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AsSTRACT

Early generation information, ví2., Fl heterosis, Fl, F2, and F3

average performances, offspring-parent regression, and intergeneration

correlation r¡rere used to select among six wheat crosses.

The Fl tests were effective in classifying crosses as poor and pro-

mising. Both F1 yield evaluatíon and application of weight-free index

identified two of the top hybrid populations. Although the cross (C2)

thaË showed signifÍcant Fl heËerosis for yíeld gave high yielding lines

in F3 and F4, results in general indicated that Fl heterosis for yield

is of no or 1ittle value in predicting the potential of crosses.

The low and inconsistent F3 on F2 regression and intergeneration rank

correlation coefficients indicated that F3 yield perforrnance cannot be

predicted using F2 síngIe plant productívíty. The stability of kernel

weight, however, suggested that it may be a better component trait for

predicting the potential of crosses Ín later generations.

Grain yield and percent protein \^tere found to be negatively corre-

lated in all populations studied giving genetic correlation coefficients

as high as -0.87.

The simultaneous improvement of yield and protein in wheat has been

difficult maínly due to the existence of strong negative correlation

between yield and protein and lack of proper selection method. The methods

of quantitative genetic theory were used to investigate selection differ-

entÍals, expected and observed direct and correlated responses to simul-

taneous improvement of yield, kernel weight and protein content in F3 and
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F4 generations of four spring wheat crosses.

Selections based on the Smith-Hazel index and yield H se were

found to be superior in ídentifying high yielding F3 lines but resulted

in substantial decrease in grain protein level. Conversely, a L.O%

increase in protein from selection for proteir p.r se depressed grain

yield as much as 536 kg/ha below t.he population mean, reducing the expected

yield gains by 250%. The weight-free indices, partÍcuLarLy EW3 and Et^J4,

and the desired gains indices were effective in ímproving protein content

but were less efficient in identifyíng high yielding lines. Selection in

t.he opposite direction using EW2 reduced all the Eraits signifÍcantly com-

pared to Ëhe mean of Ëhe unselected population indicating the effective-

ness of the unweighted selection index.

The observed genetic gains from selection based on yield per se,

the SH, EI,I3, and EÍ14 indíces were slightly lower than the expected advances

in populaËions C1, C2, and C6 (Ra/R = 70% to B5%) bur were higher in C5

(Ra/R = L26% to L43%).

It was concluded that weight-free and Ëhe desired gains indices

can be used to improve grain yield and grain protein simultaneously.

The study dealing with the effect of methods of parameter estimation

on the estimates of heritability and expected genetic advance showed that

the variance components method of estirnating h2 overestimated "true" heri-

tability, whereas Ëhe O-P regression method underestimated the h2 values.

The intergeneration correlation procedure gave intermediate values oÍ. h2

and expected genetic advance. I{ithin the AOV procedures, estim¡Ëion of

h2 and R based on singLe-p1ot measuremenË in Ëwo locatíons resulted in

lower estimates of. h2 of yield, TKI{ and proËein. It is suggested that

the use of single plot reference unit of combined data or Íntergeneration



correlation method will give less biased and attainable 1eve1s of heri-

tability and expected genetic progress.



GENERAL INTRODUCTION

tt... \nre must recognLze that knowledge itself - theory,
invention, discovery, technology - and human skil1s
must be shared g1obal1y if the world hunger problem
is to be solved. t' C.R. Wharton, Jr. (19g0)

As the population of the world continues to increase, the capability

of man to harness nature effectively and to produce enough to meet his

requirements will be challenged increasingly. And the need for more food

in the world increases the importance of the major cereal crops. This

requires an increasing body of knowledge and its application in the

areas of genetics, plant breeding and physiology Ín a constant effort to

develop crop varieties with greater photosynthetic efficiency, more

efficient uptake of soil nutrients, as well as an increased genetic resis-

tance to disease, pests, and envíronmental stress. rt is only through

such determined, constant effort and the employment of various scientific

and technological ínnovations Ëhat. the agricultural sector of any economy

can continually increase food production Ëo satisfy the needs of its

population today and ín the future.

