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INHERITANCE OF SEPTORIA LEAF BLOTCH RESISTANCE
AND THE POSSIBLE INFLUENCE OF HEADING DATE AND PLANT HEIGHT

ON DISEASE EXPRESSION IN A WINTER WHEAT CROSS

INTRODUCTION

Septoria leaf blotch of common wheat (Triticum aestivum L. em Thell)

caused by the fungus Septoria tritici Rob. ex Desm. (Sexual state

Mycosphaerella graminicola [Fuckel] Schroeter) is a major disease of wheat. In

many parts of the world it has the potential to build up epidemics to proportions

causing significant economic losses.

Both plant height and maturity are agronomic traits that are important in

breeding cultivars for specific environments or for certain management systems.

Earliness is a desirable trait in regions where low rainfall and other abiotic and

biotic factors late in the growing season adversely effect grain yield. Also in

production systems, such as multiple cropping, when several crops are grown

on the same land in a given year, early maturity is a critical factor. Dwarfness or

semidwarfness stature is also important in regions where irrigation or high

rainfall allows for the use of higher fertility rates. However, it has been

suggested that the widespread use of early maturing, semidwarf cultivars, and

the changes in cultural practices may have contributed to the incidence and

economic importance of Septoria leaf blotch.

The most economical method of disease control is through the

development of resistant cultivars. Unfortunately, information on the nature of

inheritance of resistance to Septoria leaf blotch is limited. Although no immunity
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to Septoria leaf blotch has been recorded in common wheat, sources of genetic

resistance have been reported within this species. Different modes of

inheritance of resistance to Septoria leaf blotch have also been suggested in the

literature. These range from simple Mendelian to complex quantitative

inheritance patterns. Resistance from several sources has been transferred

through hybridization and subsequent selection. However, failure to transfer

satisfactory levels of resistance suggests the existence of modifying genes or

other factors influencing disease expression or perhaps to some escape

mechanism, rather than true resistance.

Resistance to Septoria leaf blotch has been reported to be negatively

associated with short stature and early maturity. Although some studies

involving segregating populations of spring wheats have confirmed the reported

associations, genetic resistance also appears to be present.

The present study was undertaken to determine if genetic resistance per

se exists for Septoria leaf blotch between two genetically diverse winter wheat

selections. Information was obtained on the mode of inheritance of resistance,

and on the possible associations of maturity and plant height in influencing

disease severity.



3

LITERATURE REVIEW

The Disease and Its Causal Agent

Septoria leaf blotch (SLB) caused by the fungus Septoria tritici Rob. ex

Desm. (Sexual stage: Mycosphaerella araminicola [Fuckel] Schroeter) is a major

disease of wheat in many parts of the world. It is recognized as a wet weather

disease, as moisture is required in all phases of the disease cycle (Shaner and

Finney, 1976). According to Eyal et al. (1987) important epidemics of SLB have

occurred in high-rainfall regions in South America, and under specific weather

conditions in arid countries of the mediterranean region and Australia.

It is frequently stated in the literature that the importance of SLB of wheat

resulted from the widespread use and rapid replacement of local wheat cultivars

with susceptible, early-maturing, semidwarf cultivars (Eyal et al. 1973). Also

changes in cultural practices for the semidwarf plant type are thought to have

contributed to increasing the incidence and economic importance of this

disease in North Africa and the Near East (Stewart et al. 1972).

Septoria tritici is classified in the order Sphaeropsidales within the Class

Fungi Imperfecti. Its perfect stage, M. graminicola, is grouped in the Class

Ascomycetes, Subclass Loculoascomycetes, Order Dothideales and Family

Dothideaceae (Scharen and Sanderson, 1985).

The sexual stage of S. tritici was identified when cultured ascospores of

Mycosphaerella isolated from wheat stubble produced colonies typical of S.

tritici and induced SLB symptoms on wheat plants (Sanderson, 1972 and
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Sanderson and Hampton, 1978). The sexual stage has been reported to occur

in Australia, Brazil, the Netherlands, the United Kingdom, and the United States

of America; however, most disease symptoms and associated yield losses are

caused by the asexual form (Eyal et al. 1987). Conidia or pycnidiospores, the

asexual reproductive structures of S. tritici, are used as the inoculum source for

artificial inoculation in the majority of the studies reported in the literature.

Resistance to Septoria Leaf Blotch of Wheat

In general, host plants escape from diseases by either avoiding the

attack or through genetic resistance. Avoidance mechanisms -commonly

morphological traits- only reduce the chances of host-parasite contact.

Resistance allows the host to interfere with the normal growth and/or

development of the pathogen (Parlevliet, 1981).

Genetic resistance is the most economical way of disease control for field

crops. Finding sources of resistance and its incorporation into improved

cultivars is a high priority for most breeding programs. Currently, most high-

yielding bread wheat cultivars available for commercial production are

susceptible to SLB of wheat (Eyal et al., 1987).

As early as 1929, Mackie (1929) reported the absence of immune

reaction to SLB in common wheat; however, wheat populations with varying

levels of resistance have been observed by different researchers. Rosielle and

Boyd (1985) pointed out that resistance to this disease is easier to identify than

to Septoria glume blotch, a closely related disease caused by Septoria nodorum
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(Berk). In a review paper, Shipton et al. (1971) stated that heritable resistance

to S. tritici had been clearly demonstrated.

Mann et al. (1985) provided a list of sources of resistance. This list

includes the Russian winter wheats 'Aurora', 'Kavkaz' and 'Bezostaja 1'; the

spring wheats from South America 'IAS 55', 'IAS 58', 'IAS 62', 'IAS 63',

'PF70254', 'Maringa', 'Carazinho', 'Lagoa Vermelha', 'TZPP', 'CNT 7', 'CNT 8'

and 'Gaboto'; and spring wheats from the United States 'Chris', 'Era' and

'Frontana-Kenya x Newthatch'.

Resistance to SLB has also been reported among species and some

genera related to common wheat. Rosielle (1972) found resistant entries within

Triticum carthlicum, T. dicoccum, T. durum, T. polonicum, and T. pyrimidale.

Gui, et al (1975) reported immunity in many durum wheats and triticales. Using

several Triticum species, Brokenshire (1976) studied the incubation and latent

periods, pycnidia density on the flag leaf, and disease intensity on flag leaf, culm

and spike. He observed that the hexaploid wheats T. aestivum, T. spelta, and

T. compactum showed a more susceptible reaction to S. tritici than the

tetraploid species T. durum, T. polonicum, and T. timopheevi. The one

exception was a highly susceptible T. dicoccum entry.

Yechilevich-Auster et al. (1983) screened 22 T. monococcum boeticum

and 47 T. turgidum dicoccoides populations using a wide virulence spectrum of

S. tritici isolates. They found that only two T. monococcum boeticum entries

were susceptible, and that 25 T. turgidum dicoccoides entries were resistant to

all seven isolates used.
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Krupinsky, et al. (1977) evaluated a total of 6,161 wheats. Most of them

were common wheat, T. aestivum, populations, but some entries of T. durum, T.

timopheevi, T. spelta, T. dicoccum, T. dicoccoides, and T. aestivum spp.

compactum were also included. They reported 18 entries of T. aestivum, three

of T. timopheevi, and one each of T. spelta and T. dicoccum had 5% or less

necrosis after seedling inoculations with S. tritici.

Different results have been found when comparing resistance to SLB

among species. Eyal (1981) found a higher frequency of resistance in durum

wheats and triticales than in spring bread wheats. In Tunisia, it has been found

that several bread wheat cultivars were highly resistant, while few durum wheats

showed good levels of resistance (Ghodbane et al. 1976 and El Ahmed et al.

1984).

Eyal et al. (1987) stated that winter wheat populations tended to show a

wider distribution of resistance to SLB than spring wheats.

Resistance to S. tritici has been observed in Agropyron elongatum.

According to Rillo et al. (1970) a high level of resistance derived from A.

elongatum has been observed in true breeding Agrotricum lines. They reported

that crosses of the susceptible hexaploid wheat cultivar 'Riley' with Agrotricum

lines produced disomic addition lines which were cytologically stable, wheat-like,

and resistant at the seedling and mature plant stages. Factors conferring

resistance to S. tritici in A. elongatum were found to be located on

chromosomes I and VII (Gough and Tuleen, 1979). These researchers also

observed that a disomic line for chromosome VII in 'Chinese Spring' was the



7

most stable. They suggested that this line might facilitate efforts to transfer

resistance from A. elongatum to wheat.

Inheritance of Resistance to Septoria Leaf Blotch of Wheat

Varying levels of genetic resistance to SLB has permitted researchers to

study the modes of inheritance, and to transfer such resistance through

hybridization and subsequent selection to the resulting progeny.

Different modes of inheritance of resistance have been reported in the

literature among common and durum wheats. These range from simple

Mendelian inheritance to complex quantitative inheritance, with the genetic

variation involving both nonadditive and additive types of gene action.

Levels of resistance to SLB of wheat tend to follow a continuous scale;

therefore, in describing the nature of inheritance some relatively arbitrary cut-off

points to differentiate between resistance and susceptibility have had to be

established (Narvaez and Caldwell, 1957; Rillo and Caldwell, 1966; Rosielle and

Brown, 1979; Danon et al., 1982; Gough and Smith, 1985; and Wilson, 1985).

In the earliest report of inheritance of resistance to SLB found in the

literature, Mackie (1929), cited by van Ginkel (1986), reported that a single

recessive gene provided resistant plants in the F2 progenies of unidentified

progenitors.

Single dominant genes for resistance to SLB have been reported to be

present in the following wheat cultivars: 'Lerma 50' and 'P14' (Narvaez, 1957),

'Bulgaria 88' (Rillo and Caldwell, 1966), 'Veranopolis' (Rosielle and Brown, 1979
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and Wilson, 1979), 'Israel 493' (Wilson, 1979), 'Carifen 12' (Lee and Gough,

1984) and 'Vilmorin' (Gough and Smith, 1985).

Using five disease reaction classes, Narvaez (1957) concluded that

resistance in the winter wheat cultivar 'Nabob' appeared to be conditioned by

two independent genes, each lacking complete dominance, but with additive

effects.

Rillo and Caldwell (1966) observed that gene expression of resistance

coming from Bulgaria 88 varied from complete dominance to incomplete

dominance in a period of 7 to 10 days. They explained that the appearance of

some segregants with an intermediate disease reaction was due to the effect of

modifying genes.

Rosielle and Brown (1979) reported that resistance in the cultivar

'Seabreeze' was conditioned by at least three recessive genes as suggested by

the failure to recover resistance equivalent to that of Seabreeze in 91 F3 families.

In a study that included 28 sources of common wheat, Wilson (1985)

found the single dominant gene was the most common type of resistance.

However, he also found duplicate dominant genes and a single incomplete

dominant gene conditioning resistance. His results suggested a two-recessive

gene model for the cultivar Seabreeze previously studied by Rosielle and Brown

(1979).

Combining his results with previous works, Wilson (1985) proposed there

are at least three different genes for resistance to SLB. These were designated
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Slb1, Slb2, SIb3 for the genes in Bulgaria 88, Veranopolis and Israel 493

respectively.

The number of genes involved in the inheritance of resistance to SLB has

also been estimated using quantitative techniques. Assuming additive gene

action and the presence of modifying genes, Danon et al. (1982) reported that

resistance in winter and spring wheats appeared to be based on relatively few

genes. This study reported estimated number of segregating loci that ranged

from 0.1 to 4.3.

Diaz and Tavel la (1982) confirmed that inheritance of resistance in

Bulgaria 88 is controlled by a single dominant gene previously reported by Rillo

and Caldwell in 1966.

Some researchers have estimated the hypothetical minimum number of

genes acting in the wheat-S. tritici interaction using the computer program

genealogy. This approach assumes that the gene-for-gene system operates in

the host-pathogen interaction (Yechilevich-Auster et al. 1983; Eyal et al. 1985

and Sanderson et al. 1986). These researchers have obtained estimates that

vary from one to eight hypothetical genes.

