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ABSTRACT

Ph.D. The University of Manitoba, 0ctober, l9B0'
K IB ITE,

Geneti c

Soì omon,

Studi es on the símultaneous Improvement of Grain Yield and

P rotei n Content in Wheat (Triticum aestivum L. em Thell.).

Scope and Method of Study: The value of wheat is related to both

grain yield (GY), and grain protein content (GPC), and therefore,

the emphasis in most breeding programs is on the production of high

yiel ding-high protein lines. Since in practice an increase in GY

has been associated wíth a decrease in GPC, 'it has become an article

of faith afnong wheat breeders that it would be very difficult to

inprove both GY and GPC simultaneously. The genetic basis of this

probìem is not clearly defined, but several theories and hypotheses

have been provided by various workers.

The objectives of this study were: (i) to study more close'ly

the nature and basís of the inverse relationship between GY and GPC:

(ii) to investigate the effectiveness of selection for GY and GPC on

single pl ant performance basis; and (iii ) to eval uate base popul a-

tions of known dìfferences in gene frequencies for their breedìng

values with special emphasis on the simultaneous ìmprovement of both

characteri stics.

Two utììity wheat cultivars, ('Glenlea' and 'NBl3l'), and two

hard red spring wheat (HRS!.l) cultivars' ('sinton' and 'coteau')'
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exhibiting wide differences in GY and GPC were used in this study.

These cultivars were chosen because they represent key varieties

used in bread wheat breed'ing programs. The four cultjvars and 7

base populatjons generated from them (+ backcrosses,2 F2's and an

intermated FZ popu'lation) were evaluated for various genetic and

statistical parameters under space pì anted conditions duri ng the

summer of 1978 and under solid planted conditions the foììowing

year.

0bservations and Conclusions of the Study: Phenotypic correlations

between GY and GPC were most always negative and highìy significant,

but their intensities were too low to hínder simultaneous selection

for both characteri stics. Phenotypic correl ations in segregating

base popul ati ons were not greater than those found j n parental

popuì ations, suggesting that environment great'ly infl uenced the

relationship between the two characteristics. Standardized partial

regression analysis suggested that when the effects of morpho'logicaì

yieìd components were removed, the correlation between GY and GPC

was not signìficant. The absence of signifÍcant genetjc correlatjon

between the two characteristics was indicated in 6 of the 7 base

popuì ations studied. Path analyses indicated that the negatìve

correl ation between GY and GPC emerged not because of di rect

relationships, but as a result of the opposite and iojnt dependence

of both characteristics on the same set of primary characteristics.

Intermating the F2 population did not result in reduction of the
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strength of the negative relationship between GY and Gpc. contrary

to genetic expectations, Ít intensified the genetic and phenotypic

correlations and decreased the genetic and phenotypic covariances.

From these observations, it v/as concl uded that the correl ation

between GY and GPC are phenotypicaì'ly reaì, but not genetic in

origin, It is anticipated that envÍronmental causes, source-sink

rel ati on shì ps , and di I uti on of protei n by non- protei n compounds are

responsible for the inverse relationship between the two character-

istics.

Simulated selection studíes showed that intense earìy genera-

tion selection (0.1 selection intensity) for any characteristíc or

groups of characteristics had little effect in improving GY and (or)

GPC, but was also inexpedient because of its adverse effects such

as: ( I ) severe reductions in genetic variances; (?) undesirable

shifts in the means of the characteristics for which selection has

not been practised; and (3) mísclassjfication of genotypes and

consequentìy, i rretri evabl e I osses of el i te progeni es. A rel axed

selection pressure of between 0.4 and 0.6 for heavy kernel weight

did not cause such adverse effects, and was beneficial jn minimizing

the number of lines advanced for testing in the next generation.

Selectjon efficiency on sing'le plant performance basís was enhanced

by stratifying the breeding nursery. A 'rhombus grid' design which

allowed for correction of environmental differences in the breeding

nursery was more.effective in this respect than the conventional

mass {individual plant) selection or the method of Gardner (1961).
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The genetic architecture of the base popu'l atjon appeared to

have definite effects on the simultaneous improvement of GY and GPC.

Base popu'lations derived by backcrossing to the utiìity cultivars

produced a higher frequency of desi rabl e genotypes than the

corresponding F2's, intermated F2's, and populations synthesized

by backcrossing to HRSl,l cultivars. Backcrossing to the uti'lity

cultivar increased the mean GY, but depressed the mean GPC of the

population. However, the residual variabi'l ity left in the

popuìation appeared to be sufficient to select for genotypes that

combi ned both characteri stics. The backcross method was more

successful than other methods because it capitaì ized on both

introgression and upgrading simultaneously, thus preserving the

i ntegri ty of an aI ready establ i shed cul ti var whi I e addi ng factors

from another variety.



1.

2.

- viii -

TABLI OF CONTENTS

PAGE

INTRODUCTION 1

REVIEI,J OF LITERATURE 5

2..1 Genetics and Improvement of Grain Yield and Yield
Components ... 5

2.1.1 Relatíonships among yield and morpho'logicaì
componentsof yieì d 7

2.1.2 Causes of negative correlations among
yield components ... 7

2.1.3 Relative importance of various yieìd
components to yieìd

2.1 .4 Heri tabil i ty of yi e1 d and yi el d components

2.1.5 Util ization of yieìd components for indirect
sel ecti on for yi e'l d

2.2 Genetics and Improvement of Protein Content

2.2.1 Functional importance of protein content
i n wheat

Factors that affect protein content

Genetics of protein content in wheat

Improvement of protein content through plant
breedi ng

Causes of negative correlation between yieìd
and protein content ...

Generation Sel ection

1i

14

T7

L7

\7

18

2.2.2

?.2.3

2.2.4

2.2.5

2 "3 Earìy

19

22

25



- ]x -

TABLE 0F CONTENTS (cont'd)

2.4 Use of Intermating to Break Undesirable Linkage
Bl ocks

3. I'IATERIALS AND METHODS

3..l General Description

3.1.1 Description of parentaì lines and base
popul ati ons . . .

3.1.2 Base populations synthesized

PAGE

31

34

34

34

35

36

37

3.1.3 Method of seed production

3.2 Experiment ì. Comparative Study of the Parental
Cul ti vars

3.3 Experiment 2. Space Planted Nursery of Four Base
Populations and Parental Cultjvars from the Glenlea
X Sinton Cross

3 .4 Experiment 3. Eval uati on of Base Popul atj ons
Generated frsn the Gl enl ea X Si nton Cross and
Simul ated Sel ection Experiments

3.5 Experiment 4. An Evaluation of the Effects of
Individual Plant Selectjon Methods and Base Popula-
tions on the Imp
Protei n Content

rovement of Grain Yield and Grain

3.6 Experiment 5. Comparison of Base Populations
Generated Using NBl3l X Coteau Cross 51

4. RESULTS

4.1 Experiment '1. Characterization of Parental Ljnes
for Agronomic and Quality Factors ...

4.2 txperiment 2. Evaluation of Base Populations in
Si ngì e Pl ant Nursery 62

4.3 Experiments 3 and 5. Evaluation of 7 Base Populations
Generated from Two Crosses 81

40

44

49

53

53



-x-
TABLE 0F C0NTENTS (cont'd)

PAGE

4.4 Experiment 4. An Evaluation of the Effects of
Individual Plant Selection Methods and Base Popu'la-
tions on the Improvement of Grajn Yield and Grain
Protei n content r27

S. DISCUSSIoN ... 134

5.1 Effectiveness of Earìy Generation Selection
Studi es 134

5.2 Comparison of Base Populations for Their Breeding
Val ues 14i

5.3 The Nature and Basis of the Negatfve Correlatjon
Between Grain Yield and Grain Protein Content 146

6. CSNCLUSTgNS . L52

7. LITERATURT CITED 156

B. AppENDIX I 168



TABLE

1

-xi-

LiST OF TABLES

PAGE

Summary of heri tab i I i ty esti mates of yi e'l d , yi eì d
components and protein content in wheat as reported
by various authors

Parental combinations and base populations
generated

Mean squares (x 104) from anaìysis of variance of
transformed agronomic and quaìity characteristics of 4

wheat cultjvars grown at 3 locations and 2 years

Grain yÍeld and grain protein content
of 4 wheat cultivars
grown at 3 locations during the summers of 1978 and
1979.

Yield and quaìity characteristics of 4 wheat cultivars
averaged across locations and years 58

Average single plant performance for I yield and
prote'in characteristics of Glenlea and Sinton grown
i n a space pì anted nursery

Average sing'le pìant performances of four wheat
populations generated from the Glenlea X Sinton
Cross

Phenotypic variances (xl03) for B transformed charac-
teristics of parental lines and base popu'lations
generated from the Gl enl ea X Si nton Cross. . . .

Phenotypic correlation coefficients among pairs of
variables in parentaì cultívars and 4 base popu'lations
generated from Gl enl ea X Si nton Cross

Multip'le regression ana'lysis of graín yie'ld per plant
and grain protein content on selected traits

Stepwise multip'le regression analysis (maximum R2

improvement) of grain yieìd per pìant of 6 wheat
populations on other selected variables

l3

35

55

57

64

65

67

70

73
t0

ll
74



- xll

LIST OF TABLES (cont'd)

TABLE

12

PAGE

ì3

t4

l5

t6

17

l8

l9

20

?1

Stepwise multiple regression ana'lysis (maximum R2

improvement) of grain protein content of 6 wheat
populations on other selected variables 76

Path-coefficjents from path-coefficient analysis of
grain protein content of 6 wheat populatjons grown 'in
ipace pìanted nursery 79

Comparison (by cross) of means of parental cultivars. 83

Comparison (by cross) of means of 7 base popu'lations
generated from two crosses 85

Degrees of freedom and expectation of mean squares and
mean cross products in analysis of data from
experiments 3 and 5 ... 87

Phenotypic variances (mean squares x l0) for 5

characteristics of 7 base populations generated from
2 crosses 88

Genotypic variances (mean squares x l0) for 5

characteristics of 7 base populations generated from
2 crosses 90

Phenotypic and genotypic correlations among pairs of
characteristics in 4 parental lines and 7 base
popu'lations generated from them . 93

Broad sense herjtabiìity estimated by the components
of variance method for 5 characteristics in 7 base
popuìations generated from 2 crosses 98

Narrow sense herítabi'lity estimated by the off-spring-
parent regression method for 5 characteristjcs in 4

base populations generated from Glenlea X Sinton
Cross

Frequency of 4 different classes of genotypes present
in each of the 7 base populations generated from
2 crosses 104

22



LIST OF TABLES (cont'd)

TABLE

23

- x'l'l I -

effects of selection
when the objective

PAGE

24

Inter-generatìon correl ation coefficíents of 1979
grain yieìd and graÍn protein content with 1978
single pìant characteristics for each of the 4 base
popuìations generated from Glenlea x Sinton Cross 109

Characteristics of samples selected for grain yie'ld
using varjous síngle plant characteristjcs and 10%

selection intensity in 4 base populations of
wheat I I 5

Characteristics of sampìes selected for grain protein
content using various síngìe plant characteristics
and 10% selection intensity in 4 base populatjons of
wheat rL7

25

?6

27

28

29

Av era ge
crí teri a

improve

intensity and selection
of selectíon is to

30

graì n yiel d 123

Average effects of selection intensity and selection
criteria when the objective of selection is to improve
grain protein content 125

Average effects of selection intensity and selection
criteria when the obiective of selection is to improve
both grain yield and protein content simultaneousìy 126

Comparisons of 4 methods of selectjon at l0% selection
intensity w'ith respect to gra'in yield per p'lot and gain
from selection in 4 base popu'lations generated
from the Glenlea X Sinton
Cross 129

Comparison of 5 methods of selection at 10% selection
intensity with respect to grain protein content and
gain from selection in 4 base populations generated
from the Glenlea x Sinton cross ".. 131



-xlv-

LIST OF FIGURES

Schematic presentation of method
base populations and experiments

PAGE

F I GURE

l

2

3

4

of devel op'ing
co nduc ted JO

A rhombus grid design arrangement of the summer,
1978 singìe plant nursery grovJn in Winnipeg 42

Path relationships of grain yieìd and grain protein
content with selected characteristics 78

Regressi on of 'log grai n protei n content on 'log gra'i n

yieìd of 4 base populations generated frsn the Glenlea
x Sinton cross 106

Regression of'log grain protein content on ìog grain
yieìd of 4 base popu'lations generated from the
NBl3i X Coteau cross t07



1. I N T R O D U C T I O N

Wheat is the principal commodìty of Canadjan Agricul ture'

Stati stical abstracts show 'l arge annual fl uctuations j n acreage 
'

production and prices, but roughly 10 million hectares are allotted

each year to produce about 14 milljon metric tonnes of graìn at a total

value of 2.6 billjon dollars. The importance of wheat to the Canadjan

economy can be emphasized by the fact that Ít d'irectly contributes to

about 5% of the country's export earníng. Most of the wheat produced

i n Canada js grown in the Prai rie provjnces and channel ed into the

international market where it commands the highest prices among the

bread wheats of the world. l4ost of the wheat exported from Canada is

used for making yeast leavened bread in the importìng countríes'

The producti on of yeast I eavened bread usual ì y requi res fl our r^ri th

protein content of at least ll%, and to produce such flour, the grain

must have a protein content of at least l2%. Cl'imatic factors in many

of the wheat 'importing countrjes are conducive for productíon of high

yielding wheats, but the same climatic condit'ions make the production

of wheat with high proteìn content impossible. As a resuìt, bakerjes

in these countries usuaì'ly import wheat of high protein content from

Canada and the United States to blend with their local wheats. There

is a growing concern that major changes in bread making technoìogy, the

increasing cost of canadian wheat, and major pìant breeding break-

throughs'in increas.ing the protein content of local varietjes in wheat

importing countrjes would lower the demand for Canadian wheat on the

worl d market.
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0n the Canadjan scene, the rÌsìng cost of product'ion is forcing

the wheat farmer to continously search for ways of makjng his operation

more efficient. App'lication of a serjes of technological innovations

such as generous application of fertilizers and pest controlìing chemi-

cal s, hi gher pì ant densi ti es , and improved farm husbandry techn'i ques

have made farm operatÍons more efficient in the past. Antícipated

shortages and (or) increases in the price of fueì, fertilizers and

chemical s accentuate the need for other means of i ncreasi ng farm

efficiency which are not energy intensive. Already, the amount of

energy now used to produce food in the more modern agricultural systems

such as Canada and the United States, greatly exceed the amount of

energy the crops themselves yieìd (Brown, 1974). The breeding of high

yieìd'ing wheat cultivars which retajn the traditional Canadian stan-

dards of quaìÍty would heìp to keep the cornmodity competitìve on the

World market, and would also help to increase farm efficiency.

Breeding efforts to produce such high yìelding and hÍgh protein

cul ti vars of wheat have been i n progress for several decades and

usuaììy have utilized crosses between two djfferent market classes of

wheat such as Canadi an Hard Red Spri ng lltheat and Uti'l i ty l^Jheat. The

Hard Red Spring Wheat cultivars are characterized by a relatively high

percentage of protein that form a tenacious elastic gìuten with good

gas retenti on properti es. The doughs of these cul ti vars al so have

excellent hand'ling qualities, are not critÍcal in thejr fermentatjon

and mixing requirements, and most importantìy, are capabìe of be'ing

baked into welì risen loaves with good crumb and texture. Their major

disadvantage is their low average yieìd which is considerably below
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that of Utility cultivars grown in the same area. The Utì1ìty cult'i-

vars, on the other hand, have good mil'lìng characteristjcs, adequate

disease resistance, but are inferior in baking qual ity. Their maior

attribute is a distinct and significant yield advantage. In the past,

attempts to combine in one genotype the good attributes from two such

classes of wheat have met on'ly limited success. Data from the l,Jestern

Bread Wheat Co-operatÍve test indicate only a smal ì y'ie'ld improvement

has been made by recent re'leases over the variety 'Thatcher' when

disease is not a 'limiting factor. Thatcher was released in 1934. The

exact cause of this'lack of progess is not clearìy known, but possibìe

reasons could be one or more of the fo'lìowing:

1 ) Genetic causes of negative rel ationships between yi e'l d and

protein content which would impede simultaneous 'improvement of

these two characteristìcs;

2\ The i ncreased di fficul ty of seì ecti ng 'i ndividual s wi th the

right combinatíon of genes affecting both yieìd and protein

content;

3) the ineffeciencies of breeding methods currentìy used by pìant

breeders.

Plant breeders who are faced with problems of these nature have several

al ternati ves such as: refi ni ng techni ques to make sel ectj on more

accurate; change the structure of the base popuì ations so that

des'i rabl e genotypes are more frequently found, oF use a di fferent

method of selection,

This project atter¡pts to nrodify and incorporate several procedures

commonìy used in breedjng se'lf-poìlinated crops. Its generaì obiective



-4-

is to ident'ify some possibìe reasons why it has not been possibìe to

combjne in one genotype both high yìeld and hígh protein content.

Specific obiectives which it attempts to address are:

1) To investigate the effectiveness of selection for grain yfeld

and grai n protei n content on the basi s of s'ing'le p'lant

performances in the earliest possibìe segregating generat'ion;

2) To evaluate base popuìations of known differences in gene

frequencies for their breeding vaìues with speciaì emphasis on

the simul taneous improvement of grai n yi e'l d and proteì n

content in wheat; and

3) To study more cìoseìy the nature and basis of the negative

correl ation between grai n yíel d and grai n protei n content

often reported in wheat and other cereals.
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2" L I T E R A T U R E REVIEl,'l

Hheat (Tritjcum aestivum L " ) is one of the most exhaustìveìy

studjed cereaj crops, and therefore the ljterature on it is quite

extensive. It would be'impossible to review all of the literature on

thjs very important crop. This review iS, therefore, restricted to

those areas of research which are strictly pertinent to the present

study. To simpl i fy the presentati on, and al so to faci I i tate the

continuity of ideas and views, the literature review is sub-divided

into four sub-headings as follows:

(l) Genetjcs and 'improvement of grain yieìd in wheat;

(2) Genetics and irnprovement of grain protein content in wheat;

(3) Earìy generat'ion selection in wheat; and

(4) Use of intermating to break undesjrable ìinkage blocks.

2.1 Genetics and Improvement of Gra'in Yield and Yield Components

Grain yieìd in wheat is the end product of the jnteraction of a

'large number of physio'logícaì and biochemical processes in the pl ant,

and therefore, shoul d be geneticaì ìy compì ex. Van der Pahl en and

Goldberg (1971 ) classified yieìd as a character controlled by several

genes. Al I chronosomes, except lA, ?8, 2D, 4D and 74, have been

reported to be associated with yieìd (Ausemus et â1., 1967). Since

each gene 'in the p'l ant i n one way or another af fects yi eì d, Shebeski

(1967) speculated that the maximum number of genes that govern y'ield

equates to the total nuFrber of ef fect'ive genes i n the p1 ant. Lel ì ey
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(1976) based on an extensive literature review, stated that the multi-

genic inheritance of yield'is accepted by aìl those who have attempted

to study this character. However, contrary to the generaì belief that

yie'ld is a multigenic character, the índ'ividuaìity of genes for yíeìd

has been questioned by some workers. For example, Grafius (1959) and

l,lilliams and Gilbert (1969) are led to beljeve that yieìd is a genetic

artifact arising from the interaction of several characters, and as

such, there are no yieìd genes physica'l1y present on chromosomes.

Palmer (1952) proposed that yield increases may be achieved in

breeding programs in two ways: (1) by removing or reducing the effect

of factors which limit yie1d, which he called "resistance breeding",

and (2) by direct selection for increased yield itself which he called

"production breeding". Since most of the present day cultivars are

well adapted to the envjronments jn which they are grown, greater and

more spectacuì ar improvements in yiel d woul d be expected from the

second approach than from the first.
Didacticaìly, it is convenient to divide "production breeding"

into two major classes: (l) improvement of yield through morpho'logical

components of yi el d, and (2\ improvement of yi el d through genetì c

manipuìation of physio'logicaì and bjochemical processes that affect

yieìd. The second class is not direct'ly related to the present study,

but in recent years, it has become the centre of consjderable research

attention (See the revjews by l^lal'lace, et al.,1972; Evans and Wardìaw,

1976). In the present study improving morphoìogicaì components of

yieìd has been considered as a means of increasing yieìd potentiaì in

wheat. Therefore, it is on this aspect of yieìd improvement that thjs
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review will focus.

2.1.1 Relationships among yield and morphological components of yíeld

Engì edow and l.ladham (1923 ) are credi ted as the f i rst to di v i de

yield of cereals into component parts. They considered characters such

as the number of plants per unit area, number of ears per plant, number

of grains per ear, and weight per grain as the units from v¡hich hÍgher

yield might be developed. Since then, several studies have been con-

ducted to study the relationship of yieìd with yield components and

also among the yield components themselves. The literature is abundant

with reports of interrelationships among yie'ld and yield components,

and it is therefore, impossible to cite every worker who has presented

information on the topic. However, a summary of most of the pub'lished

reports points to the foììowing: (l) that each yie'ld component is sig-

nificantly corre'lated with yield, (2) that significant negative corre-

lations occur among the yieìd components, and (3) that yie'ld components

compensate one another. An example of deviation from these generaì

findings ís a report by Austenson and Walton (1970) who observed no

negative correlations among yieìd components in wheat.

2.1.2 Causes of negative correlations among yield components

Since negative correlations among yieìd components could hinder

progress from selection, the search for the genetic basis of these

negative correlations has been carried out for many years and by many

workers. Despi te these efforts, âfl adequate expl anatí on for the
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negative associatjon among yield components has not been possibìe; but

several hypotheses have been provided.

Grafius (1964) reasoned that sínce the development of component

traits'is separated in space and time, it is possible that they may be

controlled by different genetic systems. Adams (1967) supported the

proposaì of Grafius (1964) tfrat yield components are genetica'l1y inde-

pendent characters, and further expì ai ned that y'ie'ld component compen-

satjon occurs when two develop'ing structures of a pìant compete for a

common nutrient supply. According to this theory, a strong negatÍve

correlation between components 'is an índication of competition between

them, and occurs if one structure is favored over the other in the

anount of nutrients received. In support of this vier.t, Adams (1967)

reported much reduced negative correlations between yieìd components

for space p'l anted than for sol i d pì anted crop and concl uded that a

strong negative correlation among yieìd components is an indícation of

competition between them. An observation that is not consistent wjth

Adams (1967) view has been that by Grafius (1970) who reported that the

strength of the negati ve rel atí onshi p among y'i eì d components

i ntensi fi ed as yi el d i ncreased.

Rasmusson and Cannell (1970) studied the effects of selection for

grain yieìd and yieìd components in barìey and proposed that genetic

linkage of the three yield components is the cause of the negative

associations and yield component compensations frequentìy observed in

cereal s.

Brinkman and Frey (1977) suggested that yieìd components may not
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be inherjted independently, and that the operatìon of a single ple'io-

trop'ic gene may be reponsib'le for the negati ve correl ati ons that exi st

among yi eì d components. Accordi ng to thei r hypothesi s, a si ng'l e gene

may influence the timing of the sequence of yie'ld component develop-

ment. Thus, a genotype may have fewer spiklets per spike but heavier

seeds, because its genetic message prevented the formation of a'large

number of spikelets per spike. This in turn leads to a situatjon where

more substrate would be available to form heavy seeds. A theory very

similar to this has also been advanced by Grafius and Thomas (1971).

2.1.3 Relative importance of the various yield components to yield

In recent years, the possibiìity of increasing yield through yield

conponent selection has attracted the attention of several researchers.

In most of the stud'ies, that attention has centred on the identifjca-

tion of the most important yield component that affects yieìd, and the

ímprovement of yieìd through selectjon for that character.

McNeal (1960) studied yield and yie'ld components in the F2 and

F3 generations of a wheat cross and observed that kernels per spike

and spikes per plant were more highly correlated wjth yie'ld than was

kernel weight. He also found that no sìngle component was correlated

wjth yieìd in both generations, but kernels per plant (kernels per

spike x spikes per pìant) was highly associated with yieìd in both

generations.

Johnson et al. (1966) studied four hard red winter vrheat cultivars
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for yield and yieìd components at different locatjons 'in Colorado and

Nebraska . The hi ghest yi e'l di ng cul ti var produced more kernel s per

spike but its kernel weight and sp'ike number were less than for the

other three cultÍvars.