Wheat is one of the most important sources of nourishment for millions

of people in t.he world. Therefore, the development of productive wheat

varieties with increased amount of protein and high nuEritÍona1 quality

has been the subject of several investigations (Briggs and shebeski,

l97L; I.Iallace et al., 1972; Donald, L96B; Evans, lg75; Johnson er al.,

1979). The objective of many wheat breeding programs is the simultaneous

improvemenË of the crop for several desirable complexly ínherited quanti-

tative Èraits such as yield, protein cont,ent and kernel characteristics.



The idea of this study originated from the wheat Program in Ethiopia

v¡hose focus was on the simultaneous improvement of yield and adaptability'

kernel size and color, and Percent protein. In addition Lo yield, Latge

and white kernel is desirable for a new variety to be acceptable by the

farmer and the buyer. The need for improved leve1 of protein quantity

and quality is also widely felt because cereals contribute a significant

proportion of the diet of the people. However, multiple trait selection

methods have never been attempted and as a result, ímprovement in one

trait has caused an undesirable shift in another.

The search for an objective meËhod of selection which can provide

the best criterion that will determine the aggregate performance of selec-

tion of lines has been going on for many years. The selection index

method first proposed by Smith (1936) and later modified by others

(Kempthorne and Nordskog, 1959; Tallis, L962; Elston, L963; Pesek and

Baker, L969) has been shown to be the most efficienE procedure for maxi-

mizing aggregate genetic Progress (IJazeL and Lush, 1942; Young, 1961).

This method is widely used by animal breeders and to a lesser extent by

plant breeders in an attempt to Ímprove several traits simultaneously.

In wheat, index selection for simultaneous improvement of multiple traits

would be valuable to investigate intergeneration comParisons' as among

F2, F3 and F4 in relation Ëo early generation selection. These evalua-

tions and comparisons enable Ehe breeder to assess and select potentÍally

promising crosses and to esËimate genetic variances and covariances in

earLy generations so that he can determine heritabiliríes and expected

geneËic advance at an earl-y stage of the selection Program'

For this study, six crosses were carried out in the greenhouse in

1978 and Fl tesËs lâtere made in the sane year at the Point, I^Iinnipeg' The



six populations !,lere grown in Obregon, Iulexico, in L979 and four crosses

were selecËed and advanced into F3. The F3 experimenËs, consisting of

100 lines, parents and standard checks in each cross, were replicated

three tímes. The tests were gror,ün at Ëhe Poínt and Glenlea, ManiËoba,

in the summer of L979. After selection ín the F3 using differenË single

traiË and index selecËíon methods, F4 tests were carried out aË both

locat.ions in 1980. In all the above-mentioned experiments, yield, 1000-

kernel weight, protein percent, etc. vrere measured based on single plants

in F2 and based on standard plots in Fl, F3 and F4.

The objectives of the varíous geneËic selection studies in the pro-

jecË were:

1) To measure Ëhe genetic parameters concerning yie1d, kernel

weight and protein contenË in early generations (Fl- to F4) of four wheat

crosses,

2) To identify superior crosses using early generation information,

namely Fl heterosis, Fl, F2 and F3 average performances, offspring-parent

regressions and intergeneration correlations based on unit-traiË and index

selection methods,

3) To measure and compare Ëhe expected genetÍc gain and realized

genetic response to simultaneous improvement of yield, kernel weighË,

and protein conËent in F3 and F4 generations of four spring wheaÈ crosses

based on single Ërait selection and three classes of selection index,

4) To deËermíne and assess the direcË and correlated responses due

Ëo selecÈion on various traits and indices and compare the relative

efficiencies of selection methods, and

5) To study the effecË of experimental variables, particularly various

methods of parameter estimaËion on Ëhe estimates of heritability and pre-

dicted genetic advance in yield, kernel weight and percenË protein.



In this section,

selection, heterosis,

poÊentially promising

LITERATI]RE REVIEI{

Selecting Superior Crosses in
Earlv Generations of Wheat

selected reporËs in Ehe areas of early generation

bulk prediction of line performance, and selecting

crosses will be reviewed.