According to van Ginkel (1986), the postulation of modifier genes, lack of

clear discrete classes in segregating populations, evidence of transgressive

segregation, disagreements on cut-off points and environmental sensitivity in the

majority of studies of inheritance, all indicate that the search for single genes

may be relatively ineffective. Assuming a more complex system as the cause of

varying levels of resistance, he suggested the use of techniques of quantitative
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analysis to obtain estimates of parameters and mechanisms that can be

manipulated by crossing and selection to raise the level of resistance to SLB in

wheat.

In durum wheats, results from generation mean analyses for 65 crosses

were reported by van Ginkel and Scharen (1987a). They found that 88% of the

variation was explained by models generally involving additive and dominance

gene effects. Epistatic gene effects were of minimal importance. Additive gene

effects were more important than dominance gene effects.

Analyses of variance for combining ability using the F1 and F2 generations

from 45 crosses, inoculated with eight isolates of S. tritici, were reported by van

Ginkel and Scharen (1988). These analyses showed general combining ability

to be the major component of variation; however, specific combining ability

effects were significant in several crosses.

The average number of genes involved in the expression of resistance to

SLB in 65 durum wheat crosses was estimated to be seven by van Ginkel and

Scharen (1987b).

Heritability of resistance to SLB was estimated by Rosielle and Brown

(1979) using spring bread wheats and the Standard Units Heritability Method.

They reported estimates of broad-sense heritabilities that ranged from 57 to

68% in three crosses. van Ginkel and Scharen (1987a) reported broad-sense

heritability estimates in durum wheats ranging from 0 to 78%, with an average of

38%. Based on the heritability estimates obtained, Rosielle and Brown (1979)
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and van Ginkel and Scharen (1987a) suggested that single plant selection for

resistance to SLB could be successful in increasing resistance in wheat.

When sources of genetic resistance have been identified, they have to be

transferred through hybridization and subsequent selection of progenies in

segregating populations. Rosen (1947) was the first to report increased levels

of resistance to SLB in wheat through selection following hybridization.

Resistance from Bulgaria 88 was successfully incorporated into lines

which were subsequently released as commercial winter wheat cultivars

(Patterson et al., 1974 and 1978). Rosielle and Brown (1979) commented that

resistance from Bulgaria 88 has not been recovered in progenies from crosses

to early maturing spring types.

Failure to transfer satisfactory levels of resistance to SLB in some crosses

might be due to the existence of modifying genes that affect the expression of

dominant genes for resistance (Eyal et al., 1987).

Association of Inheritance of Resistance to Septoria Leaf Blotch with Plant

Height and Heading Date

Sources of genetic resistance to SLB have been known and studied

since the 1920's; however, such resistance or perhaps an escape mechanism

has been reported to be associated with plant height and maturity.

In a publication that created controversy, Santiago (1970) cited by

Stewart et al. (1972), reported that the short-strawed, early maturing and high-

yielding Mexican wheat cultivars were more susceptible to SLB when compared



12

to the local bread and durum wheat cultivars with later maturity dates. This

report came from observations of naturally occurring epidemics of this disease

in Morocco and Tunisia. The association of resistance to SLB with plant height

and maturity has been studied using either cultivars or segregating progenies

from crosses between contrasting parents.

The expression and effectiveness of resistance to SLB in common wheat

cultivars and breeding lines was studied by Shaner et al. (1975) under naturally-

occurring severe epidemics of SLB. They distinguished two types of resistance.

One from the cultivar Bulgaria 88, which notably reduced the amount of pycnidia

produced by the fungus, and was also less affected by plant maturity. The

other type of resistance reduced the rate of disease development, but not the

amount of pycnidia. It was most notably expressed in the late maturing wheats.

Shaner et al. (1975) also commented that when compared to current cultivars,

those identified as resistant by Narvaez (1957) were observed to be extremely

late maturing in Indiana.

When searching for sources of resistance, Rosielle (1972) observed that

although some early maturing bread wheat entries showed slow pycnidia

production, they were subject to extensive leaf necrosis not observed in later

maturing bread and durum wheat cultivars.

Both short stature and early maturity were found to be associated with

susceptibility to SLB in a 25-cultivar yield trial carried out under naturally-

occurring epidemics over two years by Tavel la (1978). He reported that in 1972

the total amount of variation in disease reaction explained by plant height and



13

date of heading was 61 and 44 percent, respectively. The opposite occurred in

1976 when the incidence of SLB was extremely high; date of heading and plant

height explained 75 and 45 percent of the total variation in disease reaction,

respectively.

Spring bread wheat cultivars that matured earlier than 100 days after

seedling emergence, and had a height below 112 cm were reported by Eyal

(1981) to be more susceptible than later maturing and taller cultivars. He

pointed out that short statured cultivars with acceptable levels of resistance

were observed; however they tended to mature at least 115 days after seedling

emergence.

Diaz and Tavel la (1982) reported that in years when the environmental

conditions in Uruguay are highly conducive to the development of epidemics of

SLB, distinct differences in resistance appear to be associated with variation in

heading date and plant height.

Using segregating populations from crosses between resistant and

susceptible winter wheat cultivars, Scott et al., (1982) conducted a genetic study

of the association between plant height, heading date and resistance to S.

nodorum. Based on their results, they proposed polygenic control of resistance

and suggested pleiotropy to explain the genetic association with plant height

and heading date. However, they also inferred the existence of resistance

independent from plant height and heading date. This resistance was

suggested as a means to breed resistant cultivars of any height, though with

increasing difficulty as plant height is reduced.
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Scott and Benedikz (1985) studied the effect of the Rht-2 dwarfing gene,

and other minor genes affecting height, on resistance to the two Septoria

diseases of wheat. Out of thirteen F3 families from crosses between tall and

dwarf cultivars, twelve showed a negative correlation between height and

resistance to S. nodorum. A substantial amount of this resistance was reported

to be independent of plant height. They also reported a positive correlation

between resistance to S. nodorum and resistance to S. tritici; however, the

correlation between plant height and resistance to S. tritici was reported to be

non-significant. In regard to the relationship between resistance to Septoria leaf

blotch and Septoria glume blotch, Scharen, et al. (1985) reported that based on

percent of leaf necrosis caused by these diseases, resistance to them was

strongly associated when studied in 42 selected cultivars of wheat.

Negative associations between plant height and heading date with

Septoria scores were reported by Rosielle and Brown (1979). They mentioned

that although these results confirmed previous reports regarding these

associations, the correlation values they obtained were not high enough to

impede selection of resistant lines at varying levels of plant height and different

heading date.

Small negative phenotypic correlations between plant height and

resistance in F2 populations of several crosses were reported by Danon et al.

(1982). According to these researchers, the results obtained do not endorse

the hypothesis for linkage or pleiotropy between short plant height and

susceptibility to SLB. However, they proposed that a moderately negative
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phenotypic correlation between heading date and resistance might suggest

linkage between these two traits.

In summary, resistance to SLB of wheat conditioned by recessive,

dominant and partially dominant genes have been found. Polygenically

inherited resistance and additive gene action seem to be of greater importance.

Wild relatives of wheat may also provide resistance genes against this disease.

Associations between early maturity and short plant stature with susceptibility to

SLB does not appear to fully interfere with selection for these traits and

acceptable levels of resistance.
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MATERIALS AND METHODS

Nature of inheritance of resistance to Septoria leaf blotch (SLB) of wheat

has been reported to be associated with plant height and heading date. This

study was undertaken to evaluate these associations under field conditions at

Hyslop Agronomy Farm, near Corvallis, Oregon.

To accomplish this objective experimental populations consisting of two

parents, reciprocal F1, F2, F3 and backcrosses, were employed. The two

parental lines of winter wheat were II50-18/VGDWF/3/PMF, which is tall, late

and resistant, and SZ3423/BEZ.DW/ZG1477/3/NS2568-2 a short, early and

susceptible.

Initial crosses were made in the spring of 1984 with reciprocal crosses

and backcrosses (BC) made in the spring of 1985. Field evaluations were

conducted over a three year period with the parental lines and populations

representing F1 and F2 progenies planted in the fall of 1985.

During the second year (1986-87) in addition to the same populations

grown in 1985, reciprocal BC and F2 generations, and F3 lines were also grown.

Fifty F2 plants were randomly chosen after harvesting the 1985-86 experiment to

generate F3 lines.

In the third year (1987-88) the experimental material included the cultivar

'Stephens', the two parental lines and reciprocal populations of F2 progenies

and 100 F3 lines. In this experiment, the cultivar Stephens and the parental lines

were evaluated under both natural infection and fungicide protected conditions.
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A single isolate of S. tritici collected on the cultivar Stephens in spring

1985 was used as the source for artificial inoculations. This isolate was selected

because it produced extreme necrosis on the susceptible parental line under

greenhouse conditions.

Field Work

A randomized block design was employed for all field experiments. In

1985 four replications were used; however the number was reduced to three for

both 1986-87 and 1987-88 growing seasons. Experimental plot size varied

according to the materials tested. Single-row plots were used for parents, the

cultivar Stephens, F., progenies and F3 lines; two-row plots for backcross

populations; and ten-row plots for F2 progenies, except in 1987 when five-row

plots were used.

Rows in the 1985-86 and 1986-87 experiments were sown using 10

seeds per row. Fifteen seeds were planted per row in the 1987-88 experiment.

In all experiments, the distance between rows and plants within rows was 30

cm.

At the Hyslop Farm, the soil type is classified as a Fine Silty Mixed Mesic

Aquultic Argixerol. Before planting, a total of 40 kg/ha of nitrogen and 6 kg/ha

of sulfur were applied. In early spring, 100 kg/ha of nitrogen were broadcasted

as Urea. Weeds were controlled using the herbicides diuron (Karmex) and

chlorosulfuron (Finess) at a rate of 725.8 and 11.9 g of a.i./ha respectively.
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Both S. tritici and a. nodorum, and their perfect stages have been

observed to occur at Hyslop Field Laboratory (Scharen, A. L., USDA-ARS,

Montana State University, personal communication). Thus, starting in the early

spring all field experiments were sampled weekly to determine which Septoria

species was present. Microscope observations only identified pycnidia bearing

spores of S. tritici at all sampling dates.

Weekly observations showed that in the spring of both 1986 and 1988

the vertical movement of the natural epidemic of SLB was interrupted. Low

temperatures and/or lack of precipitation registered in early spring as noted in

climatological data (Appendix Table 1) may have been responsible for the

interruption. In the 1985-86 and 1987-88 experiments, most of the susceptible

short statured progenies, the susceptible parent, and the check Stephens

showed only trace infections on the second leaf below the flag leaf at the

booting stage. The natural vertical movement of the disease was not

interrupted in the 1986-87 experiment. The epidemic had reached the upper

three leaves in most of the materials by the time the susceptible check Stephens

headed on May 27.

Artificial inoculations were carried out using spore suspensions of S. tritici

adjusted to 1x106 spores/ml. Maintenance of cultures, production of inoculum

and inoculation procedures were carried out following recommendations by Eyal

et al., (1987).

Three inoculations were made in the 1985-86 and 1987-88 experiments.

These were started when the earliest parent had headed, and the late parent
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and progenies were at early boot stage. The two additional inoculations were

sprayed on the experiment at weekly intervals. To avoid plants escaping

exposure to the pathogen, one inoculation was applied in the 1986-87

experiment after all populations had headed.

Also, to avoid interruptions in the development of SLB epidemics, plots

were sprinkle-irrigated after inoculations when precipitation did not occur for two

consecutive days. This practice was carried out in each year the study was

conducted.

Collection of Data

The following data were collected on all individual plants available in each

plot:

1) Heading Date: Days after the first of January. Recorded when the

first spike completely emerged from the boot on a per plant basis.

