significantly on the basis of this component.

In the '1982-race 4 combination, 2N40 did not differ signif icantly
from the bulk populations and from the mass-seÌected population 2N29.

In addition, with the exception of population 2N34, these popurations

had significantly greater ranges than the mass-selected populations

2N319, 2N43, and 2N122. In 1983, population 2N40 with a value for ITR

of 5.73, differed significantly from the other populations. The mass-

selected population 2N29 had the smallest value for this component

(1.32), although it did not differ significantly from the other mass-

selected populations.

Àt '14 days after inoculation, no statisticalì.y significant differ-
ences in ITR were observed among the populations in the 1982-race 3

combination. In the 1983-race 3 combination, however, popuration 2N40

with a mean value for ITR of 5.99, was found to differ significantly
from the mass-selected populations, with the exception of 2N31 9.

Populations 2t143 and 2N122, with the smallest values for this component

(1.93 and 2"03, respectively) could not be distinguished statistically
fron each other, but were found to be significantly different from the

bulk population 2N52 and from the mass-selected population 2N2g,

In the 1982-race 4 combination, population 2N40 (5.99)

only from 2N43 and 2N122 v¡ith val.ues for ITR of 3.93 and

was different

4.42, respec-
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TÀBLE 8. Range of infection types of.eight field-grown faba bean populationsat seven and fourteen days after inoculation with two rust racãs-in
1 982 and 1 983.

Seven days after inoculation

1982
Race 3 Race 4

1 983
Race 3 Race 4

Populat i on

Mean square

2N40 (sx
2N34 (sK
2N430 (nn
2N52 (¡n
2N31 9 (¡ls
2N2g (r,rs

2N43 (us
2N122 (us

error

J.55 a '

2.91 abc
2.93 abc
3.29 ab
2.24 abcd
1.64 c
1 .90 bcd
0.92 d

0.89

Race 3

4.86
3.76
3.31
3.69
2.70
2.96
1 .92
2.77

1 .83

1982
Race 4

3.80 a
1.56 b
1.32 b
1.68 b
0.95 b
0.62 b
0.59 b
0.73 b

1 .07

5.73 a
3.54 b
3.58 b
3.35 bc
1 ,77 bcd
1.32 A
1.44 cd
1.46 cd

1.78

d

ab
a

a
b
o

b
b

Fourteen davs after inoculation

'1983

Race 3 Race 4

Population 2N40
2N34
2N430
2N52
2N319
2N29
2N4 3
2N122

Mean square error

(¡x )
(¡n)
(¡r< )
(nn)
(t'rs )
(us )
(us )
(us )

5.62 a
4.28 a
3.68 a
4.87 a
2.97 a
3.25 a
3.15 a
3.28 a

3. 15

5.99 a
5.35 ab
5.33 ab
5.47 ab
4. 18 ab
4.92 ab
3.93 b
4.02 b

1 .21

5.99 a
4.04 abc
4.1 3 abc
4.73 ab
4.09 abc
2.68 b
1.93 c
2.03 c

2.19

7.00 abc
5.69 a
5.21 ab
5.75 a
3.17 abc
2.94 abc
1.92 bc
2.23 c

1 .81

lData are means for 108 observations combined over developmental s¡ages.
Means followed by the same letter within a column are not signiii.untiydifferent (p-vaIue<0.01 ) according Èo scheffé's signiticãni-ãïiiur"n.,
procedure.
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tively. No other significant differences were seen. In 19g3, popula-

tion 2N40 had a range of 7.00, the highest value observed for this
component. While 2N40 ¡+as not found to differ significantly from any of

the others, two of the bulk populations, 2N34 and z'I'sz, were different
from the mass-selected populations 2N43 and 2N122. in addition, the

bulk population 2N430 differed significantly tron 2N122, but not from

2N43.

The C.V.'s for ITR (Àppendices t and J), v¡ere similar to those for

IT, and likewise considerably smaller than those for the components

measuring l-esion number. Few interactions r+ere significant with this
component. At 14 d.p.i., the interaction between populations and year

of testing !¡as significant as was the interaction between populations

and devel-opmentaL sLage. The significant population x year interaction

may have arisen because for five of the populations, larger values for
ITR were seen in '1983, whereas for the remaining populations, larger

values occurred in 1982. No interactions involving the populations were

significant at 7 d.p. i.

7 ,1.5 taLent period (I,p)

when populations were conpared across developmental stages, races,

and years for LP (lab]e 9), the rust-susceptible population 2N40 had the

shortest mean LP (9.66 days). It differed significantJ.y from Lwo of the

bulk populations' 2N430 and 2N52, and from the four mass-selected popu-

lations. The three bulk populations were indistinguishable statisti-
caIly, in terms of this componentr âs ¡vere the four mass-selected popu-
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lations. However, these two groups were significantly different from

each other, with the exception of population 2N319. The mass-selected

population 2N319 with a latent period of 1'1.83 days was significantly
different from 2N34, but could not be distinguished from the other two

bulk populations. The mass-selected population 2N29 had the longest

mean LP (12.81 days) and this was 1.3 times longer than that for the

fast-rusting 2N40.

Plants inoculated at developmentat stage 2.9 were found to differ
significantly on the basis of LP (11.76 days) from those inoculated at
stage 4.5 (11.20 days), but not from pJ.ants inoculated at stage 5.3
(11.62 days). plants inoculated at developmental stage 4.5 had the

shortest mean Lp.

No significant differences r.¡ere observed between the two races.

However ' differences between the two test years were significant.
Plants inoculated with rust in 1982 had a significantly shorter Lp

(10.50 days) rhan those inocurated in 1993 (i2,25 days).

The populations were compared within each year with either race for
mean LP (rable 10). In 1982, when inoculated with urediniospores of

race 3, population 2H40 had the shortest mean tp (g.5g days). It
differed significantly from only the follor+ing three mass- selected
populaLions: 2N319 (11.83 days) , ZN1Z2 (jZ.2S days), and 2N29 (jZ.B1

days). The bulk populations were significantly different from only

2N29, the population with the 1ongest mean Lp.

No significant differences çrere observed in rnean

inoculated with urediniospores of race 4, in 19g2.

were inoculated rvith urediniospores of race 3, Èhe

LP among populations

In 1983, when plants

susceptible popula-



TABTE 9. Effect of host
on latent period and

popuJ-ation, developmental
LPso of eight field-grown
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stage, rust race, and year
faba bean populations.

Latent period LP¡o

Populat i on '

Developnen ta 1

Stage 2

Race 3

Year a

2N40 (sK)
2N34 (sK)
2N430 (sK)
2N52 (¡n)
2N3',l 9 (us )

2N29 (r'rs )
2N43 (us )
2N122 (rqs )

2.9
4.5
5.3

9. 66
10.64
10.85
10 .85
11.83
12,81
12.60
12.32

Ã
d

ab
bc
bc
cd
d
d
d

a
b
ab

1.06 a
3.44 a
3.72 b
3.37 b
5.12 c
6.10 c
6.03 c
5.61 c

11

11

11

.76

.20

.62

11.48 a
11.48 a

4.56 a
4.21 a
4.56 a

14.28 a
14.56 a

1982
'1983

10.50
12.25

0 .17

13.23
15.33

0.'19

a

b
a

b

Mean square error

lData are tneans f.or 432 observations combined over developmental stages,
races, and years.
zData are means for '1152 observations combined over populations, races,
and years. The tltgg stages of development:. 2.9,4-.5, and 5.3, refer toplants 35,50, an9.9! guvr from plantiñg, respectívely, and ará based on
Liew and Gaunt's (1982) developmãntal kãy for-beans.3Data are neans for 1728 observations coñbined ou"r populations,
developmental stages, and years.
aDala are means for 1728 observations combined over populations,
developmental stages, and races.
sMeans followed ¡i ttre same letter within a column are not significantlydifferent (p-va1ue<0.01 ) according to Scheffé's significant díiference
procedure.
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TABTE 10. Latent period
inoculated with two

of eight field-grown faba bean populations
rust races in 1982 and 1983"

Race 3

1982
Race 4

1 983
Race 3 Race 4

Popula t i on 2N4 0
2N34
2N430
2N52
2N31 9
2N29
2N4 3
2N122

9.59 a 1

1 0.50 ab
1 0.78 ab
10.71 ab
11.83 bc
12.81 c
11.13 abc
12.25 bc

0.11

8.68 a
9.45 a
9.45 a
9.87 a
9.52 a
9.03 a

1 0.43 a
10.15 a

0 -20

9.80 a
10.85 ab
1 1 .20 abc
10.08 a
1 1 .97 abc
'13. 09 c
13.16 c
12.46 bc

0. 18

10.50 a
11.41 ab
.1 '1 .48 ab
1 2.39 abc
'13.30 bcd
15.26 d
'14. 28 cd
13.72 cd

0. 17

BK)
BK)
BK)
BK)
MS)
MS)
MS)
MS)

Mean square error

lData are means for 108 observations combined over developmental stages.
Means followed by the same letter within a column are not signiticanifydifferent (p-vaIue<0.01 ) according to Scheffé's significanl-áiii"r"n."
procedure.
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tion 2N40 had the shorrest Lp (9.80 days). It, as well as the bulk

population 2N52 (rp of 10.08 days) differed significantly from the

following three mass-selected populations i zVzg (13.09 days), 2N43

(13.16 days), and 2N122 (12.46 days). Àdditiona1ly, the bulk population

2N34 had a significantly shorter tP ( 10.85 days) than either of the

mass-selected populations 2H29 and 2N43. No other significant differ-
ences were observed for this year-race combination.

When plants were inoculated with urediniospores of race 4, in 1983,

the rust-susceptible population 2N40, with the shortest mean tp (10.50

days) vlas significantly different from the mass-seLected popuLations,

but not from the bulk populations. The bul-k populations 2N34 and 2N430

with lps of 11.41 and 1'1 .48 days, respectivery, r,¡ere signif icantry

different frorn three of the four mass-selected populations.

Additionally, population 2N52 had a significantry shorter Lp (12.39

days) than 2N29, the population with the longest tp (15.26 days).

7 .1,6 Laten! period (Lpso )

Populations r.rere compared across developmental. stages, races, and

years ior niean values of tp5o (table 9). The rust-susceptible popula-

tion 2N40 had the smallest mean LPso value and it differed signifi-
cantly, on the basis of this component from the remaining populations

according to Scheffé's procedure. The other populations were categor-

ized into two groups based on their mean Lp5s values. The bulk popuLa-

tions 2N34, 2N430, and 2N52, with mean val-ues of 13.44, 13.72, and 13.37

days, respectively' were statistically indistinguishable by Scheffé's



96

procedure. similarly, the mass-selected popurations which had the

longest mean varues for this component (ranging frorn 1s.12 days for
population 2N3'1 9 to 1 6.1 0 days for popuration 2N29) , did not differ
significantly from each other. They were statistically different from

the bulk populations, however.

LP5e ¡vas longer by a factor of 1.4 to 1.5 in the mass-selected popu-

lations than in the rust-susceptible population. The nagnitude of this
increase is consistent with the observations of Ohm and Shaner (1976),

who reported that slow-rusting winter wheats had latent periods that
were 1 "2 Lo 1.8 times longer than their fast-rusting counterparts. In

addition, I.¡ahl et al., (1980) and statler and parlevliet rgBT) have

reported similar differences in latent period between slow and fast-
rusting populations.

Comparisons among plants inoculated at the three developmental stages

were not significant. In addition, plants inoculated with uredinios-
pores of race 3 did not differ significantly from those inoculated with

urediniospores of race 4. Differences between the two test years were,

however, significant. Plants inoculated with rust in 1982 possessed a

mean latent period of 13.23 days and this was significantly shorter than

lhose inoculated in 1983 (1S.33 days).

The popuLations were compared within each year with either race 3 or

4 on the basis of their mean values for Lp5o (fab1e 11). These values

represent the average for plants over alI deveropnentar stages. In

1982, when plants were inoculated with urediniospores of race 3, the

rust-susceptible population 2N40, had the smallest mean value for Lpso

(10.15 days). This differed significantly from the mean values for lhe
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TÀBLE 11. LPso of eight
$'ilh tl.to rust races

field-grown faba bean
in 1982 and 1983.

populations inoculated

Race 3

1982
Race 4

1 983
Race 3 Race 4

PopuIa t i on 2N40
2N34
2N430
2N52
2N319
2N29
2N4 3

2N122

10.15 a1
13.44 bc
'14.00 bcd
12.46 b
1 5.33 cde
16.31 e
1 4.63 bcde
1 5.75 de

0.1s

(sK)
(¡n )
(sK )
(¡n )
(¡rs )
(¡¿s )
(¡'rs )
(us )

1 0.43
11.69
11.48
12,25
12.53
11.69
13.58
13.02

0.18

10.64
13.37
13.93
12.32
14.98

a
bc
bcd
ab
cde

ô

de

13.37
14.91
'14.98

1s.89
1 6.80

a
ab
ab
bc
bcd
d
cd
cd

a
ab
ab
ab
ab
ab
b
h

6. 59
6.66
5.75

8,76
7 .78
7.22

Mean square error 0.24 0 .17

1Ðata are means for 108 observations combined over developmental stages.
Means followed by the same l-etter within a column are not significanËIydifferent (p-vaIue<0.01 ) according to Schefféii significani áiff"r"n".
procedure.
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other populations. The three bulk populations, in addition to the mass-

selected population 2N43, were statistically indistinguishable with

values ranging from 12.46 days for 2N52 to 14.63 days for popuJ.ation

2N43. The mass-selected population 2N29, possessed the largest mean

value for LPso (16.31 days). It differed significantly from the bulk

popuì-ations, but was statistically indistinguishable from the other

mass-selected populations.

l,iith race 4, as with urediniospores of race 3, the rust-susceptible
population 2N40 possessed the shortest mean Lp5e (10.43 days). However,

unlike with urediniospores of race 3, 2N40 differed significantly from

only two mass-selected populations, 2N43 and 2N122, wíth mean values for
LPso of 13.58 and'13.02 days, respectively. Both 2N43 and 2N]22 were

indistinguishable statistically from the other popurations.

In 1983, when inocurated v¡ith urediniospores of race 3, poputation

2N40 had the smallest mean val,ue for Lp5o (10.64 days). ÀIthough it was

statistically indisLinguishable from population 2N52 (12.32 days), it
differed significantly from the others. The mass-selected populations

2N29 and 2N43, with mean values of 16.59 and i6.66 days, respectively,
possessed the largest values for this component. They rrere not,

however, significantly different fron the remaining mass-selected popu-

lations. The bulk populations were indistinguishable on the basis of

this conrponent.

l'lhen inoculated with race 4, the rust-susceptible population 2N40 had

the smallest value for Lps o ( 1 3. 37 days ) . population 2N40 did not

differ signifícantly from the bulk populations, 2N34 and 2N430 (with

values of 14.91 and 14.98 days, respectively), but it was statistically
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distinguishable fron the bulk population 2N319, in addition to the four

mass-selected populations. The latter populations had values for this
component thai ranged from 15.89 days for population 2N52 to 18.76 days

for population 2ñ29.

LPso, which has the advantage of being easier to measure (shaner,

1980)' was superior to LP in distinguishing among the faba bean popula-

tions when the data for this study rras pooled. Lp5e separated the popu-

lations into three groups, whereas with tp, these grcups were ress

distinct.

Comparisons among plants inoculated at the three developmental stages

were not significant for Lpso. For Lp, however, plants inoculated at

developmental stage 2.9 were found to differ significantly from those

inoculated at stage 4.5, but not from those inoculated at stage 5.3.

Plants inoculated at stage 4.5 had the smallest mean Lp and Lp5o values.

Parlevliet (1977;1979), Jones (1978), parlevliet et al., (19gs), and

Johnson (1986) have reported that latent period is greatly influenced by

the growth stage of the plants. They have stressed the irnportance of

measuring latent period on plants at the same stage of development.

Results from this study for tp tend to support their conclusions.

No significant differences in LPso and LP were observed with the two

rust races used in this study. Rouse et ar., (1990) found that when

they inoculated four wheat cultivars with one of six isolales of

Ervsiphe qraminis t. sp. tritici, all cultivar-isolate combinations

possessed lalent periods that were less than 24 hours of each other.

Ho¡sever, Parlevliet (1977 ) reported that Lhere rvas a significant inter-
action between cultivars and isolates for the latent period of barley,

but in most cases the interaction was of small magnitude.
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Significant differences were found between the two test years. ¡4ith

both tP and LP56, significantry longer ratent periods were found in
1983, and this may be explained by the less favourable conditions for
rust development in that year (eppendix n). This is in contrast to the

results of Parlevl-iet and Van Ommeren (1975) who reported that despite

seasons that were very different from each otherr Do year effect on the

latent period of barley v¡as discernabl-e. On the other hand, Shearer and

Zadoks (1972;1974) and Àsher and Thomas ('1994) have found that tempera_

ture and the duration of leaf wetness are important environmental

factors which influence the rength of the laLent period.

when year-race combinations of the data were analyzed, Lp5e 1yâs ffiore

effective in differentiating among the populations than was Lp, and this
was the case for every combination. The interaction between races and

populations ¡vas not significant for LP and neither was the interaction
between the year of testing and popurations. The c.V. for Lpso ej.26
%; Àppendix L), was smarler than f or Lp e4.93 %; Àppendix K)), and

this, along with the superior differentiating ability and relative ease

of measurement of LPse suÇgests that it is preferred over Lp as a method

of assessing rate-reducing resistance.

7.2 ÀSSESSMENT OF POPT'LÀTION PERFORI{ANCE

7,2"1 Rust severitv (RS)

The rust-susceptible population 2N40 had the greatest mean leaflet
area infected with rust (6.53 %) during the four week period following

inoculation. It differed significantJ.y from the other popul-ations

according to Scheffé's significant difference procedure (rabte 1e). The

bulk populations 2N34, 2N430, and 2Ns2, with mean val_ues for RS of. 1.97,
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1"61 , and 1 .86 %, respectively, Ì,tere indistinguishable statistically.
Population 2N34 ¡,¡as significantly different fron atl mass-selected popu-

lations whereas 2N52 differed from three of the four evzg, 2N43, and

2N122), and 2N430 from only population 2N122. comparisons among the

mass-selected populations were not significant.

No significant differences were observed on the basis of this compo-

nent among plants inoculated at the different developmental stages.

SimilarJ.y, comparisons between the two races were not significant.
However, di'fferences between the test years were significant with popu-

lations inoculated in '1982 having a higher overall RS e.64 %) than

those inoculated in 1983 (1.25 %). Differences in rust severity among

cultivars inoculated with different isolates of rust were observed by

wilcoxson et al. , ( 1 975 ) in wheat infected with stem rust and by

Parlevliet (1977) in barley infected with leaf rust. On the other hand,

both of these reports in addition to a study by Groth et aI., (19g3)

did not observe any significant differences over two to three years of

testing. Differences in rust severity between the two test years in

this study may be attributable to the heterogeneous nature of the faba

bean populations and to the magnitude of the environmental variation

represented by the two seasons (appendix B).

The populations were compared within each year with either race,
(tabte 13), and when plants were inoculated with urediniospores of race

3, in 1982, population 2N40 had the greatest nean RS (9.05 %); it
differed significantly from the other populations. Mean RS val-ues for
the remaining popurations ranged from 2.09 % for the bulk population

2N34 to 0.69 % tor the mass-selected population 2N122 and these were

stalistically indistinguishable.
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TÀBIE 1 2. Effect. of_ host population, _developmental stage, rust race, and year

on mean and final rust severity of eight field-growñ iaba bean pópulations.

Mean rust severity Final rust severity

Populat i on '

Developmental
Stage 2

Race 3

Yeara

2N40 (¡n)
2N34 (sK)
2N430 (sK)
2N52 (sK)
2N31 9 (us )

2N29 (us )

2N43 (us )

2N122 (us)

)q
4.5
5.3

6.53 as
1.9',7 b
1 .61 bcd
1.86 bc
1 .05 cde
0. 92 de
0.92 de
0.75 e

2.01 a
2.09 a
1.71 a

1.80 a
2.80 a

6.62 ab
7.04 a
5.68 b

21 .78 a
6.63 b
5.92 bc
6.35 b
4.09 cd
3.84 d
3.81 d
3.30 d

5.93 a
6.89 a

8.32
4,61

0.25

1982
1 983

2.64
1 .25

c.09

d

b

a
b

Mean square error

lData are means tor 432 observations combined over developmental stages,races, and years.
2Data are means for 1'152 observations combined over populations, races,
and years. The tlrgg stages of developmentt 2"9r A'.bl and 5.3, refer toplants 35, 50, and.9? Fuvr from plantiñg, respectívery, and are based onLiew and Gaunt's (1982) deveiopmãnta1 kãy for-beans.3Data are means for 1728 observations coñbined over populations,
developmental stages, and years.
aData are means fór i72B observations combined over popurations,
developmental stages, and races.scomparisons among neans were made using rogit transformed data.
Means followed by the same letter within a column are not significantlydifferent (p-value<0.01 ) according to Scheffé's significanl alit.run".
procedure.



TABLE 1 3. Rust
inoculated

severity of eight
with two rust races

103

field-grown faba bean populations
in 1982 and 1983.

1982
Race 3 Race 4

1 983
Race 3 Race 4

Popula t i on 2N40
2N34
2N430
2N52
2N31 9
2N2 9
2N4 3
2N122

10.49 a
2.80 b
2.55 b
2.17 b
1.85 b
1.89 b
1.39 b
1.30 b

0.12

(nn)
(nn )
(sK )
(¡n )
(t'ls )
(us )
(us )
(¡¡s )

8.05
2.09
1 .52
1 .98
1.11
0.86
1 .43
0.69

0 .17

a1
b
b
b
h

b
b
b

3.35
1 .63
1 .22
2.05
0. 94
0.67
0. s8
0 .71

0.05

? olJ.J I A

1.36 b
1 .20 bc
1.22 bcd
0.33 cd
0.27 d
0.29 cd
0.30 cd

0.05

a
bc
bcd
b
bcd
cd
d
cd

Mean square error

lData are means for 108 observations combined over developmental stages.
comparisons among means were made using logit transformed data.
Means followed by the same letter within a coLumn are not significantlydifferent (p-va1ue<O.01) according to Scheffé's signiticÁnl-aiiturun."
procedure.
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In 1982, when plants were inoculated with urediniospores of race 4,

comparisons among lhe populations gave results similar to those with

urediniospores of race 3. Population 2¡¡40 had the greatest mean value

for RS (10.49 %) and 2N122, the lowesr (1.30 %). population 2N40 was

significantly different from the others, however, no other comparisons

were significant. Mean values for RS were greater for plants inocuated

with urediniospores of race 4 than for those inoculated with uredinios-
pores of race 3, but these differences were not significant.

In 1983, comparisons among populations inoculated r+ith race 3 indi-
cated that population 2N40 had the largest mean value for this component

(3.35 %), and that it differed significantJ.y from the other populations.