Ear1v Generation SelecËion

Selection for grain yield is the mosË important objective of many

wheat breeding programs. Conventionally selection in early generations

consísts of eliminaLing only those lines rvith undesirable characters such

as disease susceptibílity, or selection on the basis of an indirect esti-

mation of yield by observing morphological characters and measuring yield

components. From time to time atËempts have been made by many breeders

Èo evaluate yÍeld potential on the basis of early generation testing

(Shebeski, L967; De Pauw and Shebeski, L973).

Shebeski (L967) and Sneep (L977) stated that for quantitatively

inherited characters such as grain yield the frequency of genotypes with

all the more desirable genes in either Ëhe homozygous or heterozygous

condiËion is highest in the F2 generaËion. This frequency decreases

rapidly with increased homozygosity. Therefore, they argue the probability

of selecting the mosË desirable genotype(s) is highest in the F2 genera-

tion. At this stage, selection is based on single plant performance.

However, selection based on indivídual F2 plant productivÍty is commonly

reporËed to be ineffective (McGinnis and Shebeski, L968; I(nott, L972;



8e11, 1963; llanblin and Donald, L974; De Pauw and Shebeski, L973).

Allard (1960) states that this íneffectiveness is uainly due to the high

proportion of environmental variability relative to additive genetic

variance. Selection involving complex honeycomb layouËs as proposed by

Fasoulas (Ig73, LgTg) to minimize competitíon and environmental variance

is considered to be impractical.

Many workers have also studied the effectiveness of selection based

on F3 yield testing (Shebeski, L967; De Pauw and Shebeski, L973; Ihort

and Kumar, L975; Sneep, L977). Although some of Lhese workers have

report.ed effective selection for yield in F3 generation, there are a fer¿

limiÈing factors to F3 yield testing. These include the limited quantity

of seed produced from individual F2 plants, Ëherefore limiting the number

of replications. If on the other hand replication and number of test

environments are increased, Ëhe tests require a considerable amount of

seed, land and labor (otBrien et aL., L977). To solve some of these prob-

lems, Townley-smith and Hurd (1973) proposed the use of a rolling plot

mean to minimize Ëhe effect of soil heterogeneity for those lines not

repl icated.

1n1ine with previous reports, Sneep (L977) discussed the difficulty

v¡ith self-fertitized crops in selecting the best possible genotype(s) for

a Ërait controlled by many genes. He points out that the single seed

descent (ssD) meEhod as proposed by some breeders (e.g. Knott and Kumar,

L975) will result in the loss of mnny genotypes through generic drifË.

Alternatively, he proposed that selection be based on unreplicated F3

yield tests with a check cultivar so\¡rn every fourt.h pLot. The yield of

the F3 línes would then be expressed as a percentage of the nearest two

check plots. The validity of the proposal r,rould then depend on the



effectiveness of F3 yield tests in identifying geneticall-y superior F3

lines. The available evidence in this area is contradictory.

The procedure used by De Pauw and Shebeski (1973) is essentially

similar to the one proposed by Sneep (1977) except that they planted

a check cultivar every third plot and harvested all the three rows rather

than just the center one. The yields of. F4 bulks and F5 lines derived

from selected F3 lines were then measured. Regression and correlation

coefficients betv¡een F4 and F3 and F5 and F3 were significant. Briggs

and Shebeski (1971) carried out similar studies comparíng F3 lines and

F5 lines derived from them. They observed a high rank correlation in one

year but no significanË correlation in two additional years. OtBrien

et aI. (1978) used F3 yield tests wiËh three replicates of three-row

plots. They reported significant realized response to selection as

measured in F4 and F5 bulks in two of four crosses. However, the number

of replicates used require considerable amount of seed, land and labor.

On the other hand, Knott (L972) examined the offspring-parent (F3

on F2) regressions and concluded the síze of the regression coefficients

to be of little practical breeding value. Knott and Kumar (1975) compared

a procedure involving F3 yield Ëests with single seed descent (SSD) meËhod.