2) Disease Severity: The intensity of symptoms of SLB were assessed

as the percentage of area covered with lesions bearing pycnidia in the flag leaf

of the main tiller. Assessment was conducted when the plants were between

the medium milk and the early dough stages of kernel development.

3) Plant Height: Recorded on the main tiller at complete maturity from

the ground to the base of the flag leaf in cm.

4) Grain Yield: Recorded in grams per plant.
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Statistical and Genetic Analyses

For every trait measured each year, an analysis of variance was

computed to compare parents and progenies performance on a mean plant per

plot basis. Progenies within reciprocal crosses were pooled to study the

possibility of cytoplasmic effects.

Gene action was studied utilizing generation mean analysis. First an

additive-dominance model was tested, which was followed by the estimation of

the components of generation means according to the procedures presented by

Mather and Jinks (1982).

Broad-sense heritabilities were estimated for disease severity, plant

height, heading date and grain yield using three methods:

I) indirect estimates of environmental variation,

II) parent-progeny regression coefficient, and

Ill) parent-progeny correlation coefficient.

The estimate from method I was computed according to the procedure

outlined by Allard, 1960. Basically, this method consists in estimating

environmental variation as the mean variance of the available nonsegregating

populations. The following is the computation formula:

HB = (VP - VE) /VP; where

VP = phenotypic variance = VF2 = variance of the F2.

VE = environmental variance = mean variance of nonsegregating

populations.
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Method II consists of regressing the mean of the progenies on their

respective parents. The application of this method is discussed by Fehr (1987).

Method III consists of computing the correlation of the performance of

the parents with that of their progenies. This method is a parent-progeny

regression on data coded in terms of standard deviation units (Frey and Horner,

1957).

The associations of disease severity with heading date and plant height,

and grain yield with disease severity, heading date and plant height were

studied using regression techniques.

Path coefficient analysis (Li, 1956 and Kempthorne, 1973) was used to

further analyze the direct and indirect effects of heading date and plant height

on disease severity, as well as direct and indirect effects of disease severity,

heading date and plant height on grain yield.



RESULTS

Results will be presented for each of the three years. They include

differences observed among and between populations, information on the

nature of inheritance and the possible associations of disease severity with

heading date and plant height. Information will also be presented for the

possible associations of disease severity, heading date and plant height with

grain yield.

Analysis of Variance

1985-1986 EXPERIMENT

.4
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Differences among generations were observed for the three variables

measured (Table 1). The coefficients of variation were large for disease severity

(44.18%), and low for heading date (1.65%) and plant height (2.92%).

The mean values and protected LSD multiple comparisons for parents

and five resulting populations are shown in Table 2. In comparing population

means, parental lines exhibited the most contrasting differences for all variables

measured. Disease severity mean values ranged from 0.2% for the resistant

parent (P1) to 73.3% for the susceptible parent (P2). The latter mean value was

different from other entry means. No differences in the mean values were found

between P1 (0.2%), BC1 (2.2%) and F1 (4.5%). These generations did differ

from the F2 and backcross to P2 (BC2), where disease severity mean values

were 22.2% and 22.3%, respectively.
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Table 1. Observed mean squares and coefficients of variation for disease
severity, heading date and plant height to compare six generations
grown at Hyslop Agronomy Farm in the 1985-1986 growing season.

S of V D.F. Disease
severity

(%)

Heading
date
(days)

Plant
height
(cm)

Block 3 79.249 3.244 17.389

Generation 5 2389.421** 59.215** 435.984**

Error 13 65.297 5.630 3.710

Coefficient
of variation (%) 44.18 1.65 2.92

* significant at the 0.05 probability level.
** significant at the 0.01 probability level.

Table 2. Mean values for disease severity, heading date and plant height
observed in six generations grown at Hyslop Agronomy Farm in the
1985-1986 growing season.

Disease
severity

(%)

Heading
date
(days)

Plant
height
(cm)

P2* 73.3 a 138.3 de 49.0 e

BC2 22.3 b 140.7 cde 56.3 d

F2 22.3 b 141.5 cd 63.7 c

F1 4.5c 143.5 be 65.7c
BC1* 2.2 c 146.5 ab 74.5 b

P1 0.2 c 149.5 a 80.7 a

* entries having one missing replication.
Note: means in the same column having at least one letter in common are not
significantly different.



24

Mean values for heading date ranged between 138.3 days for P2 to 149.5

days for P1. The mean heading date for P, differed from the other entries with

the exception of the BC,. The susceptible parent (P2) had the earliest heading

date, however, it was not different from the BC2 and F2 generations. F, and F2

progenies had similar heading date with both being different from Pi and P2.

The 143.5 day-to-heading mean value of the F, coincided with the midparent

value. The BC, progeny had a mean heading date value of 146.5 days which

was not different from those of the P, and F1. A mean value of 140.7 days to

heading was observed for BC2 which did not differ from the mean of the P2, F2

or Fl.

Mean values for plant height ranged from 49.0 cm for the susceptible

parent (P2) to 80.7 cm in the resistant parent (PO. Differences in plant height

were observed for most entries except between the F, and F2 populations. The

F, had a mean value of 65.6 cm which coincides with the midparent value.

Mean values for the backcross progenies favored their respective parents;

however, in both situations differences with parents were noted.

Generation Mean Analysis

With differences being observed between populations, a generation mean

analysis was performed to determine the nature of gene action controlling the

variables studied.

The assumption of an additive-dominance model was first tested using

generation means for three comparison groups. These comparison groups (A,
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B and C) are commonly referred to as Scaling Tests for the absence of

epistasis. They included the mean values of the six generations available (P1,

P2, F1, F2, BC1 and BC2). A significant deviation from zero detected for any of

these comparison groups indicates the presence of non-allelic interactions or

epistasis influencing the expression of a trait or variable.

It can be observed in Table 3 that comparisons 'A' for disease severity,

'C' for heading date and 'A', 'B' and 'C' for plant height deviated significantly

from zero. These results provide evidence of the presence of non-allelic

interactions effecting the expression of these variables, and make any exacting

conclusion regarding the relative importance of the nature of gene action

(additive or dominance) questionable.

With the above restriction in mind, the results from the scaling tests were

further analyzed by estimating the magnitude and significance of the different

genetic components of generation means (additive [d], dominance [h], additive

x additive [i], additive x dominance [j] and dominance x dominance [I] types of

gene action). It can be observed in Table 4, that additive genetic effects [d]

were significant for disease severity (37.43), heading date (5.75) and plant

height (15.75). However, the dominance effects [h] were larger and significant

for disease severity (-163.71) and plant height (72.40), but not for heading date

(14.78).

Dominance effects [h] are negative for disease severity and positive for

plant height. These results indicate that, on the average, genes reducing
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Table 3. Comparison of generation means within groups A, B and C, and
associated standard errors to test an additive-dominance gene-action
model for the control of the expression of disease severity, heading
date and plant height. Data collected from six generations grown at
Hyslop Agronomy Farm in the 1985-1986 growing season.

Comparison group)

A B C

Disease severity -35.78"

10.26

0.13

1.76

11.66

10.99Standard error

Heading date -0.88 0.72 -8.14**

Standard error 2.09 2.02 2.37

Plant height 62.37** 56.88** 113.28**

Standard error 3.45 3.35 3.90

** significantly different from zero at the 0.01 probability level.

1/ A = 281-P1-F1, B = 282-P2-F1 and C = 4F2-2F1-P1-P2.
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Table 4. Estimates of the additive [d], dominance [h] and epistatic [i, j, and I]
genetic effects for disease severity, heading date and plant height,
and corresponding standard errors. Data collected from six
generations (P1, P2, Fl, F2, BC, and BC2) grown at Hyslop Agronomy
Farm in the 1985-1986 growing season.

Estimate
Disease
severity

(%)

Heading
date

(days)

Plant
height
(cm)

mV 84.89* ± 10.92 135.76* ± 2.96 59.06* ± 4.96

[d] 37.43* ± 3.85 5.75* ± 0.61 15.75* ± 0.90

[h] -163.71* ± 28.06 14.78 ± 8.23 72.40* ± 13.77

[i] -47.32* ± 10.22 7.98 ± 2.90 5.77 ± 4.87

uj -35.91* ± 10.31 -1.61 ± 2.75 5.69 ± 4.52

[I] 82.97*± 17.31 -7.83 ± 5.47 -124.82* ± 9.16

* significantly different from zero at the 0.05 probability level.
1/ m is a constant depending on the action of genes not under consideration

and of non-heritable factors.
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disease severity are dominant to genes increasing disease severity, while genes

increasing plant height are dominant to genes reducing plant height.

According to the model used, the higher absolute value estimated for the

dominance effects [h], compared to that of the additive effects [d], suggests the

presence of overdominance genetic effects for disease severity and plant height.

Additive x additive epistatic effects [i] (-47.32), and additive x dominance

epistasis [j] (-35.91) were significant only for disease severity. Dominance x

dominance epistasis [I] was significant for disease severity (82.97) and plant

height (-124.82).

As observed from the magnitude of the different types of interaction effects,

dominance x dominance epistatic effects seem to be the most important type of

non-allelic interaction. It should also be noted that although none of the

individual types of interaction were significant for heading date, the presence of

non-allelic interactions had already been detected by the significance of the 'B'

comparison of generation means in the Scaling Tests.

As far as any classification of interactions is concerned, the difference in sign

between [h] and [I] is an indication of the presence of duplicate types of

interaction for disease severity and plant height.

Heritability

Broad-sense heritability estimates were computed for disease severity,

heading date and plant height using the indirect estimates of environmental

variation (Method I) according to the formula given in the Materials and
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Methods. The phenotypic variances of P1, P2, F1 and F2, which were involved in

computing the estimates are presented in Appendix Table 2.

Estimates of broad sense heritability were relatively high being 0.64 for

disease severity, 0.71 for heading date and 0.75 for plant height.

Association of Disease Severity with Heading Date and Plant Height

Individual F2 plants were employed to study the direct and indirect

associations of disease severity with heading date and plant height. The

phenotypic correlation coefficient (r), accompanying coefficient of determination

(r2), and direct and indirect effects of the causal factors, heading date and plant

height, on disease severity are presented in Table 5.

A significant association between disease severity and heading date was

indicated by an r = -0.56. Although significant, the association between disease

severity and plant height had a lower value of r = -0.45. Heading date and

plant height showed a significant correlation of r = 0.32.

Path-coefficient analysis indicated that the total phenotypic correlation

between disease severity and heading date resulted from a -0.46 direct effect of

heading date, and a -0.10 indirect effect of heading date via plant height. The

phenotypic correlation between disease severity and plant height was made up

by a -0.30 direct effect, and a -0.15 indirect effect of plant height via heading

date.

Accompanying r2 values suggest that heading date and plant height

individually explained only 31% and 20%, respectively, of variation in disease
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Table 5. Direct and indirect effects from path coefficient analysis to study the
association of disease severity with heading date and plant height,
using F2 plants grown at Hyslop Agronomy Farm in the 1985-1986
growing season.

Indirect effects Coefficient
Causal Total Direct Plant Heading of
factor correlation effect height date determination

Heading date -0.56** -0.46 -0.10 0.31

Plant height -0.45** -0.30 -0.15 0.20

Coefficient of multiple determination, R2 = 0.39.
Correlation between heading date and plant height, r = 0.32**.
Total number of observations, n = 203.
** significant at the 0.01 probability level.
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severity. The coefficient of multiple determination (R2) indicates that plant height

and heading date jointly explained only 39% of the total variation in disease

severity.

1986-1987 EXPERIMENT

Reciprocal crosses were made between P1 and P2. When P1 was used

as the female parent the cross is identified as P1xP2 and the respective

progenies as F1, F2, BC1, BC2 and F3. For the reciprocal cross with P2 as the

female parent the cross is referred to as P2xP1 and the respective reciprocal

progenies noted as RF1, RF2, RBC1, RBC2 and RF3.