The bulk populations 2H34, 2N43, and zvs2, with mean values for RS of

1.63 %, 1.22 %, and 2 .05 %, respectivery, and the mass-selected popula-

tion 2N319 with a mean value of 0.94 % were indistinguishable statisti-
cally. However, population 2N52 was significantly different from the

mass-serected populations 2N29, 2N43, and 2N122; moreover, population

2N34 differed from 2N122. The four mass-selected populations were

indistinguishabre statisticarly on the basis of this component.

When comparisons were nade among populations inoculated with uredin-

iospores of race 4, population 2N40, with a value of 3.9'l percent had

the largest varue f or RS, and population 2N29, the smarlest rc.27%),

Population 2N40 was significantly different from the other faba bean

populations. The bulk populations 2N34, 2N43, and 2N52, with mean

values of 1.63 % , 1.22 % , and 2 .05 %, respectively were indislingui-
shable statistically as were the mass-selected populations.
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The interaction betr¡een test years and races was significanl for this
component (Appendix t'f). This is possibly due to the higher values for
this component with urediniospores of race 4 than with urediniospores of

race 3 in 1982 whereas in 1983, higher values were found with uredinios-
pores of race 3 for all populations, except 2N40. The coefficient of

variation f or RS was l_ow (7.49 Ð .

individual analyses of rust severity a.t weekly intervals (one to four

weeks following inoculation) were also conducted. The results from

these analyses are not presented here, because as suggested by Bailey et

a1. , ( 1 987) , difficulties in establishing Lhe timing of individual
weekly assessments could hamper their usefulness since small differences

between slow- and fast-rusters may only be identifiable for short
periods of time. However, tables of the effects of host population,

developmentar stage, rust race, and year on the rust severity of the

faba bean populations, at each of the four assessment periods are avail-
able in Àppendices O - V.

7,2.2 Final rust severitv (FnS)

Final rust severity, a measure of the percent leaflet area infected

with rust just prior to leaflet senescence, Y¡as used to differentiate
among the faba bean populations. The populations were compared over

developmental stages, races, and years on the basis of this component

(fabte lZ). The rust-susceptible population 2N40, had the highest mean

final rust severity Q1,78 Ð and this value was significantly higher

than the values for lhe other populations. The smallest vaLue for FRS
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was observed for the mass-selecled populatíon 2N122 (3.30 %), however,

il was not significantly different fron the values for the other three

mass-selected populations. The bulk populations 2N34, 2N430, and zqsz,

with mean values of 6.63 %, 5.gz %, and 6.3s % respectively, were indis-
tinguishable statistically, and had significantLy higher val-ues for FRS

(except for 2N430) than did the mass-selected populations.

When plants were inoculated at the different developmental stages the

largest mean value for FRS was observed at developrnental stage 4.5 0.04
%). The smallest value occurred for those plants inoculated at stage

5.3 (5.68 %), and it was significantly different from those at stage

4.5. Subrahmanyam et al., ('1983), reported that there vras a decline in
the susceptibility of plants to peanut rust with age, and his results
are in agreement with the results from this study.

Plants inoculated with urediniospores of race 4 had a greater FRS

(6,89 %), however, this was not significantly different from those

inoculated with urediniospores of race 3 (5.93 %). Comparisons between

test years Ì{ere significant. The mean FRS for plants inoculated in 19g2

was 8.32 %, considerably higher than for those inoculated in 1983 (+.Al
o/\lol.

The populations were compared within each year with either race on

the basis of their mean FRS (tabte l¿). In '1gg2, in the inoculation

with urediniospores of race 3, population 2N40, had the largest mean

value for this component (21.60 %), and it differed significantly from

the other populations. The smallest mean value was observed for popula-

tíon 2N122 ß"96 %), however, it did not dif fer signif icantry f rom any

of the other populations, with the exception of 2N40.



TÀBLE 14. Final rust severity of
inoculated with two rust iaces

r07

eight field-grown faba bean populations
in 1982 and 1983.

Race 3

1982
Race 4

1 983
Race 3 Race 4

Populat i on 2N4 0
2N34
2N430
2N52
2N3'1 9
2N29
2N4 3

2N122

(¡n )
(sK )
(¡n )
(sK )
(¡¿s )
(us )
(us )

(t-'ts )

21 .60
7 .23
5. 57
7 .17
4.96
4.33
6.02
3. 96

0,32

29.03
8.84
7.79
6.67
5.89
6.14
4.62
3,94

0.23

14. 88
5. 04
5,23
6.21
J.3t
3 .41
3.02
3.92

0. 13

1 5.83
5.32
4.96
5. 34
1.79
0. 93
1 .66
1 .39

0.27

-1d

b
b
b
b
b
b
b

a
b
bc
bc
bc
bc
bc
c

a
bc
bc
L

bc

bc

a

b
b
b
bc

bc

Mean square error

lData are means for 108 observations combined over developmental stages.comparisons among means were made using logit transformed data.
Means followed by the same letter within a column are not significantlydifferent (p-value<0.01 ) according to Scheffé' s signiricãnt-ãïii.r"n..
procedure.
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when the populations were inoculated with urediniospores of race 4,

the largest value for this component, as with urediniospores of race 3,

oceurred with population 2¡140 (29.03 Ð. population 2N40 was signifi-
cantly different from the others in terms of FRS. The buik population

2N34 had the next largest varue f or this cornponent ß.g4%), however, it
differed significantly from only the mass-selected population 2N122

ß.94%). No other significant differences *.,ere observed.

In the 1983-race 3 combination, population 2N40 had the highest value

f4.88 %) for FRS, and it differed significantJ.y from the other popula-

tions. The mass-selected populations 2N29 and 2N43 had the smallest

values (ø.lq % and 4.62 %, respectively). These popuJ.ations, however,

differed significantly from only the bulk popuJ.ation 2N52, and from

2N40.

In the inocuLation with urediniospores of race 4, population 2N40 had

the largest value for this component (15.83 %) and it was significantly
different from the others. The mass-selected population zñzg, as with

urediniospores of race 3, and population 2N122 had the smallest val-ues

for FRS (0.93 % and 1.39 %, respectively) " Àlthough these differed
significantly from the bulk populations, they were indistinguishable

from the other mass-selected populations 2N319 and 2N43, with values of

1.79 % and '1 .66 %', respectively.

The c.v. for FRS was 17.46 % (Appendix N), very much greater than lhe

c.v. for RS (7.49 %). However, final rust severity was more useful than

mean rust severity in differentiating among the populations. Conner and

Bernier (1982d) and Rashid and Bernier (1986) have reported that FRS was

beneficial in assessing the Levels of slow-rusting resistance in faba

bean accessions and that it correlated well with euopc scores.
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7,2"3 Apparent infection rate (AIR)

l'ihen populations were compared across developmentaL stages, races,

and years for mean apparent infection rates, the rust-susceptible popu-

lation 2N40 had the highest rate (0.13) although this did nor differ
significantly from the rates for the bulk populations (raUte lS). The

four mass-selected populations all possessed the same rate (0.06). They

differed significantly on the basis of this component from population

2N40, but they were indistinguishable from the bulk populations. poyntz

and Hyde (1985), shaner (1973), shaner and Finney ('1990), and vilrareal
et al., (1981 ), have all reported significant differences among culti-
vars in terms of apparent infection rate.

No significant differences for r-values were observed among plants

inoculated at the different developmental stages nor were differences

seen with the two races. This may be due to the fact that the analyses

were conducled using mean r-values which when averaged over the season

did not vary substantially for the different popuLations. plaut and

Berger (1981) reported lhat low leve1s of disease early on in the season

v¡ere compensated for by accelerated raLes of increase later in the

season which tended to negate the effects of the slower-rusting popula-

tions. Additionally, the use of small adjacent plots may have resulted

in high levels of interplot interference which masked differences

between developmentaJ. stages and races.

Significant differences for r-values were observed between the two

test years. Higher mean r-values were f ound in '1982 than in 'lgg3. This

difference probably reflects the difference in these tY¡o seasons in

terms of favorability for rust development (eppendix n).
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TÀBIE '15. Effect of host.population, developmental stage, rust race, andyear on the apparent infection rate and ¡U¡pC score-oi eight fieÍa-gror¡n faba bean populations.

Apparent infection rate ÀUDPC

Population 1

Developmental
Stage 2

Race3

Yeara

2N40 ( BK)
2N34 (n¡t )

2N430 (sK)
2N52 (¡x)
2N319 (t'tS)
2N29 (¡¡S )
2N43 (r'ls )

2N122 (us )

2.9
4.5
5.3

0.'13 as
0.08 ab
0. 08 ab
0.09 ab
0.06 b
0.06 b
0.06 b
0.06 b

25.46
7 .49
5.71
6.20
3 .90
3.15
3,28
2.60

7.52
7 .64
6.07

a

b
bc
bc
bc

0.08 a
0.08 a
0.08 a

0.08 a
0.08 a

7.59 a
6.71 a

a

a
b

a
b

a
b

1982
1983

0.10
0.06

<0.01

8.63
5.35

20.60Mean square error

lData are means tor 432 observations combined over developmental stages,races, and years.
zData are means for 1152 observations combined over populations, races,
and years. The t!t99 stages of deveropment: 2.9, a.sl ana s.ã, refer toplants 35, 50, and.!?-iuv. from plantiñg, respectívery, and aie based ontiew and Gaunt's (1982) developmánta1 key for'beans.3Data are means for 1728 observations coirbined-ouu, populations,
developmental stages, and years.aData are means fõr i728 oËservations combined over populations,
developmental stages, and races.
5Means followed by the same letter within a column are not significantlydifferent (p-value<0.01) according to Scheffé's signitl.Ànt-åíii"run."
procedure
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TÀBIE 16. Apparent infection rate of eight field-grown faba beanpopulations inoculated with two rust races in íggz ana 19g3.

1982
Race 3 Race 4

1983
Race 3 Race 4

PopuIa t i on 2N4 0

2N34
2N430
2N52
2N319
2N29
2N43
2N122

0.17
0.1'1
0.10
0.09
0. 09
0.10
0. 08
0. 07

<0.01

0.08 a
0.06 a
0.07 a
0.08 a
0.05 a
0.05 a
0.05 a
0.06 a

<0.01

0.12
0. 06
0. 06
0. 08
0. 04
0.02
0. 04
0.03

<0. 01

(sK)
(¡n )
(sK)
(sK )
(t"ts )
(us )

(us )
(rqs )

0.16
0.10
0.10
0.11

^!ã
a
a
a
d

a
a
a

0. 08
0.07
0. 09
0.07

a

ab
b
b
b
b
b
b

a
ab
ab
ab
b
b
b
b

Mean square error <0 . 0.1

lData are means for '108 observations combined over developmental stages.
Means followed by the same letter within a column are not signiticanËfydifferent (p-vaIue<0.01 ) according to Scheffé's signiricånt-ãïit"r"n."
procedure.
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The populations were compared within each year with either race on

the basis of their mean AIR (Table 16). In the inoculation with uredin-

iospores of race 3, in 1982, rates ranged fron a high of 0.16 for the

rust-susceptible population 2N40 to 0.07 for the mass-selected popula-

tions 2N29 and 2N122. However, no differences among the populations

lvere considered significant by Scheffé's significant difference proce-

dure.

With race 4, population 2N40 possessed the highest mean infection

rate (0.17) and it differed significantly on the basis of this component

from the other populations, but with the exception of the burk popula-

tion 2N34, which had a mean rate of 0.11. Additionally,2N34 was indis-
tinguishable from the other populations which had mean infection rates

ranging from 0.10 for populations 2N430 and 2N29 to 0.07 for population

2N122.

Results obtained with urediniospores of race 3, in 1983, were similar

to those obtained with this race in 1982, in that no significant differ-
ences ï¡ere seen among the populations. Rates for the poputations ranged

from 0.08 for 2N40 and 2N52, to a low of 0.05 for the mass-sel-ected

populations 2N319, 2N29, and 2N43.

In'1983, in the inoculation with urediniospores of race 4, population

2N40 possessed the highest mean infection rate (0.12). It was signifi-
cantly different from the mass-selected populations which had mean rates

ranging from 0.04 for 2N319 and 2N43 to 0.02 for the population 2H29.

Hor¡ever, 2N40 was found to be indistinguishabLe statistically from the

bulk populations 2N34 and 2N430 with a mean infection rale of 0.06, as

well as from 2N52, with a value for this component of 0.08.



Àdditionally, the bulk populations could

mass-selected populations.

The C.V. associated with AIR r+as ZZ.0i

tions teere significant except for the

testing and developmental stage.
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not be distinguished from the

% (Àppendix I{). AlI interac-

interaction between year of

7.2,&

ÀUDPC was effective in distinguishing among the faba bean popula-

tions. The rust-suscepLible population 2N40 had the largest mean ÀUDpC

value Q5,46) and it was found to differ significantly from the other
populations (raute ls). population 2N34, a bulk population, had the

second largest mean ÀUDPC value 0.49). This population could not be

distinguished statistically from either 2n430 and 2NS2, also bulk popu-

lations, nor from 2N319, a mass-selected population. However, 2N34 was

found to differ significantly from the mass-selected populations 2N29,

2N43, and 2N122. These, however, could not be distinguished from any of

the others except 2N40.

Area under the disease progress curve has been used extensively lo
assess levels of resistance in plant populaLions because as palmer and

Wilcoxson (1982) have stated, it summarizes the effects of all those

factors that contribute to the development of rust over Lhe season.

Previously, Rashid and Bernier (1986) and Conner and Bernier (19g2d)

have noted the usefulness of ÀUDPC in differentiating among faba bean

accessions. Rashid and Bernier (1986) found differences at the 1 %
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TABTE 17. Àrea under
eight field-grown
races in 1982 and

the disease progress
faba bean populations
1 983.

curve (¡u¡pc) values of
inoculated with two rust

1982
Race 3 Race 4

1 983
Race 3 Race 4

Popula t i on 2N4 0

2N34
2N430
2N52
2N319
2N29
2N4 3
2N122

(sK)
(sx )
(nx )
(¡n )
(¡¡s )

(us )
(¡'rs )
(¡,ts )

25.15
9.35
5.25
7 .28
s.06
3.48
5.36
3.76

12.29

36.34 a
8.32 b
7.20 b
5.91 b
4.84 b
5.13 b
3.54 b
2,96 b

39.39

22.01 a
7.16 b
6.37 b
7.20 b
4.72 b
2.91 b
2.72 b
2.39 b

11.52

Àlo

b
b
b
b
b
b
b

1 5.30
5.23
4.00
4.77
1 .42
0.98
1 .59
1 .41

6.21

a

b
bc
bc
bc

bc
bc

Mean square error

lData are means for 108 observations combined over developmental stages.
Means followed by the same letter within a column are not signifi;;;Ëltdifferent (p-value<0.01 ) according to Scheffé's signifi;;n¡-ãïti"tun.u
procedure.
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leve1 ot significance between accessions for AUDpc. similarly,
wilcoxson et al., (1975), southern (1978), and singleton et al., (1gg2),

have found ÀUDPC a reliable and convenient method for observing differ-
ences among cereal cultivars infected r+ith rust; Johnson (1986) cane to

the same conclusion in his study of the rust of asparagus.

No significant differences were observed in mean ÀUDPC values among

popurations inoculated at either deveropmental stage 2.9 0.s2) or 4.S

(7.64). PIants inoculated at the latest de.¡elopmental stage, however,

had mean AUDPC values that were significantly less (6.07), thus índi-
cating the importance of using plants at the same stage of development

when screening for rate-reducing resistance in artificially inoculated

plots.

AUDPC values were not found to be influenced by race in that the

overall mean for populations inoculated rlith race 3 was indistingui-
shable statistically (l.Sz) from those inoculaLed r+ith urediniospores of

race 4 (6.71). in addition, the interaction between populations and

races was not significant. These results are in agreement with those of

Rashid and Bernier (1986) who reported that mass-selected faba bean

populations react,ed similarly to races 1 and 3 of U. viciae-fabae.

wilcoxson et aI., (1975) noted that over three years of testing with

different stem rust races, used individually, or in mixtures, differ-
ences among cultivars as measured by AUÐPC were distinct and stable. On

the other hand, Southern (1978) and Cox f977) found that the slow-

rusting ability, as determined by ÀuDpc, of certain spring wheat culti-
vars varied with the races of Puccinia qraminis f.sp. tritici used in

the inoculation. It is possible, however, that the presence of the

temperature-sensitive Sr6 gene (Green and Johnson, 19S5) may have been

responsible for these differences.
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Mean AUDPC val-ues for the populations in this study ¡.rere signifi-
cantly different between the two test years. Higher AUDpC values were

observed in 1982 (8.63) than in 1983 (5.35). The interaction between

populations and year of testing was significant, probably because ÀUDpC

values were approximatel-y equal in both years for populations 2N430,

2N52, and 2N122, but were greater in l9B2 for the other populations.

wilcoxson et al., (1975), southern, (1979), and singleton et al., (19g2)

all reported that testing over a number of years indicates that AUDpC is
generally a stable characLer. However, it is subject to environmental-

influences (Southern, 1978 and Johnson, 1986). southern (1g7g) noted

that precipitation, in addition to other factors such as host growth

stage, minimum and maximum temperatures, hours of free moisture,

sunlight intensity as well as infection rate and spore numbers probably

contributed to the higher mean ÀUDPC values observed in some locations.

I'lhen analyses of variance for ÀUÐPC were done on year-race conbina-

tions of the data, only a very few staListically significant differences

among the populations were observed (Table.17). This rnay be due to the

general heterogeneity of the populations resulting from their partially
outcrossing nature (ttolden and Bond, 1960) as well as to varying leve1s

of interplot interference. In three of the four year-race combinalions
( 1 982-race 3, 1 982-race 4, and 1 983-race 3 ) , only the rust-susceptible
popuJ-ation 2N40 could be distinguished.

In the 1983-race 4 combination,2N40, with a mean AUDpC val-ue of 15.3

vras found to be significantly different from the other populations.

0n1y one other difference r+as significant; population 2N34 (5.23) was

found to differ from population 2N29 (0.98). The largest values were

observed with either race 3 or race 4, in 1982, and the smallest values,

with race 4, in 1983.
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of variation associated with AUDpC was 64.15 %

(Àppendix X). This value rvas considerably higher than the C.v. for

apparent infection rate (Àppendix W), howeve¡:, AUDPC vres a nore effec-
tíve measure of rate-reducing resistance. The superiority of AUDpC

values over ÀIR has also been reported by Shaner and Finney (1980) and

by wilcoxson et aI., (1975). The two-way interactions that were signif-
icant were those between year of testing and rust race, and between year

of testing and populations. in addition, the interaction between devel-

opmental stage and populations was significant, as rvas the triple inter-
action between year of testing, race, and populations.

7.2.5 IPSM

LPSM proved to be very useful in the eval-uation of rate- reducing

resistance in faba bean populations. When populations were compared

across developmental stages, races, and years for LpsM (rabre 1g), the

rust-susceptible population 2N40 had the smallest mean value for this
index (0.36), and it differed significantly from the other populations.

The bulk populations, 2N34, 2N430, and z}j.sz, with mean values for this
component of. 1.71, 1.80, and 1.66, respectively, r+ere indistinguishabte

statistically. No significant differences were observed among the mass-

selected populations with mean values for tpsM ranging from 2.47 f.or

population 2N3'19 to 2.72 f.or 2N29. The mass-selected populations had

significantly higher values for LpsM than the burk populations.

Faba bean plants inoculated at developmental stages 2.9 and 5.3, with

values for LPSM of. 2.18 and 2.16, respectively, were indistinguishable

The coef f ic ient



TÀBIE 18. Effect of
year on the LPSM

Populationl

host population, developmental staqe,
values of eight field-grown faba bean
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rust race, and
populat i ons .

LPSM

0.362N40 (sK)
2N34 (nn)
2N430 (sK)
2N52 (sK)
2N31 9 (us )

2N29 (us)
2N43 (us )

2N122 (us)

2.9
4.5
5.3

.71

.80

.66

R
cl

b
b
b

2.47
2.72
2.71
2.63

Developmental
Stage 2

Race 3

Y ear

2.18
1 .88
2.16

1.98
1.15

1.70
2.32

0.93

a
b
a

1982
1983

a
b

a
b

Mean square error

lData are means f.or 432 observations combined over developmental stages,races, and years.
zData are means for'1152 observations combined over populations, races,
and years. The t!t99 stages of developmenti 2.9, a.5, ana 5.3, refer toplants 35, 50, and.9?_iuvr from plantiñg, respectively, and aré based onLiew and Gaunt's (1982) developmôntal key for-beans.3Data are means for 1728 observations combined ou", popurations,
developmental stages, and years.
aData are means fór izzg observations combined over populations,
developmental stages, and races.
sMeans followed Uy ttre same letter within a column are not significantlydifferent (p-value<0.01 ) according to Scheffé's significant díiterence
procedure.



TABTE 19. LPSM values
inoculated with two

of eight field-grown faba bean
rust races in 1982 and 1983.
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populat i ons

1982
Race 3 Race 4

1983
Race 3 Race 4

Populat i on 2N40
2N34
2N430
2N52
2N319
2N29
2N4 3
2N122

(sK )
(sx )
(an )
(¡n )
(us )
(us )
(t'rs )
(¡¡s )

.45
i-1

.03

.21

.45
1 .62
2.17
2.05
2.30
2.20

1 .21
2.03
2.04
2 .44
2.80
3.15
2.99
2.92

0 .71

-0.92 -0.03 a
b
b
bc
cd
d
cd
cd

a
b
bc
bcd
d
cd
d
d

a1
b
b
b

0.94 a
1 .95 bc
2.07 cd
1.44 ab
2.44 cde
2.76 e
2.86 e
2.61 de

0. 93

2 "39
2.7 4
2.42
2.67

Mean square error 1 .42 0.79

lData are means for 108 observations combined over developmental stages.
Means followed by the same letter within a column are not signiticanËiydifferent (p-value<0.01) according to Scheffé's signiticãni-ãïii"t"n..
procedure.
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statistically, but significantly different from those inoculated at

stage 4.5 (mean LpSM value of 1.BB).

Differences between races for mean values of LPSM were significant.
Plants inoculated with urediniospores of race 3 had a larger mean value

for LPSM (1.98) than those inoculated r.lith urediniospores of race 4

( 1.15). Differences between the two test years were also significant.
Plants inoculated in 1982 had a smaller mean value for tpSM (1.70) than

those inoculated in 1983 Q.32).

The populations were compared within each year with either race for
mean LPSM (taUle'19). In 1982, when plants were inoculated with race 3,

population 2N40 had the smallest mean value (-0.92), and it differed
significantly from the other populations. The three bulk populations

wiLh mean values for LpsM ranging frorn 1.03 for population 2N52 to.1.45

for 2N34, were indistinguishable statistically. similarry, no signifi-
cant differences were observed among the four mass-selected populations

which had mean values for this index ranging from 2.39 for population

2N319 lo 2.74 f.or 2N29. The mass-selected populations had significanLly
higher values for LpSM than did the bulk populations.