Fonseca and Patterson (1968) calculated correlation coefficients

among yi eì d components i n the F'¡ and F2 generati ons of a seven

parent diallel. Grain yield was posìtiveìy correlated with number of

spikes per unit area (r = 0.71), kerne'l weight (r = 0.41) and kernel

number per spike (r = 0.18). Similarìy, Austenson and Walton (1970)

found spike number per pì ant was by far the most important component of

yieìd; kernel number was the next important; and kernel weÍght was

relatively unimportant. A finding consistent wíth this has also been

reported by Hsu and l^lal ton ( l97l ) who , 'in thei r study of the rel ati on-

ships between y'ieìd and its components under field and greenhouse con-

ditions found that the correlation between yie'ld per pìant and kernel

weight was not significant. A report by Sikka and Maini (1962) con-

sidered the role of the number of productive tillers per p'lant to be

more important than the number of kernels per ear or kernel weight; and

according to Damisch (197.l) 47.5%, 29.2% and 23.?% of the total vari-

ability in yieìd is accounted for by the number of productive tiììers,

the number of kerneìs per spike, and kernel weight, respectively.

The studies cited above represent a rather small but typìcaì

samp'le of the literature on wheat, and show that the sequence of

relative importance. of yieìd components with respect to total grain

yie.ld,irìdecreasingorderofimportanceis:spikesperpìant>
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kernels per spike > kernel we'ight" This sequence attests to the fact

that characters deveìoped early in the ontogeny of the pìant are more

important in determining yieìd than characters developed late ín the

pl ant's I i fe cycì e.

2.1.4 Heritability of yield and yield components

2.1.4..l Definition and uses of heritability. The total (pheno-

t_vpic) variabiì'ity observed in a segregating base population results

from (1) genetic differences, (?) envjronmental differences, and (3)

genetic-environmental effects on individual s (Alìard, 1960, Falconer,

1960). Since on'ly the genetic differences are hereditary, the term

"heritability" was coined to provide a quantitative measure of the

rel ative importance of genes and environment to total varjabiì ìty.

Falconer (1960) defined heritabiìity as that fraction of the observed

phenotypic variance whjch is caused by differences between the genes or

the genotypes of individual s.

Heritabi'l ity has two primary functions in a practicaì pl ant

breeding program. As suggested by Hanson (1963), it can be used as a

method of determining whether progress from selection for a character

i s rel ati vel y ea sy or di ffi cul t to make j n a breedi ng program.

Furthermore, it can be used as a very valuable tool for predicting the

magnitude of the genetic gain that follows selection for a character

( Fal coner, I 960 ) .

2.1.4.2 Estimates of heritability of yjeld and yield c_omponents in

wheat. Published reports on estimates of heritabiìity of yieìd and
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yield components in wheat are abundant jn the literature. Papers

listed in Table I represent a small but representative sampìe of the

literature on estÍmates of heritabiìity of yield and yield components

i n wheat.

Estimates of heritability of yieìd, according to reports listed jn

Table l, range from a low of 7.0% to a high of 101.0%. However, the

mean heritability for yieìd is low (30.6%) which suggests that manipu-

lation of this trait via selection in eariy generations should be djf-

ficult to accomplish. The three yield components have higher herita-

bi I i ti es than yi el d, but the heri tabi ì i ty of spi kes per p'l ant 'is

generaìly low with an average heritabiìity of 33.8%, that of kernels

per spike is intermediate (39.0%), and that of kernel weìght is h'igh

(53.6%). it is interesting to note that the rank order of the

heri tabi'l i ty estimates of the three yi eì d components as reported 'i n the

literature js the reverse order of the rank of the relative importance

of each coi'rponent to yieìd.

Further examination of the data presented jn Table I wjll reveal

that the estimates of heritability were dependent on (l) the method

used to calculate them Q) the parental combination used, and (3) the

generation in which the estimates were determined.

Three genera'l methods of estimating heritability nameìy: (l) the

component of variance method (?) the offspring-parent regression, and

(3) the diallel analysis have been used by most plant breeders. The

literature indicates that each of these methods has its own merits and

de'¡eri ts .
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components and protein content in
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estimates (in %) of yield, yìeìd
wheat as reported by various authors.

UHARAU I tR
Authors, method of calcula-
tion and generation studied Plant Spike weight Content

Davis et aL (1961 ),
--Comp. Var. (F4 and F5)

Stuber et a]. ( '1962 ) ,
--Comp.Var(F2 I B.C. )N.S.
--Comp.Var( F2,P1,P2 ) B. S.
--Comp.Var( F2,P1,&P2 )8. S.

Hauno'l d et al. (1962b),
--Reg.Conv.(F3 on F2)
--Reg.Stand.Uñit (Fã on F2)

Lebsock et al. (1964),
--Reg.Conv.(F6 on F3)
--Reg.Conv.(F5 on F3)

Sunderman et al. (1965),
--Comp.Var. (F3)
--Reg.Conv.F3 on F2

--Reg.Stand. F3 on F2

Johnson et al . ( 1966 ) ,
--Comp.Var. (F2) B.S.
--Comp.Var. (F2 and B.S.) N.S.

Fonseca and Patterson (1968),
--Dialleì (F1 & F2 on M.P. )N.S.

Frohberg et al. (1968),
--Comp.Var.(F3 & F4)

Anwer and Chowdhry ( 1969),
--Comp.Var. (F2 &8.C. )N.S.
--Comp.Var. (F2,P1,P2,Fl ) B. S.

Baker et al (1968),
--Comp.Var. (F7 e Fg)N.S.

Reddi et al. ( 'l969)

--Reg.Conv.(F4 on F3)
--Reg.Stand.Unit (F4 on F3)

Khadar ( l97l )

Sun et al. (1972)

Ketata et al. (1976)
--Comp.Var.(F2 & B.C.)N.S.

Sidwe'l1 et. al. ( 1976)
--Comp.Var( FZ,P1,PZ,Fl ) B. S.
--Comp. Var( F2 & B. C. ) N . S.

t4-53 54- 69

82
83
6B

53
35
43

'A
l5
24

7

7

55
6l

l0
2

63
39
4l

25-36
4l -82

70
37

17 -49 34-80 47 -89 r 5-5s

Low

1?-41
6l-70

28-7 4

48-65 Low

0-20
0-17

77-93 47-82

't5-48

22-48

70

5l -85

5ì-85
6536l6

50
43

36 44
l9 ?s

15

27
17

0ver al I mean 30 .6 33 .8 39.0 53.6 49. l

* Spikes/p'lant a'lso includes spike/unit area.
Comp.Var = Component of Variance; N.S. = narrow sense; B.S.
Reg. Conv. = conventional regression anaìysis; Reg. Stand.
Standardized regress ion analysi s.

= broad sense;
Unit =
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The variance component method has been extensiveìy used by l"lather

and Jínks (1963) and generaì'ly utilizes data collected on an indjvidual

pìant basis. Hanson (1963) has questioned the value of descrìb'ing

genet'ic varíability based on individua'l'ly spaced pìants, because esti-

rnates of envjronmental variabil ity are not entirely rel iabie.

Recentìy, Baker (1978) eval uated the diallel anaìysis and ìts several

modifications. He doubted the useful ness of the dial lel method in

estimati ng genetic parameters because of di fficul tj es caused by

cornel ati on of genes i n the parents . He suggested that the method

should not be used unless the parents of the djallel cross have been

produced by a laborious and time consuming process of random mat'ing

follov¡ed by non-selective inbreeding. Lush (1940) emphasized that the

most real istic method of calcul ating herÍtabil ities woul d be the

offsprr'ng-parent regression technique. It more closely represents tvhat

pl ant breeders practice when sel ecti ng wi thi n segregati ng popul atj ons.

An apparent probìem with thís method is that the parents are grown jn

one year and the offspring in the fo'llow'ing year, and differences in

envjronmental variances in the two years may sometimes be 'large

resuì ting in unreal istic estimates. An obiectjve eval uatÍon of the

different methods of estìmating herjtab'iì ity has not been generaì'ly

avajlab'le, and therefore some confusion exists as to which gives the

most realistjc and reliable estimate of herjtabiìity.

2.1.5 Utilizatjon of yield components for indirect selectjon for yjeld

The observations: ( I ) that yiel d components have higher
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heritabil jtjes than yieì d, and (2) that y'ieì d components have strong

positive correlation with yfeìd, stimulated interest among pìant

breeders to investigate the usefulness of yìeìd components as indjrect

selection criteria for grain yieìd.

Grafius (1956) introduced a geometrìc concept of yieìd components

in oats and suggested that it would be easier to jncrease total yieìd

by selecting for yieìd components which are presumab'ly more readiìy

ínherited than yield per se. He indicated that maximum yieìd is ob-

tained at intermediate levels of the three yie]d components. In a

subsequent paper, Grafius (1964) suggested that when the components are

correlated and their heritabilities are not zero, one should select for
(a) one component if the relationshjps are positive, (b) all components

if the relationships are negatìve, and (c) total yie]d per se if the

expected genetÍc gaì n for al I components is high. contrary to the

proposaì advanced by Grafius (.l956, 1964), Hayman ('1960) and Moll et

al. (1962) profess the view that yie'ld is inherited as an overall

character, and therefore, component anaìysi s is ineffective and at

tjmes confusing.

Exampìes where components of y'ield have been helpfuì in breeding

for yÍeld are sporadic, but do appear in the literature. Lebsock and

Ama.ya ( 1969 ) and Knott and Tal ukdar ( l97l ) suggested that i ndi rect

selectjon for yieìd through seed weight could increase yíeìd in wheat.

MclJeal et al . (1978) observed that selection for yield components in

the F2 and F3 generations was effect'ive, wjth mjnjmal improvernents

thereafter. They a1 so observed that kernel we'ight and number of
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kernels per spike were effective characters for indjrect selection for

yieìd.

Yi el d component sel ecti on has al so been app'l i ed to bul k popuì a-

tíons via mechanical means with positive resul ts. For exampì e, Derera

and Bhatt (197?) mass selected for kernel size in three heterogeneous

wheat popu'latíons and improved yield by an average of 33.0% per cycle

over a two year period. Frey ( 1967 ) conducted mechanical mass

selectjon for seed width in oats popuìations, and after fjve cyc'les,

the resuìting F7 populations had heavier seed weight and about 9.0%

greater yíeld.

Nickell and Grafius (1969) partitioned yield into simpìer com-

ponents for insight into genotype x envjronment interactions. They

concl uded that aì though the components of yí eì d are assumed to be

genetica'lìy independent, under stress conditions, they may interact

with each other and wjth the envjronment. Therefore, selectjon for

yieìd while fgnoring the components may end up with negative results.

Al so the converse appeared to be true; that j S, sel ecti on for

components whi'le ignoring the compìex trait (yjeld) may be djsastrous.

They emphasized that yield component compensation 'illustrates that

selectíon for yieìd in one environrnent does not necessarily tnean that

the same performance will be obtained under another environment. The

authors further suggested that the pìant breeder should consider the

joint manipulation of genotype and environment to get maxímum gain from

a given gene pooì.
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2.2 Genetics and Improvement of Protein Content

2.2.1 Functional importance of protein content in wheat

Protein content of the grain is a major quality factor in wheat.

A'lthough graÍn protein content has been used as a measure of baking

quality since the turn of the century, it was onìy in 1935 that crude

protei n content was accepted as a measure and defi ni tj on of "fl our

strength" (Bl ish and Sandstedt, 1935). By and since then, the

relationships between grain protein content and bread-making quaìities

have become firmìy established. Grain protein content has been shown

to be positiveìy correlated with loaf volume (Finney and Barmore,

l94B), and vrith bread grain and texture (Sunderman et dl., 1965). In

addì t'ion, wheat prote'ins are known to ìargeìy govern the fl our water

absorpt'ion (Finney, 1945); and al so oxidation requirement and mixìng

and fermentation tolerance (Ryìer, 1967). In grain wjth protein con-

tent of the same ouaìity, an increase in protein content was shown to

resul t in fl our wi th better baki ng characteristics (Bushuk et âl .,

re6e).

2.2.2 Factors that af fect prote'in content

Environmental factors are known to largely affect grain proteìn

content. in wheat. Abundant rainfall during the period of kernel de-

veìopment usuaììy results in low prote'in content, whereas dry con-

djtions durìng that period favors high protein content (Ze'ì eny, 1964).

Fi nney et al . ( I 957 ) and McNeal et al . (1g72) observed i ncreased
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protein levels when n'itrogen fertilizer was appìjed in amounts over and

above the requ'irements for maximum yieìd expressìon. Schlehuber and

Tucker ( 1959) have suggested that the major factors responsibl e for

grain protein content,'in order of importance are environment, soil and

cul t j var. l4ore recent'ly Mie zan et al . (1977 ) studi ed ef f ects of

envjronmental and genet'ic factors on gra'in protein content in 12

environments, and concluded that the genetic effects jnfluenced graìn

protein content as effectiveìy as the environment.

2.2.3 Genetics of protein content in wheat

The first pubìished report on the genetics of prote'in content in

wheat is that of Clark (1926). In that paper, C'lark showed that

protein v/as inherited as a compìex trait, and that it was often nega-

tiveìy associated wi th yi eì d. Cl ark al so concl uded that phenotyp'ic

varjabiìity of protein in the F2 of a cross of two wheat varieties he

s tudi ed wa s no greater than that found i n the parental popuì ati on ,

although the parentaì varieties djffered in protein content. Thjs led

him to believe that environrnent greatly ìnfìuenced protein content.

Because of strong environinental influence, and the plo'idy nature

of the pìant, prote'in content in wheat has not been amenable to simple

gene analysis. However, various workers have postulated the genetìc

control of protein by gene numbers from one (l,Jorzeì I a, 1942\ to eight

(Haunold et aì.,1962b,ì. These differences in estinated number of genes

are apparently due to differences in environments, in sjzes of popula-

tions, in parental combinations, and in techniques used. An extensive
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ljterature review by Ausemus et al " (1967) in¿jcates the acceptance of

the multigenìc hypothesis by most workers who have studjed the genetics

of protein content in wheat. According to Le'lley (1976) genes on l9

chromosomes (except 2A and 4D) are known to controì protein content jn

wheat.

The mode of action of genes that control proteìn content is not

very cl ear. Chapman and I'lcNeal (1970) observed that epi stas'is for

protein content was absent in fjve crosses they investigated. However,

addjtive genet'ic effect was signìficant in all cases and dominance was

effective in two of the five crosses studied. Diehl et al. (1978)

observed that gene action for protein content was predominantìy of the

additive type while Clark et al. (1928) observed a preponderance of

domlnant qenes for low protein content. Lebsock et al. (1964) reported

that low proteìn content was partiaì'ly domjnant over high protei'n

content.

Despi te si zeabl e envi ronmental effects, pubì j shed reports sum-

marized in Table I indjcate heritabi'lity percentages for gra'in proteìn

content in wheat ranged from l5 - 82% for F2 pìants and F2 derjved

famil jes. Presu:nably, these heritabil ity estjmates indicate signi fì-

cant potential for improv'ing graìn protein percentages in vrheat through

b reedi ng .

2.2.4 Improvement of protein content through plant breedjng

Early plant breeding efforts to improve proteìn content in wheat

were djscouraging. Johnson et al . ( 1963) attributed these dj fficul ties
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to two problems: (l) known genetic differences in grain protein content

among vari eti es of common wheat were smal I , and (2) env i ronmental

effects were comparativeìy 1arge.

In 1950, l"liddleton et al . (1954) discovered a distinctiy superíor

genetic source of high protein content in two Mexjcan wheats,

'Frondoso' and 'Frontiera' , and opened new vj stas for graì n proteì n

improvement in wheat. Several years Jater, Johnson et al . ( 1973 )

screened close to 13,000 genetic jines of wheat in the USDA World Wheat

Coììection, and reported that grain proteìn content among these lines

varied from 6.0% to 22.0% with a mean of 13.0%. Johnson et al. (1973)

al so reported that the correl ati on for yì eì d versus prolei n i n the

1,lorl d l,lheat Col I ectj on ranged from -0 .43 to 0.0. However, the

correlatjon for yie'ld versus prote'in for varjetjes not known to be

genet'ical ìy di fferent were from -0.61 to +0.65. Furthermore, they

observed that very little variation 'in protein content was accounted

for by djfferences in grain yieìd even when there was a'ìarge negative

correlation. Their report renewed the hope and jnterest among p'lant

breeders for improving protein content by genetic means.

The major probìem of improving yieìd and proteìn content simul-

taneous'ly is attributed to the negatìve correl ation between these tr'ro

characteristjcs as reported by Baker et aì., 'ì968; Î'lcNeal et aì ., 1972;'

Meizan et al., \977; and many others.

Stuber et al . (1962) studied Fl , FZ, BC1, and BCZ

generations of t.l'inter l.lheat crosses and reported phenotypìc correlat1on

between protein coritent and yie'ld to be signìficant, but too low to
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hjnder sjmultaneous selection for both characters. They also reported

that phenotypic and genotypic correlatjons agree in s'ign, but genotypic

correl atj ons were greater i n magni tude.

in contrast to those workers who have noted that grain yield of

wheat is negativeìy correlated with the grain protein content, Dyck and

Baker (1975) observed that there was no signifjcant phenotypic, genetic

or environmental correlations between yieìd and proteìn content in two

wheat crosses they studied. Shebeski (1966), Schlehuber et al. (1967)

and Cl ark et al . ( l92B) have reported signi ficant posi tive

relatíonships between yie'ld and protein content in wheat.

Despite the negative correlation between yield and proteìn con-

tent, some pìant breeders have obtajned protein and yield increases in

wheat sjmul taneously. For exampì e, Mjddl eton et al . ( 1954) reported

that cultivars'Atlas 50' and'Atlas 66'were equally as productìve as

traditional cultivars in extens'ive yield tests over a three year period

at many sites. These two cul tivars exhibited from 0.9 to 3.?

percentage points more protein in the grain. Johnson et al. (j973)

using'Atlas 66'as a source of genes for high protein have isolated

several 'second cycl e' hard red rvi nter r,rheat types wh jch combi ned high

gra'in yìeìd with a 2.5% increase jn prote'in content. Substantial

increases as a result of selective breeding for grain protein content

have also been reported by Davis et al. (1961).

Si nce 'Atl as 66' has consi stently produced progeni es wi th hÌgh

protein content, it has attracted the attention of several physìo-

logical studies. Haunold et al. ( 1962a) compared space planted 'Atlas
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66'wjth'l,lichita' (a low protein cultivar) under nitrogen fertiljzed

and unfertilízed conditions Ín a greenhouse study. They concluded that

under conditjons of adequate nitrogen supp]y, Atlas 66 exhibited a

protein threshold 3% higher than l,ljchita. The term 'protein threshold'

was coined to represent the zone of protein-yieìd interaction at which

the inverse relationship between protein content and yield of the graìn

becomes effective. Brunori et al. (1977 ) were interested as to whether

the rate or the duration of prote'in synthesis was more important in the

high protein content of Atlas 66. They concluded that the jncreased

protei n content of thi s cul ti var was due to an extended peri od of

proteìn synthesis in the grain rather than higher protein accumulation

rates.

Johnson et al. (.l958) attrìbuted the high protein content of Atìas

66 to the greater abiìity of the cultjvar to translocate amino acids

from the leaves to the developing grain.

2.?.5 Causes of negative correlation between yield and protein content

The tendency for hi gh yi e] di ng I i nes to express I ow prote'i n

content has attracted the attention of several researchers. In generaì

that attention has centred on: (l) nitrogen uptake from the soiì, (z)

the nitrate reductase system, (3) remobilization of amino acids and

proteÍn from the leaves to the developing grain and (4) source sjnk

rel ationships of the p'lant.

Hutcheon and Paul (1966) using greenhouse facil ities demonstrated

that the protein content of wheat can be effectiveìy controlled by
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adjustìng the nìtrogen supp'ly and soil moisture stress. They showed

that in the lower protein range (ll-16%) concomjtant increments of

yield and protein content can be obtained, while above the 16% proteìn

level, increase in protein content could onìy be obtained by keeping a

growth factor such as moisture below the optimum level for maximum

yiel d expression. Haunol d et al . ( 1962e) indjcated that the negative

relationship was stronger for wheats grown jn areas of soÍl nitrogen

deficiency.

Frey (1951 ) proposed a 'Universal nitrogen constant' or a ce'i'l ing

on nitrogen absorption at 318 kg/ha as the cause of the negative

relationships between yieìd and proteìn content in cereal s. !^lhite and

Black (.l954) using pot cuìtured p'lants showed that cereals can absorb

much more nitrogen than the equìvalent of 3lB kg/na and concluded that

the negatì ve rel atj onshi ps between yi eì d and gra'i n protei n coul d be

attributed to the amount of available n'itrogen in the soil at different

stages of crop development in rel ation to soil moisture, mineraì

nutrjents in the soil, and environmental factors that determine yieìd.

l,J'illiams (1966), and Eilrích and Hageman (1973) suggested that

I jmjtation of N03- suppìy during gra'in developnrent may be responsible

for the negati ve correl ati on between gra'i n proteì n concentrati on and

grai n yt'e'ì d often reported i n the I i terature. Croy and Hageman (1970 )

proposed that low nitrate reductase act'ivity in wheat late jn the

growing season limits protein production by the plant. By sequentiaìiy

sampìing shoots of wheat plants, Simmons and Moss (1978) demonstrated

that about 90% of the total nitrogen is accummulated before anthesis
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and suggested that mjnjmal accumulation of reduced N after anthesis is

not primarily the result of 'lim'iting levels of njtrate reductase.

Thei r data suggested that duri ng much of the sampl i ng peri od,

substantial levejs of nitrate reductase were present in the tissues but

insufficient nitrate was being supplied to the enzyme.

It has also been suggested that protein content of wheat depends

not only on the rel ative amounts of carbohydrates and nt'tro-oenous

compounds made avai I abl e to the devel opi ng graì n, but al so on the

source sink relationships of the plant. For example, Rooney et al.

(1969) reported that grain from male sterile wheat was lower in test

weight and produced flour higher in protein content than gra'in from

fert.jle wheat of the same cultivar. They suggested that the higher

prote'in content was associated wjth the lower seed set (40%) and test

weight of the male sterile l'ine. l'lcNeal and Davis (1954) found that

the earliest formed and matured kernels contajned the h'ighest proteìn

content; and in a more recent study McNeal and Davis (1966) noted that

kernels from the top third of the spike were signìficantly lower in

protein content than those from the middle and bottom parts. These

studjes suggested that the supp'ly of nitrogeneous products needed for

protein production may become ìimiting before the additjonal kernels

produced by the high yie'lding cultivars mature; thereby causjng inverse

relationthips between yield and protein content.
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2.3 Ê-arly Generatj on Sel ecti on

Early eliminatjon of experimental lines whjch do not possess the

desi rabl e yj el d potenti a'l and quaì i ty characteri stics of an acceptabì e

vrheat cultivar is a matter of concern to wheat breeders.

According to Allard (1960) many simp'ly inherjted characterjstics

such as di sease and insect resi stance, lodgÍ ng and pì ant height are

rapidìy fixed and can be selected for in earìy generatìons. Selectjon

for characteristics which are quantitatívely inherited such as yie'ld

and protein content are normalìy deferred until the segregating lines

have approached homozygousity. Recent theoretical considerations of

complexìy inherited characteristics by Shebeski (1967) and Sneep (1977)

have suggested that selection for such characters should be started in

the earl jest possib'le generatìon, preferab'ly jn the F2 if max jnlum

selection efficiency ìs requìred. Their argument js that individual

p'l ants possessi ng al I of the desi red genes in the homozygous or

heterozygous conditjon occur most frequently in the F2, wi th the

frequency decl i ni ng i n I ater generati ons.

Sel ecti on for quanti tati ve characters can be i ust'í fi ed to sorle

extent in either early or late generations, but disadvantages appear to

exist for both systems. Ear'ly generat'ion sejection for characters

controlìed by a ìarge number of genes permÍts comparison betvreen pìants

or I i nes at a stage r.rhen the total genetìc variabiì ity from the cross

ís at a maximum, and the frequency of the most desjrable genotypes js

at its greatest as proposed by Shebeskj (1967) and Sneep ,l9l7).
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Identificatjon of superior genotypes jn the injtjal stages of the

breedÍ ng program woul d al so al I ow a more effjcjent and iudjcious

allocation of pìant breeding facil it'ies. The disadvantage of ear'ly

generat'ion selection is that it would be very easy to mis-classìfy

genotypes due to the maskíng effects of environment on genotypes. When

such a method is used, valuable combjnatjons may be classified as'poor

types' and might jrretrievably be ìost (Seitzer and Evans, 1978).