Analysis of Variance

In contrast to the 1985-86 experiment, grain yield was added as an

additional variable this year. Data were obtained from the F1, F2, BC1, BC2 and

reciprocal progenies (RF1, RF2, RBC1 and RBC2) for each variable. No

significant differences between reciprocal crosses for any of the variables were

observed (Table 6). The coefficients of variation were high for disease severity

(33.00%) and grain yield (22.19%), being low for heading date (0.75%) and plant

height (2.72%).

Differences between generations were observed for all variables (Table

7). Relatively high coefficients of variation were observed for disease severity

(26.45%) and grain yield (22.89%), while lower values were noted for heading

date (0.73%) and plant height (2.92%).
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Table 6. Observed mean squares and coefficients of variation for disease
severity, heading date, plant height and grain yield to compare
reciprocal crosses and generations within crosses when grown at
Hyslop Agronomy Farm in the 1986-1987 growing season.

S. of V. d.f. Disease Heading Plant Grain
severity date height Yield

(%) (days) (cm) (g)

Block 2 650.255 0.179 49.954 173.109

Reciprocal 1

cross
110.897 2.877 9.226 0.832

Generations 6
within cross

3233.900** 21.722** 231.379** 127.629*

Error 14 133.825 0.903 6.195 56.406

Coefficient
of variation (%) 33.00 0.75 2.72 22.19

* significant at the 0.05 probability level.
** significant at the 0.01 probability level.
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Table 7. Observed mean squares and coefficients of variation for disease
severity, heading date, plant height and grain yield to compare eleven
generations grown at Hyslop Agronomy Farm in the 1986-1987
growing season.

S. of V. d.f. Disease Heading Plant Grain
severity date height yield

(%) (days) (cm) (g)

Block 2 637.965 0.571 57.341 191.031

Generation 10 3686.256** 39.444** 380.698** 180.452**

Error 20 112.267 0.851 6.904 50.718

Coefficient
of variation (%) 26.45 0.73 2.92 22.89

* significant at the 0.05 probability level.
** significant at the 0.01 probability level.
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In Table 8 mean values and protected LSD multiple comparisons for the

two parents and their progenies are presented. The parents (P1 and P2)

showed the most extreme mean values for disease severity, heading date and

plant height. Extremes for grain yield were found with the Fi having the highest

value and P2 the lowest.

Four groups can be identified based on differences between mean values

for disease severity. The first group consists of P2 only with an observed

disease severity mean value of 99.8%. The second group is composed of the

RBC2, BC2, F2 and F3 generations, which had disease severity mean values of

74.4%, 69.7%, 64.6% and 60.3%, respectively. A third group is formed by the

RF2 (30.0%), RF, (26.3%) and the Fi (13.3%). The Fi population did not differ

from the group having the lowest disease severity means, which involved the

BC1, RBC, and P,, with mean values of 1.3%, 0.9% and 0.1%, respectively.

The latest entry to head was the resistant parent (P1) which exhibited a

mean of 132.8 days. Backcrosses to Pi formed a second late heading group

with mean values of 130.2 days for BC1 and 130.4 days for RBCi. Heading

date mean values of 126.9, 126.5, 127.3 and 127.7, were obtained for the F,,

RF2, F3 and F2 generations, respectively, and represented a third group. The

RE, had a heading date mean value of 126.0 days not different from the 126.9

days for the F.,. Parent 2, the earliest heading population, had a mean of 119.7

days which was different from all other entries. The backcross to P2 (RBC2)

was also early at 123.4 days followed by BC2 at 124.2 days.
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Table 8. Mean values per plant for disease severity, heading date, plant height
and grain yield observed in two parental lines and nine progenies
grown at Hyslop Agronomy Farm in the 1986-1987 growing season.

Generations
Disease
severity

(%)

Heading
date

(days)

Plant
height
(cm)

Grain
yield
(g)

P2 99.8 a 119.7f 68.1 e 16.2d

RBC2 74.4 b 123.4 e 82.4 d 29.2 be

BC2 69.7 b 124.2 c 82.6 d 28.3 bcd

F2 64.6 b 127.7 c 85.5 d 24.8 cd

F3 60.3 b 127.3 cd 83.0 d 23.2 de

RF2 30.0 c 126.6 cd 91.3 c 33.0 abc

RF, 26.3 c 126.0 d 94.5 c 36.0 abc

F1 13.3 cd 126.9 cd 90.6 c 42.2 a

BC., 1.3 d 130.2 b 104.8 ab 39.3 ab

RBC1 0.9 d 130.4 b 100.4 b 38.0 ab

P1 0.0 d 132.8 a 106.0 a 32.0 abc

LSD (cc = 0.05) 18.0 1.6 4.5 12.1

Note: means in the same column having at least one letter in common are not
significantly different.
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Parent 1 with a plant height mean value of 106 cm was the tallest

generation while P2 with 68.1 cm was the shortest. Based on differences, three

plant height groups were observed between the extreme values observed for

the parental lines. The RBC, at 100.4 cm was similar to BC, at 104.8 cm.

Mean values of 90.6 cm for the F1, 94.5 cm for the RF, and 91.3 cm for the RF2

can be identified as a different group. The last plant height group is formed by

the F3, F2, BC2 and RBC2 which had mean values of 83.0, 85.5, 82.6 and 82.4

cm, respectively.

The magnitude of the differences among entries for grain yield were less

than for the other variables measured. The F, generation had the highest grain

yield mean value of 42.2 g. There were no differences between the grain yield

mean values for P1, RBC,, BC1, RF,, RF2, BC2 and RBC2. Grain yield means of

28.3 g for BC2 and 29.2 g for RBC2 were different from the F,. Parent 2 had

the lowest grain yield mean value (16.2 g) which was similar to the BC2, F2 and

F3 progenies.

A separate analysis of variance was computed to compare F3 lines.

Results from each analysis indicated differences existed among lines for all

variables studied (Table 9). The coefficients of variation were large for disease

severity (22.31%) and grain yield (23.97%), and low for heading date (1.76%)

and plant height (8.18%).

Since differences existed among generations, it was possible to study the

type of gene action involved in the expression of disease severity, heading date,

plant height and grain yield, by using a generation mean analysis. Similarly,
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Table 9. Observed mean squares and coefficients of variation for disease
severity, heading date, plant height and grain yield to compare 50 F3
lines grown at Hyslop Agronomy Farm in the 1986-1987 growing
season.

S. of V. d.f.

Block 2

F3 49

Error 96

Disease
severity

( %)

7673.341

2978.457**

178.445

Coefficient
of variation (%) 22.31

Heading
date

(days)

Plant
height
(cm)

Grain
yield
(g)

26.795 13.094 243.777

89.840** 250.523** 102.110**

5.021 45.980 30.280

1.76 8.18 23.97

** significant at the 0.01 probability level.
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differences among F3 lines made it possible to determine the association of

disease severity with heading date and plant height, as well as the associations

of disease severity, heading date and plant height with grain yield.

Generation Mean Analysis

After finding differences between populations derived from the P1xP2

cross, a generation mean analysis was carried out as in the previous year.

However, the availability of the F3 generation mean value allowed for an

additional comparison group (D) to be included for this year.

Results presented in Table 10 show that significant deviations from zero

were detected for at least one comparison group for every variable. Thus,

comparison groups 'A', 'B' and 'C' for disease severity, 'C' for heading date, all

four groups for plant height and 'C' for grain yield indicated that genetic

interactions were significant in the expression of these variables. These results

bring into question any conclusion regarding the absolute values of additive or

dominance gene action.

Having the previous restriction in mind, the generation means were

further analyzed, and the magnitude of the types of gene action estimated.

Table 11 shows that additive gene effects [d] were significant for disease

severity (49.88), heading date (6.59), plant height (18.90) and grain yield (8.33).

However, the dominance effects [h] were significant and of a larger absolute

magnitude than the additive effects for disease severity (-250.82), plant height

(85.29) and grain yield (87.87), but not heading date (0.03).
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Table 10. Comparison of generation means within groups A, B, C and D, and
associated standard errors to test an additive-dominance gene-action
model for the control of the expression of disease severity, heading
date, plant height and grain yield. Data collected from seven
generations grown at Hyslop Agronomy Farm in the 1986-1987
growing season.

Generation mean group)

A

Disease severity 28.59** -11.19** 133.13** 12.44

Standard error 9.76 3.58 11.27 6.42

Heading date 1.05 1.78 4.61** 1.21

Standard error 1.24 1.11 1.66 1.32

Plant height 12.24** 6.53** -12.72** -13.15**

Standard error 2.94 2.30 3.26 3.15

Grain yield 2.96 -0.68 -32.41** -6.51

Standard error 7.43 5.86 9.99 4.16

** significantly different from zero at the 0.01 probability level.

1/ A = 2B1-P1-F1, B = 2B2-P2-F1, C = 4F2-2F1-P1-P2 and D = 4F3-2F2-P1-P2
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Table 11. Estimates of the additive [d], dominance [h] and epistatic [i, j, and I]
genetic effects for disease severity, heading date and plant height,
and corresponding standard errors. Data collected from seven
generations (P1, P2, F,, F2, BC1, BC2 and F3) grown at Hyslop
Agronomy Farm in the 1986-1987 growing season.

Estimate
Disease
severity

(%)

Heading
date

(days)

Plant
height
(cm)

Grain
yield
(gr)

mJ 165.66*± 12.88 127.97*± 2.04 55.51*± 4.18 -9.92*± 7.34

[d] 49.88*± 0.09 6.59*± 0.35 18.90*± 0.82 8.33*± 1.73

[h] -250.82*± 33.18 0.03 ± 5.28 85.29* ± 11.23 87.87*± 21.13

[i] -115.73*± 12.88 -1.78 ± 2.00 31.50* ± 4.10 34.69*± 7.13

[i] 39.78*± 9.22 -0.73 ± 1.61 -5.71* ± 3.62 -3.64*± 7.17

[I] 98.33*± 21.62 -1.05 ± 3.35 -50.28* ± 7.25 -36.98*± 16.04

* significantly different from zero at the 0.05 probability level.
1/ m is a constant depending on the action of genes not under consideration

and of non-heritable agencies.
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Dominance effects [h] were negative for disease severity and positive for

plant height and grain yield. This indicates that, on the average, alleles reducing

disease severity as well as those increasing plant height and grain yield are

dominant.

The higher absolute values estimated for the dominant effects [h]

compared to those for the additive effects [d] suggest the presence of

overdominance genetic effects for disease severity, plant height and grain yield.

All epistatic effects were significant for disease severity, plant height and

grain yield. Additive x additive epistasis [i] had estimated values of -115.73,

31.50 and 34.69 for disease severity, plant height and grain yield, respectively.

Additive x dominance epistasis [j] had values of 39.78 for disease severity, -5.71

for plant height and -3.64 for grain yield. Estimated values for dominance x

dominance epistasis [I] were 98.33, -50.28 and -36.98 for disease severity, plant

height and grain yield, respectively.

Somewhat different from the previous year's results, the relative

importance of the additive x additive and dominance x dominance types of non-

allelic interaction did not play as great a role.

Results for heading date were similar to those obtained in 1985-1986.

None of the individual interactions were significant. However, their presence

was detected by the 'C' Scaling Test.

In regard to the classification of interactions, the difference in sign

between [h] and [I] is an indication of the presence of duplicate types of

interaction for disease severity, plant height and grain yield.
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Heritability

Three methods were used to obtain broad-sense heritability estimates for

the variables measured and are presented in Table 12. Phenotypic variances

used for method I are presented in Appendix Table 2. With this method,

estimates varied depending mainly on the direction of the cross from which the

F1 and F2 populations were derived. Heritability estimates from this method for

PixP2 and P2xPi were, respectively, 0.92 and 0.75 for disease severity, 0.85 and

0.78 for heading date, 0.76 and 0.36 for plant height, and 0 and 0.28 for grain

yield.