When plants were inoculated !¡ith urediniospores of race 4 population

2N40 had the smallest value for LPSM (-0.03). This population differed
significantly from the others on the basis of this component. The bulk

population 2N34 had the next smallest value for tpsM ( 1.21). it
differed significantly from the four mass- selected populations but was

indistinguishable from the other bulk populations. The mass-seLected

populations l{ere indistinguishable not only amongsL Èhemselves, but also

from the bulk population 2N52. Additionally, the rnass-selected popula-
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tion 2N29 with a LPSM value of 2.05 could not be distinguished from the

bulk population 2N430 (mean LpSM value of 1.45).

in 1983, when plants were inoculated ¡vith urediniospores of race 3,

the rust-susceptible population 2N40 had the smallest value for LpSM

(0.94). It differed significantly from the other populations, with the

exception of 2N52 (1.44). The bulk populations, 2N34 and 2N430, with

mean values for LPSM of 1.95 and 2.01, respectively, r{ere indistingui-
shable. The four mass-selected populations with mean values ranging

from 2.44 for 2N319 Lo 2.86 for population 2N43 were also indistingui-
shable statistically. The separation between bulk and mass-selected

populations was not definitive as both 2N34 and 2N430 were statistically
similar to the mass-selected population 2N319, and in the case of 2N430,

also to the mass-selected population 2N122.

when prants were inocurated $¡ith urediniospores of race 4, in .19g3,

population 2N40 had the smallest value for LPSM (1.21) . This population

differed significantly from the other populations in terms of this
index. The bulk populations, with values for tpSM ranging from 2.03 for
population 2N34 to 2.44 f.or 2N52, r+ere indistinguishable according to

Scheffé's significant difference procedure. Likewise, the four mass-

selected populations vtere similar on the basis of tpSM. For lhe latler
group of populations, the mean val-ues for LpsM ranged from 2.g0 for
population 2N319 to 3.1s for population 2N29. I^¡ith race 4, the bulk

populations 2N34 and 2N430 were clearly distinguishable from the mass-

selected popurations. The bulk popuration zI'sz, was found not to be

significantly different from three of the mass-selected populations. It
differed significantly only fron population 2N29.
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The coefficient of variation associated with tpsM rcas 45.gg %

(Appendix v), and this $¡as considerably greater than the c.v.,s for
either LP or LPso. However, LpsM was at least as effective as Lp5s in

differentiating among the populations. It differed from Lpso in that
differences between the races used to inoculate the populations were

significant and comparisons among the developmental stages were signifi-
cant.

7,2.6 Kendall's tau-b coefficients of concordance (È)

There r+as no consistently strong association between any single pair
of resistance parameters in the year-race combinations (Àppendices Z -
Ac). This suggests that no one component rvas a definitive predictor of

this epidemic. Parlevliet et al., (1995) observed that there was a

tendency for the components of partial resistance to vary in associa-

tion. Clifford (1972) noted that seedlings of the barley cultivar Vada

had a lower infection frequency and that this rvas associated with a

longer latent period, a lower rate of sporulation, and a shorter infec-
tious period than the rust-susceptible t94. It is possible that because

these analyses were performed on data combined over developmental slages

and populations, some of these associations were under-estimated.

Parlevriet et al., (1985) noted, however, that sanrpling at the same

developmental stage as opposed to not taking this factor inlo considera-

tion, did not improve the value of the correlation coefficient between

latent period and the level of barley leaf rust.
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Ànalysis of the cornplete data matrix

associations between the characters of

either the 1 % or 5% probability leve1

(Àppendix AC) also demonstrated this.
occurred in the 1982-race 3 combination

tionships were found in the 1982-race 4

well as with the 1983-race 3 combination
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(fable 20), revealed that al1

resistance vlere significant at

. The 1983-race 4 combination

Fewer signif icant associations

(Appendix z); the weakest rel_a-

combination (Appendix AA), âs

(Àppendix ÀB) 
"

The strongest associations were found between the components iT and

ITR; this was the case for all year-race combinations. This was not

unexpected since IT contributes, in part, to ITR. Milus and Line (19g0)

noted an association between ITR and other components such as Iatent
period, infection frequency, and sporulation rate. They suggested that
this component might be useful in screening breeding material for the

serection of lines with J.onger latent períods, fewer uredinia, and row

sporulation. This study would tend to support their conclusions partic-
ularry with the 1982-race 3 and 1983-race 4 analyses, where IT and ITR

were the components most strongly associated with the characters meas-

uring disease intensily. I,Tith the other year-race combinations and with
the pooled daLa, only the component UDN was more strongly associated

with the disease intensity variables. Good correspondence was also

observed bet¡+een UDN and IPSM, and to a lesser extent between Lpso and

LPSM. In the latter case, the two components vrere negatively associated

with the other characters, but positively with each other except in the

1982-race 4 analysis where the associations between IT and ITR and Lpso

and between IT and LpSM were positive.

Among the disease intensity variables, stronger relationships were

evident between AIR and the componenLs of resistance, in 1ggz, and
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beLween ÀuDPc and the components, in 1983. wilcoxson et aI., (lgls) and

Shaner and Finney (1980) have indicated that apparent infection rate is
a less reliable measure than AUDpc. In this study, the apparent superi-

ority of AIR, in 1982, may be due to the higher levels of disease

present that year. Àssessments for AiR and many of the resistance

components $¡ere made earlier in the course of the epidemic and would

therefore be less affected by the high disease levels at season-end

which resulted in inflated AUDPC values. Good correspondence was also

observed between FRS and ÀuDpc. This has been previously noted by

Rashid (1983) and Conner (1981). These authors have suggested that FRS

would be an appropriate indicator of slow-rusting in faba beans in
preliminary tests since it is a less labour-intensive measure than

ÀuDPc. unfortunately, however, severity measured at a single time at

epidemic-end may indicate adult plant resistance, which at least for the

cereal rusts has been identified as being race-specific (parlevliet and

Van Ommeren, 1 975 ) .

'l ,2,7 Princípal conponent analvsis

The number of principal components (pc) estimated in these analyses

is dependent upon the ability of each additional component to explain

the variation in the dependency structure of the response variables and

upon the somewhat subjective decision as to the proportion of the total
variation that it is felt necessary to explain. Generally, for al1 of

the PC analyses (anaLyses for Èhe year-race combinations are not

presented), three to five principaJ. components were necessary to explain

betr+een 85 % Lo 95% ot the total variation among the original response

variables. À11 analyses indicated that the first principal component
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(pcl), which accounted for 53 % (for the 1983-race 4 data matrix) to lZ
% (f'or the 1982-race 4 data matrix) of the total variation, had factor
loadings which were approximately equivalent for the constituent vari-
ables" This suggested that all variables were equally useful in

assessing levels of rate-reducing resistance in the faba bean popula-

tions.

When the complete dataset for this study rvas submitted for pC anal-
ysis, the sum of squares of the coefficients for each response variable
(eigenvalues) indicated that at least four principal components vrere

necessary to provide a good sunmary of the data (each pC accounted for
more than 5 % of the total variation). This impJ.ied that the disease

reaction of the faba bean populations in the presence of rust races 3

and 4' was adequately described in four dimensions rather than in the

original ten. Coefficients for each principal component and the commu-

nalities for this analysis are presented in Table 21. Communality esti-
mates indicate the proportion of the variance of each response variable
which is accounted for by those components that contribute greater than

5% of the totaL variation in the dependency structure. The proportion

of the total variaÈion among the original variables which was absorbed

by the first principal component (pcl ) was 61%. The second pC which is
uncorreLated with PC1 absorbed an additional 11% of. the tolal variance

of the original response variables. pc3 contributed g%, and pc4, 6%.

The latter three components were trivial compared to pC1. The surn of

the variation exhausted by the four components extracted in this anal-
ysis was 86%.

The interpretation of each PC was based upon the magnitude and alge-

braic sign of lhe coefficienÈs corresponding to each response variable
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TABLE 21. Principal.component coefficients, communalities, and the proportionof the total variance explained by each component for ten diseaseresistance variables.

Coefficients for principat component number

Variab1el Comm.2 10

FKN
UDN

LPso
LPSM
IT
ITR
RS

FRS
ÀUDPC

ATR

Proportion

0. 99 0 .23 0.34
0,72 0.34 -0.120.91 -0.22 0.66
0.85 -0.31 0.4s
0.95 0.29 0.34
0. 94 0 .32 0.35
0.81 0.34 0.02
0.8s 0.37 0.06
0.88 0.34 0.03
0.81 0.36 -0.00

0.36 -0.82
0.08 0.09
0.28 0 .28
0.09 0. 1 9

-0.50 0.04
-0.44 -0.04
0.28 0.19
0.14 0.14
0.33 0.3s
0.09 0.14

0. 0 1 -0.00
0.69 0 .24
0.35 -0. 1 1

-0.29 0.25
-0.03 -0.1 3

0.07 -0.06
-0. 37 -0 . 52
-0.30 0.17

0. 1 9 -0.25
-0.26 0.70

0.01 0.07
0.55 -0.02

-0 .29 -0. 31
0. s8 0,32

-0.03 0.05
0.03 -0.06
0. 38 -0.45

-0.08 0.48
-0.29 0.44
-0.20 -0.40

0.12 0.05
-0.08 0. 1 3

-0 .24 0. 14
0.25 -0. 1 1

0 .27 0. 58
-0.20 -0.73
-0.37 0.05
-0.66 0. 1 9
0.48 -0.20
0.28 -0. 03

of total variance expJ.ained

0.87 0.51 0.11 0.08 0.06 0.04 0.02 o.o2 0.02 0.01 0.01

lFKN = Number of flecks per square centimeter of l-eaflet area
UDN = Number of uredinia per sguare centimeter of leaflet areaIT = Infection Lype
ITR = Range of infection types
LPso = Latent period (time after inoculation until sporulation

on 50 % of uredinia)
LPSM = Standardized rust severity measureRS = Mean rust severity
FRS = Final rust severity
AUDPC= Àrea under the disease progress curveÀIR = Àpparent infection ratezcommunality estimates indicate the proportion of the variance of
each variabLe which is accounted foi by ttrose components that contributegreater than 5 % of the total variatioñ.
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and in the proportion of the total variation in the dependency structure

explained by each component" On this basis, PC1 could be interpreted as

an index of overall disease. All response variables contributed approx-

inrately equally to the determination of overall disease. À11 coeffi-
cients were positive except for those corresponding to the response

variables LPso and LPSM' which received negative emphasis. This differ-
ence in sign implies that these measures varied together and in a manner

in constrast to the others.

Large, positive values for PC2 were given to faba beans with ]ong

latent periods (0.66) and high varues for the LpsM index (0.45).

somewhat less emphasis was given to FKN, IT, and ITR (0.34, 0.34, and

0.35' respectively). Three of the four disease intensity variables (nS,

FRSr and AUDPC) received positive accent although very near zeÍo

whereas, the fourth, ÀIR, vras very slightly negative. pc2 appears to

measure the host effect on overall disease levels. The third component

has large, negative values for those plants with large infection types

(0.50) and range of infection types (-0.44). The other variabl-es have

coefficients that are positive with values ranging from 0.09 for AIR and

tPSM to 0.36 for fleck number per square centimeter. pc4 has a very

large negative value (-0.82) for FKN. Interpretations of components 3

and 4 are unclear.

Communality estimates for this analysis ranged from 0.99 for FKN to

0.72 for uDN. The mean communality for this analysis v¡as 0.g7. High

estimates were also seen for Lp5e and LPSM, in addition to infection

type and range of infection types. For the disease intensity variables,

principal components 1 to 4 accounted for most of the variation in the

variable, ÀUDPC.
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Mean population scores for each of principal components two, three,
and four were calculated and plolted against scores for pc1, and are

presented in Figure 1" The three graphs revealed similar trends. The

populations are arranged in groups corresponding to the type of selec-
tion technique that Lhey were derived by. The mass- selected popula-

tions are clustered together as are the bulk populations. The rust-
susceptible population was distinct frorn the other populations in having

the highest positive score for pC1.



Fìgure 1" Mean population scores for prìncipal components two,
three, and four plotted aga'inst the scores for princìpa'l
component one.
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7 "2,8 Cluster analvsis

The cluster analysis dendrogram for the complete data matrix is
presented in Figure 2. when this dendrogram rvas examined for changes of

level, merging of the faba bean bulk populations 2N430 and 2N52 caused

the smalrest increase in the surn of squares index, E, (0.012). This

indicated that these popuJ-ations were close together as shown by their
reactions to the resistance parameters included in this anal.ysis. The

next smallest increase in E, ( 0.052 ) occurred when the mass-selected

popuJ-ations 2N43 and 2N'122 were combined. I.then population 2N34 was

merged with the other bulk populations, E increased to 0.054, and when

population 2N29 gras merged v¿ith 2N43 and 2N122, the index increased to
0.095. l'then population 2N3'19 was joined with the other mass-selected

populations, the index increased to 0.494. À large increase (,l0.74) in
the index, implying greater dismilarity among consitutents, r.¡as observed

when the bulk populations was merged with the mass-selected populations.

The sum of squares index increased Lo 27.21 when the rust-susceptible
popuration vlas merged r+ith the other populations. This anarysis

appeared to group the bulk populations in one cluster and the mass-

selected populations 2N29, 2N43, and 2N122 in anoLher. The addition of

population 2N319 to the mass-selected cluster caused the sum of squares

index to increase from 0.095 to 0.494. Large increases in E occurred

when the mass-selected and bulk populations were combined and when the

rust-susceptible population was joined with the resistant populations.



Fìgure 2" Sum of squares aggìomeratìon
bean popul ati ons 'inocul ated at three
two rust races in 1982 and 1983.

dendrogram of ejght faba
developmental stages w'ith
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The field study indicated that the components of raLe-reducing resis-
tance were effective in identifying rate-reducing resistant populations

of faba beans. 0n the basis of these components, the populations were

readily distinguishable into those that were derived by mass-selection

and those that were bulk populations. In general the mass-selected

populations had more rate-reducing ability than the bulk populations,

which in turn had more than the rust-susceptible population 2N40. The

mass-selected and bulk populations were also distinguished by the popu-

lation performance indicators. Therefore, it would appear that these

results confirm the previous findings of Rashid and Bernier (1986) who

noted the benefits of mass-selection for faba bean improvement. They

observed that faba bean populations derived from mass-selection became

increasingly homogeneous for rust reaction anC that the coefficients of

variation associated with AUDPC and final rust severity decreased after
only a few cycles of nass-selection.

The resistance components rlere not equally effective in differenti-
ating among the faba bean populations for leve1s of rate-reducing resis-
tance. UDN' ITR, and LP5s were the most efficient. These components

ranked the populations in the order predicted by ai-l the components when

taken together (rigure 1a), with only one change in ranking (for ttn).
The components FKN, IT' and LP were less effective as were lhe perform-

ance indicators except tpSM.

Comparisons among the developmental stages were significant for all
components except UDN and Lpsor and for alr indicators except RS and

ÀIR. This suggests that for these resistance parameters, screening for
rate-reducing resistance might be equally effective with faba beans of
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differing maturity. P1ants inoculated at developmental stage 4.s
(equivalent to 50 days from planting) were either the most susceptible

according to all indicators and components (except iTR) r or were equal

in susceptibility to the other stages (etn). In addition, plants inocu-

lated at developmental stage 5.3 (equivalent to 55 days from planting)
Idere the most resistant according to aLl indicators and conponents

(except ITR and tP) ' or were equal to the other developmental stages
(eln). Conparisons between the rust races indicated that race 3 was

more aggressive than race 4 f.or a1J. components. These differences r,Jere

significant for the components FKN, IT, and ITR, but not for the compo-

nents uDNr LP, and LPso. Converselyr comparisons between the races for
the population performance indicators indicated that race 4 r.¡as more

aggressive for RS, FRs, and LpsM, but not for AUDpc. These resurts

suggest that although race 4 was less aggressive than race 3 ouring the

initial stages of the epidemic, it became more aggressive (than race 3)

towards season-end. Evidence for this is reflected in the dependency of

RSr FRS, and LPSMI moreso than for the components and AUDpCT o¡ late-
season rust severity leve1s.

The best slow-ruster in lhe field was the mass-selected population

2N43. it had low mean values for FKN and uDN, a smalr IT, and the

smallest value for ITR. In addition, it possessed a long latent period
(lp=12.60 days and Lp5e-16.03 days). These values were only slightJ.y

shorLer than for the MS population 2N29, which had lhe longest 1alent

period in addition to having the smallest value for FKN. The MS popula-

tion 2N122 also had high rate-reducing ability. It possessed the

smallest IT, a very small ITR, and a low value for uDN. The mass-

selected population 2N319 and the bulk population 2N430 had intermediate



leve1s of rate-reducing

for all components.

resistance as indicated by
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intermediate values

The rate-reducing ability of these populations was based upon several

components, all of which appeared to be associated. These associations

were verified by Kendall's tau-b anal.ysl.s and by principal component

analysis which indicated that all variables were equally useful in

assessing rate-reducing resistance in the faba bean populations. These

results agree with those of Parlevliet (1979) who observed that the

components of resistance t,ere associated and that they varied in associ-

ation. This indicates an underlying genetic complexity that might

confer durabi lity (HeIson, 1 984 ) .



MANUSCRIPT ii

Studies in controlled en'u'ironments to identify the components of rate-
reducing resistance in faba beans (vicia faba t.) to rust (uromyces

viciae-fabae) and comparison with field evaluations.
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ABSTR.âCT

Five faba bean mass-selected (l¡S) populations, four bulk (Btt) popula-

tions, and the rust-susceptible population 2N40 were evaluated in growth

cabinet studies for reaction to Uromvces viciae-fabae. The plants were

inoculated at three developmental stages with either rust race 3 or 4.

Significant differences among the populations were observed for fleck

number (rnH), uredinia number (uu¡l), infection type (rr), range of

infection types (ttn), latent period (i,p and Lp¡o), and for LpSM, a

standardized disease index combining laLent period and pustule density

data. On the basis of these components, the populations could be sepa-

rated into those that were derived by mass-sel-ection, or from bulk popu-

lations. The mass-selected populations 2N'122, 2N43, 2N29, and

ItB(332x133)B were the best slow-rusters. The MS population 2N319 and

the BK population 2N430 were intermediate, and the BK populations 2N3,

2N34, and 2N52, were low in their rate-reducing abilities.

The resistance components vrere not equally effective in differenti-
ating among the faba bean populations for levels of rate-reducing resis-

tance. uÐN was the most efficient forlowed by the components Lp, Lpsor

and the disease index, LPSM. The components FKN and IT were ineffec-

live. The components of rust development were related to each other as

indicated by significant Kendall tau-b coefficients of concordance, and

as wel], they tended to vary in association. The strongest associations

were observed between LP5o and LPSM, and also between the latent period

- 139 -



140

measures and UDN. The developmental stage of the plants at the time of

inoculation inftuenced all- of the components, significantly. In generaL

there was an increase in rusl resistance with increasing prant ager

attesting to the necessity of using plants at the same development stage

when screening for rate-reducing resistance. Comparisons between compo-

nents evaluated in the field (Manuscript I), and those evaluated in

growth cabinets indicated that estimation of uredinia number in growth

cabinets best corresponded with field performance and could be of use

for identifying faba beans with urediniospores of rate-reducing resis-
tance to Uromyces viciae-fabae.



INTRODUCTION

Disease resistance in plants has been categorized as either race-

specific or generalized (clifford and clothier, 1974; simmonds, 19g3;

and Pataky, 1986). Race-specific resistance which is based upon host

hypersensÍtivity, is characterized by little or no sporulation and is
qualitative in expression (Helson, 197l,). it is frequently dominant,

and monogenic or oligogenic in inheritance (van der p1ank, 1963; and

Ellingboe, 1975). GeneraLized resistance, also referred to as partial,
rate-reducing, or sÌow-rusting (parlevliet, 1976; Nelson , 197g; and

skovmand et al. , 1978), is quantitative in expression and is typicalry
polygenically inherited (Parlevliet, 1979). It is considered to be more

durable than resistance of the race-specific type, which can often be

transitory (clifford, lgTz; parlevliet and van ommeren, 1975).

SLow-rusting resistance to Uromyces viciae-fabae has recently been

demonstrated in open-pollinated faba bean accessions (Conner and

Bernier, 1 982d; Rashid and Bernier, 1 996) . in small adjacent plots,
they identified 11 selections which had lo¡+ area under the disease prog-

ress curve (¡UnpC) scoresr âs r.¡eIl as 10 others which had AUDpC scores

that varied from low to intermediate during three to four years of

testing. shaner and Finney (1980) and wircoxson et aI., fi975) have

shown that ÀUDPC is a more sensitive and reliable criterion for evalu-

ating rate-reducing types of resistances than apparent infection rate or

final disease severity. Others have reported that AUDpC is correlated

- 141
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as infection frequency (Singleton et

al., 1982; and Dreiseitl and Hlavac, 1994) and latent period (Johnson

and ltilcoxson, 1979; shaner and Finney, 1990; and Johnson, 19g6). The

good correlations between ÀUDPC and the components of resistance suggest

the possibility of screening for more durable forms of resistance in
greenhouse or growth cabinet facilities. This would be

valuable in breeding programs.

potentially

The objectives of the investigation reported here were to: (1) evar-

uate the'components of rate-reducing resistance in controlled environ-
ment facilities for each of ten faba bean populations inoculated at

three developmental stages with either race 3 or 4 of Uromyces viciae-
fabae; Q) determine the relationships among the resistance components

using Kendall's tau-b coefficients of concordance; and (3) determine the

relationships between resistance components measured in the field and in

control-1ed environment faciLities in order to conpare these environments

for the evaluation and screening of faba beans for rate-reducing resis-
tance.



MÀTERIAIS AND METHODS

In addition to the eight faba bean populations utilized in the field
experiments (Materials and Melhods, Thesis section 1), the mass-selected

population ILB(332x133)B (abbreviated as ItB-B), and the bulk popu¡.ation

2N3' were evaluated for the components of rate-reducing resistance in
controlled environment facilities at the Winnipeg Research Station,

Àgriculture Canada. Based upon three to four years of preliminary field
screening, population ILB-B had been designated as slow-rusting (Rashid

and Bernier, 1 985) and popuration 2N3 as fast-rusting (conner and

Bernier, 1 982d) .

11.1 EXPERIMENTÀI DESIGN åND }IETHOD OF INOCI'IÀTION

Four seeds of each of the 10 populations were pl_anted in 15 cm clay

pots filled with a 2:1:1 (v/v) mixture of soil, sand, and peat moss.

Populations were fertilized with i6-20-0 at the time of planting and

20-20-20 after germination. They were arrangeri in a randomized complete

block design with four replications, and incubated in a growth chamber

r.¡ith alternating duy/night temperatures of 200 C and 150 C, respec-

tively, and a photoperiod of 18 hr.

One week following germination, populations were thinned leaving one

seedling per pot, and al 20 days after germination, these were trimmed

so that paired leaflets at nodes five and six were upperrnost. The

seedlings were sprayed, to the point of dripping, with water containing

-143-
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a few drops of Tween 20 (eoÌyoxyethylene sorbitan monol-aurate) ptior to

inoculation in a setbling tower where they were exposed to a 10 minute

shower of urediniospores (10 mg/replicate) of either race 3 or 4 of U.

viciae-fabae. One replicate was inoculated at a time (during each

inoculation, four Petri plates of water agar $¡ere placed at leaf height

within the settling tower, to nonitor the unifornity of inoculum deposi-

tion). À11 plants v¡ere removed to a dew chamber f.or 24 hr, after which

they were returned to the growth chamber for further incubation.