The abiìity of the pìant breeder to select for quantìtat'ively

i nherited characters is al so impai red by several envi ronmentaì ìy

produced variabilities. Leffel and Hanson (1961 ) cited heterosìs, due

to dori¡jnance or epistasis, which cannot be fixed in heterozygous li nes

as one cause which may reduce efficìency in early generation selection-

Grafi us et al . ( 1952) proposed that heterozygosity may ìmpai r

seìectr'on, and de¡nonstrated that selection effjciency v¡ould jncrease as

honozygosity was approached and domjnance and epistatic effects are

minjmized. Brjm and Cockerham (1961) showed that the progress expected

from selecting among progenìes of soybean ljnes jncreased as inbreeding

increased and the progenies approached homozygousìty. Lupton and

Whitehouse (1957) concluded that selection for characters such as yield

and grain quaììty in self-pollinated crops should be deìayed until a

fair degree of homozyzousity has been reached.

Accordi ng to Khal i fa and Quaì set ( 1975 ) the manner ì n which the

F2 nurserjes are grown also affects the effíciency of selectjon jn

that generati on. Usuaì ìy reasons such as maxjmum sì ngl e pl ant seed

production, selection for highìy heritable and easiìy identifjed
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characters, and conveni ence of observati on of si ngì e pì ant perform-

ances, iusti fy the need for space pl anted F2 nurseri es. Thj s

arrangement, however, does not correspond to commercial practìces

wherei n the cul ti vars are gror^rn i n sol i d stand, and as resuì t,

selection for quantitatively inherÍted characterjstjcs in widely spaced

F2 nurseries may not favor the desirable genotypes. As a means of

avoiding this problem Nass (1978) proposed that individual pìant

selections should be practiced at high population densities if the

sel ected I i nes are to be eval uted at hi gh popul ati on dens j tj es

comparabì e to commercial pì anti ng.

0n the other hand, sel ecti on i n I ater generati ons between rel a-

tively homozygous lines allows comparison of genotypes in which the

aclclitive genetìc variance has been fixed and provisjons for replícating

in space and (or) ti¡ne of the test material could be provided. Its

major disadvantage as cited by Shebeski (1967) ís that the deìay jn

testinq reduces the probabiìity of the presence of the best genotypes,

for a popuìation of a given size. Plant breeders rvho deìay selection

until later generations are also forced to produce and test a large

number of lines at an advanced stage onìy to find a great percentage of

them deficient for important characteristjcs.

One of the most important probiems hindering effectiveness of

selection in earìy generation is the inabiì'ity to select sìngle pìants

for wide range adaptability in one generation. As a means of solving

thís prob'lem, Shebeski and Evans (1973) proposed a hill test technr'que

which requires on'ly a small amount of seed, thus allowing rnore thorough
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testing and selection for wide range adapatabiìity. 0'Brien et al.

{ I97?) compared the h j I I pl ot techni que wi th row pl ots for F3 yi e'l d

testing. The results of their experiment indicated that selection

based on a sing'le hi'l'l plot basis was 50-75% as efficient as selection

based on a single three row pìot. They concluded that two to four

repì icates of hil I pì ots woul d be requi red to give the equivaì ent

informatjon of one three row p1ot. Earlier reports by Torrie (1962)

showed that to obtain comparable experimental precisíon for yieìd, the

required number of repìications for rows and hills vrould be 4 and 9

respec ti ve'ly.

Soil heterogenei ty i s al so acknowl edged to be a maj or env j ron-

mental factor which minimízes efficiency of earìy generation selectjon.

Fisher (1931 ) stated that sojl ferti'l ity cannot be regarded as being

djstrjbuted at random, but that plots located in close proximr'ty

generaìly are more alike than those further apart. The findings of

Briggs and Shebeski (1967) who used many bread-making quaìity charac-

teristics in their soil un'iformity ana'lysÍs were consjstent wjth the

view that the similarity of soils decreased as the djstance between

them increased.

2.3.3 Methods of increasing efficiency of early generation selectjon

Several studies have been devoted to the study of increasing

eff ict'ency ín early generation sel ection out of which three genera'l

methods have evolved.

0ne of these methods requi res that sel ectj on nurseri es be
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conducted under optimum condjtjons of moisture and fertììity so that

the p'l ants are abi e to express the'i r ful I genetì c potenti al , and thus

pìant breeders could easi'ly discriminate among different genotypes.

For exampìe, Gotoh and 0sanai (1959) grew winter wheat crosses under

different fertilizer levels to measure the efficiency of selection for

yield. They found higher selection efficiency for yieìd under hr'gh

ferti'lity leve'ls than under low fertÍlity levels. Frey (1964) found

that the mean heritabiìity was 45% in the non-stress and 32% under

stress condition for grain yje1d in F4 generations of oats. He also

showed that sel ection for yiel d capacity was more effective when

practised under non-stress conditions than when under stress envjron-

ments. Johnson and Frey (1967) reported higher selectjon efficency in

oat popuìations grown in non-stress environments than popuìations grown

i n stress envi ronments.

Contrary to the above findings i'lcVetty and Evans (1980) using a

mu'ltipìe regression approach observed that effectiveness of selection

for high yi el di ngs F2 genotypes was not enhanced by growi ng the

plants in near optimum stress-free environments. Their contrasting

result from those previously reviewed could be due to differences in

methods of measuring efficiency of selection. McVetty and Evans (1980)

used the number of high yielding lines retajned out of a total of 53

high .yi el dí ng I i nes ( I i nes that showed yi e'ld greater than the highest

y'ielding parent) when an arbitrary selection intensity of 15% was

appìied as an indicator of selection efficiency. 0ther workers cited

above, on the other hand, have used onìy single traits, and utilized
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heritabiì ity as an indicator of sel ectjon efficìency.

Strat'ification of environments has been used as a second means of

reducing environmental varjabiì ity. 0ne such method is that proposed

by Gardner (1961). In thjs method, the nursery is divíded into several

grids or sub-p'lots to mÍnimize error variance. The sub-p'lots are used

as selection units, and jndividual pìant selection is practiced wìthin

them. Using this technique, Gardner (1961 ) has achieved an average

y'ieìd improvement of 3.5% per year over a four year period. Lonnqur'st

et al . ( 1966 ) have reported conti nued progress from mass sel ecti on

using the same technique. Johnson (1963), using this technique in a

tropicaì corn variety, reported yieìd increases of 33 percent in three

cyc'les of sel ecti on.

Fasoul as ( 1973) suggested another method of strati fyi ng envj ron-

ments which he called the "honey comb method of selection". In this

method, plants are grown'in an arrangement that resembles a honey comb.

Consequentìy, each pìant is surrounded by six other pìants all spaced

equidistant, and share a common environment. A gr'ven genotype js

se'lected for advancement in a breeding program provided it yie'lds

better than its síx immediate neighbors. From thg data provided, the

method appeared to have been used successfulìy aìthough reports of its
use by other workers have not appeared in the literature.

Check varieties are also employed as means of measuring djffer-

ences in environments within a breeding nursery and as a standard when

making selection. Shebeski (1967) studied the possibÍì ity of reducìng

the effects of environmental heterogeneity by expressing the yieìd of
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each l'ine as a percent of an adjacent control plot. Accord'ing to hìm,

th'is rnethod has ef fective'ly e1 ími nated i nfj uences of soil heterogene'ity

on selection resulting in a highìy sign'ificant correlation (r = 0.84; p

< 0.001 ) between the yi e'l d of F 2 deri ved F3 I i nes and the'i r

respective F5 means. Knott (1972) attempted to reduce envjronrnental

variabi'l ity in the F3 generation by expressi ng yi el d i n three

d j f ferent \^rays: (l ) percent of adj acent checks , (2) percent of

repìicate means, and (3) percent of moving average. Plot yieìd

expressed either as percent of adjacent checks or as percentage of a

moving average resulted in significant reductions in error mean

squares, but since the use of adjacent checks increased the size of the

triaì, he preferred the moving average procedure as the more efficient

one. Baker and l'4cKenzie (1967) took issue with the use of control

p1 ots as proposed by Shebeskj ( I 967 ) and doubted the meri t of the

rnethod unless an anaìysis of covariance js conducted to determjne the

rel i abi I í ty of the control pl ot yi el ds .

The líterature on early generation selection is rather extensive,

but these few exampì es serve to show the necessi ty of improvi ng

envjronrnents and experimentaì designs if early generation selection for

complexly r'nherited characters is to be effectjve.

2.4 Use of Intermating to BreqF Undesjrable Linkage Blocks

Si nce the success of pl ant breedi ng programs depends upon

obtaining desjrable recombinants, the extent to which ìinkage blocks

are broken is of piime importance to p'lant breeders. Hanson (.l959)
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suggestecl that if intermating in a self-polljnated specìes js at all

possible, at least one or more 'intermating cycìes should preceed the

selfing generatjon to insure a fair degree of breakup of ìinkage groups

and to increase genet'ic recombinatjon with'in the ìinkage group.

Presumabìy, this procedure would increase the genetic potentiaì of the

popu'l ati on and woul d effect a greater reducti on of i ntact I i nkage

blocks as compared to a non-intermated popuìation. Míller and Rawìings

{1967) supported this view after observìng the occurrence of non-

parentaì types in the F3 progenies of a cotton cross for whjch one

parent was of interspecific origin. They found that six cycìes of 50%

outcrossing produced a better source of genetic material for selection.

They attributed thi s to a parti a'l breakup of ì i nkage bl ocks i n the

originaì material.

Meredith and Bridge (1971) estimated the effect of ìntermating on

the genetic correlations in cotton populations and found that the

associ atì on between yi el d and fi ber strength, as wel I as most other

correl ations were reduced i n absol ute val ues. Redden and J ensen ( I 974 )

investigated the effects of intermating both in absence and presence of

selection on negatìve correlation in wheat and barìey. They concluded

that the i ntermated popuì ati on shoul d prov i de a better source of

materjal for selection than the orig'inal F2 popuìation. Baker (1968)

conducted a computer simulation study to establish the number of F2

plants that would be required to approximate true random mat'ing and at

the same time assure that the advantages of intermating are not offset

by genetic drift. This study led to the conclusion that mating as few
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as 20 to 30 pairs of randomly chosen F2 indjviduals would serve to

realjze the expected results of random matìng. He further suggested

that recurrent selection would have to be used to take full advantage

of the i ncrease i n sel ectj on potenti a'l attri butabl e to random mati ng .

Stam (1977), also based on computer simulatíon studÍes, concluded that

the short term effect of intermat'ing'is negligibìe, but jn the ìong

run, random mating should be superior to seìfing espec'ially when many

loci are involved.

The merits of intermating the F2 generation for mul ti-locus

system has been doubted by Pederson (197+) who concluded that, if all

possr'b'le arrangement of al I el es are equaì'ly I ikeìy, the effect of

intermating in the F2 must be dubious. The conclusjon drawn from

another computer sjmulatjon study by Bos ,1977) appeared to support the

vi ews of Pederson (197+ ) that i ntermati ng before sel ecti on i n sel f-

polìinated spec'ies may not be heìpfuì 'in providing desjrable

recombi nants.
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AND METHODS3. MATE

3.1 General DetçrLplign

3.1.1 Descriptjon of parental lines and base populations synthesized

Data for this study were obtained from parental ljnes, FZ's,

backcrosses and an intermated FZ popu'lation generated from four

common wheat cultivars exhibiting wjde differences ìn yield and prote'in

content. The cultivars, their pedigrees together with information on

market class, country of origin, and year of release are presented

bel ow.

PedìgreeCul tivar Country of

ori gi n

Date of

rel ease

14a rk et

cl ass

Gl enl ea Pembj na 2*/Bage//CBl 00

NB l3l Tobari 66/Gaines

Si nton CT262lMani tou

Canada

Ca na da

Ca nada

I 971

Experimentaì

I 975

I 978

Utiììty
illl

Hard red
spri ng

ilICoteau ND496 sib//ND487/Fletcher United States

These cultivars were chosen partìy because they represent 'key'

varieties used in bread wheat improvement programs in which atterrpts

are made to combine in one genotype the high graín yíe'lding abiìt'ty of
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uti'l ìty wheat cul tivars, and the high bread-maki ng quaì ities of hard

red spring wheat cultjvars; and partìy because they represent unrelated

groups of agricu'lturalìy successful cultjvars. All four cult'ivars are

wel I adapted to the agricuì tural conditions of Western Canada as

indicated by their acceptable yield levels in l^iheat Co-operative

Tests.

3.1 .2 Base popul atj ons synthesi zed

From the above four parentaì cul ti vars , seven base popul ati ons

were synthesized as shown jn Tabje 2. The djrection of the crosses

used to generate the base populations are indicated in the Table, and

were chosen foììowing a preìiminary evaluation of the cultivars and

hybrids for po'lìen production and ease of einasculation.

Table 2. Parental combinatjons and base populations generated.

Parental
combinations D'i rec ti on of C ros s

Base populations
synthes'ized

Gl enl ea x Si nton (Gl enl ea x Si nton) F2

Gl enl ea x (Gl enl ea x
Si nton)

( Gl enl ea
Si nton

( Gl enl ea
( Gl enl ea

NBl3l x Coteau (NB l3l x

Coteau x
C oteau )

NB l3l x
Coteau)

F2 popuì ation

Backcross to Gl enl ea

Backcross to Sinton

Intermated F2 population

F2 PoPul ati on

Backcross to Coteau

Backcross to llBl3l

x Sinton) x

x Sinton) F2
x Sinton) F2

Coteau) F2

(¡rgl ¡l x

(NB] 3I X
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3.1.3 Method of seed production

seed of the F1 , F?, the !*o backcrosses and the j ntermated

F2 popuì atj on of the Gl enl ea x Si nton cross were produced under

greenhouse conditions during the fall and wjnter seasons of L977 and

L978, respectively. F2 seeds were produced by se'lfing about 20 F1

pìants, and each of the backcrosses were produced using more than 50

F1 plants. a minimum of 590 seeds were produced for each of these

populations. The manner jn which the'intermated FZ seeds were

synthesi zed, j s aS fol I ows: Two hundred and forty F2 seeds were

p'lanted in two greenhouse benches designated as bench i and bench II to

produce about I?0 pìants in each bench. At anthes'is, one head from

bench I was used to polìinate at random, one and onìy one head from

bench II, and similarìy, one head from bench II was used to poìl'inate

one and only one head, at random, from bench I. In this manner, about

287 heads were successfuììy poì'ìinated of which I92 produced three

crossed seeds or more per head. Three seeds were taken from each of

the I92 heads and composited to produce the ìntermated F2 popuìatjon.

Si nce four di fferent pì anti ng dates were used, and i ndì vi dual pì ants

had produced more than one spike, it is assumed that very little ìf any

assortive mating has taken pì ace when synthesizing the intemated F2

popul atj on.

The Fi of the NB 131 x Coteau cross was produced i n I/{i nni peg

during the winter of 1978, under greenhouse conditions. In the suminer

of the same year about sixty F1 pìants and an equaì number of pìants

from the two parentaì cul tivars, NBi3l and Coteau, were grown ín a

space pì anted cross'ing bl ock i n l,ii nni peg. F1 pl ants \{ere crossed to
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the parentaì cultivars to produce the respectt've backcrosses, and vJere

al so sel fed to produce the F2. To exped'i te the devel opment and

ìncrease of the three base populatjons generated from this cross, about

500 seeds from each of the popuiatjons were grown at Ciudad 0bregon,

Ìlexico, in the winter of 1978. In each popuìatÍon, a minjmum of 78

p'ìants with acceptabìe disease resistance and maturity were harvested

i ndívidua'lìy, and their seed returned to l^linnipeg to be grown as singìe

p'l ant deri ved I í nes.

Usìng the parental cultivars and the base popu'latjons so gener-

ated, a seri es of experiments were conducted. Fi gure 1 presents,

schematicaì ìy, the advances in generations, location of experiinents,

faciljties used, and the sequence of the experiments in chronolog'ica'l

order. A more detailed descrìption of each experìment follows.

3.2 Experiment l. Comparative study of the parentaì cultivars

The purpose of this experjment was to evaluate the parental culti-

vars for various yield and quaììty characterjstjcs. The four parentaì

cultivars, 'Gìenìea', 'sinton', 'Coteau', and 'NBl3l' vJere grown durìng

the summer seasons of 1978 and 1979 at three ì"'ianjtoba ìocatìons;

1^li nn'i oeg, Gì enl ea, and Carman. The geograph'ic I ocat j on of these si tes,

their soil type and pattern of rainfall are given in the table below.
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ExperÍmental Geographic*
I ocati on i ocati on

Soil
type

Year Rai n

May J une
fal I (mm)

J uly Auq TOTAL

}l'innì peg

Gl enl ea

Carman

Red River 1978

20kmS

65 km Sl,J

Cì ay

Red River
Cì ay

Ri verdal e
Sandy loam

197 9

I 978
I 979

1978
I 979

123
120

86
130

122
lil

5l
5B

3l
5Z

47
58

8l
?0

137
37

ll9
20

75 330
16 214

39 293
85 304

4? 330
16 205

* Distance in km and direction from Winnipeg.

The experiment was a randomized complete block design wjth 4

repì'icatjons at each test environment. Plots were 5.44 meter long with

4 rows spaced 20 cm. apart. A seeding rate of 100 seeds per meter

length of row was used at all locat,ions. A 30 cm border was trjmmed

from the ends of each pìot, and onìy the middle two rows r{ere harvested

resulting in an effective pìot size of 2.916 square meters.

Data on grain yieìd, kerneì weight, test weight, grain protein

content, protein yie'ld per pìot and protein per kernel were measured.

A ful I scal e bread-mak'i ng qual ity test was al so conducted on the

material harvested in l97B from the Glenlea and Winnipeg locations. A

list of the quaìity and agronomic parameters and the methods by which

they were determ'ined ìs gÍven in Appendix 'l 
.

Al I data col I ected in each test envi roment r^rere analyzed
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separately by conventional analys'is of variance. A combined ana'lysìs

of vari ance across I ocati ons and years was al so conducted for each

characteri stic, to determi ne i f genotype x envj ronnent i nteracti ons

existed for the various traits.

3.3 Exper jment 2 . Spac_e_ pl anted nursery of four base popul at j ons

and parental cul ti vars generated from the Gl enl ea x Si nton

CTOSS

This experiment was designed to: (l) evaluate the four populatjons

generated from the Gl enl ea x Si nton cross as potenti al sources for

extracting high yieìding-high proteìn genotypes, (?) invest.igate if the

negat.ive correlation between yieìd and proteìn content often reported

in wheat was caused by genetic ìinkages, and (3) provide genetìc

naterial to be used in subsequent experiments.

The two parentaì cultivars, Glenlea and Sinton, and the four base

popul ati ons generated from them were gro\./n i n a space pì anted nursery

duri ng the summer of 1 978. Before f jel d pì anti ng, seeds \,rere

pregerminated in germination boxes under 'laboratory condjtjons and

transpìanted individuaììy, by hand, after both the radicle and the

plumule had einerged. The experiment was planted at the University of

Manitoba Research farm in I.J'innipeg, on an area of fertil e soil p'ìanted

to faba beans (Vicia faba L.) in the prevìous season.

A 36 replicate randomized compìete block design with sub-samp'ìing

was used. Each repìicate consisted of 4 pìots in whích each p'lot was a

row consisting of l5 pìants from the sane base populaiion. Spacing

between rovls was'l meter, and plants withjn pìots were planted 60 cm
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apart. No pì ots ( rows) were speci ficaì ly assigned for the parenta'l

cultivars. instead, both parents rvere included aìternateìy and syste-

matically wíthin each row after every 5th pìant, to serve as checks.

consequent'ly, a group of 5 pìants from each base populatjon were sur-

rounded by four parenta'l p'l ants (Z Gj enl ea and 2 S j nton) i n a rhombus

grid fashion as depicted in Figure 2. The whole nursery was surrounded

by guard rows to avoid edge effects.

Data, on an indivÍdual pìant basjs, were recorded on p'lant height,

number of spÍkes per plant, grain yield per pìant, number of kernels

per plant, and gra'in protein content. 0ther data derived from these

primary data were 1000 kernel weight, number of kernel s per spike,

protein per kernel and protein per plant.

0n the whole, the growr'ng season was satjsfactory, but for reasons

beyond experimenta'l control, too many pìants were mjssing from some of

the plots. As resuìt,7 repìjcations were discarded from the test.

For the same reason, the number of p'lants per pìot in the remainìng 29

repìications was reduced from l5 to l0 in order to prov'ide a constant

number of pìants per plot. Reduction of the number of p'lants per pìot

was clone on the basjs of'out-liers' for yieìd. This procedure left a

total of 290 pl ants for each of the four base popul atj ons and 145

p'l ants for each of the two parenta'l cul ti vars to be ana'lyzed j n the

expe riment.

Before any analysis of variance vJas conducted, an effort was rnade

transform the data to a scale that rvould fulfill all the assumptìons

the ana]ysis of variance (Bartl ett, lg41 ). To achjeve this,

to

of
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Bartl ett' s test for homogenei ty of varj ances was used to test for

stabi'líty of error (within p'lot) variance from populatjon to popuìa-

tion; Tukey's test for additivity of variances was used to test if

treatment effects were addítive; skewness and kurtosÍs were calculated

to test if a variate had a normal distributjon, and sÍrnple correlatjon

between popuìation means and variances were used to test if varjances

were independent of the means on the transformed scale. The variabìe,

pìant height did not require any transformation, while all other

variables required transformation. The square root transformation was

adeouate for the characteristics, grain yield, number of spikes per

pìant, and number of kernels per p'lant, while the log transformation

was appropriate for grain prote'in content, protein yieìd per pìant,

kernel weíght, and kernel s per spike. Aì though not totaì ìy

satisfactory, the jnverse transformation was the best for protein per

kernel. Except where indicated otherwise, these transformations were

used consistentìy throughout the ana'lysis of the experiment.

Anaìysis of variance was conducted for each character by using a

model for a randomi zed compì ete bl ock desi gn wi th subsampl ì ng.

Parental and base popu'lations were also analyzed separateìy using a

model for a comp'letely randomjzed design. This ana'ìysis enabled the

removal of signi ficant rep'l icate variation by dividi ng the total

vari ance and( or) covari ance i nto that due to dj fferences among pì ots

and that due to averôge variation or covariation rvithin pìots.

Interrelationsh'ips among pairs of characters were studied by coinputíng
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phenotypjc correl ation coefficients using the wj thin pl of varjances and

covariances" A path coefficient anaìysis was app'lied to estimate the

direct and indirect effects of the varíous characterjstics on grain

y'ield and grain protein content" Multipìe regression, and stepw'ise

mu'ltìple regression anaìyses were conducted to determine how much of

the total variatjon in yield and (or) protein content was accounted for

by various characteristics. Base populatjons were evaluated for their

breedi ng potent'iaì on the basi s of the'i r means, vari ances, and

phenotypic correl atj on coefficients.

For advance into the next generatÍon, the experiment was divided

jnto two parts. Part I consisted of replications I to 15, and part 2

consisted of repìications l6 to 29. In part ì,7 p'lants were chosen at

random from each plot, to form 105 random ljnes per population to be

used in Experiment 3 in the fo'llowìng year. In Part 2, individual

plants from each of the four base popuìations were selected for yield

or protein content by using several selection criteria, and pìants so

selected forned the materíal used in Experiment 4.

3.4 Experiment 3. Eval uati on of base pqruþlio_ns generated f rom trc

Gl enl ea x Si nton cross and simul ated sel ection experiments.

A random samp'l e of 105 s i ngì e p'l ants from each of the four base

popu'1 ations of Experiment 2 were se'lf-poì I i nated to produce the corres-

ponding families. During the summer of 1978 these familjes and the two

parentaì cul tjvars,. Glenlea and Sinton! were eval uated at the Uni-

versity of Manitoba Research Farm in l,ljnnipeg jn a modjfied randomjzed
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compl ete block design wjth 3 repì ications. The form of the experì-

mental ìayout used was a blocks within sets wjthin replicates design

which allowed valid comparisons both withjn and among populatíons. To

achjeve this, the 105 famÍlies from each base population were divided

into l5 sets of 7 families each. The 7 families within a set within a

populatjon formed a group and traced their origin to 7 single p'lants of

the corresponding popu'latjon grown in the same p'lot in the previous

year (Experiment 2). A block was assigned to each popul atjon and

consisted of the 7 entries from the same group plus an entry of one of

the two parental cultjvars to make a total of 8 entries per block. A

set consjsted of 4 blocks, each block assigned to one popu'latjon at

ranclom and had a total of 32 entries (7 entries from each of the 4 base

popuìatjons pìus 2 entries from each parenta'l cultivar). Fifteen such

sets made up a rep'lication. The entrjes per block and the blocks per

set remained together in all rep'l ications, but were randomized to

assign popuìat'ions to blocks first and then entries within blocks. The

entri es were pl anted 'in si n91 e row 3 meter l ong p1 ots w'î th rows spaced

60 cm apart. Two hundred fifty seeds were pìanted jn each p'lot (row).