Estimates of broad-sense heritability using methods II and Ill, and F2 and

F3 populations derived from the PixP2 cross were obtained for disease severity,

heading date and plant height only. These were not estimated for grain yield

because this variable was not measured in the F2 parental plants grown the

previous year. Heritability estimates from method II were 0.69 for disease

severity, 0.94 for heading date and 0.56 for plant height. Using method Ill

heritability estimates for disease severity, heading date and plant height were

0.57, 0.78 and 0.54, respectively.

Coefficients of determination (r2) accompanying estimates from methods

II and Ill were low for disease severity (0.33) and plant height (0.29), and

relatively high for heading date (0.60).
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Table 12. Broad-sense heritability estimates for disease severity, heading date,
plant height and grain yield obtained using populations derived from
the crosses (P1 x P2) and (P2 x P1), and three methods of estimation.
Populations grown at Hyslop Agronomy Farm in the 1986-1987
growing season.

Disease
Method'/ Cross severity

Heading
date

Plant
height

Grain
yield

I P1xP2 0.92 0.85 0.76 0.00

I P2xP1 0.75 0.78 0.36 0.28

II P1xP2 0.69 ± 0.08 0.94 ± 0.06 0.56± 0.07 -.-

Ill P1xP2 0.57 0.78 0.54

Coefficient of
determination (r2) 0.33 0.60 0.29

1/ Method I (indirect estimates of environmental variation), method II (parent-
progeny regression coefficient) and method Ill (parent-progeny correlation
coefficient).
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Association of Disease Severity with Heading Date and Plant Height

F3 lines were employed to study the direct and indirect associations of

disease severity with heading date and plant height. The direct and indirect

effects of the causal variables (heading date and plant height) on disease

severity, the phenotypic correlation coefficients (r), the coefficients of

determination (r2) and the coefficient of multiple determination (R2) are

presented in Table 13.

A negative correlation coefficient was observed for the associations

between disease severity and heading date (r = -0.75) and plant height

(r = -0.34). A nonsignificant correlation (r = 0.06) was observed between

heading date and plant height.

Path-coefficient analysis indicated that the direct effect of heading date on

disease severity (-0.73) explained a greater proportion of the total correlation

between these variables ( r = -0.75). Similarly, the total correlation between

plant height and disease severity ( r = -0.34) was largely explained by the direct

effect of plant height (-0.30).

Since a low and nonsignificant correlation was found between heading

date and plant height, the indirect effects can be regarded as not being

important in contributing to the associations.

The phenotypic correlation between heading date and disease severity

was accompanied by a coefficient of determination of r2 = 0.56, while an r2

value of 0.12 accompanied the correlation between plant height and disease

severity. Plant height and heading date as independent variables in the
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Table 13. Direct and indirect effects from path coefficient analysis to study the
association of disease severity with heading date and plant height,
using F3 lines grown at Hyslop Agronomy Farm in the 1986-1987
growing season.

Indirect effects Coefficient
Causal Total Direct Plant Heading of
factor correlation effect height date determination

Heading Date -0.75** -0.73 -0.02 0.56

Plant Height -0.34" -0.30 -0.04 0.12

Coefficient of multiple determination, R2 = 0.65.
Correlation between heading date and plant height, r = 0.06.
Total number of observations, n = 144.
** significant at the 0.01 probability level.
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regression analysis explain 0.65 of the total variation in disease severity as

indicated by the coefficient of multiple determination (R2).

Figures 1 and 2 show scatter plots for the relationship between plant

height and disease severity, and heading date and disease severity,

respectively. The coefficients of determination (r2), suggest that a considerable

amount of variation in disease severity was not explained by either the variation

in plant height or heading date. These figures indicate that F3 lines having the

same plant height or heading date have varying levels of disease severity.

Associations of Disease Severity, Heading Date and Plant Height with Grain

Yield

Associations of disease severity, heading date and plant height with grain

yield were also studied using F3 lines. The phenotypic correlation coefficients

(r), accompanying coefficients of determination (r2), the direct and indirect

effects of the causal factors, and the coefficient of multiple determination (R2)

are presented in Table 14.

Although the total correlation between disease severity and grain yield

was not significant, results from path-coefficient analysis suggest that the

correlation of r = -0.12 was the result of the direct effect of disease severity

(-0.42), which is cancelled out by the positive indirect effect of disease severity

via heading date (0.42). The correlation between heading date and grain yield

of r = -0.22 can be explained by the direct effect of heading date (-0.56). Plant

height and grain yield had a correlation of r = 0.46 which was made up by a
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Figure 1. Scatter plot for the association between plant height and disease
severity in F3 lines grown at Hyslop Agronomy Farm in the 1986-1987
growing season.
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Figure 2. Scatter plot for the association between heading date and disease
severity in F3 lines grown at Hyslop Agronomy Farm in the 1986-1987
growing season.



Table 14. Direct and indirect effects from path coefficient analysis to study the effect of disease severity,
heading date, and plant height on grain yield using F3 lines grown at Hyslop Agronomy Farm in
the 1986-1987 growing season.

Causal
factor

Total
correlation

Direct
effect

Indirect effects Coefficient
of

determination
Heading

date
Plant
height

Disease
severity

Disease
severity

-0.12 -0.42 0.42 -0.12 0.01

Heading
date

-0.22** -0.56 0.02 0.32 0.05

Plant
height

0.46** 0.35 -0.03 0.14 0.21

Coefficient of multiple determination, R2 = 0.34.
Correlation between disease severity and heading date, r = -0.75**.
Correlation between disease severity and plant height, r = -0.34**.
Correlation between heading date and plant height, r = 0.06.
Total number of observations, n = 144.
** significant at the 0.01 probability level.
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0.35 direct effect of plant height, and an indirect effect of 0.14 via disease

severity.

Coefficients of determination (r2) associated with the correlations of grain

yield with disease severity, heading date and plant height were 0.01, 0.05 and

0.21, respectively. A coefficient of multiple determination of R2 = 0.34 was

observed when all causal variables were included in the regression model to

explain the variability in grain yield.

1987-1988 EXPERIMENT

Analysis of Variance

Analysis of variance for disease severity, heading date, plant height and

grain yield indicated the presence of differences among populations (Table 15).

There was also a significant effect due to replication for disease severity. The

coefficients of variation were lower this year when compared to the previous two

years being 11.22% for disease severity, 12.27% for grain yield, and again lower

0.59 % for heading date and 1.65% for plant height.

The mean values for the parents, check cultivar Stephens, and F2, RF2,

F3 and RF3 generations are presented in Table 16. The most extreme mean

values for all variables measured were again observed for the parents. Disease

severity mean values ranged from 1.2% for P1 to 94.7% for P2. Stephens had a

disease severity mean value of 41.8%. Mean values of the F2, RF2, and RF3

populations were not significantly different. The F3 progeny had a disease

severity mean value of 59.4% which was different from all entries and the RF3
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Observed mean squares and coefficients of variation for disease
severity, heading date, plant height and grain yield to compare
seven winter wheat populations grown at Hyslop Agronomy Farm in
the 1987-1988 growing season.

S of V d.f
Disease
severity

(%)

Heading
date

(days)

Plant
height
(cm)

Grain
yield
(g)

Block 2 239.746 0.050 1.820 51.245

Generation 6 2763.496** 66.225** 224.009** 806.731**

Error 12 19.151 0.714 1.525 37.221

Coefficient
of variation (%) 11.22 0.59 1.65 12.27

**Significant at the 0.01 probability level.
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Table 16. Mean values per plant for disease severity, heading date, plant
height and grain yield observed in two parental, four progenies and
the check Stephens grown at Hyslop Agronomy Farm in the 1987-
1988 growing season.

Disease
severity

(%)

Heading
date

(days)

Plant
height
(cm)

Grain
yield
(g)

P2 94.7 a 134.8 f 60.4 e 22.9 e

Stephens 41.8 c 146.1 b 74.3 c 50.8 be

P1 1.2 e 149.7 a 88.9 a 74.9 a

F2 26.4 d 140.0 d 77.9 b 49.8 c

RF2 23.8 d 140.9 de 77.5 b 61.1 b

F3 59.4 b 142.4 cd 70.2 d 38.4 d

RF3 25.8 d 142.7 c 75.1 c 50.2 c

L.S.D. (0: = 0.05) 7.8 1.5 2.2 10.8

Note: means in the same column having at least one letter in common are not
significantly different.
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which had a mean value of 25.8%. Also the F3 generation was different from the

F2 and RF2. With the exception of the F3 all other segregating generations have

a mean value favoring the resistant parent.

For heading date, the susceptible parent (P2) was the earliest entry with a

mean value of 134.8 days and the resistant parent (P1) the latest at 149.7 days.

Stephens had a heading date of 146.1 days. No statistically significant

difference in heading date was observed between reciprocal populations in

either F2 or F3. Mean heading dates of the segregating populations, mainly the

F3's, were close to the midparent value.

Early-susceptible (P2) and late-resistant (P1) parents had a plant height

mean value of 60.4 cm and 88.9 cm respectively. Stephens had a plant height

of 74.3 cm. The mean values of the F2 and the RF2 were not significantly

different. Differences in plant height were observed between the F3 (70.2 cm)

and the RF3 (75.1 cm). The mean values for the segregating populations were

similar or favored slightly the taller parent (P1) with the exception of the F3

generation.

The tall,late,resistant parent (P1) had the highest grain yield mean value

(74.9 g) with the short-early-susceptible parent (P2) having the lowest (22.9 g).

A grain yield of 50.8 g was recorded for Stephens, which differed from the two

parental lines. Differences in grain yield were observed between reciprocal

populations in both the F2 or F3. Also the F3 progenies differed from their

respective F2 generation. The grain yield mean for F2 (49.8 g) was not different
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from RF3 (50.2 g). Of interest is that the mean values for the RF2 and RF3 were

higher than the midparent value while F2 equaled it, and the F3 was lower.

A separate analysis of variance for the variables was carried out to

compare lines within F3 populations. Results presented in Table 17 for the F3

and Table 18 for the RF3 lines reflect differences among lines within populations

for all variables measured. For some variables significant effects of replication

can also be observed. When F3 lines were compared (Table 17), coefficients of

variation were large for disease severity (17.35%) and grain yield (20.52), and

low for heading date (1.31%) and plant height (3.16%). Disease severity,

heading date, plant height and grain yield had coefficients of variation of

44.89%, 1.16%, 3.93% and 21.91%, respectively, for RF3 lines (Table 18).

Heritability

As in the previous year, three methods were employed to obtain broad-

sense heritability estimates. The heritability values estimated for the variables

measured are found in Table 19. Phenotypic variances used for the computing

using method I are presented in Appendix Table 2.

Estimates of broad sense heritability varied mainly depending on the

method of estimation. These estimates also varied within method depending on

the populations used, except of those for disease severity (0.93) and plant

height (0.68). Thus, heritability estimates from method I using populations

derived from P1xP2 and P2xP1 were, respectively, 0.79 and 0.81 for heading date

and 0.23 and 0.38 for grain yield.
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Table 17. Observed mean squares and coefficients of variation for disease
severity, heading date, plant height and grain yield to compare F3
lines of winter wheat grown at Hyslop Agronomy Farm in the 1987-
1988 growing season.

S. of V. d.f.

Block 2

F3 lines 49

Error 98

Coefficient
of variatiom (%)

Disease
severity

(%)

Heading
date

(days)

Plant
height
(cm)

Grain
yield
(g)

282.789 18.748 169.956 116.093

1172.823** 66.366** 122.896** 353.125**

106.631 1.867 4.908 61.206

17.350 1.310 3.162 20.520

**Significant at the 0.01 probability level.

Table 18. Observed mean squares and coefficients of variation for disease
severity, heading date, plant height and grain yield to compare
reciprocal F3 lines of winter wheat grown at Hyslop Agronomy Farm
in the 1987-1988 growing season.