The F3 tests consisted of single row plots with three replicates. The

regression coefficients of F5 yields on F3 yields for two crosses !üere

Low (0.29 and 0.14 respectively). Therefore, they concluded that F3 yield

testing was of doubtful value.

Heterosis and Evaluation of Fl and F2 Perforflìance in l,'Iheat

The genetic basis

exhaustively and yet is

of heterosis in

one of the most

bread vrheat has not been studied

important areas of knowledge in
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understanding the nature and exploítation of heterotic vigor.

Ihotr (1965) examined yield of Fl hybrids from a wide range of

parental types. Though heterosis vJas present, no hybrid exceeded the

check cuLtivar. The Fl yields followed closely the mean yield of the

respective parents. Later, K:rott and Sindagí (1969) tested Fl and F2

hybríds of diallel crosses of six hard red spring wheat varieties. They

reported that heterosis was not significant in either generation and

therefore no cross appeared to be promising. Singh and Singh (1971)

studied heËerosis for yield and yield comPonents in Fl, F2 and F3 genera-

tions in ten crosses of wheat under normal seeding rate. They reported

rhat B0% and 60% Fl hybrids ouËyielded the high parent and the standard

check by up to 44.3% and 36.4%, respectively. Two complete diallel

crosses with eight and five parents v¡ere used by lJalton (1971) Ëo study

the expression of heterosis in spríng wheat of Canadian, Mexican, and

American origín. In both exPerimenEs general combining ability was impor-

tant to yield and yield comPonents. Specific combining ability for yield,

however, was measurabLe only in the five-Parent dialIel cross.

widner and Lebsock (1973) evaluated the parents and 45 EL and F2

generaËions from a lO-parent diallel cross of durum wheat at two locations

ín the first season and 17 of the 45 crosses in one location in the second

year, For the first season, Fl heterosis percentage for grain yield rela-

tive to Ëhe higher parent ranged from -197. to 84%. Although 17 hybrids

showed significant heterosis for yield, none of them significantly excelled

the standard check variety. The variances due to genotype x environment

interactions rrrere significant for Fl hybrids and Parents, but this was not

the case f.ox F2 populations. The general combining abilities were signÍ-

ficant among Flts and among F2ts for all traiËs' whereas specific combining



abilities among Fl's were significant. only for kernel weight, test

weight, and seedling vigor.

Bulk Prediction of Line Perforunnce

HarringËon (1940) studied F3 bulks of six wheaË crosses and evaluaEed

their predictive ability by testing F6 through FB selected 1ines. His

results indicated that replicaËed F3 tests could be valuable to predict

the yielding potential of advanced lines. For winter wheat, Fowler and

Heyne (1955) reported contrary results. They tested the parents, F3, E4

and F5 bulks of 45 crosses to predict the yield of randomly selected lines

from each F5 buIk. The conclusion was that bulk and parental performance

were of little value in predicËing yield of selecËions in later generations.

Later, Busch et aI. (L974) invesËigaËed 25 populaËions developed from

crosses among four high and four low-yielding parenËs of HRS wheat. After

evaluating the F4 and F5 bulks, paren.ts and 2L randomly selected F2-derived

F5 and F6 lines from each cross, they observed that the average cross per-

formance of the lines and the average of the top five lines were highly

correlated with the mean of the F4 and F5 bulks (r = 0.90 and r = 0.88,

respectively). They reached the conclusion Ëhat bulk yield Ëesting ar

relaËiveLy advanced generations could be useful to idenËify crosses with

high yíelding potential lines and hígher frequency of desirable genotypes.

Pederson (1969a, L969b) used predictÍon equations for self-fertiLizing

species to determine efficienË selection procedures. He found between

family selection was more effecËive than either within family selection,

índividual selection or a more complex combined selection. Harlan (1940)

usíng 390 barley crosses compared the pedigree and bulk methods and con-

cLuded no differences in the effecEiveness of the procedures in isolating



high yielding 1ines. Torrie (1958), studying six soybean crosses, also

reached the saup conclusion. However, the work of Raeber and Weber

(1953) indicated Ëhe pedigree method Ëo be superior to the bulk approach

in isolating productive soybean 1ines.