Urediniospores for the inoculations were increased under greenhouse

conditions on two week-o1d seedlings of the rust susceptible population

2N40. Spores were collected with a cyclone spore collector (Browder,

1971) and stored at 50 c for one to t¡+o months prior to use (Àppendix

À). À germination test on ¡+ater agar was performed on a1l spore samples

before use.

Experiments were repeated two to three times for plants inoculated

with either race 3 or 4 of q. viciae-fabae, ât each of three develop-

mental stages (2.9r 4.5, or 5.3). These stages refer to plants at 20,

35, and 45 days after germination, respectiveLy, and are based upon a

developmental. key for beans devel-oped in Britain by the Ministry of

Àgriculture (Anon , 1976), and subsequently modified by Liew and Gaunt

(1982)

among

dates

Às there did not appear to be large differences in nraturity

faba bean populations, no attempl was made to stagger the

inoculation. other than for developmentaL stage.

the

of
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RÀTE-REDUCI NG RESI STÀ}IEE

One week after inoculation and subseguently on alternate days until
either leaf senescence or until the appearance of secondary infections,
the number of flecks and uredinia were counted for the entire 1eaflet if
less than 20, or if greater than 20, then the number in Lhree 1 cm2

areas were computed per leaflet. Mean 1eaflet area r+as estimated for
each faba bean population at each developmental stage, using plants

grown under conditions similar to those described above, with a ti-COR

model 3000 area meter (Lambda Instrument Corporation, tincoln, NE).

These values were used to cal-culate the numbers of flecks and uredinia
per square centimeter of leaflet area.

infection type and range of infection types based upon pustule size
(rable 2, Manuscript I) were determined for each plant. Infection type

is a measure of the predominant rust reaction whereas range represents

the exLent of the variabiJ-ity in infection type per leaflet. In addi-

tion, latent period, estimated as either the period of time after inocu-

lation when sporulation was observed on at least one uredium per 1eaflet
(re), or as the time at which 50 % of the erupted uredinia sporulated
(r,euo¡, and LPSM, a standardized disease severity measure, combining

LPso and pustule density data, were calculated on an individual plant

basis and are described in detail elsewhere (Materials and Methods,

Manuscript 1 ).

Transformation of the data, one-way analysis of variance, and mean

separation for each of the above resistance components were conducted as

outl'ined previously (t"taterials and Methods, Manuscript 1 ) . Kendall's

tau-b coefficients of concordance were computed to identify possible

inter-relationships anong the components



RESI'TTS ÀND DiSCUSSI0N

12,1 cHÀRÀcrERIzÀTIoN oF THE coMpoNENTs oF RÀTE-REDUCING REsIsrÀNcE

12,1,1 Number of flecks per square centimeter of leaflet area (FKN)

when the data were combined over developmental stages and rust

no significant differences for the number of flecks per square

meter of leaflet area (rxl¡) were observed among popurations grown

controlled environment conditions (tabte ZZ). Values for FKN

from a high of 2.38 for the rust-susceptibre popuration 2N3 to 1.

the mass- selected population 2N29.

PIants inoculated at the earliest developmental stage (2.9) were the

most resistant to rust in terms of mean FKN (1.36), while those.at the

intermediate growth stage (4.b) were the most suscepLible e.o2r. These

differences rvere significant, indicating that plants under controlled
conditions should be compared only if they are at the same stage of

development. Àlso, the race x stage and population x stage interactions

were significant underlining further the necessity of using plants of

the same age. parrevliet (1975), Osman-Ghani and Manners (.l9gs), and

Johnson (1986) have all demonstrated that plant-growth slage has a

significant effect on the components of rate-reducing resistance.

raceS,

centi-

under

ranged

ll tor

Comparisons between the rust

inoculated with urediniospores of

(2.93) than those inocu.lated with

races rvere significant. populalions

race 3 had larger mean values for FKN

urediniospores of race 4 (0.58).

- 146 -
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I'lhen the dala were analyzed as race- developmental stage combina-

tionsr Do significant differences were observed at any of the three

developmental stages among populations inoculated with urediniospores of

race 3 (ra¡te Z¡). Mean FKN values for the bulk populations were higher

than for the mass-selected populations when the faba beans were inocu-

lated at developmental stages 2.9 and 5"3; this did not hold true for

those inoculated at stage 4.5, however.

l'ihen the populations were inoculated with urediniospores of race 4,

significant differences were observed unLike with urediniospores of race

3. Àt developmental stage 2.9, the mass-selected population 2N319 which

had the highest mean value for FKN (1.85) was significantly different
from the mass-selected populations 2N43 and ILB-B, with mean FKN values

of 0.27 and 0.12, respectively, and fron the bulk population 2N52 with a

mean varue for FKN of 0.22. Àt developmental stage 4.b, no significant
differences among populations could be discerned. However, ât stage

5.3, the bulk population 2N52, with the largest mean value for FKN

( 1.57) was significantly different fro¡n the mass-selected poputations

2N43, 2N122, and ILB-B, with values of 0.0'1, 0.05, and 0.01, respec-

r i vely.

The population x race inLeraction

whereas the population x developnental

indicating that the rust reaction of

with respect to developmental stage.

this component was high (1 16.00 %),

was not significant (nppendix AD),

stage interäction was significant

the populations was not consistent

The coefficient of variation for
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"IABLE 22, Effect of host population, developmental stage, and rust raceon the nunber of flecks and uredinia per square ceniimeter of leafletarea of ten faba bean populations grown under controlled environmentconditions.

Flec k s Uredin ia

Populationl 2N40
2N3
2N34
2N430
2N52
2N319
2N29
2N4 3
2N122
I LB-B

Developmental 2.9
Stage 2 4.s

5.3

Race 3

Mean square error

BK)
BK)
BK)
BK)
MS)
MS)
MS)
MS)
MS)

(sK ) 1 ,97 aa
2.38 a
1,82 a
'1 .69 a
1.86 a
2.00 a
t.I a
1.58 a
1.91 a
1.35 a

18.37
13.58
12.80
10.46
10.92
4.70
1.86
1.50
1.64
0. 54

8.72
8.30
5.77

9. 35
5.84

83. 17

a
b
ab
b
b
c
cd
d
d
d

a
a
b

a
b

1 .36
2.02
1.93

2.93
0. 58

7 .98

a

b
ab

a
b

lData are means for 1152 observations combined over developmental stages,and races.
2Data are means for 3840 observations combined over populations
and races. The tl.gg stages of development: 2.9, ¿.s,-ãrã-slã, refer toprants 20, 35, and.1! Êuvr from germinãtion, respáctivéiy,-unå-'are based onLiew and Gaunt's (1982) áevelopmãntal key fór beans.3Data are means for 5750 observationr .oñbined-àver popurations
and developmental stages.oComparisons among means were made using sguare root transformed data.Means followed by the same letter withiñ a column are not signiii.ártivdifferent (p-va1ue<0.01) according to scheffé's signiri.Ànt-ãïii"r"n.u
procedure.



TABLE 23. Number of flecks per
ten faba bean populations,
developmental stages.

inoculation with race 3

PopuIa t i on (¡n)
(sK )
(¡n)
(¡¡r )
(sK)
(¡'rs )

(r'rs )
(¡rs )

(us )
(us )

Mean square

Inoculation with race 4

Populat i on

749

square centimeter of leaflet area of
inoculated with two rust races at three

Developmental Stagel

2.9 4.5 5"3

2N40
2N3
2N34
2N430
2N52
2N319
2N2 9
2N4 3
2N122
I LB-B

er ror

4.50 a2
3.62 a
2.93 a
2.91 a
2.67 a
0.96 a
0.24 a
0.45 a
1.64 a
0.'15 a

10. B0

2.9

1 .27
3.82
1.18
1 .94
4.07
2.18
¿. q1

3.30
q¿q

5.94

15.32

a

a

a
d

a

a

a

a
d

a

Developmental Stage

4.5

2.73
4.69
5.21
4.04
2.06
4.95
1.'15
5.24
1,73
1.74

17 .39

5.3

a
a

a
a

a
cl

a

a

a

a

2N4 0

2N3
2N34
2N430
2N52
2N319
2N29
2N4 3

2N122
I tB_B

(sK )
(sx)
(sK )
(sK )
(sK )
(us )
(us )
(ns )
(us )
(us )

1 .17 abz
0.69 ab
0.4'1 ab
0.5'1 ab
0.22 b
1.86 a
0.37 ab
0.27 b
1 .60 ab
0.12 b

1 .25

1.20 a
0.54 a
0.43 a
0.48 a
0.35 a
1.73 a
0.26 a
0.19 a
0.01 a
0.10 a

1.79

0.65 ab
0.93 ab
0.74 ab
0.38 ab
1.57 a
0.28 ab
0.09 ab
0.01 b
0.0s b
0.01 b

1.22Mean square error

¡The three stages_of development: 2.9, 4.5, and b.3, refer toplants 20' 35, a!d 45 days.from.germination, tesp".Éively, and are
based on Liew and Gaunt's (igï2)-developmenÉa] käy for ueáns.zData are means for 192 observations.
Comparisons among rneans were made using square root transformed data.
Means follor+ed by the same letter within á column are not significant¡.ydifferent (p-value<0.01 ) according to scheffé's significani
difference procedure.
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12'1,2 Nunber of uredinia per square cenLineter of leaflet area (IIDN)

Unlike FKN, analysis of the overall data for the number of uredinia
per square centimeter of leaflet area (UO¡¡) resulted in significant
differences among the populations (ta¡te Zz). This component has previ-
ously been shown to be useful in the assessment of rate-reducing types

of resistance (Mortensen and Green, 1g7g; Asher and Thonas, 1gg4i and

Johnson' '1986). The rust-susceptible population 2N40, ¡+ith a mean value

for UDN of 18.37' was significantly different from all other popula-

tions, except the bulk population 2N34. Additionally, the bulk popura-

tions were significantly different from the mass-selected populations.

The mass-selected population iLB-B had the smallest mean vaLue for UDN

(0.54), but it was statistically indistinguishable from three other

mass-serected populations: 2N29, 2N43, and 2ñ122, with val_ues of 1.g5,

1.50, and 1.64, respectively.

Às with FKN, comparisons among developmental stages were significant.
Howeverr Do significant differences were observed for UDN among popula-

tions inoculated at either developmentar stage 2,9 or 4.i. populations

inoculated at developnental slage 5.3 had a significantly smaller mean

value f or UDN ß.77 ) ti¡ari those inoculated at either stage 2.9 or 4.i,
however. In fact, there tvas a trend towards increasing resistance, as

indicated by fewer uredinia per square centimeter of leaflet area, as

faba bean plants matured. Headrick and Pataky (1987) have reported a

similar pattern in the partial resistance of sweet corn to common rust.
Johnson (1985) observed that in the partial resislance of asparagus to

E. asparaqi, the third shoot (youngest) i¡aa significantly more uredinia
per square cenlimeter than the second and first shoots.
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Comparisons between races for mean values of UDN were significant.
P1ants inoculated with urediniospores of race 3 had a larger mean value

for UDN (9.36) than those inoculated with urediniospcres of race 4

( 5.84 ) .

As with the overall data, more significant differences were observed

Tlith this component than with FKN when the data were analyzed as race-

deveJ.opmentar stage. combinations (tabte z¿). when prants at develop-

mental stage 2.9 were inoculated lvith urediniospores of race 3, the

rust- susceptible populations 2N40 and 2N3 were found to differ signifi-
cantly from the mass-selected poputations, although not from the other

bulk populations. At developmental stage 4.5, differences between the

bulk and mass-selected populations were more distinct than at stage 2.9.

However, the mass-selected population 2N319 could not be distinguished

from three of the bulk populations. in the inoculation with uredinios-

pores of race 3, the mass-selected population ILB-B had the lowest value

for UDN at all developmental stages whereas the rust-susceptible popula-

tions had the highest values for this component.

when prants were inoculated with urediniospores of race 4, more

significant differences were apparent than in the inoculation with

urediniospores of race 3. Àt developmental stage 2.9, differences

between the bulk and mass-selected populations were distinct, with the

exception of the populations 2N52 and 2N3'19. This r¡as also the situ-
ation at stage 4.5. Àt developmental stage 5.3, population 2N52 had the

highest mean value for UDN, and although it could not be distinguished

from the bulk populations, it was significantly different from the mass-

selected populations. Population 2N319, a mass-selected population,

could onLy be distinguished from the bulk populations 2N34 and 2Nb2.



TABTE 24. Number of uredinia per square
ten faba bean populations, inoculated
developmental stages.

inoculation with race 3

centimeter of
r+ i th two rust
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leaflet area of
races at three

,q

Developmental Stagel

4.5 5.3

PopuJ-ation 2N40
2N3
2N34
2N430
2N52
2N319
2N29
2N4 3

2N122
I [B-B

Mean square error

2N4 0

2N3
2N34
2N430
2N52
2N319
2N29
2N43
2N122
I tB-B

(nx )
(sK )
(¡n )
(sx )
(¡x )
(us )
(¡,ts )
(us )
(us )
(us )

3.79
3.84
2.74
1 .95
2.17
1 .00
0.41
0. 99
0.76
0.36

185.39

)q

d

a
ab
abc
abc
bc

bc
bc

17 .89
14 .63
14.88
19.32
23,15
9.62
5. 50
1 .68
2.24
1.34

37.86

Developmental Stage

4.5

a

ab
ab
ab
a
bc
cd
d
d
d

27 .81
0.18
2.91
1 .05
6.78
5. 68
1 .66
1.09
1 .02
0.17

119.17

5.3

d

bc
ab
bc
abc
bc

I nocul-at i on wi th race 4

Popu1a t i on (¡n )
(nx )
(sx )
(¡n )
(¡x )
(us )
(us )
(us )
(us )
(r'rs )

21 .88
'18.37

10.46
17 .22
4.63
J.IJ
1.31
2.12
3,24
1 .21

86.86

^2cl

ab
bc
ab
cd
cd
Á

d
cd
d

11.87 ab
5.82 abc

18.76 a
2.14 c
4.63 bc
4.7 6 bc
1.04 c
1.66 c
0.03 c
0.06 c

45.12

3 .4'1 abcd
6.85 ab
6.64 a
3.88 abc

12.30 a
2.38 bc
1 .08 cd
0.02 d
0.34 cd
0.13 cd

23.02Mean square error

lThe three stages_of_developnent t 2.9, 4.5, and 5.3, refer toplanLs 20'.35, ald 45 days.lrom germination, t"sp".úively, ãÀa urubased on Liew and Gaunt's (j982)-developmenÉal i<äy tor uäáns.zData are means for 192 observations. '
Comparisons among means were made using square root transformed data.
Means followed by the same letter within á column are not signiticãnirvdifferent (p-value<0.01 ) according to scheffé;s signiticãni
di fference procedure.



The mass-selected population ItB-B had low mean values

three developmental stages, although population 2N122

value at stage 4.5, and population 2N43 at stage 5.3.

for

had

'1 53

UDN at all
the lowest

The coefficient of variation for this component was 70.72 % (Àppendix

ÀE), considerably less than for FKN (116.00 %). The population x race

interaction was significant for UDN as was the race x developmental

stage interaction. Plants inoculated with urediniospores of race 3 had

signficantly greater numbers of uredinia than did those inoculated v¡ith

urediniospores of race 4 for the overall data, and also for deveJ.op-

mental stages 4.5 and 5.3. Àt stage 2.9, however, race 4 had the higher

number of uredinia.

12,1.3 tnfection Èvpe (IT)

when the data were combined over developmental stages and rust races,

the mass-selected population ILB-B had the largest infection type with a

value for this conponent of 2.53 (rabte ZS). However, it was statisti-
cally distinguishable only from the bulk population 2N3 and the mass-

selected population 2N122, boLh with values for IT of 2.02, the smallest

observed for this component. In addition to these differences, the

comparison between the mass-selected population zNZg, with a mean value

for IT of 2.48, and the bulk population 2N3, y¡as also significant.

Populations inoculated at developmental stage 2.9 had significantly
larger infection types Q.qa) than did poputations inoculated a! either

stage 4.5 (2,20) or stage 5.3 (2.1Ð, populations inoculated at the
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latter lwo stages vrere indistinguishable. Ohm and Shaner (19:.6) showed

that plant growth stage had a significant effect on pustule size in
v¡heat infected with P. recondj.ta. Seedlings were found to be more

susceptible on the basis of pustule size than wheat in the boot stage of

growth. Additionally, differences between the rust races were signifi-
cant; populations inoculated with urediniospores of race 3 had a larger
mean infection type Q.37 ) than those inoculated with urediniospores of

race 4 (2.14).

When the data were analyzed as race-developmental stage combinations

(rable 26), populations inoculated at stage 2.9 had mean infection types

that ranged in size f ron 1 .G2 f.or population 2N122 Lo 3.12 f.or popula-

tion 2N29. The comparison between 2N122 and 2H29 was the only signifi-
cant one in this race-developmental stage combination.

When plants were inoculated at developmental stage 4.5, the smallest

mean vaLues for IT were observed for the mass-selected populations ZN|Z2

(1.81) and 2N319 (1.84). The bulk population 2N52 had the ]argesr mean

infection type (3.75). OnLy the comparisons between population 2N52 and

2N122, or 2N319 were statistically significant.

when the populations were inocurated at stage 5.3, the bulk popula-

tions 2N3 and 2N34 had the smallest IT values (1.79 and 1.72, respec-

tively) , and the mass-serected population ItB-B, the largest (3..1 9) .

0n1y the comparisons between population ILB-B and 2N3, or 2N34 were

statistically significant in this race-developmentaL stage conbination.

No significant differences r.rere observed among the populations inocu-

lated with urediniospores of race 4 at any of the three developmental

sfages. The C.V. for IT was 29.91 % (Àppendix AF), and all interactions

were significant except for the interaction between populalion and race.
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TABTE 25. Effect of host population, developmental stage, and rust race
on infection type and range of infection types of tãn faba beanpopurations gror,ln under controlled environmãnt conditions.

Infection type Range of infection type

Populat i on 1

Developmental
Stage 2

2N40 (¡n)
2N3 ( ¡x)
2N34 (sx)
2N430 (sK)
2N52 (n¡< )
2N319 (t'lS)
2N29 (r"rs )

2N43 (us )

2N122 (us)
rrB-B (us)

?q
4.5
5.3

2.49 aa
2.02 c
2. '18 abc
2.16 abc
2.30 abc
2 .14 abc
2.48 ab
2.31 abc
2.02 bc
2.53 a

2.44
2.20
2.13

2.37
2.14

0.46

3 .71 abc
2.79 d
3 . 5'1 abcd
3.06 bcd
4.09 a
2.90 cd
3.87 ab
3.00 cd
3.02 bcd
3.61 abcd

a
LI
b

3.77
2.84
3.13

a
b
I^

Race 3

Mean square error

a
b

2.78 b
4.04 a

4.73

lData are means tor 768 observations combined over developmental stages,
and races.
zData are means f.or 2560 observations combined over popurations
and races. The t!t9g stages of developmenti 2.9,4-.51 and 5.!, refer toplants 20, 35, and.1? iuvr from germinãtion, respáctiváry, and are basedLiew and Gaunt's (1982) developmãntal key fór beans.3Data are means for 3840 observations coirbined-over populations
and developmental stages.
acomparisons among meáns were made using square root transformed data.
Means followed by the same letter withiñ a column are not significantlydifferent (p-va1ue<0.01 ) according to Scheffé's signiricÀnt-ãïitut.n."
procedure.



TABTE 26. Infection type of ten
with two rust races at three

Inoculation with race 3

faba bean populations
developmental stages.
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i noculated

)q

Developmental Stagel

4"5 5.3

Popula t i on

Mean square

2N4 0
2N3
2N34
2N430
2N52
2N319
2N29
2N43
2N122
i LB-B

error

2N4 0
2N3
2N34
2N430
2N52
2N319
2N29
2N43
2N122
I tB-B

2.19 abz
2.22 ab
2.47 ab
2.25 ab
2.66 ab
2.84 ab
3.12 a
2.38 ab
1.62 b
2. 09 ab

0. 60

2.9

(nn )
(sK )
(¡n )
(nn )
(sK )
(¡¡s )
(us )
(us )
(us )
(us)

.78

.72

.88

.75
2.19
2.88
2.66
2.72
3.19

2.97
2.03
2.66
2 .41
3,75
1 .84
2.12
2.12
1.81
2.58

0.75

Developmental Stage

4.5

ab
ab
ab
ab
a
b
ab
ab
b
ab

2.75 ab
b
b
ab
abc
ab
ab
ab
ab
a

Inoculation with race 4

Populat i on

0 .67

5.3

Mean square error

(sK)
(¡n )
(sx)
(sK )
(¡x)
(¡¡s )
(us )
(¡¡s )
(us )
(¡¿s )

2.25 a
1.88 a
2.00 a
2.00 a
1.67 a
1.69 a
1.64 a
1.92 a
1.67 a
2.14 a

0.20

2.00 a
2.00 a
2.00 a

.94 a

.75 a

.94 a
2.50 a
1.81 a
1.75 a
2.36 a

2.56 a2
2"25 a
2.19 a
2.50 a
2.62 a
2.31 a
2.38 a' 2.88 a
2.38 a
2.75 a

0.29 0.21

lTh.^three_stages of_development:2.9, 4.5, and 5.3, refer to plants
29r 35, and 45 days from germination, respectivery, and are bäsed on
Liew and Gaunt's (1982) developmentaÍ key for beans.lData are means for 128 observãtions
Comparisons among means were made using square root transformed data.
Means followed by the same letter within a column are not significantlydifferent (p-value<O.01 ) according to scheffé's significanl 

J'---
difference procedure.
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The results from this study indicate that infection type was not

useful in distinguishing among the faba bean populations, The mass-

selected and bulk populations had nearly equivalent values for mean IT.

The mass-selected population ILB-B had the largest IT, but was the best

slow-ruster when evaluated on the basis of the other components. On the

other hand, the mass-selected population 2N122 had the smallest infec-
tion type (aì.ong with the bulk population 2N3), and was the best slow-

ruster overall. These results, along with the reported monogenic inher-

itance of this component (nashid and Bernier, 1986) suggests that selec-

tion on the basis of this component may not be indicative of rate-
reducing resistance in faba bean populations. There are other reports

of the inappropriateness of IT as a measure of rate-reducing resistance.

Jeger et al., (1983) found that this component was inadequate to distin-
guish varying resistance levels of two wheat cultivars to the glume

blotch pathogen. Habgood f977) observed that lesion size was similar
for al] barley cultivars tested for resistance to leaf blotch. In

contrast, Martin et aI. (1979) reported that size of uredinia, in addi-

tion to differences in receptivity, were the characters that most

clearly separated slow-rusting wheats from fast-rusters in their reac-

tion to !. qraminis f. sp. tritici. simirarly, viLlareal et al., (19g1)

found that lesion size rvas an important component contributing to a

reduced r-value in the slow-blasting resistance of five rice cultivars.
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12.1,4 Ranqe of infection tvpes (ITR)

When the data were combined over developnental stages and rust races

(tabre 25), the bulk population 2Nb2 had the rargest value for ITR

(4.09). It differed significantly from the bulk populations 2N3 and

2N430, and from the mass-selected popurations 2N319, z]N2g, and 2N43.