S. of V. d.f.

Block 2

RF3 lines 49

Error 98

Coefficient
of variation (%)

Disease
severity

(%)

Heading
date

(days)

Plant
height
(cm)

Grain
yield
(g)

2278.463 7.590 15.737 1261.609

862.637** 50.845** 95.724** 392.837**

133.504 2.720 8.668 120.099

44.89 1.16 3.93 21.91

** Significant at the 0.01 probability level.
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Table 19. Broad-sense heritability estimates for disease severity, heading date,
plant height and grain yield obtained using populations derived from
the crosses (P1 x P2) and (P2 x P1), and three methods of estimation.
Populations grown at Hyslop Agronomy Farm in the 1987-1988
growing season.

Method'/ Cross
Disease
severity

Heading
date

Plant
height

Grain
yield

131xP2

P2xP1

0.93

0.93

0.79

0.81

0.68

0.68

0.23

0.38

II P1xP2 0.44 ± 0.05 0.62 ± 0.06 0.45± 0.03 0.24± 0.06

II P2xP1 0.35 ± 0.07 0.50 ± 0.05 0.56 ± 0.17 0.17± 0.06

III R1xP2 0.61 0.65 0.73 0.33

III P2xP1 0.39 0.62 0.70 0.21

r
2

P1XP2 0.38 0.43 0.53 0.11

r2 P2xP1 0.15 0.39 0.50 0.04

1/ Method I (indirect estimates of environmental variation), method II (parent-
progeny regression coefficient) and Method III (parent-progeny correlation
coefficient).

r
2 = coefficient of determination.
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Estimates of heritability from method II using populations derived from

P1xP2 and P2xP1 were, respectively, 0.44 and 0.35 for disease severity, 0.62 and

0.50 for heading date, 0.45 and 0.56 for plant height, and 0.24 and 0.17 in the

case of grain yield.

When method III and populations derived from PixP2 and P2xP1 were

used, the estimates were 0.61 and 0.39 for disease severity, 0.65 and 0.62 for

heading date, 0.73 and 0.70 for plant height, and 0.33 and 0.21 for grain yield.

Relative to method I, the values of the heritability estimates obtained

using the parent-progeny methods (II and Ill) tended to be lower in magnitude,

with the one exception being plant height.

Coefficients of determination (r2) accompanying estimates from methods

II and III were low for disease severity (0.38 and 0.15), heading date (0.43 and

0.39) and grain yield (0.11 and 0.04), while being relatively large for heading

date (0.53 and 0.50).

Associations of Disease Severity with Heading Date and Plant Height

Differences among F3 lines for all traits measured provided and

opportunity to study the associations of disease severity with heading date and

plant height. F3 lines from two populations (F3 and RF3) were used to determine

the direct and indirect association of disease severity with heading date and

plant height.

Results from the path-coefficient analysis using F3 lines are shown in

Table 20. All correlation coefficients were negative. The correlation value
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Table 20. Direct and indirect effects from path coefficient analysis to study the
association of disease severity with heading date and plant height,
using F3 lines grown at Hyslop Agronomy Farm in the 1987-1988
growing season.

Indirect effects Coefficient
Causal Total Direct Plant Heading of
factor correlation effect height date determination

Heading Date -0.70** -0.60 -0.10 0.49

Plant Height -0.53** -0.35 -0.18 0.28

Coefficient of multiple determination, R2 = 0.59.
Correlation between heading date and plant height, r = 0.29*.
Total number of observations, n = 150.
** significant at the 0.01 probability level.
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between heading date and disease severity of r= -0.70 was the result of a large

direct effect of heading date (-0.60) and an indirect effect via plant height of

-0.10. Plant height and disease severity had a correlation value of r= -0.53

which was made up of a -0.35 direct effect of plant height, and an indirect effect

of plant height via heading date of -0.18. Plant height and heading date had an

r = 0.29. Coefficients of determination (r2) of 0.49 and 0.28 accompanied the

association between heading date and disease severity, and plant height and

disease severity, respectively. As indicated by the coefficient of multiple

determination (R2), heading date and plant height explained 0.65 of the variation

in disease severity when both were included in the model as independent

variables.

Similar results were obtained when RF3 lines were used (Table 21).

Heading date and disease severity exhibited a correlation coefficient of -0.68,

which was made up of a direct effect of heading date of -0.55, and an indirect

effect via plant height of -013. However, the correlation value between disease

severity and plant height (-0.55) was made up of a large indirect effect of plant

height via heading date (-0.34). The two causal variables, heading date and

plant height, had a correlation value of r = 0.63. The association between

heading date and disease severity showed a coefficient of determination (r2) of

0.46, while an r2 = 0.30 was observed for the association between plant height

and disease severity. The multiple coefficient of determination (R2) indicated

that plant height and heading date explained 0.49 of the variation in disease

severity.
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Table 21. Direct and indirect effects from path coefficient analysis to study the
association of disease severity with heading date and plant height,
using reciprocal F3 lines grown at Hyslop Agronomy Farm in the
1987-1988 growing season.

Indirect effects Coefficient
Causal Total Direct Plant Heading of
factor correlation effect height date determination

Heading Date -0.68** -0.55 -0.13 0.46

Plant Height -0.55** -0.21 -0.34 0.30

Coefficient of multiple determination, R2 = 0.49.
Correlation between heading date and plant height, r = 0.63*.
Total number of observations, n = 155.
** significant at the 0.01 probability level.
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Figures 3 and 4 show scatter plots for the relationship between plant

height and disease severity, and heading date and disease severity,

respectively. Like in the previous year, based on the coefficients of

determination (r2), a considerable amount of variation in disease severity (less

than 50%) was not explained by either the variation in plant height or heading

date. Again, these figures indicate that F3 lines having the same plant height or

heading date have varying levels of disease severity. These results further

suggest that resistance to Septoria leaf blotch is an inherited trait.

Associations of Disease Severity Heading Date and Plant Height with Grain

Yield

The associations of disease severity, plant height and heading date with

grain yield were studied separately using lines from the two reciprocal F3

populations.

Path-coefficient analysis results obtained using F3 lines can be found in

Table 22. The correlation value between disease severity and grain yield of

r = -0.52 was largely explained by a -0.47 direct effect of disease severity on

grain yield, with indirect effect values being 0.25 via heading date and -0.30 via

plant height. The nonsignificant correlation between heading date and grain

yield of r= 0.13 was accompanied by a -0.36 direct effect of heading date, and

by indirect effects of 0.16 and 0.33 via plant height and disease severity,

respectively. The positive correlation between plant height and grain yield of

r = 0.72 was largely made up of a direct effect of plant height of 0.57.
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Figure 3. Scatter plot for the association between plant height and disease
severity in F3 lines grown at Hyslop Agronomy Farm in the 1987-1988
growing season.
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Figure 4. Scatter plot for the association between heading date and disease
severity in F3 lines grown at Hyslop Agronomy Farm in the 1987-1988
growing season.



Table 22. Direct and indirect effects from path coefficient analysis to study the effect of disease severity,
heading date, and plant height on grain yield using F3 lines grown at Hyslop Agronomy Farm in
the 1987-1988 growing season.

Indirect effects Coefficient
Causal Total Direct Heading Plant Disease of
factor correlation effect date height severity determination

Disease -0.52** -0.47 0.25 -0.30 0.27
severity

Heading 0.13 -0.36 0.16 0.33 0.02
date

Plant 0.72** 0.57 -0.10 0.25 0.52
height

Coefficient of multiple determination, R2 = 0.61.
Correlation between disease severity and heading date, r = -0.70**.
Correlation between disease severity and plant height, r = -0.53**.
Correlation between heading date and plant height, r = 0.29**.
Total number of observations, n = 150.
** significant at the 0.01 probability level.
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Low coefficients of determination (r2) were associated with the

correlations between grain yield and disease severity (0.27), and grain yield and

heading date (0.02). A relatively large r2 of 0.52 accompanied the correlation

between grain yield and plant height. Disease severity, heading date, and plant

height as independent variables accounted for 0.61 of the variation grain yield,

as indicated by the coefficient of multiple determination (R2).

Somewhat different results were observed when the reciprocal F3 lines

were used in the path coefficient analysis (Table 23). Disease severity and grain

yield had a correlation of r = -0.40, with a small direct effect of disease severity

(-0.11) and indirect effects via heading date (-0.11) and plant height (-0.18). A

similar result was observed for the effect of heading date on grain yield. The

indirect effect of heading date through plant height (0.20) accounted for a

greater portion of the correlation between heading date and grain yield

(r= 0.44). The correlation between plant height and grain yield of r = 0.48

resulted from the direct effect of plant height (0.32).

All correlation coefficients are accompanied by comparable r2 values of

0.16, 0.19 and 0.23, respectively, for the association of disease severity, head-

ing date and plant height with grain yield. A low R2 value of 0.27 was observed

to explain the variation in grain yield when the three causal effects were included

in the regression model.



Table 23. Direct and indirect effects from path coefficient analysis to study the effect of disease severity,
heading date, and plant height on grain yield using reciprocal F3 lines grown at Hyslop
Agronomy Farm in the 1987-1988 growing season.

Indirect effects Coefficient
Causal Total Direct Heading Plant Disease of
factor correlation effect date height severity determination

Disease
severity

-0.40** -0.11 -0.11 -0.18 0.16

Heading
date

0.44** 0.16 0.20 0.08 0.19

Plant
height

0.48** 0.32 0.10 0.06 0.23

Coefficient of multiple determination, R2 = 0.27.
Correlation between disease severity and heading date, r = -0.68**.
Correlation between disease severity and plant height, r = -0.55**.
Correlation between heading date and plant height, r = 0.63**.
Total number of observations, n = 150.
** significant at the 0.01 probability level.
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DISCUSSION

In the late 1960's and early 1970's 'Norin 10/Brevor' derived semidwarf

spring wheat cultivars, received widespread distribution and acceptance. These

cultivars were not only shorter, but lacking a vernalization requirement and

being insensitive to day length made them much earlier in terms of their matur-

ity. They were reported to double and even triple yields in India, Pakistan and

Mexico. To obtain these higher yields it was necessary to increase the use of

fertilizer, irrigation, and change the agronomic practices. As a result of the new

plant type and improved agronomic practices, a different plant canopy emerged

resulting in a change in the microclimate. These changes focused attention on

Septoria leaf blotch, which became a major disease problem in North Africa in

1968. Suggestions were made that the widespread use of semidwarf cultivars,

with a resulting change in the microclimate, were linked to the increased

vulnerability to Septoria leaf blotch.

Following this expressed concern several studies were carried out to

determine the possible association of susceptibility to Septoria leaf blotch with

short plant stature. However, the majority of these studies have involved the

comparison of spring wheat cultivars, and in some instances results reported

came from experiments carried out under natural epidemics. The question still

remains if being taller and/or later maturing provides an escape mechanism for

cultivars which appear to be resistant to Septoria leaf blotch.
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This investigation focused on two aspects of Septoria leaf blotch

resistance: 1) the mode of inheritance per ag, and 2) the possible associations

of disease severity with heading date and plant height.

The two parental lines used in this study were selected based on their

expression for the traits under investigation. By evaluating the parents and

subsequent F1, segregating F2 and F3, and backcross populations, the mode of

inheritance of these traits was studied. To obtain a valid estimate of the nature

of inheritance controlling the expression of the traits and to determine the

possible associations, random selection was practiced to derive .F3 lines.

This discussion will concentrate on describing the inheritance of resis-

tance to Septoria leaf blotch as measured by disease severity. Results for

heading date and plant height will be discussed in regard to the possible

associations with resistance to Septoria leaf blotch. Also the effects of disease

severity, plant height and heading date on grain yield will be examined.