Each test entry was surrounded by s'ing'le rows of each of the two

parenta'l cultivars on both sides to provide unjform competitìonal

stress among entries. The material was harvested by hand after all

entries had reached physioìogica'l maturity. As much as possible, care

was taken to harvest al I entries i n the same set of the same

repìicatjon on the same day.

Data on grain yield per plot, 1000 kernel weight, grain protein
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content, protein yield per pìot, and protein per kernel were either

collected or computed. Grain harvested from some plots (approximately

6%) were found to contaín soi'1, and weights were adjusted after the

extent of the contaminatjon was determined. Grajn yield data from l3

plots, and graìn protein content and kernel weight data from 8 plots

were missing. Ana'lysis of covariance (Steel e and Torrie, 1960) was

conducted to estimate the value of missing observations.

Before conducting an analysìs of variance, Bartlett's t.est for

homogeneity of variance was computed to test the stab'ility of error

varl ance. Errors were heterogeneous for al I characterj stics

investigated and in all cases the log transformation removed the error

heterogenei ty.

Analysis of variance and covariance were conducted for each base

populaiion separately. Variance components were estimated by equating

the observed mean squares to their expectat'ion. The pertÍnent portion

of the ana'lysis of variance and covarjance from which genetic variances

and covariances \^rere comDuted is presented jn Table 16. Standard errors

of genetic components of variance were calculated by using the method

of Anderson and Bancroft (1952). A combíned anaìys'is of varjance

consisting of the four base populatjons rvas also conducted to deternine

whether popuìation means were signìficantly dìfferent.

Interrelatfonship among pairs of plant characteristics were

studied by comput'ing phenotypic and genotypic correlatjon coefficjents.

Phenotypic correlatíons were computed after removing rep'lications and
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set effects . Genotypì c correl ati on

the genotypic components of variances

coefficients were estimated fror¡

and covari ances as fol I ows:

agi 3
Genotypi c r

l,lhere %i¡ = genotypic component of covariance and

tgiil ogjj are the genotypìc components of varjances of

the two characters. Variances of genetic correlation coefficients were

estimated as outlined by Mode and Robinson (1959). Genetic correla-

tions were declared significant if their absolute values exceeded twjce

their standard error.

In each population heritabilities were calculated usìng two

methods: (l) component of variance method and (Z) the offspring-parent

regression method. The formula used for estimatìng heritab'iltiy us'ing

the variance component method was as follows:

2

H2= 
og

2op

v¡here o¡ gå and 6p? are genotypic and phentoypic components of

variance respectively. Estjmates of the standard error of heritabiìity
were calculated using the method of Dickerson (1960).

in the offspring-parent regression method of estimating herita-

bility, the performances of the offspring rvere regressed as dependent

variables on the performances of the parents which were considered as

crgÍi . øgii
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independent variables. The regressjon values were used as estimates of

heritabjlities and the standard errors of the regressìon coefficfents

were considered as estimates of the standard errors of the heri ta-

bil ities.

I n each popuì ati on , i nt.ergenerati on correl atj ons were computed to

invest'igate if singìe plant characteristics observed in 1978 were cor-

related with 1979 grain yieìd and grain protein content, and also to

investigate if characteristics observed in ear'ly generat'ions persìsted

i n I ater generatì ons.

Selection was simulated using two methods of selection: (a) indi-

vidual trait selection and (b) index selectjon. In each base popuìa-

tion, the effects of selection were examined by comparing the mean

grain yield and grain protein content of the selected lines with the

mean grain yield and grain protein content of the unselected popuìa-

tjon. Correlated response to se'lection in grain protein content when

selection was exercised for yield and vice versa were also investi-

gated. Furthermore, an attempt was made to determine the optimum

sel ecti on i ntensi ty that woul d retai n the best progeni es of a

popuìation without significant loss jn ejther popu'lation mean or

popul ation variance.

Base populations were evaluated on the basis of their means, vari-

ances, genotypic and phenotypic correlations, heritabilities, response

to seìect'ion, abílity to provide desirable progenies and protein-yield

regressions.
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3.5 Experiment 4. An Eval uatj on of the effects of I ndj vi dual Pl ant

Selectjon l'lethods and Base Popul ations on the Improvement of Grain

Yield and Grain Protein Content

Balanced composite sampìes of elite lines selected on the basis of

individual p1 ant performances in each of the four base popul ations

generated from the Gl enl ea x Si nton cross and grov,'n i n a space p'l anted

nursery during the summer of 1978 formed the genetic material for this

experiment. (tne selected lines used in this experiment were grovrn in

repl icatjons 16 to 29 inclusjve of ExperÌment 2.).

Experr'ment 4 had 2 sections desr'gnated A and B. in Section A, a

10% selection intensity for yieìd on an indjvidual p'lant basis was

exercised usjng one of the following methods.

( i ) mass sel ecti on for yi el d, ( i i ) strati fi ed sel ectj on for yi eì d

us'ing Gardner's (1961) method (jn this method, a plot of l0 plants was

used as a selectjon unit, and the best pìant from each of the l4 pìots

of each of the 4 base populations was selected on the basis of its
yieìd performance), ( iii ) Rhombus grid selectjon (in this method, the

yield of each pìant of the 4 base popuìations was expressed'initially

as percentage of the nean of 4 pl ants of the parenta'l cul tivars

surrounding jt. Then, mass selection was exercised wjth'in each of the

4 base popul ations using the adjusted yie'ld val ues so obtained, and

(iv) a randoin selection of ì4 pìants from each population to be used as

control s.

Equal numbers

sel ected usi ng each

seeds ( 250 seeds) from each of the l4 pì ants

the above four methods rvithin each of the 4 base

of

of
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populatìons generated from the Glenlea x Sinton cross were bulked to

prov'i de a bal anced composi te sampl e. These bul ked sampl es of the

selected lines were yie'ld tested in the summer of 1979 in Ì,línnìpeg.

The field design was a factoríal in a randomized complete block design

with 4 rep'lìcations. The parenta'l cul tivars, Gl enlea and Sinton, were

included in the test for the purpose of comparison, but were excluded

from the statistical analysis. The experiment had a total of l8

entrjes. Plots consisted of 3 rows,3 meters long, with rows spaced ì5

cm apart and plots 60 cm apart. Plots were pìanted at a rate of 83

seeds per meter of row length. The experiment was combine harvested

and data on grain yieìd/pìot and grain protein content were recorded.

Base popuìatjons and selection methods were compared in two ways: (l)

by us'i ng anal ys ì s of var j ance to eval uate i f sel ecti on methods tre re

statisticaì1y djfferent from random selectjon within each popuìation

and (2) usi ng gai n from sel ection as a measure of effectiveness of

selection. Gajn from selection was expressed as I

Xig - random se'lection j

l,Ihere Xig is the mean pìot yield of a balanced composite sampìe

selected using procedure i in base popu'lation j; and randorn selection j

is the mean plot yield of the balanced composite of ì4 pìants selected

at random from base popuìation j.

Section B of Experiment 4 was essent'iaììy similar to section A in

all aspects except that selectjon was for grain protein content and the
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selection criteria were graìn proteìn content and proteìn per kernel

3.6 Experiment 5. Comparison of base populations using NBl3l X

Coteau Cross

Thi s experiment was conducted wi th the purpose of obtai ni ng

additional information that would supp'tement Experiments 2 and 3. The

F1 of thi s cross was made i n the wi nter of .l978 under greenhouse

condjtions. Sixty F1 pìants and an equal number of pìants from the

parental cul tivars, Coteau and NBl3l , vrere grown in a space pl anted

cross'ing bl ock duri ng the summer of 1978. F1 p'lants were crossed to

the two parenta'l cultivars to produce the respective backcrosses and

were also selfed to produce the F2. The djrection of the crosses are

gr'ven in Table 2.

In the wjnter of lg7g, about 500 seeds from each of these crosses

were grown at Ci udad Obregon, Sonora, Mexico to produce about 500

p'lants from each popuìation. From each population, seed fr^om a mjnjmum

of l8 pì ants wi th acceptabl e di sease resi stance and maturì ty vlere

harvested individuaììy, and returned to l,,linnìpeg to be grown as single

pl ant deri vecl fami I i es. Except for the foì ì owi ng mj nor changes, the

singìe p'lant derived families were tested in a manner similar jn fjeld

desi gn and stati stical anaìysi s to that used j n Experiment 3. The

changes were the fo'ì'lowi ng: (l ) there was no i ntermated FZ

popu'lat jon incl uded in this experiment, Q) since the sing'le pl ant

nursery was grown in Mexjco, there was no simulated selection study

undertaken, (3 ) the sarTìe entr j es wj th j n bl ocks wj thi n sets, wi thi n
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repljcates desìgn was used, but the number of entries wjthjn blocks was

8, the number of blocks wjthin sets vras 3 and the number of sets wjthin

repìicates was 9. In each block, an entry of one of the two parental

cul tivars were incl uded. The experiment had 3 rep'l ications. Pl ots

were 3 meters long with 3 rows per plot spaced l5 cm apart. Adjacent

pìots viere spaced 60 cm apart. A seeding rate of 250 seeds per row was

used. At maturity, plots were combine harvested and measurements of

grain yield per pìot, kernel weight, gra'in prote'in content, prote'in

yí e'l d per p'l of and proteì n per kernel were ei ther col I ected or

computed. The same stati stical ana'lysis as in Experìment 3 was

conducted v¿henever possibl e.



4.

-53

RES ULTS

4.ì Experjment l. Characterization of parental ljnes for agronomic

and quality factors.

The four cul ti vars used i n the present study nameìy Gì enl ea o

NBI 3l , Si nton and Coteau were eval uated for agronomic and qua'l i ty

characterjstics at three Manitoba 'locations, l,l'inn'ipeg, G'lenìea, and

Carman, over a test period of two years (1978 and 1979). The range of

soi I type sarrp'l ed and the temperature and rai nfal I condi ti ons

encountered were representatj ve of condj tj ons typical to the wheat

growing regions of Southern Manitoba. In genera'1, favorable growing

conditjons prevaiìed throughout the test period w'ith no major disease

or insect probìems. In all locations weeds were fuììy controlled by

cheinicals in l9/B and by hand weeding in 1979.

Six qual ity. and agronomic characterjstics: grain y'ieìd, kerneì

rveight, test weight, gra'in protein content (%), protein y'ield per

hectare, and protein per kernel were measured for each locatjon each

year. In add'ition, a full scale mil'ling and baking test was conducted

on the materi al grown at Gl enl ea and l^li nni peg i n 1978.

The data from each location each year were anaìyzed separateìy by

conventíonal ana'lysis of varjance for a randomized complete block

design. Because of the large number of characteristics and env'iron-

ments invo'lved, mean squares and F ratìos from the conventional analy-

ses of variance are not presenied. However, it is noteworihy that for
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all characteristics studied, cultivar effects were hìgh1y signifjcant

(p<0.01). This was true regardless of location and (or) test year, and

should not be surprising in view of the fact that the four culutjvars

tested belong to two dístinct market classes of wheat.

Combined ana'lyses of varjance across locations and years were con-

ducted with the assumptìon that locatjons and years are random (Cochran

and Cox, 1966). The combined anaìyses were made after the necessary

transformation of the data was made, and Bartl ett's test for

homogeneity of variances, as described by Snedecor and Cochran (1967),

indicated homogeneity of error varjances. The mean squares and degrees

of freedom for the various characterìstics studied are presented in

Table 3. Since milling and bakìng quaìity data were available for only

two test environments, the combi ned anaìysis of variance was not

conducted on these characieristics. Therefore, they are not included

in Table 3.

S'ign'if icant di f ferences among cul tivars for al I characteristics

except protein yie'ld per plot are indicated by the combíned analysis of

variance. The analysis al so showed significant locatjon and year

effects for all characteristics except for grain protein content which

did not show a statisticalìy sign'ificant year effect. S'ign'ificant

cultivar x ìocation, cultivar x year, and cultjvar x location x year

interactions indicated that for some of the characteristics studied the

cultivars responded djfferentìy and (or) ranked differentìy relatjve to

each other, due to changes in environments. Graphic analyses shovred

that in most cases, these interactjons were mainly due io reversals in
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the performance of the cultivars, rather than to differences'in cjegrees

of rel ati ve performances.

Because of the copius amount of data collected, it would not be

possibìe to present resul ts of all characteristics in equal detajl .

Grajn y'ieìd and grain protein content are more pertinent to the present

study than are other characteristics studjed. Therefore, data for

grain yield and grain protein content are summarized by cultivar,

location and yearin Table 4. For all other characteristics, cultivar

performances are averaged over locations and years and are presented ìn

Tabl e 5.

The data in Table 4 showed that the utility varieties, in generaì,

produced significantìy higher yields than the bread wheat cultivars.

The higher yfeìds of the utility cultivars as compared to the bread

wheat cultivars should probabìy be due to their higher kernel we'ights

and test weights (especia'l ly of NBl3l ) as presented in Table 5.

Anaìysis of partiaì correlation of yield versus kernel we'ight and test

weíght provided further evidence that differences in these two

characteristics may have been the basis for the y'ie'ld differences

observed arrong wheat cl asses. The partia'l correl atjon coefficient

between yield and kernel weight rvhen test wejght was held constant was

+ 0.394 (p<0.0006) and that of yield and test wejght when kernel weight

was held constant was + 0.262 (p<0.025). Other yìeld components such

as number of kernels per spike, and number of sp'ikes per unjt area were

not assessed, but they too may have contributed in a major way to the

observed yield differences among the two market classes.
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In addition to the agronomìc characterjstjcs mentioned above,

several crjteria relating to mÍì'ling and bak'ing characteristjcs viere

used to eval uate the cul tivars. These íncl uded: graì n protei n content,

f I our protei n content, fì our yi e1 d, amy'l ograph v'i scosi ty , sed imentati on

val ue, b'l end I oaf vol ume, remix I oaf vol ume and fari nograraph

characteristics. The importance of each of these in relation to end

use can be briefly stated as follows. 'Flour yieìd' ìs an ìmportant

miììing characteristic because it indjcates the quantity of flour

milled from a samp'le of wheat, and shows how much of the grain is lost

in the milìing process. 'Flour protein content' js considered to be

the primary factor in measuring the potentiaì of the flour in relatjon

to end-use. Many of the bak'i ng characteri stics of wheat incì udi ng

v¡ater absorption, rheologicaì properties and loaf volune are relaied to

flour protein content. 'Grain protein content' is important because of

its relationship with flour protein content. Usua'lly, grain with high

protein content yieìds flour wìth high protein content. In addition to

high protein content, wheat suitabie for bread making purposes should

also have a significant amount of high quality protein to produce

good quaìity bread from a range of baking formulae. The 'sedimentation

value'g'ives an index of the quality of the protein. Loaf volume js

probabìy one of the best criteria of bread-making quaìity of a wheat

fl our. l,rthere al I other characteri stics are at acceptabì e I eve'ì s,

loaves havíng ìarge volunes are desired by both the baker and the

consumer. Two measures of loaf volume,'remix loaf volume'and'blend

loaf volume'have been used in this study. The major difference



-60-

between the two is that in the latter case, the flour is blended with

an equal quantity of flour from wheat of lower protein content and

quality. 'Farinograph absorption' is a measure of the amount of water

that can be added to the flour to obtain a dough of proper consistency

for bakìng purposes. In bread making by conventional methods, rnixìng

the dough 'is generaììy considered a critical step that influences the

overal I bread maki ng qual i ty. The 'Fari nograph dough devel opment' tjlne

i s a measure of the optimim mixi ng t'ime; and the 'mìxi ng tol erance

jndex'measures the'length of tjme the dough can be mixed before the

rheologicaì properties begin to break down"

The results of this experiment showed that despite sizeable

differences in test weight and kernel weight observed between the two

market cl asses, the fl our extracti on percentage remaj ned essenti a'l ìy

the sane arrìong the four cu'l ti vars. The resul ts al so shovred that both

graì n protei n content and fl our protei n content of the uti 1 i ty

cultivars were signÍficantly lower than the bread wheat cultjvars. A

more ìnteresting comparison among the four cultivars is the drop'in

prote'i n percentage from the grai n to the fl our as a resul t of the

milììng process. The protein percentage jn the two bread tvheat

cultivars, Coteau and Sinton, dropped by only 0.8 percentage poìnt,

whereas, drops of about 1.3 and .l.4 percentage po'ints were registered

for Gl enl ea and NBI 3l , respecti veìy. A drop i n protei n percentage

greater than 1% is not generaììy acceptabìe to the mjì'ìing industry as

it indicates that much of the prote'in is concentrated in the bran

fractìon, and is not useful for breadmaking purposes.
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The higher sedìmentatìon value for the two bread wheats, Sìnton

and Coteau, as compared to the utility wheats attest to the fact that

the bread wheats had, not on'ly sign'ificantly higher protein quantr'ties,

but al so had protei n of better qua'l i ty than the uti'l i ty wheats. The

two I oaf vol ume measurements gave some i nteresti ng and contrasti ng

results. The remix loaf volume of the two bread wheat cultivars were

larger than those of the utility wheats. However, vrhen flours from the

four cultivars were blended with flour of low protein content from

another cul tjvar and baked, the utiì ity wheats and part'icul arìy

Gì enì ea, produced ì arger I oaves of bread.

It apDears that the flour water absorption of all four cultivars

were at acceptable levels as indicated by the 'Farjnograph absorption'

val ues. The data showed that there were no di sti nct market cl ass

differences in dough development t'ime, aìthough Sjnton had a much lovrer

mixi ng requ'irement whi I e Gl enl ea had a much longer mix'ing requÍ rement.

I n mixi ng tol erance, hovrever, di sti nct market cl ass di fferences were

observed. The two utiìity cultivars appeared to tolerate'longer mixing

time without ìosing thejr rheologicaì properties.

An interestÍng finding from the present study is the observation

that, 'in spi te of thei r I ow gra'i n protei n conient, the uti ì i ty wheats

excelled the bread wheats in protein per kernel (taUle 5). These

observations suggest that aìthough the utìlity wheats were expressing

lower protein percentage values, they were actual'ly absorbing higher

quantities of nitrogen from the soiì; and were also accumulating higher

amounts of nitrogen in the developing kernels. One might concìude from
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these observations that the utjlity wheats are more efficient jn the'ir

nitrogen metabolism than the bread wheats. The lower proteÍn content

of the utiìity wheats should be attributed to djlution of the protein

in the kernel by non-protein compounds rather than to jnefficient genes

or biosynthetic pathways for protein synthesis in these cultivars.

The resul ts of thj s experìment can be genera'l ìy summarized as

follows. The two bread wheat cultivars! Sinton and Coteau, are charac-

terized by exceìlent miììing and baking characteristics, but have rela-

tjvely ìow yieìd potentials. 0n the other hand, the major attributes

of the two utility wheat cultivars, NBl3l and Glenlea, are: distinct

and significant yield advantages; good mi'l'ling characterjstics;

ìarger blend loaf volume; and greater mix'ing tolerance. The major

weakness of the utility cultivars, in relation to bread making are: low

grain protein content; low flour protein quaìity; a larger drop in

protei n percentage from the grai n to fl our and general ìy i nferi or

baki ng characterj sti c s.

4.2 Experjment 2. Eval uation of base popul ations i n sj ngl e

pl ant nursery

4 .?.I. Compari son of popuì ati on means

A si ng'le pì ant nursery consi st'ing of the two parentaì cul tivars,

Glenlea and Sinton, and the four base populations generated from them

(Table 2) was grown in l,Iinnipeg during the summer of 1978. Average

singì e pì ant performances of the parentaì cul tivars for various

characteristics are summarized in Tabl e 6, and sjmil ar data for the

base populations are given in Table 7.
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The two parentaì I i nes, Gl enì ea and Sj nton, contrasted sharpìy 'i n

all characterjstics investigated, except number of kernel s per spíke.

Unpaired t-tests (Steel and Torrie, i960) showed Glenlea to be higher

yieìding, to have heavier kernels, and also to have a greater number of

spikes per plant than Sinton. These findings were as expected because

Glenlea was chosen (on the basis of its performance ín several years

and locations) as the high yield'ing parent. In addit'ion, Glenlea also

showed sìgnificantly higher grain protein content, protein yieìd per

p'lant and protein per kernel. These observations, hovrever, were not

expected because Sinton was chosen as the high protein parent. No

logíca1 reason could be found to exp'lain why the proteìn content of

Sinton vras higher in solid pìanted conditjons and yet was lower than

Gl enl ea under space pì anted conditions. Perhaps such di fferences coul d

be due to genotype-environnent interaction jn whjch different pìantìng

densjtjes favoured dj fferent genotypes.

0f interest is the comparison of the means of the four base

populatjons for various characterist'ics, and particularly for grain

yie'ld and grain proteín content. Signifjcant differences for all

characteristics were observed (laUle 7). However, these were not ìarge

considering the genetic constitutjon of the populations. The two

backcrosses had 75% of thei r genes from thei r respecti ve recurrent

parents , whi ì e the Intermate d FZ and the F2 popul ati ons had equaì

doses of genes from the parentaì cultivars and presumably djffered from

one another in genetic architecture.
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TABLE 6. Average single Plant
characteristics of Glenlea
nursery.

performance for
and Sinton grown

8 yield and protein
in a space planted

Characteris tics Gl enlea S inton d i fferen ces

Yield per pl-ant (g*)

PlanË height (.*)

Sp ike s /pl ant

Kernels/ sp ike

1000 IGrnel weight (gt)

Graín protein (%)1

?rotein/kernel (*g)

Kernels/p1ant

T31.8 :
!87.2:
-!-36.4 :
-L27.6 :
-l-32.0 :
-L22.1 :

l1
7.L:

I994.8:

0.8

0.5

0.7

0.4

0.4

0.1

0.1

23.6

!18.0 i
-L78.3 :
I

25.7 :
I

28.7 !
I24.2 :
I

2L.7 !
I\t ¡

-L
/J).O -

0.6

0.5

4.7

0.4

0.2

0.1

0.0

20.8

^-t-JIJ. ö^^

g . g-**

10.7tr*

1.1

0 .4:k*

1 ' Ç:t*

259 .2-x*

**significantly greater than zero at the 1% 1evel of probability
by unpaired t-test.

1'Grain protein content = (N x 5.7) on 0% moj-sture basis.
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The performance of the four base populations were compared by

using the F2 as the reference populatjon. For all characteristjcs

investigated, the performance of the backcross to Gjenlea and the

i ntermated FZ popul ation were equa'l to or signi ficantìy better

than the F2 popuìation (tanle 7). In contrast, the performance of

the backcross to Sinton popuìation was significantly'lower or at the

most equal to the F2 popuìation. The means of the intermated F2

and the backcross to Glenlea popuìatjons were essentia'lìy equaì

except for grain yieì d and kernel s per spike, in which case the

intermated F2 populat'ion had higher means.

0n the basis of these comparisons, the backcross to Glenlea and

the intermated FZ populations are considered the most desirable

base populatíons when simultaneous improvenent of y'ield and protein

content js the ultimate goal of a breeding program. If selection is

equaìly effective in all four popuìations one would expect to find

desirable progenies more frequentìy in these two popuìations than in

the others.

4.2.? Comparison of phenotypíc variances

Phenotypìc variances, measured as the within p'lot variances, of

parental lines and base populations are presented in Table 8. 0n

the basis of popuìation genetics theories, one would expect the

variances of parental lines to be reìative'ìy small, those of the

backcrosses to be. intermediate, and those of the F2 populations to

be 'large. Such cìearly defined trends in varjances are not



ÏA
B

LE
 B

. 
P

he
no

ty
pi

c 
va

ria
nc

es
 (

x 
10

3)
 f

or
po

pu
la

tio
ns

 g
en

er
at

ed
 f

ro
m

 th
e 

G
le

nl
ea

P
 o

pu
la

tio
n

G
Le

nl
ea

S
in

to
n

,z Ïn
te

rm
at

ed

B
C

 G
le

nl
ea

B
C

 S
in

to
n

df

Y
:-

el
d/

pl
an

t

11
5

11
5

26
L

26
L

26
L

26
L

F
2

58
44

57
 B

0

66
64

64
L6

66
43

64
7 

4

P
Ia

nc
he

ig
ht

8 x

S
ee

 p
ag

e 
43

 f
or

 
tr

an
sf

or
m

at
io

ns
 u

se
d.

tr
an

s 
fo

rm
ed

 c
ha

ra
ct

er
is

 t
lc

s
S

in
to

n 
"r

or
".