The bulk population 2N3, with the snrallest value f or ITR ( 2.7g), Í,as

indistinguishable from the bulk populations 2N34 and 2N430, with values

of 3.51 and 3.06, respectively, and from the mass-selected populations

2N319' 2N43, 2N122, and ILB-B, with varues of 2.90, 3.00, 3.02, and

3.61 , respectively.

PopuJ-ations inoculated at developmental stage 2.9 had significantly
greater values for ITR (3,77) than populations inoculated at develop-

mental stages 4.5 Q.84) and 5.3 (3.13). Populations inoculated at the

latter two stages were indistinguishable.

Differences between the rust races were significant; populations

inoculated with urediniospores of race 4 had a significantly greater

range of infection types (4.04) than did populations inoculated with

urediniospores of race 3 Q.7B).

In the inoculation with urediniospores of race 3, at devel-opmental

stage 2.9 (table 2z), the mass-serected populat ion 2N122, with the

smallest value of of ITR, differed significantly from the other popula-

tions. No other comparisons among the populations were significant.
values for ITR ranged from 1,i2 f.or population 2¡¡122 to 4.'10 for popula-

tion 2N29. When the plants vrere inoculated at developmental stage 4.5,

the bulk popuLation 2¡¡52 had the largest value for ITR (s .62), aJ.though

it was slatistically indistinguishable from.the rust-susceptible popula-
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tion 2N40, the burk popuration 2N34, and the mass-selected population

IIB-B. The mass-selected population 2N319 had the smallest mean ITR

value (1"76), but was significantly different from onry the rust-
susceptible population 2N40 and the burk population 2Ns2.

Àt developmental stage 5.3, the mass-selected population ILB-B had

the largest value for ITR (4.35) and it differed significantly from the

bulk populations 2N3 and 2N430 with values for this component of. 2.04

and 2"05, respectivelyr âs well as from the mass-selected population

2N319, with a value of 2.09. No other comparisons anong the populations

were significant.

When populations at developmental stage 2.9 were inoculated with

urediniospores of race 3, the bulk population 2N52 had the largest nean

ITR value (5.52). It differed significantly from the rusL-susceptible

population 2N3, with a value for ITR of 3.66. No other comparisons

among the populations were significant. At deveJ_opmental stage 4.5, no

significant differences were observed among the populations. Va1ues for
iTR ranged from 2.37 for the mass-selected population ItB-B to 3.66 for
the rust-susceptible population 2N40. Àt developmental stage 5.3, the

bulk population 2N52 and the mass-selected population 2N29 had the

largest values for this component (q.qz and 4.75, respectivery)" These

populalions differed significantly from the mass-selected populations

2N319 and 2N43, with values for ITR of.2,57 and 1.96, respectively. No

other comparisons among the populations were significant for this race-

developmenLal stage combination.

Range of infection types has not been used extensively as a method of

characterizing rate-reducing types of resistance. However, the results
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TABIE.27. Range of infection type of ten faba bean populations inoculatedwith two rust races at threã-developmental stageã.-

Inqculation with race 3

2.9

Developmental Stagel

4.5 5.3

Populat i on

Mean sguare

2N4 0
2N3
2N34
2N430
2N52
2N319
2N29
2N4 3
2N122
I tB_B

error

4.02 ab
2.27 bc
3.19 abc
2.64 bc
5.62 a
1.76 c
2.67 bc
2.07 bc
1.85 bc
2.69 abc

5 .17

llevelopmental Stage

4.5

Inoculation with race 4

Popula t i on 2N40
2N3
2N34
2N430
2N52
2N319
2N29
2N43
2N122
i tB-B

Mean square error

(sK )
(¡¡t)
(sK )
(nn )
(nn )
(t'ls )
(us )
(us )
(¡'rs )
(us )

2.28
2.43
3.20
2.19
3.1s
3.03
4.10
2.77
1 .52
2.0'7

5.59

)q

az
a
a
a
a
a
a
d

b
a

3. s0
2.04
3.37
2. 05
1 .59
2.09
3 .44
3.33
3. 33
4.35

5. 50

5.3

ab
b
ab
b
ab
b
ab
ab
ab
a

(nx )
(¡n)
(¡n)
BK)
BK)
MS)
Ms)
MS)
MS)
MS)

4,94 abz
3.66 b
5.28 ab
5. 09 ab
5.52 a
4.48 ab
4.59 ab
4.23 ab
5.00 ab
5.23 ab

4.26

3.65 a
2.83 a
2.87 a
2.74 a
2.79 a
3.00 a
3.24 a
3.45 a
2,40 a
2.37 a

3. s0

3. 93
3.67
3.40
3. 55
4.42
2 "57
4.75
1 .86
2.82
3.67

3. 36

ab
ab
ab
ab
a

b
d.

b
ab
ab

lThe three stages_of-development:2.9r 4.5, and 5.3, refer Loprants 20, 35, ald 45 days.from.germination, t"sp".Éively, and are
based on tiew and Gaunt's (1982)-developmenÉa1 kãy for bãáns.zData are means for 128 observations.
Comparisons among means were made using square root transformed data.
Means followed by the same letter within a column are not significantly'different (p-varue<0.01) according to scheffé's signiticánl-' -'
difference procedure.
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from this study indicate thaL more differences were discernable with ITR

than with IT. This vJas true not only for the pooled data, but also for
most of the race-developrnental stage combinations. Differences in ITR

due to the developmental stage of the populations at the time of inocu-

lation vrere as observed for IT. However, the populations differed in
their reactions to the two races in this study in terms of IT and ITR.

While race 3 produced a significantly larger mean infection type than

did race 4, the latter race resulted in a significantly greater range of

infection types than did race 3. This observed race-specificity is in

agreement with the culture-specificity described by Milus and Line

(1980) for both ITR and rr. The c.v. for ITR was 65.16 % (Àppendix ÀG),

and as with IT, alt interactions, except for the popuration x race

interaction, were signif icant.

12.1.5 Ëatent perioil (tp)

l^lhen the data were combined over developmental stages and rust races,

significant differences for latent period (r,p) were observed among the

populations (taUte Zg). Differences between the bulk and mass-selected

populations, with the exception of population 2N319, were pronounced.

The rust-susceptible population 2l¡40 had the shortest mean tp (10.01

days), but it could not be statistically distinguished from the bulk

populations 2N34 and 2N52, with mean values for tp of 10.gz and 11.27

days, respectively. The mass-seLected population 2N3'19 could not be

statisticaJ.ly distinguished from the burk populations 2N3 and 2N40,

allhough it was significantly different fron the other mass-selecÈed
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populations, with the exception of 2N43. These results are in agreement

with Ohm and Shaner (1976) who demonstrated that slow-rusting winter

wheats have latent periods that are considerably longer than their fast-
rusting counterparts. similarly, I.iahl et al., (1990) and statler and

Parlevliet (1987) have also observed differences in latent period

between slow and fast-rusting populations. consequently, latent period

has been used frequently and with a good deal of reliability in the

assessment of rate-reducing resistance (ParIevliet and Van Ommeren,

1975; Parlevliet, 1979; Àsher and Thomas, 1gg4; and Lancashire and

Jones,'1985).

Plants inoculated at the three developmental stages were found to

differ significantly from each other in terms of this component. Those

inoculated at stage 2.9 had the shortest mean LP (10.08 days) whereas

plants inoculated at stage 5.3 had the longest (18.69 days). parlevliet
(1977 i1979) , Jones ('1 978 ) , and Johnson ( 1 986 ) have all reported that

latent period is greatly influenced by the growth stage of the plants.

Consequently, they have stressed the importance of measuring latent
period on plants at the same stage of development.

Comparisons between races for mean tP values were significant.
Plants inoculated with urediniospores of race 4 had a longer mean Lp

(15.05 days) than those inoculated with urediniospores of race 3 (12.81

days). Furthermore, the population x race interaction was significant
(Àppendix ÀH). Parlevliet (977) has reported that there was a signifi-
cant interaction between cul.tivars and isolates for the latent period of

barley, although in most cases, the interaction was small.
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When the data were analyzed as race-developmental stage combinations,

differences among the populations in terms of this component were less

apparent than with the overall data (ra¡te eg). In the inoculation with

urediniospores of race 3, at developmental stage 2,9, the mass-selected

population 2N29 had the smallest mean value for this component 0.g1
days), and was indistinguishable statistically from the mass-selected

popuì-ations 2N43 and 2N122 with mean Lp varues of 9.66 and .11.69 
days,

respectively. The bulk population 2N3 had the longest mean Lp at this
developmental stage, but was not significantly different fron the rust-
susceptible population 2N40; from the bulk poputations 2N34, 2N430, and

2N52; nor from the mass-selected populations 2N319 and iLB-B. At devel-

opmental stage 4.5, the rust-susceptib].e population 2N40 had the shor-

test mean LP (7.00 days) and was statisticaLly indistinguishable from

the other bulk populations and from the mass-selected population 2N319.

The mass-selected population ItB-B had the largest mean value for this
component (14.56 days), and was significantly different from the other

mass-selected populations. At developmental stage 5.3, as at stage 2.9,

the mass-selected population ILB-B had the longest mean Lp e3.31 days),

and differed significantty from the other populations with the exception

of populaÈion 2N29 (20.86 days). The bulk population 2Nb2 had the shor-

test mean tP (9.03 days), and was significantly different from the other

populations, llith the exception of the rust- susceptible population 2N40

(9.66 days).

In the inoculation with urediniospores of race 4, fewer significant
differences were observed among the populations than in the inoculation

with urediniospores of race 3. Àt developmental stage 2.9, no signifi-
cant differences were observed among the populations for Lp. Values for
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TABTE 28. Effect of host popuration, deveropmental stage, and rust race
on the latent period of ten faba bean poþulations gio*n under
controlled environment conditions.

tP LPso

Populat i on I

Developmental
Stage 2

Race3

Mean sguare error

2N40 (sK)
2N3 (¡n)
2N34 (¡x)
2N430 (sK)
2N52 (¡x)
2N31 9 (us )

2N2g (r,rs )
2N4 3 (¡¿S )

2N122 (l¡s )

I LB-B (r'lS )

2.9
4.5
5.3

'10.01

t¿.6t
10.92
13.31
11 .27
14,07
6.80
s.33
5. 96
9.11

1 0.08
13.09
18.69

12.81
15.05

0 .47

a4
bc
ab

ab
cd
ô

de
e
t.

1 5.47 abc
1 6.59 bc
13.65 a
'15.'19 ab
14.00 a
17 .78 cd
20.72 e
1 9. 32 de
19.39 de
20.72 e

'14 . 98
16 .17
19.88

16.'10
17 .99

0.67

a
l^

ct

b

d

b

a
b

rData are means for 288 observaLions combined over developmental stages
and races.
zData are means for 960 observations combined over populations
and races. The t!r99 stages of development i 2.9, 4.'5, and s.3, refer toplants 20, 35, and.1?_luvr from plantiñg, respectívelyj and are based onLiew and Gaunt's (1982) developmèntal key for-beans.3Ðata are means for 1440 observations 

"oi'bined 
over populations

and developmental stages.
aComparisons among means were made using square root transformed data.
Means followed by the same letter withiñ a column are not significantlydifferent (p-va1ue<0.01 ) according to Scheffé's significant aiii.r"n."
procedure.



TÀBIE 29. Latent period of
two rust races at three

Inoculation with race 3

Popula t i on

ten faba bean populations
developmental stages.
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inoculated with

2,9

Developmental Stagel

4"5 5.3

2N40
2N3
2N34
2N430
2N52
2N319
2N29
2N43
2N122
I LB-B

(nn
(sK
(sx
(sK
(sx
(us
(ns
(us )
(r'rs )

(us )

1.69
3 .86
4.56

12.95 bcd2
15.75 d
1 3.1 6 bcd
1 5.47 cd
15.'19 cd
'1 3 .44 bcd
7.91 a
9.65 ab

1 1 .69 abc
1 3.1 6 bcd

0.36

,o

0.46

Developmental Stage

4.5

7. 00
7 ,28
7 .56
8.47
7.00
7 .84

12.53

a
ab
ab
abc
a

ab
cd
bcd
d
d

9.66
13,72
13.16
16.94
9.03

17 .22
20.86
16.94
17.78
23.31

0.29

5.3

ab
cd
bc
de
d

de
f9
de
ef
g

Mean square error

Inoculation with race 4

Population 2N40.
2N3
2N34
2N430
2N52
2N319
2N29
2N43
2N122
ItB_B

Mean sguare error

(¡x )
(sK )
(sx)
(¡x )
(sx )
(us )
(us)
(rqs )
(us)
(us )

7 .00 az
7.56 a
7.56 a
7.00 a
7.00 a
8.05 a
7.00 a
7.00 a
7.56 a
7.00 a

0.08

15.'19
16 .66

1 .06
5.89
5.6'1

8.19 a
15.19 bc
'1 2 .81 ab
16.66 bcd
'14 .00 b
1 5. 3'1 bc
22.19 de
1 9.81 cd
1 2.81 ab
25.25 e

0.70

21.42
30.'17
27 .16
32.20
30.17

ab
ab
a
ab
ab
bc
d
cd
d
d

0.92

lThe^three_stages of-development: 2.9, 4.5, and 5.3, refer to plants
29r 35, and 45 days from germination,.respectively, and are baãed ontiew and Gaunt's (1982) dèvelopmentaí key for beans.lData are means for 48 observaiions.
Comparisons among means were made using square root transformed data.
Means followed by the same letter within á column are not significantJ.ydifferent (p-value<0.01 ) according to Scheffé's significani
difference procedure.



this component ranged fron 7.00 to 8.05 days.
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At stage 4.5, the rust-
susceptible population 2N40 had the shortest mean Lp (g.19 days),

although it was statistically indistinguishable frcm the bulk population

2N34 (12.81 days), and from the mass-selected populat íon ZN12Z (12.81

days). The mass-selected population ILB-B had the longest mean tp
Q6.25 days), and it differed significantly from all other populations

with the exception of population 2N29 e2.19 days). Àt developmental

stage 5.3, no significant differences in mean tp were observed among the

bulk populations. The mass-selected population 2N31 9 was found to
differ significantly from only one of the bulk populations, 2N34, in
addition to three of the nass-selected poputations (2N29, 2N122, and

ILB-B). There I'rere no additional significant differences among the

rnass-sel-ec ted populat i ons

The c.v. associated v¡ith this component was 34.37 .% (Àppendix AH).

AlI interactions were significant, including the interaction between

population and race' 'as well as the three-way interaction between popu-

lation, race, and stage.

12.1.5 tatenL period (Lpso )

when the data were combined over developmental stages and rust races

(fab]e 50), differences in LP5e between the bulk and mass-selected popu-

lations were pronounced, with the exception of the nass-selected popula-

tion 2N319. This population (with a mean value for Lpso of i7,7g days)

was statistically indistinguishable from the rust-susceptible popula-

tions 2N40 and 2N3 with mean Lp5o values of. 1s.47 and 16.s9 .days,
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respectively, and from the mass-selected populations 2N43 and 2N122 with

mean varues for this component of'19.32 and 19.39 days, respectivery.

The mass- selected populations 2N122 and ItB-B had the largest tpso

values Q0.72 days), and these were significantly different from the

bulk populations and from the mass-selected population 2N319.

The results for LPso did not differ appreciably from those for tp,
suggesting that the rate of development of subsequent uredinia paral-

leled that for the development of the initiaL uredinium. This was espe-

cially true for the mass-selected populations. The Lp5o values, rike

the LP values ' Ì,¡ere smaller f or the bulk populations than f or the mass-

selected populations.

Comparisons among plants inoculated at the three different develop-

mental stages were significant. Plants inoculated at developmental

stage 2.9 had the shortest mean Lp5e (14.98 days), whereas those inocu-

lated at stage 5.3 had the longest (ig.BB days).

Comparisons between races for mean LPso values were significant.
P1ants inoculated rvith urediniospores of race 4 had a 1arger mean value

for this component (17.99 days) than those plants inoculated with

urediniospores of race 3 (16.'10 days).

when the'data were analyzed as race-developmental stage combinations,

differences among the populations for tp5o (tabLe 30) were 1ess distinct
than with the combined data. Àt deveropnental stage 2.9, when pJ.ants

were inoculated with urediniospores of race 3, the rust-susceptible

population 2N40 had the largest mean value for this component Q2.47

days). It differed significantly from only two populaLions, the bulk

populalions 2N430 and 2N52 with mean values for Lpso of 16.3.1 and 15.g7
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days, respectively. No other comparisons among the populations in this
race-developmental stage combination were significant. At developmental

stage 4.5, the mass-selected population ILB-B had the largest mean value

for this component Q3.sg days). This popuration was significantly
different from the bulk populations as well as from the mass-selected

populations 2N319 and 2N43. The butk population 2N430 had the smallest

mean LP5e vaJ-uê (7.21), and while it was statistically indistinguishable

from the bulk populations and from the mass-selected population 2N319,

it differed significantly from the other mass-selected populations. Àt

developmental stage 5.3, differences between the bulk and mass- selected

populations $,ere not distinct. The mass-sel-ected popuLation 2N29 had

the largest value for this component Q1,56 days), and the mass-selected

population 2N'122 the smallest (13.44 days).

when pl-ants at developmental stage 2.9 were inoculated with uredin-
iospores of race 4 the bulk popuLation 2N52 had the smaLlest nean val-ue

f or tPs o 0.63 days). This value r+as signif icantly smal-ler than the

varues for the bulk populations 2N3 and 2N430 (15.75 and 14.35, respec-

tively), and for the mass-selected population 2N43 (1+.ll days). No

other significant differences were observed for this race-developmental

stage combination. Àt stage 4.5, more significant differences t,ere

observed among the populations than at the earlier stage. The mass-

selected population ILB-B had the rargest mean val_ue for Lp¡o (30.31

days) and it differed significantly from the other populations. At

developmenlal stage 5.3, the bulk population 2N34 had the smallest value

for this component (13.79), although it was not statistically distingui-
shable from the other bulk populations except 2N52 (19.62 days). The

latter population which was indistinguishable from the mass-selected



TABTE 30. LP5s of ten
rust races at three

inoculation with race 3

Popu1a t i on 2N40
2N3
2N34
2N430
2N52
2N3',l 9
2N29
2N4 3
2N122
I tB_B

e rror

Inoculation with race 4

Popula t i on

Developmental Stagel

4.5
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faba bean populations, inoculated with two
developmental stages.

2.9 5.3

Mean square

2N40
2N3
2N34
2N430
2N52
2N31 9
2N29
2N43
2N122
i tB_B

(sK )
(sK )

(sK )
(¡¡<)
(sx )
(¡¿s )
(r'rs )
(¡as )

(us )
(us )

BK)
BK)
BK)
BK)
BK)
MS)
Ms)
MS)
MS)
MS)

6.94
7 .92
3,79

22.47 c?
21 .56 ab
19.11 ab
16.31 a
'1 6.87 a
2'1 . 35 ab
1't .29 ab
22.12 ab
1 7.50 ab
15.75 ab

0. 54

2.9

13.16 abcd
9.45 ab
9.94 ab
7.21 a
9. 66 abc

1 1 .76 abc
1 8.52 de
1 5. 33 bcd
1 7.35 cde
23.59 e

0 .71

Developmental Stage

4.5

15.80 b
14 .28 a
13.93 a
'1 8. 62 bc
15.96 abc
'1 7. 57 abc
21 .56 c
14. 56 a
13.44 a
20.37 bc

0.3s

5.3

10.99 ab2
15.75 b
13.30 ab
'14. 35 b
7.63 a

14.00 ab
9.45 ab

14 .77 b
13.72 ab
9.80 ab

0. 93

14.28 a
20.58 bcd
14.00 a
'19.11 abcd
15.12 ab
1 7.78 abc
23.24 d
22.12 cd
21.42 bcd
30.3'1 e

0.47

16.59
18 "62
24.92
28.00
28,84
30.03
26.67

0.87

a
cl

a
a
b
bc
U

c

Mean square error

]Ttr"^three _stages of _development: z.g, 4.5, and 5.3 refer to plants
29r 35, and 45 days from germination, respectively, and are baied on
Liew and Gaunt's (1982) developmental key for beans.zData are means f or 48 observa-tions.
Comparisons among means were made using square root transformed data.
Means follor+ed by the same letter within a coLumn are not significantlydifferent (p-varue<0.01 ) according to scirãtiå;r rigniticãn¡-'---
difference procedure.



population 2N319 (24.92 days) was

populations. The nass-selected

LP5s vaLue (30.03 days), but it
mass-selected populations.
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significantly different from all other

population 2N'122 had the largest mean

was indistinguishable from the other

in the race-developmental stage subsets of the data, larger Lp5e

values were observed with increasing maturity of populations inoculated

with urediniospores of race 4. This trend was not exhibited by pLants

inoculated with urediniospores of race 3, possibly due to the unusually

high LPso's of the bulk populations inoculated at developmental stage

2.9, especial-ly the rust- susceptible popurations 2N40 and 2N3.

conversely, the mass-selected population ILB-B, which Í¡as generally one

of the most resistant popul-ations in terms of latent period at develop-

mental stages 4.5 and 5.3, l¡as very susceptible when inoculated at the

seedling stage. These fluctuations accounted for the positive stage x
popuration and stage x race interactions (Àppendix ÀI ). The c.v. for
LP5s was 33.39 % which was similar to the c.v. for Lp ß4.37 Ð.

12,1 ,7 IPSM

When the data were combined over developmental stages and rust races,

significant differences for LPSM were observed among the populations

(rabte 3l ). The bulk population 2N34 had the smallest mean tpsM val-ue

( 1 .98). It differed significantly from the mass-selected populations,

but was indistinguishable from the other bulk populations. Differences

among the remaining burk populations with LpsM values ranging from.2,00

for population 2N52 to 2.34 f.or lhe rust-susceptible population 2N3 were
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not significant. The mass-selected populaLion ItB-B had the highest

value for this index Q.96) and it differed significantly from the bulk

popurations as well as from the mass-selected population 2N319. No

other comparisons among the mass-selected populations were sígnificant.

No significant differences were observed on the basis qf LpSM among

planls inoculated at either developmental stage 2.9 (2.15) or 4.5
(2.30). However, plants inocutated at deveLopmental stage s.3 had a

significantty greater mean varue for LpsM (2.91) than those plants

inocuLated at the two earlier stages.