Inheritance of Resistance to Septoria Leaf Blotch

Variation observed in the segregating populations was continuous

suggesting a quantitative inheritance pattern influencing the expression of the

traits studied. Furthermore, the high coefficient of variation values for disease

severity and grain yield indicate that a large environmental effect was present.

Regarding the inheritance of resistance to Septoria leaf blotch, it is clear

from the results that no rational basis exists to classify plants into discrete

classes of resistance or susceptibility. Such a classification would entirely
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depend on a relatively arbitrary cut-off point as noted by van Ginkel (1986). The

continuous variation observed in the segregating populations for all traits, and

especially for disease severity, required the use of a biometrical model to study

the possible mode of inheritance.

To study the mode of inheritance of quantitatively inherited traits requires

that differences exist for the trait of interest among generations involved. All

analyses of variance reflected significant differences among generations for all

traits and in each year. With most biometrical genetic models one of the

assumptions is that no interaction or epistasis is present, which in most quan-

titative genetic studies is an unrealistic assumption and is usually overlooked.

However, the availability of data from six generations permitted the estimation of

the components of generation means or genetic effects. It was then possible to

separate the epistatic effects from the estimated additive and dominance genetic

effects.

As previously mentioned the parental lines chosen to generate the

segregating populations represented extremes for the traits under investigation.

Parent 2 (SZ3423/BEZ.DW/ZG1477/3/NS2568-2) is short, earlier in terms of

heading, and is extremely susceptible to Septoria leaf blotch. In contrast, parent

1 (1150-18/VGDW/3/PMF) is tall, late, and resistant. One disadvantage in

selecting such extremes was the inability to observe transgressive segregation

for disease resistance in the F2 and F3 populations when compared to the

parental lines.
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In both 1986 and 1987, the generation mean analysis indicated that the

observed relationships or differences among generation means were not those

expected based on the assumption of an additive-dominant model. The

influence of epistatic effects on the expression of genetic resistance to Septoria

leaf blotch observed, as previously noted, confounds any interpretation of the

results.

Even though epistatic effects were significant, estimates of the magnitude

and significance of the types of gene action suggested that additive genetic

effects did play an important role in the resistance to Septoria leaf blotch.

However, dominance genetic effects were more important in determining

genetic resistance. These results are also reflected by the disease severity

mean values observed for the F, in 1986 and the F, and RF, in 1987, which

were always lower than the midparent value and favored the resistant parent.

The backcrosses to the resistant parent (BC, and RBC,) further indicated the

presence of dominance genetic effects. These latter populations had disease

severity mean values even lower than the Fi's.

Although the influence of maternal or cytoplasmic effects on resistance to

Septoria leaf blotch has not been reported in the literature, reciprocal crosses

were compared in 1987. When all generation mean values were pooled for the

percentage of disease severity, no significant differences between reciprocal

crosses could be detected. This would indicate that no cytoplasmic or maternal

factors influence the expression of resistance to Septoria leaf blotch. However,

when individual generations were compared, differences between the reciprocal
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F2 populations, and their corresponding F3 progenies grown in 1988 were

observed. These differences are thought to be caused by sampling errors or

misclassification of disease severity patterns rather than reciprocal differences.

Further evidence that the cytoplasm was not involved is provided by the fact

that no difference in disease severity was observed between the reciprocal Fi's

grown in 1987 nor F2 populations in 1988. Furthermore, plants from the F2

population, reflecting a higher disease severity pattern, had cytoplasm

contributed by the resistant line used as the female parent.

Heritability of Resistance to Septoria Leaf Blotch

Broad-sense heritability estimates using indirect estimates of

environmental variation (method I) were of a relatively larger magnitude than

those estimates obtained using either parent-progeny regression or correlation

approaches (methods II and Ill). These results might be expected since

variation due to the genotype x environment interaction is included in the

variance of the F2 population. This variation causes an upwards bias in the

heritability estimate obtained from method I. According to Casler (1982), the

effect of the genotype x environment interaction is assumed absent when

progeny means from one environment are regressed on parent values from a

separate environment. This would avoid biasing the estimates from method II or

Only in 1987 did the regression coefficient, as an estimate of heritability

(method II), reflect a slightly larger magnitude (0.69) than the estimate obtained
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using method I (0.64) in 1986. Even though this difference may not be

significant, it is another indication of the occurrence of sampling errors. It was

observed that the F2 subsample used to generate the F3 population grown in

1987 had a greater variance than the F2 sample in 1986. When using method II,

the F3-line means are regressed on their F2 parental values. Since the F3

populations was obtained from this subsample, sampling error may have

inflated the heritability value for method II.

As previously pointed out, the estimates of broad sense heritability for

resistance to Septoria leaf blotch derived from methods II and Ill do not include

genotype x environment interaction. However, these estimates do contain an

upward bias, which according to Smith and Kinman (1965), is caused by

previous inbreeding of the parents. Also, these estimates should be cautiously

interpreted as they were accompanied by relatively low coefficients of simple

determination (r2). This points out that little variation in the F3 can be explained

by the variation observed in the F2 and may be another indication of the

influence of the environment on disease expression.

The possibility existed of obtaining narrow sense heritability estimates for

Septoria leaf blotch resistance using the backcross method (Warner, 1952).

However, at least two assumptions were clearly not met by the data. As already

noted, generation mean analysis provided evidence that epistatic effects were

present and that strong dominance effects also influenced the expression of

resistance to Septoria leaf blotch. Moreover, the phenotypic variances of the F2

and backcross generations were not of a comparable magnitude (Appendix
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Table 2). This caused the narrow sense heritability estimates to be larger than

one. Thus, based on these conditions a narrow sense heritability estimate

would be of little value.

Analyses of variance involving disease severity exhibited the largest

coefficients of variation. It is possible that this extreme variation is the result of a

strong influence of the environment on the development of the disease. It is

possible that a misclassification of disease severity patterns introduced a bias

too. Therefore, estimates of genetic effects and heritability for resistance to

Septoria leaf blotch must be considered as only estimates.

In spite of the observed strong influence of the environment on the

development of Septoria leaf blotch, the presence of genetic factors for

resistance to this disease are suggested by the significant and extreme differen-

ces observed between the parents involved. Also, differences among genera-

tions or populations derived from the cross under investigation suggest the

existence of genetic factors controlling resistance. Further indication of the

presence of genetic factors in controlling resistance to Septoria leaf blotch were

provided by the significance of both additive and dominance gene effects

observed from the generation mean analysis. Also, the variation in disease

severity observed among F3 lines having similar plant height or heading date

suggests the inheritance of resistance.

To more fully understand the influence of heading date and plant height

on disease severity, the possible associations must be examined.
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Associations of Disease Severity with Heading Date and Plant Height

Correlation coefficients obtained using different populations and years

indicated that the associations of disease severity with heading date and plant

height were always negative. This tendency for early-heading and short-sta-

tured wheat plants to have a susceptible reaction to Septoria leaf blotch agrees

with previous reports. Based on correlation coefficients (r) and coefficients of

determination (r2), it is apparent that all of the variation observed for disease

severity could not be explained by the variation in either heading date or plant

height.

Although the coefficients of determination were in general of a low

magnitude, they were always larger for the association between disease severity

and heading date than for the association between disease severity and plant

height. Similar observations came from the path coefficient analysis. In addition

to confirming the negative associations of disease severity with heading date

and plant height, this analysis allowed for a comparison of the direct effects of

heading date and plant height on disease severity. Path coefficient analysis

indicated that the direct effect of heading date on disease severity was always

larger than the direct effect of plant height.

The most variation in disease severity explained by any of the two

variables was observed in 1987. As indicated by the coefficient of determination

(r2),
heading date explained 56% of the total variation in disease severity, while

plant height explained 12%. It is interesting to note that heading date and plant

height were not significantly correlated, and that the coefficient of multiple
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determination (R2) indicated that, together, these two variables explained only

65% of the total variation in disease severity. Heading date and disease severity

showed their largest correlation value (r = -0.75), which was made up almost

completely by the direct effect of heading date (-0.73).

Negative associations observed may impose some obstacles to breeding

Septoria leaf blotch resistant early-heading and short-statured wheat cultivars.

These results do indicate that when comparing early heading and short stature

in terms of acceptable levels of resistance, the latter would be easier to obtain.

The possibility of selecting for both short-stature and early-maturity with accep-

table levels of resistance would require large segregating populations in order to

obtain the desired progenies. Based on the performance of the F3 lines it would

appear necessary to reach a compromise with regard to heading date and plant

height if a desired level of resistance is to be achieved. None of the F3 lines

were found to be as short or as early as the susceptible parent with adequate

levels of resistance.

Although F3 populations had comparable mean values for disease

severity in 1987 and 1988, it was in 1987 when natural infection built up an

epidemic of Septoria leaf blotch in the early spring. As previously discussed, in

contrast to plant height, heading date explained the maximum amount of

variation in disease severity this particular year. Similar results were reported by

Tavel la (1978) in Uruguay. He observed that in 1976, when the incidence of

Septoria leaf blotch was extremely high, date of heading explained 75% of the

total variation in disease reaction, while plant height only accounted for 45%.
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However in 1972, a year when the incidence of Septoria leaf blotch was not as

intense, he observed the opposite. In that year plant height explained more of

the total variation in disease reaction than did heading date. However, unlike

the present study, his experiments were conducted under naturally-occurring

epidemics of Septoria leaf blotch. The last result might be explained by the fact

that if disease severity is interrupted and cannot move up the plant, taller plants

would appear more resistant. Different from the results reported by Tavel la

(1978), in the present study heading date had a greater influence on disease

severity in years of both high and low disease severity, and using both and

natural artificial inoculations.

Associations of Disease Severity Plant Height and Heading Date with Grain

Yield

As indicated by the correlation coefficients, disease severity and grain

yield were negatively associated, while plant height and grain yield were posi-

tively associated. Heading date and grain yield were positively associated in

1988 but not in 1987.

The correlation between disease severity and grain yield in 1987 was low,

with disease severity explaining no more than one percent of the total variation

in grain yield. When both heading date and plant height were included in the

model only 34% of the variation in grain yield was explained. In spite of these

results, path coefficient analysis revealed that the total correlation between

disease severity and grain yield of r = -0.12 was entirely made up by the direct
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effect of disease severity (-0.42). These results suggest that the negative effect

of disease severity on grain yield is probably more important than would be

expected based on their apparent association. The direct effect of disease

severity is masked or cancelled out by the indirect effect via heading date,

reflecting the strong association of heading date and disease severity, the

largest association observed in the present study.

Plant height was again more important for explaining variation in grain

yield when F3 lines were used to study the possible associations in 1988. The

negative correlation between disease severity and grain yield of r = -0.52 was

larger when compared to that in 1987. This correlation was largely explained by

a -0.47 direct effect of disease severity on grain yield, which is similar to the

-0.42 obtained in 1987. A high negative correlation between heading date and

disease severity was again reflected in 1988. However in contrast to 1987, the

correlation between plant height and heading date observed was higher. This

correlation increased the negative magnitude of the indirect effect of disease

severity via plant height, and offset the positive indirect effect via heading date.

Therefore, the negative total correlation between disease severity and grain yield

resulted in the relatively high value of r = -0.52.

When the reciprocal F3 lines were used to study the influence of disease

severity, heading date, and plant height on grain yield in 1988, the results were

different from those obtained using only the F3 lines. Again, plant height

explained more variation in grain yield than heading date or disease severity.

As shown by the multiple coefficient of determination, disease severity, heading
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date and plant height explained only 27% of the total variation in grain yield.