 I

32
87

93

34
94

48

46
34

00

43
27

 3
9

40
7 

7 
36

40
99

08

S
pi

ke
s/

pl
an

t

49
64

48
64

54
06

44
L9

55
33

58
19

C
ha

ra
ct

er
ís

tic
s

K
er

ne
ls

/ 
K

er
ne

l
sp

ik
e 

w
ei

gh
t

35 57 52 33 43 47

3B 2L 4L 33 31 75

G
ra

in
pr

ot
ei

n

\) 4.
8

5.
4

5.
5

6.
4

5.
9

P
ro

te
ín

/
ke

rn
el

-

3.
34

3.
94

4.
94

4.
96

4.
49

3.
 8

9

K
er

ne
Ls

 /
pl

an
t

L5
48

42

19
34

08

19
33

22

L7
 B

L2
4

rB
7 

7 
34

2T
B

6L
9

I ! I



i ndicated by

variances in

ratios where,

_68_

data presented in Table 8. Test for equalìty

base populatjons was conducted in the form of

F = larger variance
smaTTãF-Vãil arrce

and the val ues so cal cul ated were compared wi th tabul ated val ues

using the appropriate degrees of freedom. For all characterìstics,

the varjances of the popuìations were not found to be significantly
djfferent from one another, nor were they found larger than those of

the parenta'l cul ti vars . The absence of si gnÌ ficant di fferences

arrong varjances of the different popu'lations is attributed to large

genotype-envjronment jnteractions. It is likely that sing'le pìants

of the more heterozygous and heterogeneous popul ati ons were

individuaììy and coììectively buffered against genotype-environr¡ent

i nteraction, whil e the homogeneous and homozygous parenta'l I i nes

I acked such individual and popuì ation buffering. The presence of

such bufferi ng mechani sms have been suggested by several workers

includíng Lerner (1954), sprague and Federer (1951), shank and Adams

(1960), and Eberhart et al (1964).

4.2.3 Comparison of phenotypic correlations

For each nopuìatfon, phenotyp'ic correlatjon coeffjcjents

between pairs of characterjstics in all possibìe combinations were

calculated using the within pìot mean squares and cross products.

Other than small differences in the magnitude of the correlation

coefficients, the coefficients for most pai rs of characterist.ics

of

F

the

the
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were essentj al'ly simil ar across popul ations (Tabl e 9 ) .

The results of the correlatjon anaìyses conducted in all six

populations can be summarized as follows. (t) Grajn yieìd per pìant

\.ras positive]y correlated with kernel weight, number of spikes per

plant and number of kernels per spike. These correlations were as

expected because grain yieìd is a conglomerate trait the components

of which are the aforementioned characterjstics. (2) Rel ationships

among yieìd components were often negative, but in some cases, the

correlation coefficients were not statistica'lìy significant. (3)

Grain protein content was negative'ìy and significantly correlated

wjth grain yie]d and yield components. However, the r var ues

obtai ned between graì n yi el d and graì n protei n content were I ow

suggesti ng that the devel opment of hi gh yi eì di ng- hr'gh prote'i n

genotypes should be possjble. (4) Protein per kernel was pos'itive'ly

and s'ignifìcantìy correlated with grain yield and grain prote'in

content. Thi s characterj stic shoul d be i nteresti ng from a pl ant

breeding point of vjew because it ìs positively corre'ìated with both

grain.yield and grain protein content and can be used as a singìe

character for the simultaneous 'improvement of both characterjstics.

Since the parenta'l lines are composed of genetìcaìly uniform

plants, ârY significant correlations among plant characteristics in

these popuìations are not due to genetic'linkages and therefore

should be environmental or developmental (allometric) in origin.

since the correl ations among pì ant characteristjcs in the base

popuì ations were not signi ficantìy di fferent from those of the
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correlaiion coef ficients among
base populations generated frcnl

variables in parental
x Sinton cross,

pairs of
Glenlea

Charact.eris tics PopuIatl ons

GI enI ea S in ton F2 InE er BC GIen BC Sínt

Yleld vs Protein 7.

planr heighc
Spikes/p1ant
Kernels/plant
Kernels /spike
Kernel wt
Protein/ kernel

ProÈein % vs Plant height
Spikes/planc
Kernels/p1anr

Rernels/spike
Kernel wt

Protein/Kernel

Plant height vs Spikes/plant

Lernels/pIant
Y.ernels/spike

Kernel wr

Procein/tiernc1

Spikes,iplant vs Kernels/p1ant

ï'ernels/spike
iGrneI vt
Protein/ kernel

Xernels/plant vs F.ernels/spike
Kernel ut
Prorein/ kernel

Kernels/spike vs iGrnel uE

Pr o tein / ke rne 1

vs Protein/RerneIKernel ¡¿t

- .304**

.398#
,615rr*

.955**

.3ggr.*

,443**
. 3 73,k-!

.24LP¡

.2 19'!

- ñ1)

- ,358'!.È

- .580**
.25lsd.

, 693''"r

.595**
-.129ì5.\-

_.289>i1'r

-.245.e

- .300ff.

- 10?*

- .r54

.J/Qr<;v

-.o76

-.116

- 1or)t

.082

otoJ*

- . 165*

.590c.*

,777**
.973t Á'

.577J"k

.585**'

.586**

. 071

-.079
- nq?

.235''.al

.483*)k

.568'¡,-k

. JUq^"

. JJJ ^,.

.4r4**

. 806ìr:'r

.003

-.27Lr¡*
? 7 < to'.-

. 5J 6t,1<

.398*rr
_ .43 grk*

- ,359*tr

.403**

.886**

-.L64ffi
.3401\'

. 6g 5**

.896*'k

.401H

.47 g *r,

.418**

. !Q{x-rt

.047

-.055

- . I30'Ì
-.26L#

.186*Jr

.607**

.429tîk

-.156**
-.111

- .050

.7 40'k*

- .220**

.088

. I10

.486'-.-r

,048

.016

-.025
- .091

.920t*

- .359**

.444**

.7 L7 **
,999,!rrr

.4J 1rrJ.

.47 7 r,r,

.342**

- . 140*

-,287r¿r

- .282*.\
_ .234+-i,

.167 t..t.

.431 **

. 43 5*'l

^oÕ
lto

.L20

,7gg j"*

-.084
n¿?

- .027

. 52 8t-*

.o49

.059

,OII
- .069

.914*-,k

-.243r,*
.347 **
.709**
.9L4*r(

.399'r*

.437 **

.349*r,

.154**

.027

-.tJq¡t

-.246'"*
- ?74)t*

. !52*r,

.569*

.436t#.

-. tJD,'

-.10ó

.048

.7g6ir*

- )t'aJ<*

.025
-.036

.422**

.040

.007

.025

. 061

.894*.k

-.168**
.483 ¿rjt

7?CxL*-

.7 65'x*

l Rn*tr

.300*^.r

.27 0**

.199tr-*

.0I0
- I c1)k:t

-325*t,

. JJ$*;r

.481*."

.11ó*

- )1)J:'::

-.088

.642F4

-.078
) to *-k

-.0I6

.701'¡.r

- .626t<t

.597*J.

_.549,hr

-.679**

. 882 **

*"-* = CorrelatÍon coefficient significantly differenr from zero at Èhe 5% and 17. levelof significance, respecEively.
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parental cultivars, it can be assumed that the correlat'ions afllong

plant characteristics jn the geneticalìy segregatìng base

popuìatjons were caused majn'ly by non-genetic rather than by genetic

causes of vari ati on .

Correl atí ons between grai n yi eì d and gra'i n

considered among the most important criteria in

protein conLent are

eval uati ng the four

ations correl ation

were signi fìcantly

coeffic i ents from

signi fìcantìy from

base popuì ati ons. In al I four base popu'l

coefficients between these two characterist'ics

di fferent from zero. However, correl ation

djfferent popuìatjons were not found to differ

one another nor from the two parents.

4.?.4. Path coefficient analyses of grain yield and grain protein

content

Further jnformatjon on the relatíonships among pìant

characteristics were obtained through path coefficient anaìysìs.

Correl ation coefficients were parti ti oned i nto di rect

( unj di recti onal pathways ) and i ndi rect effects ( through al ternate

pathways) of independent variabl es such as number of spikes per

pì ant, kernel wei ght, etc . on resul tant vari abl es such as

graìn yield and grain protein content. The path anaìyses were

performed in each popuìation separateìy. The procedure used jn

devel op'i ng the path model and subsequently its anaìyses were as

follows: first, standardized multipìe regression and stepwise

muì ti pì e regressi on anaì yses were performed to choose i ndependent

variabl es whích woul d provide the best possibl e prediction of gra'i n
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yieìd and graìn proteìn content. independent variables which did

not contribute sìgnifìcant'ly to the total variatjon of a dependent

varjabje were excluded from the test on the basis of these analyses.

Then, the techni que of path anal ys i s was appì i ed to expl ore the

relationshjps among pìant variables after assigning cause and effect

relatjonships on a priori grounds.

The resul ts of the standardi zed mu'ltì p'le regressì on anaì yses

are presented in Table 10, and those of the stepwise mu'ltÍple

regression analyses are given in Tables 1i and 12, for grain yie'ld

and gra'in protei n content, respective'ly. The standardized mul ti pl e

regression analyses indicated large and significant contrjbutions of

spikes per plant, kerneìs per spike and kernel we'ight to grain

yi eì d. Al I other characteri stjcs did not show regressì on

coefficients that were s'ignifìcant'ìy djfferent from zero.

Simjl arìy, kernel weight and protei n per gra'in were the on'ly two

characteristjcs that contributed significantly towards graìn prote'in

content. The partial regression of grain proteÍn content on the

remaining variables were not signìficantly different from zero.

Stepwi se mul tip'l e regression anaìyses (fanl e 11 ) indicated the

r'mportance of spi kes/p'l ant i n accounti ng for the total var j ati on i n

graìn yield. Averaged over the four base populations and the two

parental cultjvars, it alone accounted for about 52% of the total

sum of squares for yìeld. Number of kernels/spike was the next

important character i n reduci ng the resi dual sum of squares for

grain yieìd, and kernel weight was the third important character.



TABLE I0. Multiple
plant and grain
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regression analysis
protein conLent on

of grain yield per
selected traits.

Depend ent
variabl e s

Popula tion Standardized partíal
regression coef ficients

R2

Spikes/
plant

Kerne I s /
spike

Kerne 1

wt.
Pro te in/
kernel

Yield Gl enlea

S inton
F

2

Inter.

BC. Glen.

BC. Sint.

0. g0**

0.75**
0. B1*'*

0.75**

0. B0**

0. 7 1**

0. 51'**

g . {/a;t*

0. 54*t-

0. 56**

0. 57'**

u.¿o^^

0.46**

0. 20**

0.41**

0.41*'*

U. Jö^^

0. 51**

0. 00

0. 00

0. 00

0. 00

0. 00

0.00

0.98

0.95

0.94

0.97

0. 96

0.78

Protein Glenlea

Sinton

Fz

Inter.
BC. Glen.

BC. Sint.

0. 00

0. 00

0.00

0. 00

0.00

0. 34**

- ¿. )¿^^

-2.LL**
-¿.+ó^^

-2.L9*x
-2.L9**

^ ^?&L-J. UO^^

0. 00

0.00

0.00

0. 00

0 .00

0. 00

2.08.'* 0.98

1. B4** 0.96

2.36'k* 0.gg

2.18*-* 0.99

2.18*-* 0.gg

2.94¿.x 0.97

**Signif icant at the L"/" 1eve1 of probability.
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TASI'E 11. stepwÍse murtiple regression anarysis (maximum R2improvement) of grain yierd per prant of 6 wheat populationson other selected variables. l

Populat ion Variables added
to equation

Partial regression
coe ffi c ients

Glenlea

Sinton

F2

Inter.

BC Glen.

BC Sint

Spikes/p1ant
Kernels /sp ike
Kernel weight
s2

Sp ike s/pl anr
Kernels/spike
Kernel weighË
p2

Sp í ke s/p1 anr
Kernel s / spike
Kernel weíght
g2

Sp ikes /p lanr
Kernels/spike
Kernel weight
R2

Sp ikes /p1 anr
Kernel s/spike
Kernel weighÈ
¡2

Sp ikes /p1 ant
Kernel s /spíke
Kernel weight
s2

o.74

0.45**

0 .67

0. 65**

o .69

0. 53*,k

0.73

0.46**

0.74

0. 52**

0.74

0. 51-^'*

0. 85

1.16

0.77.r"*

0. 68

0. 65

0.g1i-*

0. B0

0.78

^ 
r ô-L¿v. I ö^^

0. 82

L.07

0. 79 j-k

0. 85
0.99

0. g2*-*

o.7L
0.81

0. 71jrìk

0. 89

1 .06
1.10
0. gg**

0. 63

0.57
0.52
0.95**

0.77

0 .82

0. 96

0. g4**

0. 81

1.05
L.02

0 "97**

0.82
1. 00

0.94
0. g6**

0.74
0. 10

0.92
0.79**

?h" Signifícantly different from zero atprcbabil ity.
lRegression analysis was conducted on
See page {J for transformation used.

the 1% level of

transíormed data.
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in total, these three characteristjcs accounted for more than 94% of

the varjatìon in graìn yieìd of alì popuìat'ions except the backcross

to Sinton, in which they accounted for only 78% of the varjatjon.

Stepwìse multip'le regressÍon ana'lyses for grain protein content

(laUle 12) also showed that three characteristics, nameìy kernel

wei ght, protei n per kernel and kernel s/spi ke, accounted for more

than 95% of the total varjation for grain prote'in content. 0f these

three characteristics, the negat'ive effects of kernel weight

appeared to be the single most important characteristic, protein per

kernel was the next, and kernels/spike was the third most important

characteristic. No other characteristjc contributed s'ignificantly

to total variation in grain protein content except spikes/p'lant in

the backcross to Sinton popuìatjon.

A comparison of the two stepwise muìtipìe regression anaìyses

( Tabl es 11 and I2) showed that the rel ati ve ìmportance of the

variables that accounted for variations in grain protein content was

i n the reverse order of the rel ati ve importance of the

characteristics that accounted for varjations in grain yìeì d. For

exarnple, kernel weight was the most ìmportant characteristic that

affected grain protein content, but its effect on grain yieìd was

the lowest among the three primary yieìd components. 0n the other

hand, number of spikes per pì ant was the most important

characteristic affecting grain yíeìd, but its ìmportance in relation

to grain protein content was not sÍgnificant.

Information collected from the mul tjpìe regressjon and stepw'ise
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TABLE 12. stepwise multiple regression analysis (maximum R2improvement) of grain protein content of 6 wheat popula_tions on selected variables. l

Populat ion Variables added
to equation

Partíal regression
coefficient

GI enl ea

Sinton

F2

fnter.

BC Glen.

BC Sint.

Kernel weight
Prote in/ke rnel
Kernel s /sp ike
R2

Kernel weight
Protein/kernel
R2

Kernel weight
ProLein/kerne I
R2

Kernels / spike
Kernel weight
Prote in/kernel
p2

Kernels/ spike
Kernel weight
Protein/kernel
R2

Kernel s/spíke
Protein/grain
Sp ikes /p1 anË

B2

-0.16

0.36*-*

-0.22

0.25**

-0.10

0. 10*

-0.07

0. 06

-0.07

0.08

-0.02

0. 12 **

-0.70
3.01

0. 7g**

-0.09
4.I7
0.96*-*

-0.77
3 .56
0 .98"*

-0.63
-0.08

o.L2x

-0.07
-0.09

0. 14**

-0.80
3.s4

0. 86 **

0. 01

0. 08

3 .54

0.gg**

-0.01
-0.76

3 .46

0.gg*-*

-0. 19

0. B0

-3.62
0.9ï1x

-0.08
0. 69

2.98
0. gB**

** Significantly different from zero ar the 1% level ofprobabil ity.

Regression-analysis \Áras conducted on transformed data.See page 43 Í.or transformation used.
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muì tipl e regression anaìys'is laid the foundatjon for constructing

the path model" A path diagram based partìy on a priori grounds and

partly on phenotypic correl ation coefficients and rnuì tipl e and

stepwíse muìtíple regression ana'lysis is presented ìn F'igure 3.

Aìthough cong'lomerate characteristics such as grain yieìd, grain

prote'in content, protein yieìd per pìant and number of kernels per

plant were available for selection as components in the mu'ìtipìe

regression anaìyses and stepivise multíple regression analyses, none

of these characteristics were found important in affecting grain

yi eì d and ( or) grai n proteì n content. These vari abl es were

therefore deleted from the path model. Likewise, plant height was

not found to be an important character affect'i ng grai n yi eì d or

grain proteìn content and therefore was not included in the model.

The di rect and i ndi rect effects of the rema'i ni ng i ndependent

variables on grain yíe'ìd and grain protein content based on this

model are presented, by popuì ati on , i n Tab'l e 13 .

The path analysi s showed that spikes per pl ant had hr'ghly

sìgn'ificant direct effects on grain yield, but these large direct

effects were sì i ghtl y reduced due to negati ve i ndj rect effects

through number of kernel s per spike. The path ana'lysis al so shov¡ed

that the direct effects of kernels per spike were close to the total

correlations because the indirect effects of this characteristic on

grai n yi eì d i n the varí ous popul ati ons were not 'l arge. The

correlation between grain yieìd and grain protein content was all

attributed to the direct effects of kernel weight on grain yìeìd.
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Table 13, Path coefficlcnts from D¡th-cocfficlcnt analvsls of graln vlelrl ancl graln proreln
content of 6 ruheat populatlons grown in spâcc planted nurserv.

Pathway of associaÈion Populations

Glenlea Slnton F2 Int er . BC GIen. BC Sfnt,

GRAIN YIELD

- vs. K€rnel weiqht

Dire c t
TOTAL

- vs. Kernels/spike

Direct.

Ind irect via IGrnel wt .

TOTAL

- vs. Spikes/p1ant

Di re ct
Indirect via Kernel ut.
Indirecr via l(ernels/spike

TOlAL

0.448

0.4.18

0.396

0.045

0 .44r

0. 802

-0.050

-0.093

0.672

0. 581

0.581

0.344

0. 158

0. 502

0. 705

0.112

-0.01 I

0.805

0.438

0.438

0.364

-0.031

0.323

0. 809

0.035

-0. 1 15

o.725

0 .437

0.431

0 .469

0.014

o.482

0.752

0. 002

-0.077

0.678

0.413

0.413

o .4L7

-0.015

0.402

0.799

0. 025

-0. r07

o.717

o .492

0 .492

0.193

-0.133

0.060

0.710

0.02I
-0.023

0.715

p.2 o .971 0.946 0.941 0.96b 0.95i 0.758

GRAIN PROTEIN CONTEI.T

- vs. Kernel ceicht
DirecÈ

TOTåL

- vs . Protein/tie 'n .

Dí re cÈ

lOTA],

- vs. Kernels./spike

Direct
lndirecc via Kerne1 wt.

Indirecc via Protein/ ¡"rr.,.
TOTAL

-0.448

-0.448

a.262

o.262

-0.032

-0.068

-0.184

-0.284

-o.494

-o.494

0.044

0.044

-0.030

0.185

-0.2t2
-0.057

-0.3t3
-0 ,3 13

0. 086

0.086

-0.016

0.028

-0. 107

-0.119

-0.242

-0.242

o .207

0.207

-0.o21

0.008

-0.2II
-0.246

-o.237

-o.231

0.213

o .2I3

0. 009

0.008

-0.266

-0.283

-0.340

-0.31+0

0.065

0.065

0.039

0. 066

-0.247

-0.352

R2 0.981 0.965 0.981 0.978 o.979 0.996
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As regards proteì n content, path anaì ysì s showed that the

correlatjons between grain protein content and kernel weìght were

due entÍ reìy to the di rect negatÍ ve effects of kernel wei ght on

graín protein content. Líkew'ise, the correlations between graìn

protein content and protein per kernel were due entireìy to djrect

effects. The correl ati ons between kernel s per spi ke and gra'i n

protein content were largeìy due to an indirect effect through

protein per kernel. Djrect effects of kernels per spike on grain

protein content were not 'large jn all popuìations.

Despite the presence of signÌ ficant negatìve correl ations

between gra'in y'ieì d and grai n proteì n content, mul ti pl e regression

ana'lyses showed that variatjons in grain yieìd did not s'ignìficant'ly

account for d j f ferences in grai n prote'in content. Converse'ly,

diflerences in grain protein content did not signìficantìy account

for variations in grain yjeld. As a resu'lt, a cause and effect

relationship between grain protein content and grain yield has not

been establ ished in the path model depicted in FÍgure 3. The

impl ication of these anaìyses 'is that the negative correl ation

between yie'ld and protein content emerged because of their ioint
dependence on the same set of primary characterist'ics, among vhich

kernels per spike and kernel weight rvere the most important. The

interpretation to be made of these anaìyses is that, if the number

of kernels per spike increased, yield will also be increased, but

the concentration of protein per grain will be decreased to the

detriment of graìn 'protei n content. Al ternately, increased kernel
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weight without a proportional and concomjtant increase in protein

per kernel resul ts i n i ncrea sed grai n yi el d but I owered graÍ n

protei n content. 0n the basis of these anaìyses, and the

relationship,s arnong p'lant characterfstjcs established from them, the

1 og ical pì ant breedi ng strategy for improv'i ng both yi e'ì d and protei n

content simultaneousìy would appear to be to increase graìn yie'ld

through selection for ìarge numbers of kernels per pìant (especiaììy

through selection for a ìarge number of spikes per pìant) and to

i ncrease grai n prote'i n content by sel ecti ng for i ncreased protei n

per kernel.

4.3 Experiments 3 and 5. Evaluation of z Base Populations

Generated from two Crosses

Except for mjnor differences, Experiment 3 and Experiment 5

were similar in their field ìayout and statjstical design. It
woul d, therefore, be conveni ent to present resul ts from these two

experíments concurrentìy.

Experìment 3 and Experiment had the fo'll owi ng mat n

obj ecti ves:

(1) To compare base populations for means, phenotypic and genotypic

variances, phenotypic and genotypic correl ations and herita-

bilities;
l'2) To simul ate earìy generati on sel ecti on i n space pì anted

nurseries for yieìd and (or) protein content by using various
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sel ectjon crjterìa;

(3) To coìTìpare the worth of base popuìatjons

response to sel u.ction and correl ated response

fi naì ìy,

(4) To ìnvestigate if the resul ts obtained in

reproducible under a different set of conditjons.

on the basì s of

to sel ecti on; and

Experiment 2 are

4.3.1 qqlpglÞg!_of neans

Parental cul tj vars that were used to synthesì ze the 7 base

populations (4 from the Glenlea x Sinton cross and 3 from the N8131

X Coteau cross) were compared i n paì rs. Performance data of

parentaì cultivars grown 'in repìicated experiments (Table 14) showed

that the aeans within pairs of parental lines d'iffered significantly

for al I characterj stics. Except for grai n protei n content, Gl en1 ea

was superior to Sjnton jn all characterjstjcs studied. Similarìy,

N8131 was superior to Coteau in all characteristics except graìn

protei n content.

The means of 105 progeny famil íes in each of the four base

popuìations generated from the Glenlea X Sinton cross together with

simil ar clata from 72 famil ies jn each of the 3 base popuì atjons

generated from the NB131X Coteau cross are presented in Table 15.

The 105 single plant derived progenies of each base population in

the Glenlea X Sinton cross rvere intended to be random sampìes of the

populations. The restrictíon in Experiment 3, that each pìant had

to produce at least 750 seeds so that 3 rep'licate singìe row pìots
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could be grown could have skev¡ed the backcross to Sìnton popuìation

( tfre popul atjon that produced the smal I est number of seeds/pì ant)

towards hi gher than expected yi eì ds. Probl ems of thi s nature,

however, were not encountered in the N8131 X Coteau cross.

D'i fferences among the four popuì ations generated from the

Glenlea X Sinton cross were found to be highìy significant for all

characteristics (laUle 15). Except for grain proteìn content the

mean performance of the backcross to Glenlea population was higher

than the remaining three base popuìations derived from the same

cross, when grown under the condi ti ons of Experiment 3. In

contrast, the backcross to si nton popuì ati on was i nferi or to the

other three popuìations for all characteristics except gra'in protein

content. For graì n prote'i n content, the backcross to Si nton

popuì ati on expressed the hi ghest val ue among the four popul ati ons

generated from the Glenlea X sinton cross. As expected, the two

backcross popul ations approached more closely toward thej r

respective recurrent parent. The i ntermated FZ and the F2

popuìations were íntermediate between the two backcross popuìations

in all characteristics investigated.