Comparisons between the races for this index were significant.
Plants inocuLated with urediniospores of race 4 had a ]arger mean those

plants inoculated with urediniospores of race 3 e.Zg).

when the data were analyzed as race-developmental stage combinations,

all comparisons among plants inoculated with urediniospores of race 3,

at developmental stage 2.9, were not significant (ra¡te 3z). values for
IPSM in this data subset ranged tron 2,25 t.or lhe mass-selected popula-

tion ItB-B to 3.21 for the rust-susceptible popuLation 2N40. Àt stage

4.5, the bulk population 2N430 had the smallest LpsM value (1.03), and

the mass-selected population ItB-B, the largest (3.37). population

2t'¡430 was statistically indisLinguishable from the other bulk popula-

tions, and as well, from the mass-selected populations 2N319 and 2N43,

r+ith mean varues of 'l .62 and 2.19, respectiveLy. population ILB-B rvas

significantly different from the bulk populations and from the mass-

selected population 2N319. It was indistinguishable from the other

mass-selected populations, however. At developmental stage 5.3, few

comparisons among the populations were significant. The mass-selected
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populatlon 2N122 (witir a mean LPSM value of 1.59) was statistically
distinguishable from the mass-selected populations 2N29 and iLB-3, with

values of 2.94 and 2,91, respectively. only one other comparison was

significant in this race-developmental stage combination; iLB-B differed

significantly from the rust-susceptible popuration 2N3 (1,76).

Few significant differences were observed among the populations

inoculated with urediniospores of race 4, at developmental stage 2.9.

The bulk population 2N52 v¡ith the smallest mean LpSM value (1.09)

differed significantly from the other populations which possessed values

that ranged to 2.25 f.or the rust-susceptible population 2N3.

At developmental stage 4.5, the bulk population 2N34 had the smallest

mean value for LPSM ( 1.99) and differed significantly from the other

populations, with the exception of the mass-selected populations 2N29

and ILB-B, with mean varues of 3.33 and 4.33, respectively. poputation

ItB-B, r+ith the largest value for this index, $¡as also statistically
distinguishable from the rust- susceptibJ.e popuration 2N40 e,04), the

bulk population 2N52 Q.16) , and the mass-serected population 2N319

Q.54) .

Àt developmental stage 5.3, the bulk population 2N34r âs at develop-

mental stage 4.5, had the smallest mean value for LpsM (.97), and while

it was not statistically distinguishable from the other bulk popula-

tions, it differed significantl.y from the mass-selected populations.

?he mass-selected population 2H122 had the largest value (4.29), and it
was found to be significantly greater than the values for the bulk,

although not from the other mass-selected populations. The mass-

selected populations 2N3'19 and ILB-B with mean values for LpSM of 3.56
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TÀBLE 31. Effect of host population, developmental stage, and rust race

on LPSM of ten faba bean populations grown under coñtiolled
environment condi tions.

tPSM

Populationl

Developmental
Stage 2

2N40 ( n¡t )
2N3 (¡n)
2N34 (nn)
2N430 (nx)
2N52 (sK)
2N31 9 (us )

2N29 (ns)
2N43 (t'lS )
2N122 (¡¿S )

ILB_B (US)

2,9
4.5
5.3

2.21 abca
2.34 abcd
'1 .98 a
2,1'l abc
2.00 ab
2.53 bcde
2.93 ef.
2.76 ðef.
2.7 0 cðef.
2.96 t

¿. t5
2.30
2.81

2.28
2.57

1 .61

a
a
b

Race 3

Mean square error

a
b

lData are means for 288 observations combined over developmental stages
and races.
2Data are means for 960 observations combined over popurations
and races. The tlrgg stages of deveropment i 2.9, L.^s, ana á.s, refer toplants 20, 35, and.1?_guvr from germinãtion, respéctiváry, and are based onLiew and Gaunt's i1982) developmental key fór beans.3Data are means for '1440 observations combined óu", populations
and developmental stages.
aComparisons among means were made using square root transformed data.
Means followed by the same Letter withiñ a colunn are not signi6ãiniivdifferent (p-va1-ue<0.01 ) according to i"r,ãriÀ;i.sisniri.ãnt-ãïii"r*n..
procedure.



TÀBIE 32. LPSM of ten faba
at three developmental

Inoculation with race 3

Popula t i on

174

bean populations inoculated hrith two rust races
stages.

2.9
Developmental Stagel

û. tr, 5.3

Mean square error

Inoculation with race 4

Populat i on

2N40
2N3
2N34
2N430
2N52
2N319
2N29
2N4 3
2N122
I LB-B

2N4 0
2N3
2N34
2N430
2N52
2N3',l 9
2N29
2N43
2N122
ItB-B

BK)
BK)
BK)
BK)
BK)
MS)
MS)
MS)
MS)
MS)

3.21 a2
3.16 a
2.73 a
2.33 a
2.41 a
3.05 a
2.41 a
3.16 a
2.50 a
2.25 a

'1 .05

2.9

1 .88 abc
1.31 ab
1.42 abc
1.03 a
'1 .38 abc
1.62 abc
2.66 cd
2. 1 9 abcd
2.48 bcd
3.37 d

1 .41

DevelopmenLal Stage

4.5

2.40 abc
1 .76 ab
2.18 abc
2.66 abc
2.28 abc
2.51 abc
2.94 bc
2.08 abc
1.59 a
2,91 c

1.61

5.3

(sK)
(sK)
(sx)
(n¡t)
(sx)
(us )
(us )
(r'rs )
(us )
(us )

t.J I
2.25
1 .90
2.05
'1 .09
2.00
'1 .3s
2.11
1 .96
1 .40

1 .40

^2cl

a
a
a
b
a
a
a
cl

a

2.04 ab
2.94 abc
1.99 a
2.73 abc
2.16 ab
2.54 ab
3.33 ab
3.15 abc
3.06 abc
4.33 c

1 .80

2.42 ab
2.56 abc
1.97 a
2.37 ab
2.66 abc
3.56 bcd
3.99 cd
4.12 cd
4.29 d
3.81 bcd

2.56Mean square error

rThe three stages of development:2.9,4.5, and S.3, refer toprants 20,35, and 45 davs from germination, respectivery, and are
based on Liew and Gaunt'ã (1982)-deveropmenúal kãy tor b-eáns.zData are means for 48 observations.
Comparisons among means were made using square root transformed data.
Means followed by the same letter within a column are not significantlydifferent (p-vaIue<0.01 ) according to scheffé's significant
difference procedure.
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and 3.81, respectively, rvere indistinguishable from the bulk popuLations

r'¡ith the exception of 2N34, whereas populations 2N29 and 2N43 were, in
addilion, significantly different fron the rust-susceptible population

2N40 and from the bulk population 2N430.

The C.V. for LPSM was 52 .03 % (Appendix AJ). À11 interactions were

significant with this component including the population x race interac-

tion, and the tripre interaction between popuLation, race, and develop-

mental stage.

LPSM proved to be useful in the evaluation of rate-reducing resis-
tance in faba bean populations. The results with this component were

similar to those observed with LP5e, and this was not unexpected since

LP5e contributes, in part, t.o LpSM.

12,2 KEI{DALt'S TAU-B COEFFICIENTS OF CONCORDA¡ICE

Kendall's coefficients of concordance for the pooled growth cabinet

data are presented in Table 33 À11 comparisons among conponents were

significant at the 1 or 5 % probability leve1 except for those between

FKN and the other components (except LP), between IT and the other

components (except LP and ITR), and between ITR and Lp5e. Lp5e and LpSM

ylere negatively associated with the other resistance components, o:t
positively related to each other. All other associations among the

components tvere positive.

The strongest association was observed for

LPso and tPSM (0.751). This association r+as

the comparison between

not unexpected since tPso



TÀBIE 33. Kendall's
of slow-rusting for
exper iments.

tau-b coefficients
faba beans infected

of concordance for
with rust in growth
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the components
cabinet

Componentsl

Componen ts

FKN

UDN

IT

ITR

LP

LPso

LPSM

FKN

1 .000

UDN

0.001

1 .000

IT

0,012

0. 031

1 .000

ITR

-0.040

0. .1 14*'t

0. 1 75**

1 .000

LP

-0.067* 2

-0.535**

-0.083**

-0.072r,

1 .000

LPs o

-0.048

-0 . 26'1**

-0.044

-0.049

0. 573**

1 .000

LPSM

-0.019

-0.464x*

-0.045

-0.071 **

0.584**

0.751**

1 .000

1FKN = Number of flecks per square centimeter of leaflet area
UDN = Number of uredinia per square centimeter of leaflet areaIT = Infection type
ITR = Range of infection types
LP = Latent period (time after inoculation until sporulation

on at least one uredinium per leaflet)
LPso = Latent period (tirne after inoculation until sporutation

on 50 % of uredinia)
LPSM = Standardized rust severity measurezAsterisks (* ¿¡6 **) indicate ståtisticai significance at p-va1ue<0.05 and p-value<0.01 , respectively
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contributes to LPSM. This was followed by good correspondence for

comparisons between the olher latent period measures i.e., Lp and tpsM,

and LP and LP5o (0.584 and 0.573, respectively), as well as between UDN

and LP, and UDN and tpsM (-0.535 and -0.464, respectively). parlevliet
(1980) demonstrated a strong association between infection frequency and

latent period for the barrey - yeIlow rust system. Recentry, in further
investigations of this system, he has observed that these componenls are

governed by the same genes, and áre pleiotropically associated

(Parlevtiet, 1986). Results from this study for the components UDN and

latent period tend to support his findings.

There was a poor relationship betv¡een FKN and the other resistance

components. The coefficient of concordance varied frorn -0.067 for the

comparison between FKN and Lp, to 0.001 for FKN and uDN. In addition,

correspondence between UDN and IT, and between UDN and ITR was poor, as

was the degree of association between IT and the components measuring

latent period. The consistently poor correspondence between FKN and the

other resistance components would tend to suggest that, at least under

the conditions of these experiments, FKN is a poor indicator of the

levels of rate-reducing resistance in faba bean populations. Similarly,
IT and ITR appear to be inappropriate as neasures of resistance. These

results are in disagreement with ohm and shaner (976), shaner, ohm, and

Finney (1978), wahl et al., (1980), as well as others who have reported

that in greenhouse studies, infection type is an effective component of

rate-reducing resistance. However, as mentioned previousry, Habgood

(1977) and Jeger et al., (1983) as well as others (Marshall, 1972 and

i{illiams and owen, 1975), found that infection type (lesion size) was

not a good measure of rate-reducing resistance. Mi]us and Line (1980)



in their investigation of winter wheat infected with p.

reported that race-cultivar combinations that demonstrated

infection types were more resistant as determined by one or

components. Results from this study are not in agreement

authors.
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recondi ta

a range of

more oiher

with these

it is apparent from this investigation that the resistance components

were not equally effective in differentiating among the faba bean popu-

lations for levels of rate-reducing resistance. UÐN was the most effi-
cient followed by the components Lp and Lp5e. LpsM, a standardized

disease index combining latent period and pustule density information,

was also effective.

In addition, the components did not contribute equally to the overall
resistance of the populations. Population ILB(332x133)B had the lowesr

values for uDN, LP, and Lpso, but had, in addition, the largest IT.

This was also true, but to a lesser extent, for the populations 2N29 and

2N43. The mass-selected population 2N'1 zz, wiLh a larger value for uDN,

and a shorter LP and Lp5s than ILB(332x133)8, had in addition, a snall
IT. 0f the intermediate rusters, the mass-selected population 2N3'19 was

1ow for FKN, intermediate for uDN, IT, and latent period, and had the

narrowest range of infection types. 0n the other hand, the bulk popula-

tion 2N430 had intermediate values for alr of the components.

When the components of rate-reducing resistance !{ere evaluated for
faba beans grown under controlled environment conditions, a distinction
between the mass-selected and bulk populations was apparent with the

components uDN, LP, LPso, and lo a lesser extent with ITR, IT, and FKN.

In general the mass-selected populations possessed greater raterreducing
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abitity than did the buJ-k populations. The best slow-rusters, on the

basis of all components, rvere the mass-selected populations 2N122, 2N43,

2N29, and ILB(332x133)8. The mass-selected population 2N31g, and the

bulk population 2N430 were intermediate, and the bulk populations 2N3,

2N34, and 2N52, were low in their rate-reducing abilities.

12.3 COMPÀRISONS BETIIEEN FIEID AND GROWT}I CABINET RESIIITS

Growth cabinet studies indicated that differences in the slow-rusting

ability of faba bean populations could be identified, and that they were

most pronounced in plants inoculated at developmental stage 5.3, the

latest stage examined in this study. These differences, ho¡vever, did

not correlate ¡,¡e11 with the f ield results, (table 34), despite their
significance (p-va1ue<0.01 or p-va1ue<0.05). The observed significance

may be explained, in part, by the dependence of Kendall's tau-b coeffi-
cients of concordance on n, the number of observations (Neter et al.,
(1985)' which for these comparisons was large. Mortensen and Green

fi978) and Neervoort and Parlevliet (1978) have noted that growth

cabinet and greenhouse investigations, respectively, often correspond

poorry with the field situation. on the other hand, Bonman et al.,
(1986) have observed a close correspondence between field and greenhouse

results in their investigation of the partial resistance of rice culti-
vars to blast. Johnson and [,tilcoxson (1978;1979) have also reported

good correlation between field and greenhouse studies for leaf rust of

barley.

The largest coefficients of concordance were observed for comparisons

between growth cabinet UDN and the field components. The slrongest

association rlas observed for growth cabinet UDN and field tpSM (-0.545).
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Mortensen and Green (1978) determined that the assessment of receptivity
in growth cabinets correlated better v¿ith field results than did meas-

ur:ements of spore productivity. SimilarIy, Johnson (1986) reported that

the number of P. asparaqi uredinia measured on asparagus shoots in the

greenhouse $ras positively correlated r,,ith field assessment of ÀUDPC.

However, Ricker et aI., (1985) found that the number of lesions of C.

arachidicola on peanut genotypes tvas an unreliable measure of resis-
tance.

High values for coefficients were also observed for growth cabinet

UDN and field varues for FRS (0.409), ÀuDpc (0.400), AiR (0.395), and

LPso (-0.370). The components ITR and LP when measured on cabinet-grown

plants were also associated with the field components, especially Lp5e

and LPSM (-0.332 and -0.408, respectively, for cabinet-ITR, and 0.2g7

and 0.374, respectively, for cabinet-Lp), and to a lesser extent, wiLh

FRS (0.317 and -0.262, respectively). Parlevliet (1g7g) and others
(shaner, 1980; subrahamanyarn et al., 1983; Àsher and Thomas, 19g4) have

reported a close association between greenhouse measurements of latent
period and field results. ITR, which as a component of resistance has

not been evaluated for many host-pathogen systems, was found by Milus

and tine (1980) to be closely associated with other components of resis-
tance evaluated in gro.wth cabinet studies. iTR has not previously been

compared with resistance components measured in field studies.

Growth cabinet assessmen! of the components FKN, Lpso, and IT was

found not to correlate well with the field results. FKN has not previ-

ously been evaLuated as a cornponent of resistance. In this study, there

was much variability in the number of flecks produced on the leaves of

faba bean populations, and consequently, FKN proved unreriable in

distinguishing among the populations.
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LPsor although effective in distinguishing among the faba bean popu-

lations in field experiments (Manuscript I), was not as effective in the

growth cabinet studies" The reason for the good correspondence between

LP, but not LPso, and the field results, is unknown. perhaps, the

epidemic was of insufficient intensity in the growth cabinet experiments

thus masking differences among the populations. IT, also did not corre-
late well with the field results. This component was highly variabte

possibly due to the heterogeneity of the faba bean populations under

study.

l'lhen correlations between growth cabinet and field experiments were

computed using only those plants inoculated at developmental stage 2.9
(table 35), the coefficients were much smaller than for the data

combined over developmental stages (rabte ¡¿). In addition, the number

of insignificant coefficients were greater. Many of these involved the

field components IT and ITR, as well as the parameters measuring disease

intensity, especially RS and FRS. Àdditiona1Iy, comparisons between the

growth cabinet components UDN and LP, and the field components vrere

often insignificant. Mortensen and Green (1978) have reported similarly
poor correlations between seedlings and field data, as has Johnson

(1986).

The largest coefficients for the comparisons between the growth

cabinet and field data at developnental stage 2.9, were associated gith

the growth cabinet component ITR and field measurements of FKN, UDN,

tPso, LPSM, FRs, AUDPC, and AIR. The best of these were with AiR

(-0.zsl) and tPsM (0.224). There r,las poor correspondence between growth

cabinet UDN and the field studies. This is in contrast to the results

observed when lhe data 'were combined over developmentaJ. stages.
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Similarly, comparisons between growth cabinet tp and the field results

yielded very small coefficients of concordance especially with infection

type and the disease intensity indicators.

At developmentaÌ stage 4.5, comparisons between growth cabinet and

field experiments (table 36) gave coefficients that were smaller than

Lhose observed for the data combined over developmental stages (rable

g4); however, they were larger than lhose for pranr-s inoculated at

developmental stages 2.9 (TabLe 35) or 5.3 (Table 37). The relatively
good correspondence between the growth cabinet adult plant results and

the field data' especially for those plants inoculated at developmental

stage 4.5 may be due to the fact that plants at this stage were the most

susceptible in the field, and nearly so in the growth cabinet investiga-

tions. It may be as suggested by Johnson and Wilcoxson (1g7g), that

high Ievels of infection are necessary to obtain good differentiation
among host genotypes.

The largest coefficients for the comparisons between growth cabinet

and field studies for plants inoculated at developmental stage 4.5,

involved the growth cabinet components IT and ITR. 0f Lhese, the best

association was observed for the comparison between growth cabinet ITR

and fiel-d UDN (-0.348). Àdditionally, good correspondence occurred for

the comparisons beLween growth cabine! IT and the field disease inten-

sity indicators' especially ÀUDPC (0.310). The associations between

growth cabinet Lpso and the field data vrere particutarly poor.

At developmental stage 5.3, the magnitude of the coefficients of

concordance for comparisons between growth cabinet anq field-grown

plants (tab1e 37) $rere smaller than for either plants inoculated at



T
A

B
LE

 3
5.

 
K

en
da

ll'
s 

ta
u-

b 
co

ef
fic

ie
nt

s 
of

 c
on

co
rd

an
ce

ca
bi

ne
t 

st
ud

ie
s 

of
 t

he
 c

om
po

ne
nt

s 
of

 s
lo

w
-r

us
tin

g

F
K

N
C

om
po

ne
nt

s 
(c

ab
. 

)
F

K
N

 
o'

12
3*

*z

U
D

N
 

-0
.0

2s

IT
 

-0
.0

70
**

IT
R

 
0.

 i 
2B

**

LP
 

0.
05

4*
*

LP
so

 
0.

09
1*

*

LP
S

M
 

0.
02

4

U
D

N

0.
 1

 2
6*

*

-0
.0

51
 *

*

-0
.0

62
*'

k

0.
12

7*
*

0.
05

5*
*

0.
08

8*
*

0.
07

6*
*

IT

0 
.0

41
*

-0
.0

29

-0
.0

18

-0
.0

17

0.
00

4

0.
03

5*

0.
03

8*

IF
K

N
 =

 N
um

be
r 
of

 f
re

ck
s 

pe
r 

sq
ua

re
 c

en
tim

et
er

 o
f 

re
af

re
t 

ar
ea

U
D

N
 =

 N
um

be
r 
of

 u
re

di
ni

a 
pe

r 
sq

ua
re

 c
en

tim
et

er
 o

f 
le

af
re

t 
ar

ea
IT

 
=

 I
nf

ec
tio

n 
ty

pe
IT

R
 

=
 R

an
ge

 o
f 

in
fe

ct
io

n 
ty

pe
s

LP
 

=
 L

at
en

t 
pe

rio
d 

(t
im

e 
af

te
r 

in
oc

ul
at

io
n 

un
tir

 
sp

or
ul

at
io

n
on

 a
t 

Le
as

t 
on

e 
ur

ed
iu

m
 p

er
 le

af
le

t)
 

-

LP
5o

 =
 L

at
en

t 
pe

rio
d 

(t
im

e 
af

te
r 

in
oc

ul
at

io
n 

un
til

 
sp

or
ul

at
io

n
on

 5
0 

%
 o

f 
ur

ed
in

ia
)

LP
S

M
 =

 S
ta

nd
ar

di
ze

d 
ru

st
 s

ev
er

ity
 m

ea
su

re
R

S
 

=
 M

ea
n 

ru
st

 s
ev

er
ity

F
R

S
 =

 F
in

al
 r

us
t 

se
ve

rit
y

À
U

D
P

C
=

 A
re

a 
un

de
r 

th
e 

di
se

as
e 

pr
og

re
ss

 c
ur

ve
A

IR
 

=
 À

pp
ar

en
t 

in
fe

ct
io

n 
ra

te
2À

st
er

is
ks

 (
* 

an
d 

**
) 

in
di

ca
te

 s
ta

tis
tic

at
 

si
gn

ifi
ca

nc
e 

at
 p

-v
ar

ue
<

0.
05

 a
nd

 p
-v

a1
ue

<
0.

01
, 

re
sp

ec
tiv

eJ
-y

.

IT
R

0.
04

4*
*

-0
.0

13

-0
.0

30

-0
.0

36
*

0.
02

9

0.
04

2'
t

0.
02

3

C
om

po
ne

nt
s 

(f
ie

Id
)t

fo
r 

th
e 

re
la

tio
ns

hi
ps

 b
et

w
ee

n 
fie

ld
 

an
d 

gr
ow

th
in

 f
ab

a 
be

an
s 

in
oc

ul
at

ed
 a

t 
de

ve
lo

pm
en

ta
l 

st
ag

e 
2.

9.

LP
so

-0
. 

16
7*

*

-0
.0

30
*

0.
 1

35
ìk

*

0.
 1

97
**

-0
.0

7'
l *

*

-0
. 

.1
 02

**

-0
.0

27
*

LP
S

M

-0
.2

04
**

0.
01

3

0.
 1

 5
5*

*

0.
22

4*
*

-0
.0

91
**

-0
. 

1 
34

**

-0
.0

73
**

R
S

-0
.0

16

-0
.0

05

0.
04

4*
*

0.
01

4

0.
00

5

0.
01

5

0.
03

5*

F
R

S

0.
05

1*
*

0.
02

6

-0
.0

33
*

-0
.0

55
**

0.
01

9

0.
02

8

-0
.0

21

A
U

D
P

C

0.
07

4*
*

-0
.0

00

-0
.0

64
**

-0
.0

75
**

0.
02

s

0.
05

9*
*

0.
00

5*
*

À
IR

0.
22

6

0.
01

2

-0
.1

81
**

-0
.2

57
*

0.
 1

00
*

0.
 1

43
**

0.
05

8*
*

æ è



T
A

B
LE

 3
6.

 
K

en
da

ll'
s

ca
bi

ne
t 

st
ud

ie
s

C
om

po
ne

nt
s 

(c
ab

. 
)

F
K

N
 

0.
 0

93
**

 2
-0

.0
36

* 
0 

.0
26

U
D

N
 

0.
02

0 
0.

0 
1 
I 

0.
03

 1

IT
 

0.
 1

 1
 B

**
 -

0.
02

3 
0.

 0
61

 *
*

IT
R

 
0.

25
7*

* 
_0

.3
49

**
 0

.2
29

LP
 

-0
.0

36
* 

-0
.0

.t0
 

-0
.0

48
*

LP
so

 
0.