Path coefficient analysis indicated that the direct effects of disease severity and

heading date on grain yield were even less important. A greater portion of the

associations of grain yield with disease severity and heading date was made up

by their indirect effect via plant height. These results are mainly a reflection of

the relatively high associations of disease severity with plant height, and heading

date with plant height. Of particular importance was the correlation between

heading date and plant height, which also was the largest observed between

these two variables.

A relatively large positive indirect effect of disease severity on grain yield

via heading date was observed in F3 populations in 1987 and 1988. This

indirect effect is again a clear reflection of the large association that heading

date had with disease severity in this study, particularly in 1987. These effects

point out that a plant would yield less not because it is early, but because being

earlier caused it to be more severely attacked by the disease.

Compared to 1987, plant height had a larger effect on disease severity in

F3 lines in 1988, which caused the indirect effect of disease severity on grain

yield via plant height to have a higher negative magnitude. This increased

indirect effect also explains the increase in magnitude of the total correlation

between disease severity and grain yield, and suggests that by being shorter,

wheat plants would tend to be more severely attacked by this disease; there-

fore, they would also tend to yield less.
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An observation not expected was the negative correlation between

heading date and grain yield. Instead, under normal conditions this correlation

is expected to be positive, as being later would extend the grain filling period

and allow the wheat plant to increase grain yield. However, this result is

explained by the negative and relatively strong correlation between heading date

and disease severity which biologically does not imply an effect of disease

severity on heading date.

Results for the influence of heading date on grain yield in this study

seemed to be affected by the strength of the development of the epidemics of

Septoria leaf blotch. In 1987, natural infections built up a strong Septoria leaf

blotch epidemic in the early spring. This did not occur in 1988 when the

experiment was artificially inoculated and the epidemic developed to higher

levels on F3 lines, but not on RF3 lines.

In general, disease severity did reduce grain yield; however, when natural

infection of Septoria leaf blotch built up to high levels as in 1987, the total

correlation between disease severity and grain yield did not show the negative

effect on the former variable. Under these conditions path coefficient analysis

detected a relatively strong and negative direct effect of disease severity on

grain yield, which was cancelled out by the indirect effect via heading date, i.e.

taller plants had less disease.
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Breeding for Septoria Leaf Blotch Resistance

The relatively low association between plant height and heading date,

and the low R2 value that these variables had in accounting for the variability in

disease severity, suggests that other factors for resistance must be involved,

namely genetic resistance per se. Also F3 lines having the same plant height

and heading date, but with varying levels of Septoria leaf blotch severity showed

evidence that resistance to this disease is an inherited trait. This suggests that

wheat breeders can select for resistance to the disease in segregating

populations, and thus increase the levels of resistance in breeding populations.

However, since heading date and plant height, had some effect on the

expression of disease severity breeders would have to compromise as to short

stature, and mainly for earliness. This conclusion is also supported by the fact

that in none of the segregating populations were resistant segregates found,

which were as short and early as the susceptible parent.

The quantitative nature of the inheritance of resistance to the disease, the

observed negative associations, and the sampling effects observed when F2

populations were compared in 1987 suggest that wheat breeders would have to

use large segregating populations to obtain the desired recombinations. In this

study only 50 F3 lines were derived for each reciprocal cross; therefore, larger

segregating populations might increase the possibilities for wheat breeders to

obtain plants with acceptable levels of resistance being closer in maturity and

plant height to the susceptible early-maturing short-statured parent.
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In this study the presence of genetic factors controlling resistance to

Septoria leaf blotch and the associations of heading date and plant height with

disease severity were investigated on the disease severity obtained on the flag

leaf. Therefore, Septoria tritici spore suspensions had to be sprayed on F2 and

F3 segregating populations to eliminate the physical barrier plant height imposes

to the normal upward movement of the disease.

Ideally, breeding for resistance to Septoria leaf blotch would be

accomplished with less difficulty by selecting in environments highly conducive

to the development of natural epidemics. However, the uncertainty of natural

disease spread would each year make this approach hazardous in a breeding

program. A screening technique that combines both artificial inoculation and

the natural upward movement of the disease, would be more successful. Such

a combination may be accomplished by inoculating in the early growth stages of

crop development (tillering) to insure the presence and homogeneous

distribution of the pathogen. After this inoculation an epidemic should be

allowed to build up through the upward movement of the disease caused by

rain splashing or some kind of sprinkle or nozzle irrigation.

A concept behind the suggested disease resistance screening approach

is that this offers a relaxation of an excessive selection pressure caused by

artificial inoculation applied only to the upper foliage levels of the plant.

Specifically, this approach would allow for the expression of host genes to delay

both the incubation and latent periods of Septoria leaf blotch, which are

overshadowed by artificial inoculation. It should be mentioned here that the
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incubation and latent periods of Septoria leaf blotch were compared in seedlings

of the parental lines under greenhouse conditions. Consistent differences

between the parents were observed for these components of resistance.

Compared to the susceptible parent, the incubation period of the disease was

delayed at least 5 days in the resistant line. Also, the latent period was, on the

average, delayed by 10 days. Optimum temperature and relative humidity for

the development the disease and sporulation of the pathogen were used as

suggested by Eyal, et al. 1987. These observations suggest that under field

conditions these components of resistance may play an important role in

delaying the vertical movement of the disease.
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SUMMARY AND CONCLUSIONS

This investigation was conducted to determine if genetic resistance per

se exists for Septoria leaf blotch between two genetically diverse winter wheat

selections. Also information was obtained as to possible associations of

maturity and plant height in influencing disease severity.

The experimental material consisted of the parents, Fl, F2, F3 and BC1

and BC2 generations with reciprocals. Parents were selected based on their

extreme expression for disease severity, plant height and heading date.

Randomized block designs were used with the experiment being conducted

over a three year period on the Crop Science Field Laboratory. Both natural

infection and artificial inoculations were used to maximize the disease

expression.

Data were collected on an individual plant basis with generation mean

analysis used to determine the mode of inheritance. Possible associations

between variables were analyzed using phenotypic correlations and path

coefficient analyses.

Based on the data obtained the following conclusions were made:

1. The two parental lines showed extreme and significant differences for

disease severity, heading date and plant height each year. The

susceptible parent was shorter and headed earlier than the resistant

parent.
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2. Differences were detected between parents and among generations

including lines within F3 populations for all variables measured. No

differences were detected between reciprocal crosses when all

populations were considered. However, differences were found in the

expression of disease severity between reciprocal F2 and F3 populations.

This difference is thought to be due to the combination of sampling error

and a large genotype x environment interaction for disease severity.

3. High coefficients of variation were observed for both disease severity and

grain yield, with lower values realized for heading date and plant height.

This further suggests the strong influence of the environment on the

development of the disease and subsequent disease severity.

4. Generation mean analysis indicated that additive genetic effects were

involved in the expression of disease resistance. However, non-additive

genetic effects, both dominance and epistasis, were also important and

of a higher magnitude than additive genetic effects. On the average,

alleles increasing resistance to Septoria leaf blotch were dominant to

alleles decreasing resistance.

5. The F1 generation had a lower disease severity mean when compared to

the midparent value. The Backcross generation to the resistant parent

also had disease severity mean values lower than even the F1. These

data again reflect the effects of dominance favoring resistance.
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6. The quantitative nature of the inheritance of resistance and the presence

of a large dominance component suggests that selection for resistance to

Septoria leaf blotch has to be relaxed in early generations until a certain

level of homozygosity is achieved.

7. The generation mean analysis also indicated a strong influence of

epistatic genetic effects. Since wheat is a hexaploid consisting of three

genomes with some homologies between genomes, it is possible that

some of these interactions conferring resistance could be retained in

subsequent generations.

8. Contrasts in disease severity among F3 lines having similar heading dates

and/or plant heights provided additional evidence that genetic resistance

to Septoria leaf blotch was present in this cross.

9. Susceptibility to Septoria leaf blotch was associated with earliness and

short stature. Path coefficient analysis showed these associations are

largely explained by the direct effects of these variables on disease

severity. However, the accompanying coefficients of determination

indicated that a considerable amount of variation in disease severity is

not accounted for by either heading date and plant height.

10. Based on the associations observed and the performance of the F3 lines,

it would be necessary to reach a compromise in terms of earliness and

short stature if appreciable levels of resistance are to be achieved, as no

progeny was as early nor as short as the susceptible parent

withacceptable levels of resistance.
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11. Selection for Septoria leaf blotch resistance could be successfully

accomplished by combining natural and artificial infections. Artificial

inoculation of the segregating populations, prior to stem elongation,

would insure the presence and homogeneous distribution of the

pathogen. To later avoid interruptions in the natural upward spread of

the disease, some type of sprinkle irrigation would be needed to

substitute for periods when rainfall is lacking. Also, such method might

allow breeders to select for the possible expression of host genes

delaying both the incubation and latent periods of Septoria tritici.
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Appendix Table 1. Means and variances of average daily climatological parameters collected in 1986, 1987 and
1988 for the three months critical to the vertical movement of Septoria Leaf Blotch. Hyslop
Agronomy Farm.

1986 1987 1988

Month Parameter Mean Variance Mean Variance Mean Variance

March Max (C) 15.2 9.6 13.0 6.6 13.2 10.4
Avg (C) 9.8 4.0 7.9 4.3 7.5 4.4
Min (C) 5.0 3.6 3.3 8.0 2.2 6.0

Prec (mm) 2.5 21.4 3.0 17.8 3.2 54.8
Evap (mm) 0.0 0.0 0.0 0.0 0.0 0.0
R. H. (%) 58.1 154.1 60.6 124.4 57.7 269.3

April Max (C) 14.6 16.1 18.2 23.0 15.6 19.8
Avg (C) 8.8 8.6 10.9 13.2 10.2 10.5
Min (C) 3.6 7.3 4.2 8.0 5.2 8.0

Prec (mm) 1.6 5.2 1.3 6.9 2.8 17.1
Evap (mm) 2.5 1.7 2.9 1.9 2.2 2.2
R. H. (%) 51.5 75.6 48.3 104.0 61.1 175.1

May Max (C) 18.3 31.6 20.8 30.3 17.4 24.0
Avg (C) 12.3 21.3 13.9 15.9 11.6 12.4
Min (C) 6.5 16.6 7.3 13.1 6.2 7.2

Prec (mm) 2.0 21.4 1.1 7.0 3.1 2.5
Evap (mm) 3.1 2.8 4.0 3.2 3.1 2.5
R. H. (%) 52.6 114.0 53.6 218.8 57.8 114.7

1/ Maximum (Max), average (Avg), and minimum (Min) temperatures; precipitation (Prec); Evaporation (Evap)
and relative humidity (R. H.).



Appendix Table 2. Phenotypic variances for generations involved in the computation of broad-sense heritability
estimates, using indirect estimates of environmental variation (Method I). Data collected at
Hyslop Agronomy Farm in three years.

Year

Minimum
number of

observations Generation
Disease
severity

Heading
date

Plant
height

Grain
yield

1986 14 P1 0.1 1.3 25.5
13 P2 770.0 18.1 18.4
14 Fl 14.4 6.2 19.0
203 F2 727.0 29.7 83.8
24 BC1 12.4 23.0 52.4
25 BC2 281.3 14.0 52.8

1987 23 P1 0.0 3.9 52.4 244.3
27 P2 0.9 8.6 13.5 69.1
27 Fl 311.4 2.6 10.7 514.9
269 F2 1361.0 32.6 108.3 194.3
48 BC1 15.7 15.9 76.0 334.5
53 BC2 1109.7 11.1 60.3 174.2
23 RF1 939.6 5.3 44.6 316.9
267 RF2 1242.9 27.1 57.7 292.1
51 RBC1 4.9 17.1 37.2 277.9
51 RBC2 1328.6 14.2 24.8 218.8

1988 31 P1 3.3 5.6 23.3 791.0
41 P2 79.4 2.9 10.1 67.9
201 F2 561.2 20.1 52.2 558.6
178 RF2 583.7 22.4 52.7 693.0