Base popul ations generated from the N8131 X Coteau cross

behaved very similarly to those generated from the Glenlea X Sinton

cross. Except for protei n content, the backcross to Coteau

popuìatìon was inferÍor to the other two popu'lations and, except for

grai n protei n content the backcross to N8131 popuì ation was

superior. The F2 popuì ati on was i ntermedi ate between the two
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backcrosses for all characterist'ics.

4.3.2. Comparison of Population Phenotypic Variances

For the purpose of comparing the magnitudes of phenotyp'ic and

genotypic variances in the different popuìations, separate analyses

of variance and covariance were conducted for each popu'lation, and

for all characters and pairs of characters assuming a random effect

model. The format for the analysis of variance and covariance is

presented in Table 16.

Phenotypic variances for various characteristics in the four

parental cultivars and the 7 base populations generated from the two

crosses are presented in Table 17. Variances of base popuìations

within a cross were compared using the F ratio as a test criterion.

This test showed phenotyp'ic varjances in the base popuìatjon were

unequaì jn some cases. No c'ì ear cut trend in the phenotypic

variances among base populatjons generated from the Glenlea X Sinton

cross was found, however, the F2 and the j ntermated FZ

popul ations showed hìgher ( but not necessariìy s'igni ficant)

phenotypic variances than the two backcross popuì ations in most

cases. Except for kernel weight, phenotypìc variances among the 3

base popu'l ation generated from the N8131 X Coteau cross were

generaììy similar. For all characteristics the backcross to N8131

popuìatíon showed the lowest phenotypic variance.

Since parent.al cultivars are composed of geneticaììy unjform

p1 ants , i t fol I ows that di fferences between p1 ots wi thi n these

cultivars must be entire'ly due to djfferences in non-genetic causes
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89-
of variation. Comparjson of phenotypic variance of the various base

popu'lations with those of the appropriate parentaì cultivars (Table

t7) show the former to be significantìy (p<0.01) greater than the

latter, demonstrating the presence of significant genetic variatjons

for most of the characteristics investigated.

4.3.3. Comparison of Population Genetic Variances

Because it is the majn source of resemblance between reìatives,

and al so because it is the chief determinant of response of

populatíons to selection pressure, it is actualìy the magnitude of

the genetic varjance, rather than that of the phenotypÍc variance

that is of prime importance in prant breeding programs. Genetic

components of variance for 5 characteristics measured in each of the

7 base popuìatíons generated from the two crosses, are presented in

Table 18. Genetic varÍances for all characteristics and in all base

popul ations were híghly signi ficant suggesting that the base

popuìations should provide sufficient genetic varíability for

selection in any of the characterjstics. l,lithin a cross, the more

heterogeneous and heterozygous popuì ati ons, the F2 and ( or) the

íntermated Fz popuìations, appeared to have sìight]y higher

genetic variances than the two backcross populations. The ìarger

geneti c vari ances i n the Í ntermate d Fz, and the F2 popuì ati ons

are probabìy consequences of a broader genetic base, and

particu'larìy due to contributions from the dominance component of

genetic variance.
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Compari sons of the genetic vari ances of the four base

popuìations generated from the Glenlea X Sinton cross showed tha+",

for grai n yi e'ld and proteì n yi e]d di fferences among the popul ati ons

were not significant. However, genetic variance for graìn protein

content i n the backcross to Sf nton popuì atj on was signi fìcantly

lower than the F2 and the intermated F2 populations, but was not

si gni ficantìy di fferent from the backcross to Gl enl ea popuì ati on.

The genetic variance for gra'in protein content jn the backcross to

Gl en j ea popu'l ati on wa s not found si gnj f i c antl y di ff erent from any of

the other popuìations. In kernel we'ight, the backcross to sinton

popu'lation had higher genetic variance than the backcross to Glenlea

population while all other comparisons were not significant.

Aì though significant genetíc components of varjance were

obtajned for most characteristics in each of the 3 base populatìons

synthesized from the NB131x coteau cross, no c'lear cut trend jn the

distribution of the variances could be noticed. Estimates of

genetic varjance for protein yieìd per pìot in all 3 base

popuìations was found to be not signifìcantly different from zero.

The above genetic variance comparisons suggested that genotyp'ic

variances of the backcross to Glenlea and the backcross to NB13i

popu'lations, for important characteri stics such as grai n yi e'ld and

grai n prote'in content were not signi f jcantly 'lower than those of the

other base popul ati ons.
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4.3.4. Compari sons of Phenotypic and Genotypjc Correl atjons

Phenotypic and genotyp'ic correl ations among pai rs of

characteri stics for parental I i nes and base popul ati ons generated

from the two crosses are listed in Table lg. Most of the 10

phenotyp'ic correl ation coeffÍcients calcul ated in each of the

parental lines and 7 base popu'lations were significant at least at

lhe 5% level of significance. In contrast, most of the genotypic

correl ation coefficients were not found signi fjcant, and i n some

cases the standard error of the estimates of the genotypic

correlations were 'larger than the correlatjon coefficients

themsel ves. An eval uati on of Tabl e 19 character by character

resulted in the folìowing appraisa'l of the phenotypic and genotypic

correl ation coefficients.

4.3.4.1. Associations of grain yield with other characteristics

a) Grain yield vs grain protejn content. phenotyp'ic correlatíons

between grai n yi e'l d and grai n protei n content were negative and

highly signifjcant in all popu'lations except jn the cultivar Sjnton,

where a positive but non-signi ficant correl ation coefficjent was

obtained. However, variation in yieìd accounted for a maxjmum of

on'ly 30% of the variation in grain protein content of any of the 7

segregating base popuìations studied. In contrast, variation jn

grain yield determined about 25% and 32% of the variation in grain

protein content in the non-segregating parentaì ljnes Glenlea and

NBi31 , respecti ve'I.y. Thi s compari son of the strength of phentoypì c

correl atjons in segregating and non-segregat'i ng popul ations
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i ndjcated that genetic rel ationshi ps are not the mai n factors

responsibì e for the negatÍve correl ation between grai n yi eì d and

grai n protei n content. Thj s was further substanti ated by the

genotypic correlation anaìysis (taule 19), which showed that genetic

correlation between grain yie'ld and grain protein content were not

significant except in the backcross to N8131 population synthes'ised

from the N8131 X Coteau cross.

The observations, in Experiments 3 and 5, that 6 of the 7

genetíc correlations between grain yie]d and grain protein content

were not signi ficant, and al so the observation that grai n yi e'l d

accounted for a smal I fractj on of the total vari ati on i n gra'i n

protei n content, rei nforces the hypothesi s , that there i s very

little in terms of a genetic barrier to the sjmultaneous improvement

of yi el d and prote'in content.

b) . Phenotypic correlatjons between

grain yield and kernel weight r,rould appear to be different in

different populations. In the parental cultjvars and the intermated

F2 popuì atj on of the Gl enl ea X Si nton cross, 0o signi fjcant

correlations between these two characteristics \4ere obtained, vrhile

positive and high'ly significant (P<0.01) correlations were obtajned

in the F2 and the backcross to sinton popuìatÍons and a correla-

tíon coefficient significant onìy at the 5% level was obtained jn

the backcross to Gl enj ea popul ati on. sjmil ar resul ts obtai ned i n

the N8131 X Coteau cross indicated that phenotyp'ic correlations were

not significant in the two parentaì lines and the F2 popuìation,
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while in the two backcrosses high'ly s'ignificant correlation

coefficjents were obtained. I,/hen the genetìc correlations between

grain yieìd and kernel weight were considered, Sign'ificant

associations were observed in 6 of the 7 base popuì ations (Tabl e

1e).

c) Grain yield vs protein per kernel. In the Glenlea X Sjnton

cross, phenotypic correlations between grain yie'ld and protein per

kernel were not signi ficant except in the two high yi e'l dì ng

popul atj ons, the backcross to Gl enl ea and the j ntermated Fz

popu'lations, in which phenotypic correlation coefficients were

negative and significant at the 5% level of significance. In the

N8131 x coteau cross, phenotyp'ic correlations between these two

characteristjcs were signifjcant in one of the parentaì ìines,

NB13l, in the F2 popuìatjon, and also in the backcross to NB13i

popu'lation. A negative association rvas indicated in all cases jn

which signi fjcant phenotypìc correl ations between these two

characterístics were obtained. Genotypìc correlations between gra'in

yield and prote'in per graìn were generaììy nonsignìficant wjth the

one exception of the backcross to N8131 where a signìficant positive

association was reg'istered.

d) Grain yield vs protein yield. The results of thjs experiment

strongìy suggested the presence of highìy significant phenotypic and

genotypic correlations between grain yieìd and prote'in yield per

pì ot.
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4.3.4.2. Association of grain protein content with other character-

istics. The results given above were pertinent to the associatjon

of grain yíeìd with other characteristics investigated. Considering

the phenotypic and genotyp'ic correlations of grain protein content

with other characteristics, the folìowing results were obtained.

a) Grain protein content vs kernel weight. Genotypic as well as

phenotypic correl ations between grain protein content and kernel

weight were found to be negative and highly significant in al l

populatjons. This suggests that the larger the kernel weight, the

I ower woul d be the grai n protei n content.

b) Grain protein content vs protein per kernel. Phenotypic

correl atj ons between grai n protei n content and prot.ei n per kernel

were consistentìy positive and hr'ghìy sign'ificant in all

popu'lations. Thjs suggests that, for the expressìon of high graìn

protei n content, each kernel must contai n a ì arger quanti ty of

protei n per kernel . However, the non-signi ficant genetic

correlation coefficjent for these two characteristics impìies that

the cause of these assocÍations has no genetic basjs.

c) Graín protein content vs protein yield per plot. The phenotypic

correl ations between grai n protei n content and prote'in yi eì d/p'lot

were in most cases negative and significant, but the genetic

correl ations between these two characteristics were not

sígnificantìy djfferent from zero.

Associations among other characteristjcs are not important from

the point of vjew of this investigation, but general'ly the foì'lowing
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results were obtained. Assocjations between kernel weìght and

protein per kernel were phenotypicaììy s'ignificant and suggested

that íncreasing the quantity of prote'in accurirulated in each grain

will result in an increased kernel weight. However, no signifjcant

genetic association among these characteristics were obtaj ned.

Kernel weight was also signìfìcantìy correlated with protein y'ield

i n some popu'l ations, but no signi ficant genetic correl ations were

obtaíned between these two characteristics. Protein per kernel was

neither phenotypica'l1y nor genotypically correlated with protein

yie'ld per pìot.

4.3.5. Estimates of Heritabil ities

Heritabilities estimated on the basis of components of variance

methods (broad sense heritability) in each of the 7 base popu'lations

generated from the two crosses and are presented in Table 20. In

addition, heritabil ities estimated from the offspring-parent

regression, have been calculated for 4 base populations derived from

the Glenlea X Sinton cross and are listed in Table 21. Since the

si ng'le pl ant nursery of the N8131 X Coteau cross was gro\^/n i n

Mexico, no attempt has been made to compute heritabilities using the

offspring-parent regression technique.

Broad-sense heritabil ities obtai ned in the two crosses were

simil ar for grai n yi e'l d and grai n protei n content. However,

strikÍng d'ifferences between the two crosses for the remaining three

characteristics are apparent from a study of Table 20. Estimates of

broad sense heritability for kernel weight and protein per kernel
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were almost twjce as ìarge jn the NB13i X Coteau cross as jn the

Glenlea X Sinton cross. I^ljth respect to proteìn yieìd per p'lot,

broad sense heritab'iìity in the Glenlea X Sinton cross was several

times ì arger than i n the N8131 X Coteau cross. Most of the

heritability estímates were signifr'cant except for proteìn yieìd per

pìot in the N8131 X Coteau cross. Heritabiìity estimates among

popuìations within a cross were not significantly different from one

another for the two most important characteristics jn this study,

namely grain yield and grain proteìn content.

Heritabìl ity estjmates obtajned using the two methods gave

s imi I ar resul ts i n the Gl enl ea X Sì nton cross except for the

striking exception that the offspring-parent regression method

indicated the absence of sjgnìficant heritabiìity for grain prote'in

content. These d'iscrepancies are attributable to differences in the

reference popu'latjon to which the heritabi'lity estimates apply. In

the offspring - parent regressjon method, the reference popuìations

are the popul ations of sing'le pì ants grown ín the 1978 llursery,

whereas jn the components of variance method the reference

popu'lations are the 1979 progeny lines derived fron the l97B singìe

pìant nursery. Addit'ionalìy, the offspring-parent regression

technique measures mostìy the additjve portion of genetic variance

and therefore would be expected to be lower than estjmates obtajned

using the components of varjance method which íncludes all types of

gene action present in the popuìatjon. The larger coefficients of

heritabilities obtained by the components of variance method may

al so be attributed to the greater and signi ficant reductions of
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genotype X envjronment interactions through the use of replication.

In contrast, the low heritabil ity coefficients obtained when the

offspri ng-parent regress'i on method was used coul d be attrj buted

partly to differences in performance of genotypes under djfferent

planting conditions, or to differences in envjronmental conditjons

in the two test years. Furthermore, large genotype X envjronment

effects in the spaced singìe pìant nursery, and losses of dorninance

and epistatic gene actions due to ínbreeding couìd have lowered the

heritabil ities obtaíned using this method.

The value of heritabi'lity estimates is to give a quantitative

measurement of the relative importance of heredr'ty and envjronment

in determining the express'ion of characteristics, and al so to g'ive

an indjcation as to how easy or diffjcult it is to improve a par-

tfcular characteristic. Significant heritabiìity estimates are good

indicators of the likely performance of the progenies jn succeeding

generations. Results presented jn Tables 20 and 2l indicate that in
generaì , it woul d be easy to improve kernel weight and protei n

per kernel, but reìativeìy difficult to improve grain yield, and

very di fficul t to i ncrease grai n protei n content and protei n

yiel d/plot.

4.3.6 Further Comparisons of Base Populations

In addition to the comparison of base populations on the basis

of their means, variances and correlation coefficients as discussed

previousìy, additional comparative inforrnation could be obtained
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from a determination of the frequency of desirable and undesirable

genotypes contained in each base population. In the present study,

genotypes from each base population were subjectively classified

into four categories as follows: Class i genotypes are defined as

those that inherited both the high graìn yie'ld of the utility wheat

parent, and the high protein content of the bread wheat parent.

From a plant breeding point of view, these represent the ideal

genotypes that would result from a cross between a high y'ieìding

utility wheat, and a hígh grain protein bread wheat cultivar. Ciass

II genotypes are designated as those that maintained the grain

protein content of the bread wheat parent, but gave yie'lds hígher

than the bread wheat cultivar. Some derivatives from this cìass may

be expected to have the potentia'l of higher yieìding bread wheat

cul ti vars. Cl ass Ii I genotypes are desÍ gnated as genotypes that

gave greater yield than the utiìity parent but maintained the

protein content of the utilfty parent. Lines in this class may have

the potentiaì of being released as h'igh yielding utiìity wheat

cul tivars. Cl ass IV genotypes incl uded al I other genotypes that

show little potentiaì in the breeding program. Thjs method of

classification simpìified the descript'ion of the genotypes as well

as the anaìysi s and ì nterpretati on of the data. The resul ts are

presented in Tabl e 2?.

A quick perusaì of Table ?2 indicates that there were some

dramatic differences in the frequency of the different classes of
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genotypes in different base popuìations particularìy in the NBl3l X

Couteau cross " i t can be seen that i n each base popul ati on the

frequency of the different categories depended on the gene dose the

base population received from the parenta'l cultivars. No Class I

type genotypes were found in any of the four base populatjons from

the Glenlea X Sinton cross, but from the NBl3l X Coteau cross 3 such

genotypes (Z from the F2 and I from the backcross to NBl3l

populations) were identified. In view of the small number of

genotypes falìíng into this class catagory, it is not clearly known

whether these 3 genotypes were chance deviates or whether they were

representing genuÍne superior genotypes. Class II type genotypes

were observed in all 7 base popuìatjons generated from the two

crosses, but their frequencies varied from population to popuìation.

In the Glenlea X Sinton cross, Class II types were observed more

frequentìy in the intermated FZ and the back cross to Glenlea

populations, but in the remaining two popuìations the frequency of

occurence of such genotypes was relativeìy small. Results obtained

from the NBl3l x Coteau cross indicated that the frequency of Class

II types rvas relatively'large in the backcross to Coteau popuìation

and was lower in the F2 popu'1 ation and the backcross to NBj3l

population. In the Glenlea by Sìnton cross only ì genotype could be

identjfied which gave yie'ld higher than Glenlea (Class III type) "

In the NBl3l X Coteau cross all 3 base populatjons contained some

Class III genotypes (genotypes whjch gave yie'lds higher than NBl3l)

but the I ar^gest frequency occurred in the backcross to NBl3l
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4 different classes of genotypes
the 7 base populations generated

Population Nr¡mber of lines

Class
I

Class
II

Clas s
]II

Class
IV

Glenlea x Sinton E2

In ter

BC Glen

BC Sínt

3

10

11

2

L02

95

93

103

I

N8131 x Coteau Fz

BC

BC

L7

30

5

2

1

L6

15

29

37

26

38

NBI31

Cot eau

bread r¡heat parent.
Class II = Genotypes

tent but showed grain
parenf.

Class III = Genotypes
parent but maintained
parent.

Class IV = All others

that maintained the grain protein con-
yield higher than the bread wheat

that gave greater yield than the utility
the protein content of the utility

class L = Genotypes that combined the grain yield leve1 of
the utility parent and the grain protein content of the
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popul ati on.

Further evaluatjon of the base populatíon, would be possible

from a comparison of the amount of graìn protein content jn each

popuìation at a given value of grain yield. That iS, wjth equaì

yiel d 1 eve'l , a popuì ation which expresses consistentìy higher

protein content should give the most desirable genotypes. In an

effort to achi eve thi s compari son, the regress'ions of grai n prote'in

content on grain yie'ld were computed for all base popuìatjons, and

the results are depicted graphicaììy in Figures 4 and 5 for base

populations generated from the Glenlea X Sinton cross, and NBl3l X

Coteau cross, Fêspectiveìy. To equaì ize the residual ( error)

variance in the regression model , and to maintain I inearity of

regression of grain protein content on grain yield a logarithmic

transformation was used.

The regression analyses indicated the presence of some signifi-

cant djfferences in the values of the intercepts as well as the

regression coefficients for base populations generated from the same

cross. However, from Figure 4, it can be seen that, for the

maj ori ty of val ues of gra'i n yi el d, more grai n protei n v¡oul d be

expected from the backcross to Glenlea popu'lation than from any of

the other 3 popuìations generated from the Glenlea X Sinton cross.

Simil arìy from Figure 5, more proteì n woul d be expected to be

present in the backcross to NBl3l population than from the other two

populations generated from the NBl3l X Coteau cross.

Both the analysis of the class frequency breakdown and the re-
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gression of grain protein content on grain yield, ds pr esented

above, indicated that it should be easier or at least as easy to

extract hi gh y'i el di ng- hi gh protei n genotypes from popuì ati ons

generated by backcrossing to the utility parent than from any other

popuìation consÍdered in thís study.

4 .3.7 I ntergenerati on Correl ati ons

Intergeneration correl ations indicate whether association among

p'lant characterÍstics observed in one generation are persistent in

later generations. Intergeneration correlations of 1979 grain yield

and grai n protei n content wj th 1978 si ngì e pl ant characteri stics in
the varfous base populations synthesized from the Glenlea x Sinton

cross were computed (Tabl e 23 ) .

Despì te di sti nct gene frequency di fferences, i ntergeneratj on

correlatjons of 1979 grain yield with 1978 pìant characteristics

were generaì'ly consistent across popuì ations, and were pronounced

for most characteristics. There were positive and highly

signi fjcant inter-generation correl ations between 1979 grai n yiel d

and the following ì978 singìe pìant characteristics: (a) grain yieìd

per pìant, (b) kernel weight, (c) protein per kernel, and (d)

protein yield per pìant. The strength of the intergeneration

correlation coefficíents obtained in the dìfferent base popu'lations

were not found to di ffer sígní ficantìy from one anoiher when

coefficients were tested for equality. More interesting among the
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ìntergeneration correl at'ion coeff ic'ients is the observatjon that

correlatjons between 1979 grain yieìd per pìot and 1978 kernel

weight were higher than between 1979 grain yieìd per pìot and .l978

grain yieìd per plant. The higher intergeneratjon correlation

between 1978 kernel weight and 1979 grain yieìd per pìot coupìed

with the generally high heritab'i'lity of kernel weight and highly

significant genetic correlations between grain yieìd and kernel

weight would suggest that it would be easjer to select for graìn

yíe1d in space pìanted nurseries by selectÍng for kernel weight than

by se'lecting for grain yield/pìant per se. Plant height, number of

spikes per plant, number of kernels per spike measured jn 1978 were

not correlated with 1979 graín yield per pìot and therefore may not

have any grai n yí e1 d predicti ve val ues.

Fewer sì gn'i fi cant i ntergenerati on correl ati ons between 1979

gra'in proteìn content and 1978 singìe pìant characteristics were

obtai ned, and most of those si gni fi cant i ntergenerati on correl atÍ ons

were observed in the intermated F2 popuìatjon. In fact, except in

the intermated FZ popu'lation, corre'lations between 1g7g grain

protein content and l978 single p'lant characteristics were generalìy

absent. No logÍcal explanation for the contrasting and abnorrnal

behaviors of the intermated F2 popuìation was identified, but it
is anticipated that the ìarger deviations from I inear regression

observed for most characteristics in this population may have some

contribution to this. Lack of intergeneration correl ation is

indicative of a number of factors incl uding high genotype x
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environment jnteraction, absence of s'igni ficant genetic variance,

low heritability of one or both characteristics, and also the extent

of the genetic correl ations between the two characteristics

{Falconer, 1960). The absence of significant intergeneration

correlation for grain protein content in 3 of the 4 base populations

is consistent with the findings that the genet'ic correlation of

protein content with other characteristjcs r^/as negl igíb'le (Table

I 9 ); that grai n protei n content was sensi ti ve to genotype x

envíronment interactions (taUle 6); and that the heritabil ities of

grain protein content was generaìly'low (Table 2l).

4.3.8 Response to Selection

0ne of the majn purposes of this experiment was to test the

re'l iabilt'iy of sing'le pìant characterist'ics as predictors of gra'in

yieìd and graìn proteìn content in advanced generations.

Effectjveness of selection for grain yield and (or) graìn

protein content by using singìe p'lant characteristics grown under

space pìanted conditjons in the preceed'ing year were evaluated by

using 4 groups of selection methods as follows:

(l) direct selection for grain yield or gra'in prote'in content;

(2) i ndi rect sel ecti on for grai n yi eì d and ( or) grai n protei n

content usi ng si ngì e pl ant characteri stics;

(3) indjrect selection using muìtipìicative (product) traits;
(4) index selection.

A more detailed listing of the selection methods used is g'iven
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in Table 24. In thjs experiment, the index selection method pro-

posed by Smjth (1936) and Hazel (1943) could not be practised

because of problems in assign'ing the appropriate economic importance

of grai n yi el d and grai n protei n content, and al so because of

probìems of obtaining reliable estimates of phenotypic and genotypìc

vari ances and covari ances from the si ngì e pl ant nursery grown 'i n

1978. The probl em is further compì icated because heritabil ities of

grain protein content and its genetic correlations wjth the various

traits were found to be close to zero. As a substitute, use was made

of a multiple linear regression model which vias constructed usìng

the 1979 grain yíeld and grain protein content as dependent vari-

ables, and 1978 individual pìant characterjstjcs as ìndependent

variables. The independent variables were selected using a stepwise

muì t'ipì e regression anaìys'is wi th maximum p2 improvenent. Data

from all 4 base populations were poo'led to construct the selectjon

i ndices. The best djscrimjnant function constructed using this

method was:

I - -5.33 + 0.17 pìant heìght + 0.27 kernels/spike + 0.34

kernel weight; for grain yieìd, and

i = 0.15 - 0.21 pìant heÌght - 0.48 spikes/pìant - 0.?4 kernel

wei ght;

for graìn protein content. An apparent problem of this selection

method as compared to that proposed by Smith (1936) is that, while

it may improve onìy one characteristics at a time, it does not

produce simul taneous improvement for two trai ts, especi aì ìy r^rhen the
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trai ts are negati vel y correl ated . Desp'i te thj s probì em, i ndex

sel ection usi ng thi s techn'i que was persued wj th the hope of com-

paring thjs selection method with results from single traits and

mul ti pì icati ve trai t sel ectj on .