02
4 

-0
.0

25
 

-0
.0

05

LP
S

M
 

0.
01

2 
-0

.0
32

* 
-0

.0
33

**

ta
u-

b 
co

ef
fic

ie
nt

s 
of

 
co

nc
or

da
nc

e
of

 
th

e 
co

m
po

ne
nt

s 
of

 
sl

ow
-r

us
tin

g

F
K

N
U

D
N

IF
K

N
 =

 N
um

be
r 
of

 f
le

ck
s 

pe
r 

sq
ua

re
 c

en
tim

et
er

 o
f 

le
af

le
t 

ar
ea

U
D

N
 =

 N
um

be
r 
of

 u
re

di
ni

a 
pe

r 
sq

ua
re

 c
en

tim
et

er
 o

f 
le

af
le

t 
ar

ea
IT

 
=

 I
nf

ec
tio

n 
ty

pe
IT

R
 =

 R
an

ge
 o

f 
in

fe
ct

io
n 

ty
pe

s
LP

 
=

 t
at

en
t 

pe
rio

d 
(t

im
e 

af
te

r 
in

oc
ul

at
io

n 
un

til
 

sp
or

ul
at

io
n

on
 â

t 
le

as
t 

on
e 

ur
ed

iu
m

 p
er

 t
ea

fle
t)

LP
5o

 =
 L

at
en

t 
pe

rio
d 

(t
im

e 
af

te
r 

in
oc

ul
at

io
n 

un
til

 
sp

or
ul

at
io

n
on

 5
0 

%
 o

f 
ur

ed
in

ia
)

LP
S

M
 =

 S
ta

nd
ar

di
ze

d 
ru

st
 s

ev
er

ity
 m

ea
su

re
R

S
 

=
 M

ea
n 

ru
st

 s
ev

er
ity

F
R

S
 =

 F
in

al
 r

us
t 

se
ve

rit
y

À
U

D
P

C
=

 A
re

a 
un

de
r 

th
e 

di
se

as
e 

pr
og

re
ss

 c
ur

ve
A

IR
 =

 A
pp

ar
en

t 
in

fe
ct

io
n 

ra
te

2A
st

er
is

ks
 (

* 
an

d 
**

) 
in

di
ca

te
 s

ta
tis

tic
ar

 
si

gn
ifi

ca
nc

e 
at

 p
-v

ar
ue

<
0.

05
 a

nd
 p

-v
al

ue
<

0.
0 

1 
, 

re
sp

ec
t 

iv
e1

y.

IT
IT

R

0.
04

4*

0.
03

8

0.
08

7*
*

0.
02

4

-0
.0

43
*

0 
.0

14

-0
.0

17

C
om

po
ne

nt
s 

(f
ie

1d
) 

|

fo
r 

th
e 

re
la

tio
ns

hi
ps

 
be

tw
ee

n 
fie

ld
 

an
d 

gr
ow

th
in

 
fa

ba
 b

ea
ns

 in
oc

ul
at

ed
 

at
 

de
ve

J.
op

m
en

ta
l 

st
ag

e 
4.

5.

LP
s 

o

-0
.0

92
**

-0
.0

50
**

-0
. 

1 
06

**

0.
09

5

0.
07

5*
*

0.
02

1

0 
- 
05

0*
*

LP
S

M

-0
. 

18
6*

*

0.
09

0x
*

-0
.2

06
**

0.
09

s

0.
14

2*
x

0.
03

5*
*

0.
09

 1
**

R
S

0.
08

8*
*

0.
06

2*
*

0.
 1

 2
9*

*

-0
.1

 3
4*

-0
. 

10
2*

*

-0
.0

25

-0
.0

76
**

F
R

S

0.
21

4r
,*

0.
1 

95
**

0.
29

0*
*

0.
06

1

-0
.2

26
**

-0
.0

89
**

-0
. 

1 
97

**

A
U

D
P

C

0.
22

5*
*

0.
22

1*
t

0.
31

0*
*

0.
00

8

-0
.2

63
**

-0
. 

1 
1 
6*

*

-0
.2

36
**

À
IR

0.
20

5*
*

0.
 1

 1
7*

*

0.
23

9*
*

-0
.0

95

-0
.1

72
*

-0
.0

50
**

-0
. 

1 
17

**

oo (t
r



186

developmental stage 4.5 (taUte ¡e) or for data combined over develop-

mental stages (lable 34). Many of the comparisons bet¡+een growth

cabinet and field results at developmental stage 5.3 were insignificant.
The majoricy of Lhese involved the field components uDN, irR, and RS, as

wel-l as the growth cabinet component ITR. The best associations

occurred between the growth cabinet component IT and the field compo-

nents, especially LPSM and the disease intensity indicators.

Àdditionally, the correspondence between growth cabine! Lp and the field
parameters RS and FRS, . was good. However, there lras poor association

between cabinet LPso and the disease intensity indicators.

In general comparisons among the resistance parameters measured in

field and growth cabinet studies yielded results that were dependent

upon the developmental stage of the plants at the time of inoculation.

The best associations were observed at developmental stage 4.5 followed

by stage 5.3. Poor associations occurred at the earliest developmental

stage Q.9). These results suggest that selection for rate-reducing

resistance in growth cabinet grown faba bean populations necessitates

use of mature prants at approximately the same growth stage. Growth

cabinet assessments of uDN, ITR, and Lp were most strongly related Lo

the field resuLts whereas measurements of FKN, Lp¡6, âDd IT corresponded

poorly with the field situation.



TABTE 37. Kendallr s tau-b coefficients
cabinet studies of the components ot

FKN
Components (cab. )
FKN 0.078** 2

UDN -0.079**

ïr 0.026

ITR 0.241**

LP 0.078**

tPso -0.082**

LPSM -0.090**

UDN

0.036

-0.020

0.116

-0.120

0.043*

0.015

0.016

IT

-0. 048*

0.029

0 .147

-0 .1 17

-0.048*

0.058**

0.067**

of concordance for the
slow-rusting in faba

rFKN = Number of flecks per square centimeter of leaflet area
UDN = Number of uredinia per square centimeter of leafret areaIT = Infection type
ITR = Range of infection types
LP = Latent period (time after inoculation until sporuration

on at least one uredium per leaflet)
LP5e = Latent period (time after inoculation untiL sporuJ,ationon 50 % of uredinia)
LPSM = Standardized rust severity measure
RS = Mean rust severity
FRS = Final rust severity
AUDPC= Area under the disease progress curveÀIR = Àpparent infection rate2Àsterisks (* and **) indicate statisticar significance at p-value<0.05 and p-va1ue<0.01, respectively.

ITR

-0.018

0.022

0. 150*

-0.067

-0.035

0.041*

0.048*

components (fieId) 1

LPso

-0.085**

0.073**

-0.240**

-0.028

-0.131**

0.032*

0.041**

_ rel-ationships between field and growth
beans inoculated at developmental stage 5.3.

tPSM

-0. 1 1 2**

0.098**

-0.271**

-0.013

-0 .172**

0.039*

0.051**

RS

0.067**

-0.045**

0.091

-0.0s0

0. 10g**

-0 .01 5

-0.026

FRS

0.121**

-0. 147**

0.2I8**

0.060

0.233**

-0.039

-0.054**

ÀUDPC

0.050*

-0.161**

0. 1 95**

0.038

0. 1 6g**

0.000

0.008

AIR

0.072**

-0. 1 I2**

0.240**

0.028

0. 152*

-0. 014

-0.015

oo\



GENERÀL DISCUSSTON

The results from lhis investigation indicate that faba bean popula-

tions, which in three to four years of preliminary field evaluations,

had low area under the disease progress curve (¡unpc) and final rust

severity (fnS) scores (Conner and Bernier, 1982d; Rashid and Bernier,

1986)' were distinguishable on the basis of the following resistance

components: number of flecks per square centimeter of leaflet area

(nnN), number of uredinia per square centimeter of leaflet area (UnH),

infection type (lr), range of infection types (trn), latent period (Lp

and tP5o), and the disese index, IPSM. In both field and growth cabinet

studies, the populations were readily divisible into those that were

derived by mass-serection, and those that were bulk populations. The

mass-selected popuJ.ations had, i.n general, nore rate-reducing ability
than did Èhe bulk populaLions. This suggests that mass-selection is an

appropriate selection technique for screening faba beans for rate-
reducing resistance.

Not all of the components rvere equally effective in characterizing

the resistance of the faba bean populations. FKN was effective in the

field when measured at 7 days after inoculation (d.p.i.). However, it
was not efficient when evaluated at 14 d.p.i., nor when assessed in

controlled environment conditions. Additionally, there rvas poor corre-

spondence belv¡een FKN and the following field performance indicators:

mean and final rust severity (RS and FRs, respectively), individual

- 188 -
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t{eekly assessments of rust severity (nSl - RS4), apparent infection rate
(¡tn), and AUDPC. This lack of association points to the ineffective-
ness of FKN in a resistance screening program despite the successful use

of the related component, incubation period, measured as the time from

inoculation to the first appearance of symptoms ('flecks'), or as the

time from inoculation to the time when 50 % of the lesions (pustules)

are visible (.leger et aL., 1983; subrahmanyam et al., 19g3; Nutter and

Pederson, 1985), in disease resistance screening.

Infection type, while effective in differentiating among the faba

bean populations in the fierd was, like FKN, ineffectual in the growth

cabinet studies. Shaner and Finney (1980) have reported that interac-
tions between this component and infection freguency may hamper its
usefulness; such interactions may have been consequential in this study.

Àn examination of fleck and uredinia numbers inoicated that infection
frequencies were higher in the field than in the growth cabinets. This

may be why the mean IT values vrere greater in the growth cabinets than

in the field. it is therefore possible that inoculum densities in the

growth cabine! experiments were too low to allow for the fulJ. expression

of the resistance, thereby masking differences between the populations.

Ànother facLor contributing to IT's lack of effectiveness in the growth

cabinet studies might be temperature. Milus and Line (1980) found that

differences in infection type were more evident in wheat incubated at'10

- 300c than at 2 - 180c. The faba beans in Èhese growth cabinet studies

were incubated at 15 - 200C, whereas plants in the field were subjected

to a greater range of ternperatures (Appendix B).

The component ITR was superior to IT in both the field and growth

cabinet studies. There rvas a strong relationship between growth cabinet
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assessment of ITR and the field results. In general the better slow-

rusters had the narrower range of infection types. In this study, alÌ
of the populations displayed a range of infection types. conversely,

Milus and Line (1980) reported that in their investigation, only the

best slow-rusting wheats expressed this character. They suggested that

ITR might be useful for selecting wheat lines with few uredinia, long

latent periods, and few spores per uredinium. The use of ITR for
screening faba beans for rate-reducing resistance míght be somewhat more

laborious than for cereals due to the necessity of establishing values

for this component rather than simply acknowredging the presence or

absence of a range.

The component UDN and the measures of Iatent period (tp and Lpso)

were useful in distinguishing among the populations in both the field
and growth cabinet studies. In addition, there was good correspondence

between growth cabinet evaluations of these components and field
performance. UDN is considered to be â component that is difficult to

assess due to probJ.ems in obtaining uniform inoculation of the host
(Parlevliet and Kuiper , 1977a; Johnson and wilcoxson , jgTg; shaner and

Finney, '1980; zummo, 19BB). The inoculation procedures used in this
study (t'taterials and Methods, Manuscripts I and iI), allo¡ved for the

adequate assessment of UDN. In the field, good levels of infection were

achieved by using small prots which, when covered with polyethylene

sheeting following inoculation, maintained leaf wetness overnight
(nashid and Bernier, 1984). Growth cabinet assessment of Lp was closely
associated with the field results. This rvas not unexpected since

numerous researchers have advocated the use of latent period as an

appropriate measure of rate-reducing resistance. Lpss l{âs superior to



191

tP in the field experiments, bul inferior in the growth cabinet studies.

This may have been due to the suboptimal humidity levels in the growth

cabinetsr âs this may have hindered subsequent development of Lhe ured-

inia (Rowell, 1 984 ) .

LPSM' a standardized disease index developed by combining Lp5e and

uredinial density information, was effective in both the field and

growth cabinet studies. The strongest associations among the resistance

paraneters were found between the growth cabinet components, especially

uDN, ITR, LP, and LPSM, and field measurement of LpsM. This index r+as

proposed for the following reasons: (1) it was observed that two popu-

lations could be quite similar in terms of latent period, but differ
substantially in the number of erupted uredinia, Q) due to the

partiarJ.y outcrossing nature and heterogeneity of faba beans, it lvas

felt that use of any one component was inadequate to assess resistance

levels and this was verified by principar component analysis; tpsM,

however, combined information from two of the most reliable and least

variabre parameters (Parlevliet et al., 198b; Ricker et ar., 1995), and

(3) as a standardized index, IPSM could be used, without transformation,

in many statisticar analyses unlike many of the other components.

The rate-reducing ability of the faba bean populations was similar in
both the field and growth cabinet studies. The best slow-rusters were

the mass-selected populations 2N43, 2N122, and ILB(332x133)B (the Iatter
population was not evaluated in the field due to a shortage of seed).

These populations had few flecks and uredinia, long latent periods, a

small IT (with the exception of ItB(332x133)B which had a very large

IT) ' and a narrow ITR, in addition to reduced rust development in the

field as determined by the population performance indicators. The mass-
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selected population 2N319 and the bulk popul-ation 2N430 had intermediate

levels of rate-reducing resistance with median values for all compo-

nents. The other bulk populations were poor in their rate-reducing

abilities"

In this study, population rankings were similar to those reported by

conner and Bernier ( 1982d) and Rashid and Bernier fi9g6), despite

differences in the methodology employed in their studies. Conner and

Bernier (1982d) and Rashid and Bernier (1986) used ÀuDpc and FRS to
distinguish among the faba bean populations. Both AUDpC and FRS r+ere

assessed on populations inoculated by movenent of rust from spreader

rows. In this study, however, assessments were made on individual leaf-
lets inoculated directly. Mean population AUDpc and FRs values,

howeverr r+ere comparable although coefficients of variation were greater

in this study due to the heterogeneity of the individual plants within a

population. It appears that assessments made on individual l-eafLets can

provide reliable inforrnation if sufficiently large populations are used.

Similar]y, it appears that the faba bean populations evaluated in this
study possess a broadly-based type of resistance. consequently, it is
possible that selection for one or two componenLs in either the field or

in growth cabinet studies might enhance resistance as measured by the

others. The resulting underlying comprexity might, in turn, confer

durabilty"
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Appendix A

PROCEDT'RES FOR UREDINIOSPORE COTIECTION AND INOCT,LÀTION.

To ensure dependable production of pure inoculum, Lwo-week-old plants

of the susceptible faba bean 2N40 (p.I. 222128) r+ere inoculated with

single uredinial transfers of rust races 3 and 4. The prants were

inoculated in a plexiglass chamber that had previously been washed with

70 % ethanol and then misted with water to prevent deposition of contam-

inating spores on the plants.

urediniospores, suspended in right oil (soltrol 170; philips

Petroleum co., special products Division, Borger, Tx 79007) were applied

to leaf surfaces with a fine camel's hair brush. The oiL was then

allowed to dry and the plants were covered with polyvinyl sleeves prior
to incubation under 100 % relative humidity. Following incubation for
24 h, the plants were moved to a greenhouse with supplemental fluores-

cent lighting. The sleeves were connected to a source of filtered air
by rubber tubing to prevent cross-conLamination and excessive build-up

of moisture. urediniospores were collected using a cyclone spore

collecÈor (Browderr 197'1), and were stored at Soc for one to two months,

prior to use.
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Àppendix C

ANAIYSIS OF VÀRIÀNCE IN THE MHBER OF FIECKS PER SOUÀRE
CENTIMETER OF TEAFTET ÀREÀ ÀT ? DÀYS ÀFTER INOCT'LÀTION.

Source D. F.
Sum of
Squares

Mean F
Square value

Model
Yea r
Race
Year X race
Sta ge
Year X stage
Race X stage
YearXraceXstage
Populat i on
Race X population
YearXraceXpopulation
Stage X population
Year X race X stage X population

Er ror

TotaI

95 110.29
0. 16
3.19
6.34

10.64
1.90
2.69
3.34

56.02
3.00
7 .43
4.75

10.82

35.84

146. 13

1162

0. 08

R2= 0.75
C.V.= 63.32%

14.02
1 .93

38 . 53*
7 6.58*
64.25*
1 1 .48*
16 .27,t
20.19*
96. 68*
5.17r,
6.4'1 *
4. '1 0*
3. .1'1 *

2

2

2

2

7

7

14
14
42

433

528

* Significant at p-va1ue<0.01.
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åNAIYSIS OF VARIÀNCE
CENTI}IETER OF IEÀFTET

Àppendix D

IN THE NIHBER 0F FTECKS PER S0UÀRE
AREA ÀT 14 DÀYS ÀFTER INOCI¡LÀTION,

Sourc e D.F.
Sum of
Squares

Mean F

Square value

Model
Yea r
Race
Sta ge
Year X stage
Populat i on

Er ror

Total

13
1

'1

2

2

7

17 .91
1.13
0.00
7 .29
5.41
4.08

35.94

53.85

19.s1
16.01*
0.01

51 .60*
38.34*
I .25*

1 .38

0.07

R2= 0.33
C.V. = 112.19%

509

522

* Significant at p-value<0.01.
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Appenilix E

ÀNÀIYSIS OF VARIANCE IN TI¡E NUfBER OF T'REDINIA PER SSUARE
CENTIffiTER OF LEÀFIET ÀREÀ ¿IT 7 DÀYS ÀFTER INOCT'tATÍON.

Source D.F.
Sum of
Squares

Mean
Square

F
value

Model
Year
Race
Year X race
Stage
Year X stage
Race X stage
YearXraceXstage
Populat i on
Year X population
YearXraceXpopulation
Year X stage X population
Race X stage X population

Error

Total

8'1 78.32
10.10
3.61

1 0.83
2 .18
9. 34
5. 57
2 .41

15.04
3. s6
5.16
5.03
5. 50

16.99

95. 31

25.44
265,68x
94.91*

284 .87 *
28.69*

122 .87 r,

73.32t
31 .69*
56. 55*
13.38*
9. 70*
4.7 3*

1 0.33*

0,97

0. 04

R2= 0.82
C.V.= 104.36%

2

2

2

2

7

7

14
28
14

447

s28

* Signi ficant at p-value<0.01 .
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Appendix F

ÀNAIYSIS OF VARIANCE IN THE NT'I'IBER OF I'REDINIA PER SOUÀRE
CENTI}ÍETER OF IEAFIET AREÀ ÀT 14 DÀYS AFTER INOCT'tATION"

Source D. F.
Sum of
Squares

Mean F
Square value

Model
Yea r
Race
Stage
Race X stage
YearXraceXstage
Popula t i on
Year X population

Er ror

Total

25
I

1

2

2

5

7

7

190 .7 6
10,77
3.U¿
0.91
7.8s
4.76

1 s5. 90
7. 55

84.79

275.55

44.73
63. 1 4*
17.72*
2.66

23 . 01*
5. 58*

'130.55*

6.32*

7 .63

0.17

R2= 0.69
C.V.= 47,08%

497

522

* Significant at p-vaIue<0.01.
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Appendix G

ANÀIYSIS OF VARIåNCE IN INFECTION TYPE ÀT ? DAYS AFTER
INOCT'LATION.

Source D. F.
Sum of
Squares

Mean F
Square value

Model
Yea r
Race
Stage
Year X stage
Race X stage
YearXraceXstage
Populat i on
Year X population
YearXraceXpopulation

Er ror

Tota l

39
1

1

2

2

2

3
'7

7

l+

1 86.45
6.83

32.58
30. 13
15.04
35. 01
3.97

46.35
7.73
8.80

1 00.68

287.13

4.78

0.20

R2= 0.65
C.V.= 42.74%

24.27
34 .67 *

1 65. 38*
7 6 .46*
38. 1 8*
88.85*
6.72t

33.61*
5.60*
3.19*

s11

550

* Significant at p-value<0.01.
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Àppendix H

ANALYSiS OF VARIåNCE IN INFECTION TYPE AT 14 DAYS ÀFTER
INOCI'LATION"

Sourc e
Sum of Mean F

D.F. Squares Square value

Model 18 40.51 Z.2S 9.96Year 1 j.41 6.18Race 1 1.65 7.23Stage 2 j.21 2.64
Year X stage 2 5.35 11,72*
Year X race X stage 5 7.44 6.51*Population i n.45 j4.67r,

Error 374 85.40 0.23

Tota1 392 i2S.9O

R2= 0.32
C.V. = 31 .17%

* Significant at p-value<O.01.
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Appendix I

ANÀTYSIS OF VARIANCE IN NÀNGE OE' INFECTION TYPES ÀT 7 DÀYS
AFTER INOCTIIÀTION.

Sourc e D. F.
Sum of
Squa res

Mean F

Square value

Model
Yea r
Race
Sta ge
Year X stage
Race X stage
YearXraceXstage
Popul-a t i on
Year X population
YearXraceXpopulation
Stage X population
Year X stage X population

Er ror

Total

53
1
,l

2

2

2

3

7

7

14
14
21

1498. 18
73.16

171.63
291 .61
122.91
120 .7 4
29.58

ss6.86
26.36
47 .94
57.39
17.64

681 .21

2'1 85 . 39

28,27

1 .38

R2= 0.68
C.V. = 48.10%

20.44
52.91r,

124.131
'105.45*

44 .45*
1 43 .66*

7 .13*
57. 53'k
2.72
2.48
2.96t
4.39*

497

550

* Significant at p-va1ue<0.01.
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Àppendix J

ANAIYSIS OF VÀRIÀNCE IN RÀNGE OF INFECTION TYPES AT 14
DÀYS ÀFTER INOCITIATION.

Sourc e D. F.
Sum of
Squares

Mean F
Square value

ModeI
Year
Race
Stage
Year X stage
Race X stage
YearXraceXstage
Populat i on
Year X population
Race X stage X population
Stage X population

Er ror

Total

60
1

1

2

2

2
?

7

7

35
14

7 61 .28
42.29
54. 18
14 .21
35.23
21 .59
25.93

388.97
s2.08

126.79
17.53

663 .47

1424 .75

12.69

2.00

R2= 0.53
C.V.= 34.25%

6.3s
21 .16r,
27.11*
3.55
8.81*
5.40
4. JJ

2't .81*
3.72*
1.81
5. 53*

332

392

* Significant at p-value<O.01.
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Àppendix K

ÀNÀLYSIS OF VÀRIÀNCE IN ËATENT PERIOD OF FIEID.GROMS FABA
BEÀN POPT'TATIONS.