Voigt and Weber (1960) carried ouË a similar comparison of Ëhe

efficiency of the bulk, pedigree and famíly (early generaËion selection)

methods in soybean. Results showed the family method of selecËion to be

more effÍcíenË than Ëhe other tvto procedures. In conËrast, a comparison

of the same procedures, namely bulk, pedigree and early generaËion testing,

in soybean by another group of workers (Luedders et al., 1973) showed no

significanË yíeld dífferences among the lines obtaíned by the Ëhree

selectíon methods.

To shed more light on the quesËíon of superiority of alternative

selecLion meËhods, Boerma and Cooper (L975) designed a coûrparative study

involving three selecËion procedures, namely modified early generation

testÍng (EYT), pedigree (PS), and single seed descent (SSD). After

evaluaËing four segregating soybean populations, they reported that the

means of all selected lines, the means of the fíve top yíelding selections,

and the híghest yielder from each population si-rowed no consisËent differ-

ences due Ëo selection meÈhods. As a result, these workers concluded the

SSD procedure to be the most efficienË because it required Ëhe least

selecÈion effort compared to the oËher approaches. fË also permiËs a

rapid advance of the segregating maËerial-, and expensive yield tesËing was

noË required unËi1 later generations.

Selecting Superior Crosses

A careful screening of parents before carrying ouË various crosses in
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a breeding program Ís an essentiaL component of developing productive

varieties. Multivariate and diallel cross analyses have been shown to

be useful tools in choosing proper parental combinations and evaluating

crosses af.ter hybridízation (Bhatt, I970, L973; Lupton, 1965; Whitehouse

et al., 1958; Curnow, 1980). Ilowever, these procedures are highly

Laborious and their predictive value in praetical plant breeding is not

fully established.

In most cereal breeding programs, a number of undesirable crosses

are eliminated in early generations through visual evaluation of morpho-

logical characters. Recently, however, plant breeders have started

evaluating crosses by using some sort of early generation testing.

Stoskopf and Fairey (L975) used a lO-parent diallel to carry out

replícated F2 bulk yield experiments. Usíng thís approach they were

able Ëo retain 10% to L5% of the top yiel-ding crosses for single plant

selection in F3. Keydel (I973) designed a graduaËed scale of values of

inherent differences between the parental varieties of winter wheat and

FI individual plant performance and drilled F2 Ëests. The implication of

this study was that it is possible to relíably select promising crosses

by using such an approach.

l"lost recenËly, Nass (1979) evaluated Ehe yields of Fl, F2 and parents

for the purpose of identifying potentially high-yielding crosses in wheat.

He tested tvlo sets of spring wheat crosses and parental cuLtivars in

replicated single row (F1) and multi-row (F2) plots over five years.

Two of the highest yielding and two of the lowest yielding crosses in

each set were selected based on Fl yield performance for further evaluaÈion

in later generaËions. Lines from high-yielding crosses in FL had signi-

ficantly higher means in F4 than t,hose from lorv-yielding crosses. The
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The high-yielding crosses had three to four times as rnany lines yielding

in top 107" in F4 compared to the low-yielding crosses. He also observed

significant correlations for yield between Fl and F2, whereas Fl and

mid-parent values were noË correlated. He recommended the use of nid-

parent, FI and F2 yield tests as a useful seE of observations Ëo identify

potentially superior crosses in wheat.

It is a common experience among wheat breeders that certain combina-

tíons of selected cultivars or genetic stocks combine well producing

superior offsprings, whereas others involving equaLly productive parents

give disappointingly poor crosses. Dial1e1 crosses have been used

extensively to determine the complex genetic interaction systems of com-

bining ability of selecËed parents. However, the present knowledge on

the repeatability of diallel estimates over various generations is noE

adequate.

In wheat, proper diallel analysis utilizing Fl seed has been difficult

because of Ëhe small quantity of seed that could be produced by hand

pollination. Therefore, Bhullar et al, (L979) suggested the use of later

generaËions for diallel analysis. These workers used Fl Eo F5 generations

to assess combining abilities for grain yield and yield componenËs in a

seven-diallel bread wheat cross. For most traits, both general and

specific combining abilíty variances were significant in all generations.