Using each selection method, superior p'lants in each of the 4

base populations grown under space p'lanted conditjons in the 1978

nursery were hypotheticaìly selected as parentaì stocks to propagate

the 1979 progeny lines. To determine the effjciency of selection

the mean performance of the sel ected 1979 progeny I j nes were

compared with the mean performance of the unselected popuìation of

the 1979 progen'ies. This comparìson of means provided information

on shifts of means due to selectjon. As a means of an expìoratory

step, a selection intensity of l0% was appìied consistently for each

of the 12 selection methods tested. For each selection method,

taki ng graì n yi e'ld as an exampl e of a character to be irrproved by

selection, mean grain y'ieìd, correlated response to selectjon in

grai n protei n content, the sel ecti on ef f j c'iency, the number of ht'gh

yie'lding 'lines and the number of high protein lines included in the

selected fractÍon, the samp'le size requíred to retain the top l0

high yieìding lines jn the selected fractjon were calculated" A

similar analysis was also made for grain protein content.

The mean performance of the top l0 lines selected fro¡n each

popuì ati on for grai n yi el d on the basi s of si ngl e pì ant
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characteristics (10% selection intens'ity) are g'iven jn Table 24.

The efficiencies of the different selection methods were different

in different popu'lations with some selection methods giving negative

responses. In general , however, indirect selection for grain yieì d

by seìecting for high kernel weight in the space pìanted nursery

resul ted in better sel ection efficiency than any of the other

methods including direct selection for grain yield per plant and the

index selectjon. Not on'ly was the mean performance of the selected

popu'l ati on hi gher, but al so more of the top l0 l97g hí gh yi e] d.i ng

progenies were retained when kernel weight was used as a criterjon

of selection. l4ul tipì icative traits such as number of seeds per

pìant, protein yfeìd per plant and proteín per kernel were found the
'least effjcient methods of indirect se'lection for graìn yieìd,

except in the Íntermated F2 popu'lation where they proved to have

some val ue.

The lines selected for grain yieìd on the basis of 3 selectíon

methods vjz: grain yieìd per plant, kerneì weight and selection

i ndex, were more or I ess simil ar except dj fferences in rel ative

positions of the selected lines. However, the regression model gave

i nferi or resul ts as compared to the di rect sel ec tj on for grai n

yie'ld/p'lant or the índirect selection via kernel weìght. Depending

on the popu'lation, the regression model was 96-l0l% as effjcÍent as

the direct selection for grain yie'ld and g0-l0l% as efficient as the

direct selection for grain yield via kernel weight.
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A sjmílar sjmulated selectjon study for graìn protein content

on the basis of sjngle pìant characteristics did not result'in very

encouraging resul ts. The mean performance of I ines sel ected for

grai n proteì n content us'ing var j ous si ng'le pì ant characteri stics as

criterja of selection are given in Table 25. The full range of the

selectjon methods was not simulated because heritability estirnates

f or grai n prote'in content, us'ing the off spri ng parent regressì on

method vrere close to zero, and the intergeneratjon correlatjon of

most 1978 single plant characteristics with gra'in protein content of

the 1979 progenies were not significant. Therefore, onìy those

characteristics which showed s'ignificant intergeneratjon correlation

with pr"otein content were sjmulated, and as a means of control the

direct selection for graìn proter'n content lvas included.

As indjcated jn Tabl e 25, direct selection using gra'in proteìn

content was jneffective in all popuìations. This can be attributed

to the I ow heri tabiì ity of protei n content and to genotype x

environment interactions in the space planted nursery, the extent of

which was so high that even the relative performance of the two

parenta'l cultivars in the 1978 space planted nursery were reversed

(see Table 6). Despite their strong assocjat'ion w'ith graìn proteìn

content, and higher heritabil ities, indìrect selection for graìn

proteÌ n content by seì ecti ng for hi gh protei n per grai n or I ow

kernel weight were found less efficient than the direct selection of

grain protein content per se. Neither the direct selection for high

grai n protei n content, nor the i ndj rect sel ectj on through h'i gh
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protejn per kernel or low kernel weìght allowed the inclusion of any

of the top'10 high yie'ld progenies'in the selected fractjon.

I n vi ew of the fai I ure of si ngì e pì ant performance as i ndi -

cators of high performing progenjes, an attempt was made to investi-

gate if sing'le plant characteristics can be used to discard undesir-

able genotypes in earìy generations, and as such help to minimize

the number of lines advanced into the next generation. The amount

of space, 'labor and tjme requi red to eval uate and se'lect, at I ater

generations, indjvidual genotypes from among a large number of

entries jn replicated trials is of such a magnitude that a reliable

method to evaluate the progeny in earìy stages would be beneficial.

Toward this goal, an attempt was made to determine: (l) what frac-

tjon of the popu'lation of single p'lants could be discarded wjthout

reduci'ng important popul atjon parameters such as the popul ation

means, the popuìation variances, and the number of desirable geno-

types retai ned for advance i nto the next generati on; (?) what

effects severe selectjon for grain yieìd or graín protein content

woul d have on response to seì ectìon, correl ated response to

sel ection, phenotypic and genotypic variances and phenotypic and

genotypic correlatjons; (3) what region of the normal distributjon

(tne hjgh ta'iì, the median, or the low taìl) would give better

sel ection resuì ts; and (4) what characteristic or sel ectjon crjteria

woul d g'ive simpl e, reì iabl e, and consi stent resul ts.

For this purpose, the 3 most important, and most interrelated

characteristics, namely grain y'ieìd, grain protein content, and
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kernel weight were sel ected. These characeristjcs have been shown

to have hi gh i ntergeneratj on correl ati ons wj th grai n yi el d and grai n

protei n content as presented j n Tabl e 23. To facil itate and

sìmpìify the investigation 3 different breeding objectives namely

{l) improving graÍn yieìd on'ly, (2\ improvìng grain prote'in content

onìy, and (3) simultaneous improvement of both grain yie'ld and grain

prote'i n content were consj dered. To meet these three breedì ng

obiectjves, the foìlowing hypotheses were postuìated on a priori

knowledge derived from phenotypic and genotypic correlations (Table

l9), 'intergeneration correlatíons (Table 23), path relationshìps

{laUle l3), and retrospective selection (a simulated selection in

which the best individuals are selected, and then attempt was made

to describe the genotypes from which the best lines were derived).

(l) Grain yie'ld can be increased through selection for:

a) high grain yieìd per pìant;

b) heavy kernel weight;

c) ìow grain prote'in content.

(2) Grain protein content can be increased by selecting for:

a) hi gh gra'in protei n content;

b) low kerneì weight;

c ) l ow graì n y'i e'l d per pl ant.

(3) Grain yield and graìn proteÍn content can be improved

simultaneousìy by selecting for:

a) intermediate grain yield per plant;

b) intermediate kerneì weight;
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c) jntermediate grain protein content.

To determjne an acceptabìe selection intensìty, the fo'lìovring

procedures were undertaken. First, for each selection intens'ity and

sel ection criteria, the absol ute difference between the sampì e

varj ance (S2 ) , and the popul ati on vari ance ( Ç?) were cal cul ated

as

A sz =lË:-91 * roo

andA, s2 was used as a measure of how close the difference between

the variance of the unselected popuìation, and the variance of the

sel ected fracti on approached zero. Two methods were used lo

determine the critical val ue of A s2 beyond r^rhích the dj fference

between t.he two varjances were considered signìfjcant. An enpirical

critical value of 20 was used as the value ofl\t2 beyond which the

selectìon jntensity would be considered unacceptabìe. This rTreans,

if the variance of the selected fraction was less than B0% of the

variance of the unsel ected fract'ion, then that sel ection intensity

was consídered to have caused sÍgnifjcant reduction in genetic vari-

ance. Secondì y, based on the assumpti on that ( S2lu-z- I ) i s

normaì ìy distributed, the theoretical'ly expected A52, and its

standard deviation were approximated for the unselected popu'lation

using the formul ae 112.8/ -/^ and 85.2 t $l , respect'ively

(Kendaìì, 1952). Then Chi-square tests for goodness of fit between

the observed As2 of the selected fractjon and the expected As2
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of the unselected popu'latÍon were conducted using the method of

et al . ( 1977 ) . A signi fjcant chi square var ue i ndjcated

unacceptabl e sel ection intensity.

Although there h/as a good agreement between results obtajned

usíng the two methods, the second approach was considered more

precise than the fjrst approach. Since a lower selectjon intensity

was required for estímating the varÍance of grain yie]d, than for

estimating the variance of grain proteìn content, and a'lso sjnce the

variance of grain protein content was much lower than the variance

for grain yield, grain yieìd was considered as the critical charac-

teristic for making decisions regarding selection intensities. The

resul ts of thi s j nvesti gati on averaged over the four popul atj ons

generated from the Glenlea X Sinton cross are presented jn Tables

26, 27 and 28 for breedìng objectives of ìmproving grain yieì d,

graì n proteí n content, and for sÍmul taneous improvement of both

grain yield and grain protein content, respective'ly.

Tables 26, 27 and 28 indicated the foììowìng effects of selec-

tion intensity on various attributes of a popu'l ation. ( I ) A high

selection íntensity resulted in higher response to selectjon than a

lower selectíon intensity, and also caused'uhe largest negative cor-

related response to selection. (2) Intense selection for grain y.ield

in earìy generations may reduce the variability for grain protein

content impìying that subsequent selection for grain proteìn content

may be ineffective. The converse was also true. (¡) High selectjon

pressure results in greater loss of desirable genotypes that may not

l.Ju

an
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be retrieved in later generations.

l,lith relaxation of the intensÍty of selection, the efficìency

of se'lectÍon, response to sel ect'ion, correl ated response to sel ec-

tion were all reduced, but the number of desirable genotypes still
remaining in the selected fraction, as well as the phenotypic and

genotypic variances were increased. The intensity of selectjon djd

not aopear to affect the phenotypic nor the genotypìc correlatjons

between grain yieìd and graìn proteìn content, and therefore, these

statistics were not included in Tables 26, ?7 and 28.

A subiectjve judgement of each table resulted jn the foììow'ing

interpretation. Table 26 presents data on the effect of selection

vrhen grar'n yÍeld per sê, heavy kernel weight or low protein content

were used as criteria of selectjon to improve grain yield. The

tabl e shows that at any sel ection intensity, larger response to

seìection, and greater selection effic'iency for grain yieìd would be

obtained when heavy kernel we'ight was used for discrim'inatíng ainong

genotypes, than when high graÍn yieìd or ìow grain protein content

were used. [ìecluction in genetic variance for grain yield approached

a non-sìgn'ifjcant level at a selection intensity of 0.4 for kernel

weight, whereas at that selection intensìty still signifjcant

reductions in genetic variances were observed for the remaining two
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However, at a selection ìntensity of 0.4 an

average of only 7 out of l0 high yìe'ld'ing lines and 3 out of l0 high

prote'in lines were retained in the selected fraction. !^lhen the

selection intensity for heavy kernel weight was further relaxed

to a level of 0.6, an average of I out of the top l0 high yie'ld'ing

lines and 5 out of the top l0 high proteìn ljnes were retained in

the selected fractjon. In addition, the mean yieìds of the

populations were increased by 9.5 g/p'ìot ß%) without causing any

depressi on i n the mean grai n protei n content of the popuì atj ons.

The remaining 40% of the popuìation could be discarded without any

írretrievable loss of desirable genotypes or popuìatjon parameters.

Results obtained when selection for grain protein content, and

simultaneous seleciion for both grain yield and gra'in protein

content v;ere sjmulated (Tables ?7 and 28 respective'ly) were in

general si¡nilar to those obtained when selection for grain yieìd was

simul ated (Tabl e 26). For al I sel ectjon crjteria considered,

reduct'ions in genetic varíances for grain yÍeìd approached

non-significant level s only after the sel ection 'intensity was

relaxed to levels lower than 0.5 - 0.6. At such relaxed selection

intensitìes, undersirable shjfts in popuìatjon means were also

minimized. A comparison of Tables 26, 27 and 7.8 show that,

irrespective of the objectives of the pìant breed'ing program (Viz.

selectjon for grain yield, selection for grain protein content or

se'lection for both grain yield and grain protein content) more

favourabl e resul ts i n terms of preserving important popuì ation
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characteristìcs, such dS, means, variances and number of desirable

progenies would be obtained if a 0.6 selectjon pressure for heavy

kernel weight is applied than if the same selection intensity is

exerted using any other selectjon criteria.

4.4 Experiment 4. An Evaluation of Effects of Individual Plant

Selectjon Methods and Base Populations on the lmprovement of

Grain Yield and Grain Protein Content

The three main objectives of this experinent were the

fol ì owi ng:

( I ) To i nvesti gate i f strati fi cati on of envi ronments by usì ng

d'ifferent techni ques woul d 'increase the eff iciency of

early generation sel ectjon for grai n yie'ì d or grai n

proteìn content on a single pìant performance basis;

(2) To compare the performance of base popu'l ati ons on the

basi s of thei r means and response to se'lect'ion;

(3) To identify the best possible combination of base popuìa-

tions and method of stratifying environments that would

facilitate selectjon for yieìd and (or) proteìn content.

Effectiveness of selectjon for grain yÌeìd on a space pìanted

si ngì e pì ant performance basi s was eval uated usi ng 3 sel ectj on

methods: (l) rhombus grid design, Ql Gardner's (1961) method; and

(3) simple mass selection scheme. A descriptr'on of these three

sel ection methods has been given in the material s and methods

section. A random sampl e of pl ants from each popul ation was
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jncluded jn the test to determjne the response to selection and

sel ection eff iciency in each popul at'ion.

Mean grain yíeìd per plot, actual gains from se'lection, and

seJection effic'iency for grain yíeld using the 3 methods of selec-

tion in 4 different base popu'lations is given jn Table 29. Sjnce

the number of random plants selected from each popu'lation and in-

cluded in the test was the same as the number of plants selected

using the different selection methods, and also sjnce these randomly

sel ected pl ants were handl ed j n exactìy the same manner as the

selected pìants, it is anticipated that the results were not

affected by dìfferences in samp'le size or inbreeding depressìon.

The data in Table 29 showed that stratification of environments can

irnprove the eff jc'iency of early generat'ion sel ection as jndicated by

the sìgn'ifjcant response to selection and selection effjcjencjes.

The effectjveness of the 3 selection methods in the four populations

tested were reasonabìy comparable, with the rhombus grid design as

the most effective and the mass selection as the least effective

selectìon procedures. Both Gardner's (1961 ) method and the rhombus

grid method gave sign'ificant response to selection for grain yie'ld

in all popuì ations while mass sel ection gave signi fjcant responses

in the two backcrosses only. These results indicated responses to

indivjdiual p'lant selection decreased as environr¡ental variances due

to soil heterogeneity increased, and illustrated the need for

refinement of fjeld techniques that would reduce the environmental

variance to a level that would permit indivjdual pìant seJection to
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TABLE 29. Conparison of 4 mcthods
intensity with respect to grain
selection in 4 base populations
x Sinton cross,

of selection at
yield per p1.ot
generated fro¡n

10% selection
and gain íron
the GlenLea

Selection
method

Grain yield/plot Gain from
sel"ecti.on

(g'nr) (g/piot)

Intermated F,

Fz

BC Glenlea

BC Sinton

Randorn selection
Ifass selection
G¿irdnerrs nlethod

Rhombus grid

Random seleciion
I'fass selecti_on

Gardnerrs method

Rhonbus grid

Random selecti.on
l'lass selection
Gardnerrs method

Rhombus gr:id

Randonr selection
Ilass selection
Gardnerrs inethod

Rhombus grid

779.8
789.5

796.0

847 .2

793.5

815.-5

oîf ooJt.o

()¿Õ.Õ

779.5

801. B

802.5

903.8

760. B

802.0
81.5 . 8

829.2

0.0
o7

L6 ,2't(

o/.¿-t^,'

0.0

22.0x

¿++ . J,.

J).J^

0.0

22.yr
23.0*

I24.3"*

0.0
/'1 1;?*

55.0ìk*

oÕ.¿+"^

S. B. =
-r- .i-,r-

)

J: g.Z

Difference-s (sclection method - rarlclon scl.ection)
significantly grcater than zero at the 5% and 1% revel of
significance, rcspectively,
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be effective"

The deg ree of heterozygosi ty and heterogeni ety of the

indiviciuals that make up the base populations appeared to have s0me

i nfl uence on the efficiency of ser ection for grain yiel d. Ser ection
was ¡Trore effecijve jn the rnore homozygous popul ations, the backcross

to Glenlea and the backcross to sinton populatÌons, than in the F2

or the intermated F2 popuìations as indicated by the data present_

ed in Table 29.

Greater and more spectacuìar efficiency of selection for grain
yield was obtained when a combination of the backcross to Glenlea
popuìation and the rhornbus grid method of selection were used.

In adclition to serection for grain yieìd, serection for grain
protei n content was al so exercised in the 4 base popuì ations using

the foììouring 4 r¡ethods: (l) rhombus grid selection, (Z) selectjon
for grain protein content using Gardner's method (l96l), (3) mass

selectjon for gra'in proter'n content, and (4) mass selection for
prote'in per kernel. A random sample of each of the 4 base popuìa_

tions was also included as a check. The resuits are gìven in Table

30. The findings ob'uained were inconsistent, and the rever of
selectjon efficiency obtained jn most cðses were too low to y¡arrant

any further discussion of the resurts" The cause of the fairure of
seiection for grain protein content on an individual pìant basis can

be attributed to the high sensitivity of this characteristic to
genotype X environment interactions, and the associated low

heritabil ities and intergeneration correr ations of graì n protei n
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TABLE 30. Cornparison of 5
protein content at IO"/"

methods of selection for grain
selection intensity.

Selection method Grain protein Gain from
content % selectionl

ìt'2

In[ermated F,

BC Glenlea

BC Sinton

Randon selection
llass selection
Gardner¡s method
Rhombus gríd
Prote in/kernel 2

Random selection
Ilass selectÍon
Gardnerrs method
Rhornbus grid
Protein/kernel

Random selection
flass selection
Gardnerrs method

Rhombus grid
Prote in/kernel

Ranclom selcction
M¿ss selection
Gardnerts method
Rhombus grid
Prote in/kernel

19.9
19.B

20.5
t9.9
20.9

20.1

20 .6
20 .7
2A .6

20.3

lal o

20.0
20.0
L9.7

19.9

19 .9
20.2
)(\ )
20.L

20.0

0.0
-0. r
-0.6
0.0
0.1

0.0
0.5
0.6
0.5
0.2

0.0
o2
0.2

-0.1
0.I

0.0
0.3
0.3
0.2
0.r

S- E. = - 0.4
1'Differences (selection method - ranclom selection) were not
significant.

2 llass seLection f or protein/ke¡:nel.
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content as suggested in previous sectjons.

The differences in efficiencies of the 3 selection methods for

grain yield is mainìy due to dífferences in experimental techniques

unique to each of the 3 mothods" These differences in selectjon

efficiencies indicated that the 3 methods had different capabilities

of increasing the heritabil ity of an otherwise less heritable

character. In the case of the mass sel ection procedure, the

heritabil ity for grain yieìd can be represented by the formula

c-2
H? - Ðgr¡ 

(snz*s.]

where gZ is the heritabiì ity of grain yield, and S2g and S.2

are estimates of the genetic and environmental varjances, respect-

ively. If s.2 is ìarge relative to Sg2 then herÍtabiì.ity

woul d be ì ow, and therefore, the response to sel ecti on and the

efficiency of selection are reduced as shown by the results of the

present study.

The nethod of Gardner (1961) is a more povrerfuì method than the

simp]e mass selection procedure in the sense that the estimate of

the environmentaì component of variance is further sub-divided into

two sub-components, one sub-component giving an estimate of the

within stratum environmental variance, and the other giving an

estimate of the between strata component of variance as indjcated by

the formul a:

SZe.= SbZ * S*2

SUZ and S*2 were the between and within stratum
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component of variance respectìveìy. Sjnce selectjon is exercjsed

wjthjn a stratum, the greater efficiency of Gardner's (1961) method

over the mass sel ection method i s attributabl e to reduced

environmental variance, and therefore, increased heritabi'l'ity whìch

can be mathematicaììy expressed as follows:

e2
,r2 tO
ñ = --------:¿-

(sn'- tu1

The Rhombus grid design is a further refinement over Gardner's

(1961) method and capitalizes on 3 points: (1) adjusts the perform-

ance of each individual pìant according to the microenvjronment in

which it is grown; (2) reduces the environmental variance into

between and within grid variance in a manner si¡nilar to Gardner's

(1961) method, but since the area of a grid in the rhombus design is

smaller than the area of a stratum in Gardner's method the within

grid variance is expected to be smaller in the rhombus grid design;

and (3) selection is not restricted to strata as is the case with

Gardner's (1961) method. As such, the rhombus gri d desì gn

capital izes on the underìyi ng principì es of both simpl e mass

selection and the method of Gardner (1961).
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5. D I S C U S S i O N

The primary objectives of this project were:

(l) To investigate the effectjveness of selection for grain

yieì d and graì n protei n content on an i ndividual pl ant

performance basi s;

(2) To evaluate base populatjons of known djfferences in gene

frequenc'ies for thei r breeding val ues with speciaì

emphasi s on the simul taneous improvement of yí eì d and

prote'in content;

(3) To study more crosery the nature and basis of the negative

correl ation between yi el d and protei n content often

reported jn wheat.

in perspective of these objectjves the discussion on the results of

this investigation is presented under three sub-headìngs. These

are: (l) Effectiveness of earry generatjon serection; (z\ comparison

of base populations for their breeding vaìue; and (3) The nature and

basi s of the negatì ve correl ati on between yi eì d and protei n

content.

5.1

Devel opment of a wheat cul ti var acceptab'l e for breadnak.i ng

purposes necessÍtates the assemblage.into one genotype of a set of
grain yieì d, agronomic and disease resistance characterjstics aì ong

with another set'of milìing and baking characteristics. The
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identjficatjon of this combination of simpìy and compìexìy'inherjted

characteristics requires the pìant breeder to screen a ìarge number

of experimental lines to obtain potentiaì varjeties.

Plant breeders are not jn agreement as to how early selection

for quanti tatively inherited characteri stics shoul d be started. Two

theories have evolved over many years concernìng the generation in

which selection for quantìtativeìy inherited characteristjcs should

begín. One theory is that, selection should be started in the

earl iest possibì e generation and preferably in the F2. The

proponents of thjs theory (l'lcKenzie and Lambert, ì96ì; Shebeski ,

1967 ; Shebeski and Evans, 1973; Sneep , 1977 ) argue that si nce a

genotype possessing aìl the desirable genes in either the homozygous

or heterozygous condi ti on occur most frequentìy i n the F?,

selection if at al'ì possib'le, should start in that generation.

Since each indjvidual F2 plant js geneticaììy un'ique, F2 p'lants

cannot be rep'lìcated in space or time; and in lieu of this, visual

F2 sel ectjon js commonly practìced. Some benefjcial responses

have been obtained using visual selectíon, but the p'ìant breeder's

experience, knowledge and intu'ition have been shown to affect the

effjciency of selection (0riggs and Shebeskì, ì970; Townley-Smìth et

â1., 1973; Stuthman and Steid'|, 1976; Salmon and Larter, l97B).

Proponents of the second theory (Rl I ard, 1960; Leffel and

Hanson, ì96.I; Brjm and Cockerham, ì96ì; Lupton and }.Jhitehouse, lg57)

argue that selection for metrical traits in the F2 is ineffective,



-136-
and therefore, shouìd be deferred until the segregating ljnes have

reached a fair degree of homozygousity (fq or later generatr.ons)

and the additive genetic variance is fixed. pl ant breeders who

chose to use this method were frequent'ly forced to produce and test

a ìarge nurnber of lines at an advanced stage onìy to fjnd a great

percentage to be undesirable.

A compromise procedure requires the plant breeder to assess the

progenìes of the F2 plants on a line basis in the F3 generatìon

i n which the princíp'l es of randomizatjon and repl ìcation woul d

enabl e him to remove the confoundi ng effects of genotype x

environment interactjons, and thereby jncrease hjs selection

efficiency (Baker et aì., ì968; Shebeski and Evans, lg73;0'Brjen et

â1., 1977, 1978). The widely used procedure is to select for highly

heritabl e characterjstics such as disease resistance, pì ant height,

straw strength etc. that wouJd permit the full expression of yie'ld

in the Fz, and individual plants visuarìy judged'good performers,

on the basís of these characteristics are advanced into the next

generati on , whereas ' poor performers' are di scarded. Si nce most

pìant breedíng programs geared towards the improvement of quanti-

tati ve charac teri sti c s start wi th several thousand F2 pì ants , the

number of plants advanced for testing in the F3 generation us.ing

this procedure would be very ìarge. For example, a plant breeding

method proposed by Shebeski ,]967 ) requires the yìeìd testing of as

many as ì000 F3 lines. when so many lines are to be included in a

repì icated .yi el d test, one shoul d be cau-ui oned that the
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effectiveness of sel ection can be doubtful because experimental

designs rvhich can accommodate such a'large number of entries without

ios'ing effjciency and precision are not avaiiable. Basjcaì'ìy then,

selection for quantitative characters can be justiffed jn either

early or late generat'ions, but it appears that both systems have

some serious disadvantages. This investigation was initiated with

the premise that, to be effícient in the development of high

y'ielding-high protein cultivars, a plant breeder must be able to

identjfy desirable recombinants in the earl iest possibìe segregating

generati on.