Source D. F.
Sum of
Squares

Mean F
Square value

Model
Year
Race
Year X race
Stage
Year X stage
Race X stage
YearXraceXstage
Populat i on
Year X population
YearXraceXpopulation
Stage X population
Year X stage X population

Error

TolaI

67 183. 1 5

33.21
0.0'1

24.67
2.81

15.08
27.79

6. 55
42.78

5 .41
6.57
9 .48
7.79

352.05

535.20

2.73

0.17

R2= 0.34
C.V.= 24.93%

16.33*
1 98.37*

0.02
147.37*

I .40*
48.02*
83.01*
'1 9. 55*
36. 51 *
4.6'1*
2.80*
4.05*
3.33*

2

2

2

2

7

7

14
14
14

2103

217 0

* Signif icant at p-va1ue<O.0'1.
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Àppendix I
ANÀLYSIS OF VARIÀNCE IN IPSO OF FIETD-GROWN FABA BEÀN

POPUTÀTIONS.

Source D. F.
Sum of
Squares

Mean F
Square vafue

Model
Year
Race
Year X race
Stage
Year X stage
Race X stage
YearXraceXstage
Popula t i on
Race X population
Stage X population
Year X stage X population
Race X stage X population

Er ror

Total

74 371 .68
48.87
0.75

45.40
t.¿J

39.69
73.92
1 1 .55
97.73
6. 59

17.53
17 .64
1 0.88

401.65

77 3 ,33

5. 02

0.19

Rz= 0.48
C.V. = 21 .26%

26.21
255.03*

3.93
236.92x

3.22
1 03.55*
192.61*
30.1 3*
72.96*
4.92*
5.53*
4.39*
4.05*

2

2

2

2
7
1

14
21

14

2096

217 0

* Significant at p-value<O.01.
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Appendix M

ÀNAIYSIS OF VÀRIANCE IN RUST SE\¡ERITY OF FIETD-GROWN FABÀ
BEÀN POPUTÀTIONS"

Sourc e D. F.
Sum of
Squares

Mean F
Square value

Model
Yea r
Race
Year X race
Stage
Year X stage
Race X stage
YearXraceXstage
PopuIa t i on
Year X population
Year X stage X population
Year X race X stage X population

Er ror

ToiaI

95 1 08.03
10,76
0.06
4.76
0,24

12.19
0. 90

11.95
51.54
2.79
5,77
7 .09

43,02

1 51 .05

1 .14

0.09

R2= 0.72
C.V. = 7 .49%

12.58
119.05*

0.68
52.70*

1 .30
67 .42t,
4.96r,

56. 08*
81.46*

4 .41*
2.29*
1.87¡,

2

2

2

2

7

7

28
42

476

s71

* Signif icant at p-value<0.0'1 .
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Appendix N

åNAtYSIS OF VÀRIANCE TN FINAI RUST SEVERITY OF FIETD-GROWN
FABA BEÀN POPInÀTIONS.

Sourc e D. F.
Sum of
Squares

Mean F
Square value

Model
Year
Race
Year X race
Stage
Year X stage
Race X stage
Population

Error

Total

16
1

1

1

2

2

2

7

191.s8
34.95

0. 98
7.85
t.t¿
3. 90
8.28

1 33.90

1 06.89

298.47

11 .97

0.25

R2= 0.54
C.V. = 17 .46%

47 .27
1 37.98*

3.87
30.98*
3.40
7 .7 0r,

16.35*
75.52r-

422

438

* Significant at p-va1ue<0.01.
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Appendix 0

EFFECT 0F HOST POPIILATION' DEVEËOPI{ENTÀË sTÀcE, RusT R.ACE,
AND YEÀR ON THE RUST SE\¡ERITY OF' EIGHT FIEID-GROWN FÀBÀ

BEåN POPUTÀTIONS AT ONE WEEK ÀFTER INOCI'LATION,

Rust severity

Population 1

Developmental
Stage 2

Race3

Year a

2N40 (sK)
2N34' (¡n)
2N430 (nn)
2N52 (sK)
2N3'1 9 (us )
2N2g (¡,rs )
2N4 3 (r"rs )

2N122 (¡¿S )

)q
4.5
5.3

1982
'1 983

0.55
0.07
0.05
0. 08
0.01
0.01

0

0.01

0.19
0.04
0.0s

0.15
0.04

0.05
0.15

0.01

^5o

b
b
b
h

b
b
b

a
h

b

a

b

a

b

Mean square error

zData are means for '1152 observations combined over populations, races,
and years. The tltgg stages of development: 2.9,4'.51 and 5.3, refer toplanLs 35, 50, and.9!_g"vr from planting, respectívely, and aré based onLiew and Gaunt's (1982) developmental key for'beans.3Data are means for 1729 obseriations combined-ãu", populations,
developmental sLages, and years.
aData are means for '1728 oËservations combined over populations,
developmental stages, and races.5comparisons among means were made using logit transformed data.
Means followed by the same letter within a colurnn are not significantlydifferent (p-value<0.01 ) according to Scheffé's significani aiii.r.n.u
procedure.

lData are means f.oi a 2 observations combined o
races, and years.
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Àppendix P

ANÀLYSIS OF VÀRIANCE IN RUST SEVERITY ÀT ONE WEEK AFTER
INOCI¡IÀTION"

Source D.F.
Sum of
Squares

Mean F
Square value

Model
Year
Race
Year X race
Sta ge
Year X stage
Race X stäge
YearXraceXstage
Popula t i on
Year X population
Race X population
Year X stage X population
Stage X population
Year X stage X population
Race X stage X population
Year X race X stage X population

Er ror

Tota l

95 14 .27
0.24
0.27
0. s0
0.45
0.64
0.70
1 .09
2.62
0.:?7
0.28
0. 95
0.82
1.11
1 ,41
2.80

6.33

20.50

0.87
7. 56*
9.37*

0.15

0.0'1

R2= 0.69
C.V.= 2.58%

35.95*
16.29*
23.31*
25.33*
39.48*
27 .11r,
3.88*
2.90
9.85*
4.25*
5.75*
7 .29*

1 4 .49*

2

2

2

2

7

7

7

7

14
14
14
14

458

553

* Significant at p-val-ue<O.01.
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Appendix Q

EFFECT 0F HOST POPtttÀTIoN' DEVEIOP]ENTÀL STÀGE' RusT RÀcE,
AND YEAR ON THE RUST SEVERITY OF EIGHT FIETD-GROÍ{N FABA

BEÀN POPUTATIONS AT TWO WEEKS AFTER INOCItrÀTION,

Rust severity

PopuJ.at i on 1

Developmental
Stage 2

Race3

Year a

2N40 (sK)
2N34 (sK)
2N430 (n¡t)
2N52 (nn)
2N31 9 (us )

2N29 (t'lS)
2N43 (us )

2N122 (us)

2.9
4.5
5.3

1982
1 983

3.77
1 .04
0.84
0.95
0. 50
0.24
0.21
0.19

0.72
1 .01
1.05

1.22
0.70

0.8s
1.01

0.12

E

cl

b
h

b
bc

a
b
b

a
b

a
b

Mean square error

zData are móans for 1152 observations combined over populations, races,
and years. The t!r99 stages of developmenÈ. 2.9r 4-.5, and 5.3, refer toprants 35, 50, and 65 fays from plantiñg, respectivery, and are based on
Liew and Gaunt's /1982) developmental key for'beans.3Data are means for'1728 observations coñbined over populations,
developmental stages, and years.
aData are means fõr izz8 oËservations combined over populations,
developmental stages, and races.5comparisons among means were made using r-ogit transformed data.
Means followed by the same letter within a column are not significantlydifferent (p-value<O.01 ) according to Scheffé's significant áiffur"n..
procedure.

'Data are means f.or 432 observations com
races, and years.
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åppendix R

ÀNÀTYSIS OF VÀRIÀNCE IN RUST SE\¡ERITY ÀT TWO WEEKS ÀFTER
INOCUIÀTION.

Source
Sum of Mean F

D.F. Squares Square value

Model
Year
Race
Year X race
Sta ge
Race X stage
YearXraceXstage
Popula t i on
Race X population

Er ror

Tota 1

25 82.07 3.28 27 .78
1 1.10
1 6.11
1 2.32
2 4.26
2 3.26
4 1.93
7 60.84
7 2.26

493 58.25 0.12

51 8 140.32

9.32
51 .68*
1 9.65*
1 8. 02*
1 3.78*
4.09

7 3 ,56*
2.73

R2= 0.58
C.V.= 8.17%

* Significant at p-va1ue<O.01.
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Àppenclix S

EFFECT 0F HOST POPULÀTION' DEVEËOPMENTÀI sTÀcEe RUST RåcE,
ÀND YEÀR ON THE RUST SEVERITY OF EIGHT FIEID-GROWN EABÀ

BEAN POPUIATIONS ÀT THREE WEEKS ÀFTER INOCT'LÀTION"

Rust severity

Populationl

Developmental
Stage 2

2N40 (nn)
2N34 (sx)
2N430 (¡n)
2N52 (nx)
2N31 9 (us )

2N29 (us)
2N43 (us )
2ñ122 (us)

2.9
4.5
5.3

1982
1 983

12.33
3.62
2.62
3.23
1.75
1 .37
1 .36
1.'15

3.84
3.97
2.29

3. 53
3.19

4.18
2.42

0.19

E
cl

b
bc
b
cd
d
cd
d

a
d

b

a
b

a
b

Race3

Year a

Mean square error

rData are means f.or 432 observations combined over developmental stages,races, and years.
zData are means for 1152 observations combined over populations, races,
and years. The t!tg9 stages of development: 2.9,4-.5, and 5.3, refer toplants 35, 50, and 9? iuvr from planting, respectívely, and aré based onLiew and Gaunt's (1982) developmãntal kãy tor-beans.3Data are means for '1728 observations coñbined over populations,
developmental stages, and years.
aData are means fór i72B oËservations combined over popurations,
developmental stages, and races.
scomparisons among means were made using logit transformed data.
Means followed by the same letter within a ðolumn are not significantlydifferent (p-va1ue<0.01 ) according to Scheffé's significant ãiff.r"n..
procedure.
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Appendix T

ANATYSIS OF VÀRIÀNCE IN RUST SEVERITY ÀT TIIREE WEEKS åFTER
INOCTIËATION.

Source
Sum of Mean F

D.F. Squares Square value

Model
Year

'Race

Year X race
Stage
Year X stage
Race X stage
YearXraceXstage
Populat i on
Year X population

Er ror

Total

25 219.27 8.77 45.25
11.90
2.42
3. 54

61.37x
12 .49*
18.26r,
21.11*
31 .7 4r,
77 .96*
20.37*

1 00.60*
4.67r,

2 8.18
2 12.31
2 30.'18
2 7.90
7 136.50
7 6.34

407 78.89 0. 1 9

432 298.16

R2= 0.73
C.V.= 12.45%

* Significant at p*va1ue<0.01.
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Àppendix U

EFFECT 0F HOST POPITtATION' DEVEIOPMENTAü sTÀcE' RUST R.ACE,
AND YEÀR ON TIIE RUST SEVERITY OF EIGHT FIEID-GROWN FÀBÀ

BEÀN POPUTTIONS AT FOT'R WEEKS AFTER INOCT'EÀTION.

Rust severity

Populat i on 1

Developmental
Slage 2

Races

Yeara

Mean square error

2N40 (nn)
2N34 (sK)
2N430 (sK)
2N52 (n¡t )

2N31 9 (us )

2N29 (r'ls)
2N43 (¡¡S )
2N122 (¡¡s)

)q
4.5
s.3

20.94
6.57
5.61
6. 63
3. 94
3.45
3.75
3.01

6.39
7.15
5.68

8. 32
4.07

0.27

5.72 a
6.79 a

a5
b
bc
b
cd
d
cd
d

a
b
a

a
b

1982
1 983

lData are means f.or 432 observations combined over developmental stages,
races, and years.
zData are means for 1152 observations combined over populations, races,
and years. The tlrgg stages of developmenti 2.9r 4-.5, and s.3, refer toplants 35, 50, and !5 Çays from plantiñg, respec|ively, and aré based on
Liew and Gaunt's i1982) developmóntal key for-beans.sData are means for 1728 observations combined over populations,
developmental stages, and years.
aData are neans fór '1728 observations combined over popurations,
developmental stages, and races.
scomparisons among means were made using logit transformed data.
Means followed by the same letter within a ðolumn are not significantlydifferent (p-vaIue<0.01 ) according to Scheffé's significant áiffut.n.,
procedure.
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AHAIYSIS OT'VÀRiANCE

Appendix V

IN RUST SEI/ERiTY ÀT FOUR WEEKS AFTER
INOCI'LÀTION"

Source D. F.
Sum of
Squares

Mean F
Square value

Model
Yea r
Race
Stage
Year X race
Year X stage
Race X stage
Populat i on
Year X population
YearXraceXpopulation

Error

Total

37
1

1

2
1

2

2
7

7

14

210.29
49.91
0. 00
0.61
3. s8
7 .09
4.62

130.78
s. 03
I .67

93.19

303.48

s. 68

0.25

R2= 0.59
C.V. = 17 .26%

22.32
1 96.03*

0.00
1.19

'14.05*

13.92*
9.07*

73.39*
2.82
2.43

366

403

* Significant at p-va1ue<O.01.
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Appendix W

ANÀtYSIS OF VÀRIANCE IN ÀPPÀRENT INFECTION RåTE OF
FIETD-GROWN FÀBÀ BEÀN POPUTÀTIONS,

Source D. F.
Sum of
Sguares

Mean F
Square vaÌue

ModeI
Year
Race
Stage
Populat i on
Year X Stage

Er ror

Total

13
1

1

2

7

2

82

0.10
0.04

<0. 01
<0.01
0.05
0.01

0.02

0.12

24,46*
124.78*

0.09
1 .14

23.32*
13.8.1*

0.01

<0.01

R2= 0. 79
C.V.= 22.07%

95

* Significant at p-value<O.01.
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Appendix X

ÂNAIYSIS OF VARIANCE IN ÀI'DPC VÀIUES OF FIEID-GROI{N FÀBÀ
BEAN POPT'TÀTIONS"

Sourc e D. F.
Sum of
Squares

Mean F
Square value

ModeI
Year
Race
Year X race
Stage
Popula t i on
Year X population
Year X race X popul_ation
Stage X population

Error

Total

47
1

1

1

2

7

7

t+
14

356

403

24611.82
1085.'1'1

78.99
430.91
192.85

19532.41
1 532.55
897.52
86'1 .48

7332.64

31944.46

523.66

20.60

R2= 0.77
C.V.= 64.15%

25.42
52. 68*

3 .84
20.92*
4.68

1 35.47*
'1 0. 63*

3.'1'1 *
2.99x

* Significant at p-value<O.01.
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Appendix Y

ANAIYSIS OF VARIÀNCE IN TPSM OF FiETD.GROWN FÀBÀ BEAN
POPT'IATIONS,

Sourc e D. F.
Sum of
Squares

Mean F

Square value

Model
Yea r
Race
Year X race
Stage
Year X stage
Race X stage
YearXraceXstage
PopuLat i on
Year X population
Race X population
YearXraceXpopulation
Stage X population
Year X stage X population

Error

Total

67 365.46
48.87
0.75

45.40
1 .23

39.59
73.82
11.55
97 .73

3 .88
6.42
4.29

17 .12
14.70

407 .87

773.33

5.45

0.19

R2= 0.47
C.V. = 21 .38%

28.12
25'1 .98*

3.89
234.09*

3. 18
'1 02. 31 *
1 90.30*
29.77*
71 .99t,
2.86
4.73*
3.15
6.31*
5.41*

2

2

2

2

7

7

7

14
14

2103

217 0

* Significant al p-va1ue<0.01"
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Àppendix AC

KENDALLIS TAU-B COEFFICIENTS OF CONCORDANCE FOR THE
COMPONENTS OF RATE-REDUCING RESISTANCE FOR FIELD-GROWN

FÀBA BEANS INOCULATED WITH RUST RACE 4 IN 1983.

Components I

I

1\)
.Þ

I

Components FKN

FKN 1 .000

UDN

IT

ITR

LPs o

LPSM

RS

FRS

AUDPC

AIR

UDN IT

0.567** 2 0.439**

1 .000 0.4 1 0**

1 .000

ITR LPso LPSM

0.442** -0.627,t* -0.638**

0.529** -0.635** -0. 72S**

0.722*.,, -0.55f ** -0.396**
1 .000 -0.502,k,t _0.429**

rFKN = Number of flecks per sguare centimeter of Ìeaflet area
UDN = Number of uredinia per square centimeter of leaflet areaIT = Infection type
ITR = Range of infection types
LPso - Latent period (time atter inoculation until sporulation

on 50 % of uredinia)
LPSM = Standardized rust severity measure
RS = Meân rust severity
FRS = FinaI rust severity
AUDPC= Area under the disease progress curve
AIR = Apparent infection rate2Àsterisks (* ¿¡d **) indicate stabisticar significance at p-value<0.05 and p-value<0.01, respecbively.

1.000

RS

0.420**

0.507*'t

0 .642* *

0.746**

0.782** -0.561 ** -0.554** -0 .642*r, _0.493**

1 .000 -0.435** -0.457** -0.5S8** -0. 352

FRS AUDPC

0.457** 0.529**

0.442** 0.514*'r

0.563*'k 0.621**

0. 657** 0. 710**

1 .000

ÀIR

0.388**

0.424**

0. 547**

0.623**

0.674¡t* 0.717**

1.000 0.841**

1 .000

0 . 81 3*'t

0.674**

0.674**

1 .000



Appendix AI)

ÀNÀtysrs 0F vÀRrANcE IN I'HE NIfiBER OF FTECKS pER SQUARE
CENTIIIETER OF TEAFEET ÀREÀ FOR TEN FABÀ BEAN POPT'IÀTIONS

GROWN $TDER CONTROTTED ENVIRONTÍENT COIIDITIONS"

Source
Sum of Mean F

D.F. Squares Square value

Model 59 3 50 . B'1 b . 95 g .7 4r,Population 9 13.48 2.46*Race '1 17i .56 Zg1 .12*
Population X race 9 1j.70 Z.j3Stage 2 8.67 j.j1r,
PopulationXstage 18 b3.16 4.94*
Race X stage 2 23.04 1g.gg*
Population X race X stage 18 69.20 6.30*

Error 1 343 81 9.58 0.61

Total 1402 1 170.39

R2= 0.30
C.V.=116.00%

* Significant at p-value<O.01.
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Appendix AE

ANAIYSIS OF VÀRIÀNCE IN TTIE NTfiBER OF T'REDINIÀ PER SQUÀRE
CENTIMETER OF IEÀFIET AREÀ FOR TEN FABÀ BEÀN POPUIAÍIONS

GROI{N T'NDER CONTROIIED ENVIRONMENT CO}TDITIONS.

Source
Sum of

D.F. Squares
Mean

Square
F

value

Model
PopuJ.at i on
Race
Population X race
Sta ge
Population X stage
Race X stage
Population X race X stage

Error

Tota I

59
9
1

9
2

18
2

18

1 343

1 402

2333.86
1612,64

84. 58
52.16

108.13
1 58.02
1 50.63
167 .7 0

2185.30

451 9 .17

39.56

1 .63

R2= 0.52
C.Y .=70 .72%

24.31
110.12*

51 .98*
3. 56*

33.23*
5.40*

46.29*
5. 73*

* Significant at p-va1ue<0.01.
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Appenilix ÀF

ÀNALYSIS OF VARIANCE IN INFECTION TYPE FOR TEN FÀBÀ BEÀN
POPINATIONS GROM¡ IfiDER CONTROTIED EI{VIRONIÍENT CONDITTONS"

Sourc e
Sum of Mean F

D.F. Squares Square value

Model 59 1 64.88 2.79 6.12*Population 9 29.65 7.21*Race 1 12.46 27.29*Stage 2 14 .82 16 .22r,
Population X stage 18 43.36 S.Z7*
Race X stage 2 14.32 15.67*
Populat i on X race X stage '1 B 50 .Zj 4 . 0g*

Error 840 383.78 0.46

Tota1 899 548.66

R2= 0.30
C.Y .=29.91%

* Significant at p-value<O.01.
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Àppendix ÀG

ÀNÀLYSIS OF VÀRIANCE TN RåNGE OF INFECTION TYPE FOR TEN
FÀBA BEÀN POPUTåTTONS GRO}IN INDER CONTROIIED ENVIRON}ÍENT

CONDITIONS.

Sourc e D. F.
Sum of

Squa re s
Mean

Square
F

value

Model
Popula t i on
Race
Stage
Population X stage
Race X stage
Population X race X stage

Er ror

TotaI

59
9

1

2
'18

2

27

2726

2185

3396.32
507.1 5

1 046.50
273.51
334.01
528.37
7 06 .67

12901.508

16297,82

57.56

4.736

R2= 0.21
C.Y.=65.16%

12.16r,
'1 

1 .9'1 *
221 .12*
28.91*
3.92*

55.82*
5.53*

* Significant at p-value<0.01.
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Appendix ÀH

ANåIYSIS OF VARIANCE IN IATENT PERIOD FOR TEN T'ÀBA BEAN
POPT'IÀTIONS GROWN TNDER CONTROTTED EHVIRONMENT CONDITIONS.

Sourc e
Sum of Mean F

D.F. Squares Square value

Model 59 2364 .24 40 .07 85.37*Population 9 437.40 103.54*Race 1 75.40 160.64*
Population X race 9 73.61 17 .43*Stage 2 754.98 904.25*
Population X stage 18 442.47 52.37*
Race X stage 2 449.92 479.28*
Population X race X stage 18 130.44 15.44*

Error 2820 1323.62 O.Aj

Total 2879 3587.86

R2= 0.64
C.Y.=34.37%

* Signif icant at p-value<0.0'1 .
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Appendix ÀI

ÀNåtYsIs 0F VARIåNCE IN LPso FoR TEN FÀBÀ BEÀN PoPtttÀTIoNs
GROWN UIDER CONTROITED ENVIRONMENT CONDITIONS,

Sourc e D.F"
Sum of

Squares
Mean

Square
F

value

Model
Populat i on
Race
Population X race
Sta ge
Population X stage
Race X stage
Population X race X stage

Er ror

Tolal

59
9
'1

9

2

18

2

18

1465 .7 2
298 .1 6
34.13
85. 02

198.71
386.37
34i .28
'1 16. 06

1530.19

2995.91

24.84

0.6'7

R2= 0.49
C.V. =33 . 39%

37. 1 8*
49. 58*
51 .07*
14 .14

'148.69*

32.12t
259.86*

9. 65*

2290

2349

* Significant at p-value<0.01.
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Àppendix ÂJ

ÀNåIYSIS OF VARIANCE IN IPSM FOR TEN FÀBÀ BEAN POPUIATIONS
GROWT{ T'¡{DER CONTROIIED ENVIRON}IENT CONDITIONS.

Sourc e D.F.
Sum of

Squa res
Mean

Square
F

value

Model
Popula t i on
Race
Population X race
Sta ge
Population X stage
Race X stage
Population X race X stage

Er ror

Tota I

59
9
1

9
2

18
2

'18

1 493.80
281.39
40.39

1 00.54
1 86. 3s
394.80
360.49
129.84

3688.27

5182.07

25.32

r.bt

R2= 0.29
C.Y .=52.03%

15 .7 2*
1 9. 41*
25.08*
6.94*

57.85*
13.62*

111.9'1*
4.48*

2290

2349

* Significant at p-value<O.01.

-248-