In the present study intense selectjon on a sing'le pìant basis

did I jttle to ìmprove yieìd and v¡as found to cause some undersjrable

effects. A selection intensity of 0.1 for any of the 9 characterjs-

tics investjgated, resulted in loss of otherwise very desirable

p r0genr es. It al so caused undesi rabl e shi fts in the means of

negativeìy correl ated characteristics and substantial reductions in

genetic variances of important characteristics ìike grain yie'ld and

grain protein content. These observations agree wjth the findings

of some jnvestigators (nllard, 1960; Belì, 1963) but are at variance

wÍth the findings of other workers who reported some benefjcial

results (Knott, 1972; McNeaì et aì., 1978).

Several factors could have caused the ineffectiveness of earìy
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generation selection on a single p'lant basis. upward biases due to

domj nance and epi stati c aene actj ons may have resul ted i n

misclassifícation of some genotypes as desirable when jn actual fact
they may not have been. The omission of some of the elite lines and

the inclusion of inferior genotypes in the selected fraction when a

high selection intensity was used (raules ?4 to 2g) attest to this
fact. Furthermore, the pattern in which the single p]ants were

grown did not correspond to the manner in which thejr progenjes v,.ere

tested, and as a resu'lt genotype X environ¡rent interactions may have

not favored some desirable genotypes. Recent reports by Kha'lifa and

Qualset (1975), and Nass (1978) present similar v'iews, and ei¡phasize

the need to select individuaj F2 plants at higher popuìation

densities simil ar to those at which their progenies are to be

evaluated. Selection in the F2 could have al so become l'neffective
due to inarlequate nursery design in which little effort is put to
mrnl[q]ze or correct for environmental effects. The use of

stratification of environments in the present study, and especiaììy

the use of the 'rhombus grid design', tested for the first time in
this project, have been shown to effectiveìy reduce the maskr'ng

effects of genotype X env'ironnent interactions and result in better

selection efficiency. The rhombus grid design was more effective

than Gardner's ( i96l ) method in achieving this objective. Hovrever,

because of difficulties involved in fieìd pìanting and book-keep.ing,

the use of the rhombus grid design would be recom¡nended over other

methods of individual pì ant sel eci.ion only when envj ronmental vari-
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ances are expected to be extremely I arge, or i n pì ant breedr'ng

programs where indivídual pì ant sel ectjon is to be fol I owed by

intermatíng in an attempt to break undesirable linkage blocks.

In space planted nurseries in which some form of stratifying

the selection environment could not be provided, the use of a

relaxed selection (selectjon intensity of 0.4 - 0.6) for heavy

kernel weight appeared to be benefjcial in terms of reducing the

number of I ines advanced for testing in subsequent generations.

This Drocedure was also found not to cause the undesirable effects

assocjated wìth intense early generation selection. In add'ition,

the choice of kernel weight as a criterion of selection on a singìe

p'ìant bas js in the earl iest possr'bì e generation can be justj fied

from genetic, pìant breeding and physioìogica'l points of view.

Physioì ogical ìy, kernel wei ght affects grai n yi eì d i n many

ways. Ì"lany pìant characteristics including seedìing vìgour, date of

ernergence, date of flowering, date of ripening and grain yieìd have

been shown to be posi ti veìy rel ated to seed sj ze (Kauffman and

McFadden, 1963). Large seeds with their greater endosperm are also

able to grow from a greater depth before requiring photosynthesis to

provide the food energy requirements for growth and developnent. It
is also known that coleoptiìe'length and kernel sjze are positìvely

related, and therefore, larger seeds can be expected to emerge from

deeper pì antì ng depths than smal I er seeds, and thus heì p i n good

crop establ ishment (Brown, 1973).
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Geneticaììy, kernel weight is controì1ed by a few genes, and is

therefore, readíìy fìxed jn early generations. it is more stable to

genotype X environment interactions, and therefore, can be more

accurately predicted than grain yield or any other graìn yÍe'ld

related sing'le plant characteristic. It has high heritabil ity and a

stronger inter-generat'ion correl ation with grain y'ieì d; and being a

morphologícal component of grain yieìd it is both phenotyp'ica'lly and

genotypica'lìy correl ated with yieìd.

From a p'lant breeding point of view, kernel weight can be

determí ned after harvest, and i s fast and i nexpensi ve because

equì pment j s avail abl e that can accurate'ly and rapid'ly count and

weigh the kernels. The number of seed required for kernel weight

determination is suffic'ientìy smal I that single pl ants can be

evaluated. The standard error of determination of kernel weight is

so low that repìication would not be required. It is also the most

correctly determined characteristic as the sources of error for

determination of kernel weight are almost nonexistent. By way of

compari son , determi nati on of yi eì d on a si ng'l e p'l ant basi s j s

affected by several factors such as pre-harvest I oss to bi rds,

shattering, ìodging and stem breakage; losses durìng transportatjon

due to spi'lìage; losses duríng treshing and cìeaning; losses to

rodents and pests during storage; etc. For these reasons grai n

yiel d on a

determi ned.

si ngl e p1 ant basi s can never be as accurate'l y

The onìy anticipated d'isadvantage of using kernel weight is
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i s negati ve'ly correl ated wi th grai n protei n

However, ât a rel axed sel ection intensity of 0.4 - 0.

effects such as depression in mean grain protein content;

of genetÍc variance; or significant losses of high protein

have not been observed.

content.

6 adverse

reduction

progeni es

5.2

The value of wheat ís related to both gra'in yieìd and graìn

protein content; therefore, it would be desirable to increase both,

or at least increase one characteristjc wjthout reducing the other.

Breeding systems designed to increase these two characteristics have

utilized crosses between high yieldings utility wheat cultivars and

high orotein bread v¡heat cul tivars. In generaì , the pedr'gree rnethod

of selection has been used most frequent'ìy. Selectjon for desirable

recombinants starts in the F2 popuìation followed by progeny row

and more sing'l e pì ant sel ection in subsequent generations. progress

achieved using this method has been slow in developing strains with

both the grain yield and agronomic characteristics of the utiìity
cul tivars, and the high protein content of the bread wheat

cultivars. The exact cause of thjs probìem is not knov¿n, but may be

due to the negative relatjonship between grain yield and graìn

protein content, or simp'ly due to the jncreased diffjcuì ty of

seì ecti ng individual s wi th favorabl e combinations of genes that

affect grain yieìd and grain protein content. If these problems are

responsi bì e for the I ack of pì ant breedi ng progress , then some

comparison of Base Populations for Their Breedinq values
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seems necessary.

archi tecture of

s tarted.

Al ternati ve approaches are avail abl e which can be advanta-

geous'ly used to induce genetic shifts and (or) jncrease the fre-
quency of desi rabl e genotypes, and thereby improve the breedi ng

value of base popu'lations. 0ne such nethod is the use of a random

Íntermating population (Hanson, l95g). This method would produce

the most recombinants when linkage fs invoìved, but its disadvantage

is that no genetìc advance can be made during the internrating

generatíons.

Another method which pìant breeders can use advantageousìy is
the use of backcross base populations. The objective here is not to
produce near-ìsogenic ìines, but to establish a breeding popuìation

from which desirable recombinants can be selected. The backcross

method is advantageous in that it will increase the probability of
reconstituting the best parenta] variety by further selection. In

this wây, it will enable the p'lant breeder to capita'l ize on both

introgression and upgrading sirnultaneously. Additional advantages

of a backcross base population is that it enables the pìant breeder

to select for one characteristic while hoìding the other character-

i stic at some desirabl e level . A probl em anticipated r\ri th a back-

cross base popuìation is that some favorable genes from the non_

recurrent parent might be lost or their frequency jn the base popu_

_ r42

the conventional

0ne modification

the i ni ti al base

breedìng and selectjon systems

possibìe, ìs changìng the genetìc

population in vrhich selection is
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I ation reduced s'ignifÍcantìy" Aì so, backcrossing may depress the

popuì ation mean of a characteristic that was in'itiaììy present jn

the non-recurrent parent to such a level that the de'lay in reachìng

the level of the non-recurrent parent may be such as to make use of

the popuìatjon undesirable.

The majorjty of the wheat breeding programs engaged in the

simultaneous improvement of grain yieìd and grain protein content

have concentrated on the F2 and subsequent generations jn the

selfing series, with the result that the potentialities of the back-

cross and the íntermated F2 popuìations have never been explored.

Assuming that superior base popuì ations are of fundamental

importance to efficient improvement of grain yieìd and graìn prote'in

content sirnultaneously, an attempt has been made jn this study to

compare the breeding val ue of the backcross and intermated Fz

popuì ations with the conventional F2 popuì ation.

The seven base popul atj ons generated from two crosses were

eval uated for several parameters incl uding means, phenotypic and

genotypic variances, phenotypic and genotypic correl ations,

heritabil ities, responses to sel ectìon, correl ated responses to

selection, and frequency of desirable and undesirable genotypes.

The ratjonale behind choosing these paramters were as follows. when

the improvement of only one characteristjc is the breeding

objective, both the mean and the variance are important parameters

of the population; the former gives a reflectjon of the superiority

of individual genotypes that comprise the popuì ation, whil e the



14+ -

latter g'ives an indication of how diverse these indjvidual genotypes

are jn their genetic constitution. Thus, both the popuìation mean

and the popul ation variance are important ingredjents of any

breeding program. since not all populat'ions possess both high mean

and high varjance, the question of whether an increase in the

varjance of the population, oF an jncrease in the mean of the

popuì ation is more important, is an intriguing question. usual ìy,
the popuìation mean is considered to be more important than the

popu'l ati on vari ance because, i n order for the popu't at j on mean to be

high, the performance of the constituent genotypes must be high

(Dyck and Baker, 1975).

When the breeding objectìve is the simultaneous improvement of

two or more metrical traits, the selection of the base populatjon to

use in a breeding program becomes even more dj ffjcul t. In thi s

jnstance, not on'ly has one to consider the two parameters mentioned

above, but also the genetic and phenotypic correlations among pairs

of characteri stics in the di fferent popuì ations. CorreJ ations am0ng

traits are of interest because they indicate the correlated response

that may occur when singie trait selectjon or index selection is

practi sed. Genetic correl ations al so g'ive an indjcation of the

extent of linkage and (or) pìe'iotropism jn the popu'lation. The

heritabiìity estimates give quantitat'ive measurements of the extent

to which genetic characteristics are affected by environment and the

degree of progress to be expected from selection. The remaining

parameters are 'sel f- expl anatory and do not requì re further
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expl anati ons.

comparisons of the various base popul atjons for the above

parameters showed the unique advantages of popuìations synthesized

by backcrossing to the uti'l ity cul tivars. They indjcated that

higher^ performing genotypes rvere most often, and more easi'ly

obtained in popu'latjons in which mean grain yieìd was higher. An

apparent probì em with popuì ations derived by backcrossing to the

utiìity cultivars was that mean grain prote.in content of the

popuìations are reduced; yet this appears to be a small price to pay

for both an increase in the frequency of the more desi rabl e

genotypes, and the opportunity to reconstitute the characteristjcs

of the better parent. It seems that the residual variabiìity for
graìn protein content would still provide the pìant breeder wjth

ampìe opportunìty to select for genotypes that combjne both high

yieìd and high protein content. No speciaì advantages for an

intermated F2 popu'lation were obtained, and therefore, its use .is

not reconmended in selection programs where the ultimate objective

is to increase both grain yieìd and grain proteìn content.

similarly, l2 popuìations and populations derived by backcrossìng

to bread wheat cultivars are not desirable source popuìa.uions for

extracting genotypes that combine high yiel d wj th high protei n

content.

The literature indicates that some p'lant breeders have used a

I imited backcross program and obtai ned favourabl e resul ts. The

canadian wheat cultivar 'sel kírk' was developed from a breeding
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program in which a límited amount of backcrossìng was followed by

selection (Peterson, lgSS). Grafius et al (.l976) in bar'ley and

i'{eredith (1977 ) in cotton, have reported benefic jal resul ts from a

limited backcross base popu]ation. These authors attributed thejr
success to the backcross which tended to preserve the.integrity of

an a'lready proven system while adding factors from another system.

Their findings give firm and full support to the conclusion drawn

from the present study.

5.3 The l.Jature and Basi s of the Neqative Correl ation betv¡een G rai n

YÍeld and Grain Protein Content

It has been almost an article of faith from the earliest days

of pìant breeding, that jt rvould be very djffjcult to.improve both

graìn y'ie1d and gra'in pro'uein content sjmultaneously. Impì.icit in
the find'ings of most of the studies devoted to the improvement of

these characteristics is that the cause of this negat'ive associatjon

is genetic in origin, and in many of the stud'ies, ìinkage and (or)

pìeiotropy have been impìicated as the cu'lprits. Not much can be

done with pìeiotropy, but if grain yieìd and grain protein content

are conditioned by ì inkage, then the barriers to progress in

improvement of both characteristics can be minimized through the use

of a random mating popuìation.

0ne method of determining if ìinkage is'involved would be to

corflpare an inte.rmated Fz popuì ation with a conventional F2

popuìation for various populatjon pararneters among which variances,
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covar j ances and correl ati ons are the most important (t'lì I 'l er and

Raw]ings, ì967; Meredith and Bridge , 1971; Scholl and r'jir rer, .l976 
).

For a si ng'l e charac teri sti c , the vari ance of an i ntermate d Fz

popu]ation will either increase or decrease jn magnitude with

reference to an F2 popul ation dependìng on whether the type of
'l inkage involved is a coupl ing phase ì inkage or a repul sion phase

1 inkage. when repuì sion phase 'l inkages are predominant, the

variance of the intermated F2 population would be greater ihan the

v ari ance of the F2 popuì ati on . 0n the other hand, i f coupl i ng

phase ìinkages are predominant, the intermated F2 popu'lation lvould

be expected to have I ess vari ance than the F2. I^Jhere two

characterjstics are invoìved, as is in the present study, the

argument rvould be essentially the same except that covariances are

used instead of varjances. If intermating is effective jn breakì ng

'linkage blocks, then a reduction jn the strength of the correlation

coefficient woul d al so be expected jn the intermated Fz

popuìation. T,lhÍle sl'gnificant changes in variances, covariances and

correlations between two characteristics are sure indicators of the

presence of breakable 'linkage blocks, the absence of statisticaììy
sìgn'i ficant dj fferences for these parameters betvreen the F2 and

the intermated Fz popu'l ations may not signify the absence of
'l inkage bl ocks.

comparisons between the F2 and jn'uermated Fz popuì ations

were possible from data collected ín the two test years. Hovrever,

since the space planted material grown in l97B appeared to have been
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affected to a consí derabl e degree by genotype X env i ronment

interactions, onìy the 1979 material was used for testing if grain

yi eì d and grai n proteì n content are geneti ca] 'ly I j nked

characteristics.

Genes for grain yieìd and grain protein content in the Glenlea

x sì nton cross were contributed by two dj fferent parents.

Therefore, the predominant type of 'linkage to be expected in the

F2 woul d be repu'l sion phase ì inkage; and on the basi s of the

aforementioned arguments, intermating wou'ld be expected to increase

the absol ute magnítude of the covariances and decrease the

correl ations between grai n yi eì d and grai n proteì n content.

Phenotypic covariances and correl ations betvreen the two

characteristics were found negat'ive and highìy signìfjcant jn both

the l2 and the intermated FZ popuì ations. Hov,,ever, the

phenotypic covariance (mean cross product x lo6) of the intermated

F2 popul ation ( -qSS ) was found to be smal I er ( ingnoring sign)

than the phenotypic covariance of the F2 popu'ìation ( -675). 0n

the other hand, phenotypic correl ations between grain yieì d and

grain protein content in the intermated Fz popu'l ation ( -0.353 )

was found to be s'l ightìy larger than the phenotyp'ic correlatjons

between gra'i n yi el d and grai n protei n content i n the F2

popul ation( -0.328). At the genotypic level , genotypíc covariance

betrveen grain yield and graÍn protein content was again smaller in

the intermated F2 popuì ation ( -ggz ) than in the F2 popu]at'ion (

-1192), while the genetic correlatjon coefficient obtained.in the
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ìntermated F2 population (-0.603) was larger than that obtained in

the F2 popu'lation (-0.573). These observations are not compatibìe

with the genetjc expectations and suggest that factors other than

genetic linkage may be the cause of the negatjve correlation between

the two characteristics.

Probably the strongest and most djrect evidence suggesting that

the negatÍve correlation between grain yieìd and grain protein con-

tent is not caused by ìinkages was obtained from analysis of genetìc

correl ati ons. in 6 of the 7 popul ations tested, genetic

correlations between graìn yie'ld and grain proteÍn content were non-

siqnificant. This finding is in agreement with the findings of Dyck

and Baker (1975) who aJso observed that there was no significant
genetic correJ ation between the two characteri stics. Further

evidence support'ing this could be obtained from a comparison of the

strength of the negative correl ation coefficient obtained in

parenta'l popu'l ati ons, and the vari ous base popul at j ons . S j nce

parenta'l I ines are geneticaì ìy unj form, âflJ sígni fÍcant correl ation

between grain yie'ld and grain protein content would not be due to

genetic 'linkage or pìeiotropy. In this experiment it was found that

the magnitude of the negative correlation jn the parental cultjvar
Glenlea was ìarger than coeffjcients obtained in base populations

generated by using it as one of the parents. Simi'lar]y, NBl3l

showed more negative correlation than any of the 3 base populations

synthesized using it as a parent.

Al though negati ve correl ati ons between grai n yi eì d and grai n
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protein content were frequentìy observed in the present study,

rnuìtipìe regression analyses showed that varjation in grain yield

accounted for only a small fractíon of the varjation jn graìn pro-

tejn content. Standardized partia'l regression anaìysi s indicated

that when effects of other factors such as morphoìogical yield com-

ponents and protein per grain are removed, the correlation between

the two characteristics is not dìfferent from zero. A path anayìs.is

of the data suggested that negatìve correlations between the two

characteristics eilìerged not because of the direct relationships, but

because of indirect relationships through joint dependence of both

characteristics on the same set of primary characteristics ariong

which kernel weíght and kernels per spike were the most important.

Data obtained from a comparison of utiljty wheat cultivars and bread

wheat cultjvars showed that the low grain pro'uein content of the

high yieì ding I ines coul d have resul ted from a I imited amount of

protein dil uted in a 'larger mass of dry matter.

Extensive studies have been conducted to local ize the genes

that control grain yieìd and grain protein content in wheat. Leììey

(1976) based on an extensive I iterature revjew reported that lg

chromosomes jnfluence grain protein content, and at least l6

chromosomes govern grain yjeld. !,^lith such a ìarge number of genes

and chromosomes invo'lved, it viould be very unlikely that restricled
genetic recombination woul d be the obstacl e in the simul taneous

improvement of grain yieìd and grain protein content.

According td resul ts obtained in the present study, kerneì
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weight seems to be the fulcrum about which the y'îeìd-protein lever

oscillates. High kernel weight jncreases yield but reduces protein

content, and conversely, low kerneì weight increases grain protein

content and reduces yieìd. The relationships of kernel weight with

high grain protein content was also noticed by Pomeranz and Betchel

( 
.ì978) who attributed the negative correl ation between the two

characteristics to the surface to vol ume ratio of the seed.

According to these authors, much of the protein in the wheat grain

i s concentrated in the al eurone and sub-al eurone 1 ayers, and as

kernel size decreases, the surface to vol ume ratio increases

resultÍng in increased grain protein content.

The concl usi on drawn from thj s study i s that the reported

negati ve correl ati on between grar'n yi e1d and gra-in protei n content

is phenotypicaììy reaì, but is not genetic in origin. The

development through p'lant breeding, of high yíeìding, high protein

cultivars such as Atlas 66 (Johnson et aì., 1968) attest to the fact

that simul taneous improvement of boÈh characteri stics i s possib'l e

but di fficul t to accompì i sh.
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6. CONCLUSIONS

1. The bread wheat cultivars used in this study were found to be

excellent in millíng and baking characteristics, but reìative'ly low

yíe'ld potentia'l . The major attributes of the utiì ity wheat

cultivars were a djstinct and signìficant yie'ld advantage over the

bread wheat cultivars; good milìing characteristics; ìarger blend

loaf volumes and ìonger mixing tolerance. Their major weaknesses

were low graìn protein content; inferior flour protein quality, a

I arger drop in protei n percentage from the grai n to fl our; and

generaì ly 'inferi or baki ng quaì i ti es.

2 . Negati ve correl ati ons between grai n yi el d and graì n prote.i n

content occured, but the r val ues obtai ned were s¡ral I suggestì ng

that optimizing both characteristics woul d be hindered but not

precìuded by the negative assocíation.

3. ïhe under'lyì ng factor responsibì e for the negative

rel ationshl'ps between grai n yi e] d and graì n proteí n content appeared

to be non-genetìc in origin. Evidence has been obtajned that: (a)

environmental effects; (b) dilution of prote.in by non-protein com-

pounds; and (c) source-sink relationships may cause negative associ-

ations between the two characteristics. More significant was the

observation that the negative correlation between grain yieìd and

grain proteìn content may have emerge from the opposite but joint



153 -

dependence of both characteri st'ics on the same set of prìmary

characteristics like kernel weight and number of kernels/spike.

4. Signi ficant inter-generatìon correl ations between highìy

herjtable singìe plant characteristics, and grain yìeìd and grain

protei n content were found, but the r val ues obtai ned were not

suf f icient'ly ì arge to warrant intense ear'ly generat'ion sel ectjon

(0.1 selection intensity) selection for grain yíeld or grain proteìn

content by indírectly seìecting for these characterjstics.

5. Intense early generation selection (selection jntensity of 0.1)

was found not onìy to be jneffective in 'improving grain yieìd or

graÍ n protei n content, but al so to cause some adverse effects

i ncl udi ng si gni fjcant reducti on i n genetic vari ances; undesi rabl e

shifts in the means of the characteristics for which selection has

not been practised; and a considerable loss of desirable progenies.

A rel axed sel ection pressure of between 0.4 and 0.6 for kernel

wei ght was shown to cause no such adverse effects, and vJas

beneficial in mínìmizing the number of eljte lines advanced for

testing in subsequent generations.

6. Stratification of environments improves the effjcieny of earìy

generation selection. A rhombus grid design, proposed for the fjrst

time in this study, was more effective than either Gardner's (1961)

method or símp'ìe mass (individual pìant) selectjon jn reducìng
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envjronmental effects, and jn improv'ing seìection for grain yìeìd on

a si ngì e p'l ant performance basi s.

7 " Base popuìations" though generated from the same set of parents

may províde djfferent chances of success in tryíng to ímprove both

yieìd and protein content in wheat. A bace popuìation synthesìzed

from a limited backcross to the utiìity wheat parent was more

desi rabl e i n thi s respect than an F2 or an i ntramate d Fz

population. 0n the other hand, a base popu'lation synthesized by

backrossing to the bread wheat parent is of little use in a program

aimed at the siinul taneous improvenient of both yi eì d and protei n

content.

8. For a breeding objective of developing a hìgh y'iel dìng h-igh

protein cultivar, a breeding stra'uegy was formulated on the basis of

the above information. The most ìogicaì approach would be: (í) a

relaxed selection intensity of 0.4 to 0.6 for kernel weight in the

earliest possible generation should be used to minimize the number

of undesirable lines advanced into the next generation; (ii ) in

later generations to improve grain yieìd through selection for yieìd

components other than kernel wieght and to improve gra'in proteìn

content through selection for protein per grain; (iii) the selectjon

scheme should include appropriate means of stratifying environments

so that genetic effects would not be masked by ìarge environrnnental

effect. l.lhen individual plant selectjon under space p]anted

conditions is practised use of a rhombus grid design would
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be more benefjcial than the conventional individual pl ant sel ection

method or the method of Gardner (1961); (iv) the base popuìatjon in

which to start selectjon should be one in which the F1 has been

backcrossed to the high yíe'lding utiìity parent so that ìarge

sacrifices in yieìd would not have to be made jn an attempt to

'improve protein content, as wouìd be the case if the F2 is used as

a source popul ati on.
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