General combining ability estimates predicted promising F5 bulks

than parentaL performance. Among segregating generations, E2/Ê3 estimates

gave superior results than F1 measurements. As a result, they recommended

to use the relative performance of F2 progeny bulks to study combinÍng

abilities and predict the potential of advanced generation bulk hybríds

(Fs).
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Very recently, Gordon (1980) evaluated the incomplete partial dial1e1

as a tool for parental selection using a simulation study. He stated

that, in self-pollinating crops, 2O% of the partial dialle1 could give

adequate information Ëo reliably rank the parental general combining

abilities, if general combining ability contributions are equal or greater

than specific combining ability effects. Thus, he projected that under

circumstances tThere a trait has a sígnificant additive genetic variance,

general combining ability estimates may be beneficially employed to pre-

dict performances of crosses.

Curnow (1980) also reported Ehe

tion study t.o compare the techniques

the yields of the individual crosses

estimated general combining abilit.ies

The choice beËween these alternative

of the g.c.a. and s.c.a. variances.

ability is superior unless the s.c.a.

twice their g.c.a. variance in which

vidual cross perforrnance.

result of a theoretical and simula-

of selecting crosses. He employed

in comparison with the sum of Èhe

of the Ëwo parents of each cross.

procedures depended on the magnitude

Selection based on general combining

varíance of the parents exceeds

case selection must be based on indi-

Genetic Improvement of Yield in Wheat

In breeding self-pollinating croPs the objectives are to develop

true breeding genotyPes from hybrid progenies, and Ëo select lines that

have the desired combination of productivity and quality characters. To

obtain such potentially promising hybrids, the genetic variabiliËy both

in overall productivity and environmental adaptation of sub-populations

that are scattered eco-geographically must be exploited. Accepting the

suggestion that Ëhere is considerable genetic variatÍon among populations
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of self-pol1inatíng agricultural species such as wheat, the challenge to

the breeder is the incorporation of various useful alle1es into potential

cultivars. This has posed the urajor problem of identifying optimum and

inexpensive methods for synthesizing populations that combine a high pro-

portion of the favorable alleles that exist in several breeding popula-

tions. For the wheat breeder, the central problem has always been syn-

thesizing the best possible homozygous genotype from the a1leles Present

in different genetic stocks available to him'

such an endeavor requires sufficient knowledge of Ëhe genetics of

quantitatively inherited characters such as yield and component of yield'

alsounderstandingoftherolesoflinkageandgenotype-environment

interaction. The review of this section will deal with these subjects

followedbyalternativeapproachesofwheatbreedingforyield.

Genetics of Yield and 4grnel Weight in !trheat

The choice of efficient breeding methods depends prímarily on know-

ledge of the genetic systems controlling the characters of inÈerest' Pre-

sently, there is a general agreement that yield is controlLed quantitatively

and that iË is a complex character whose expression is influenced by the

functions and interactions of several physiological processes (see Von der

pahler and Goldberg, L97L; McNeal et al., Lg78). Hence, i'Iallace et al'

(Lg72)Suggestthattheminimumnumberofgenescontrollingyieldmustbe

equal to the Ëotal number of rphysiological comPonentst, assuming that

each physíological componenË is controlled by a single gene' This is

interpreted to mean that all genes in the planË system affect yield because

anygenewhichaffectsphotosynthesisandrelat'edprocesseswillhave

direct or indirect infl-uence on yie1d. This generalization is in agree-
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ment with rhe conclusions of Grafius (1959), Williams and Gilbert (1969)

and Malborn (1969) that genes for yield do not exist as such" This leads

to the alternative thesis that the genetic control of yield is indirect

and it acts through the control of the physiological component processes

(Adanrs and Grafius, L97L; Thomas et al., I97l)'

Recently, research evidence has accumulated that the ability of the

wheat plant Lo store assimilates in the grain may limit yields as much

as Ëhe capacity of the crop Eo provide Ehe assimilates during the grain

filling stages (Evans, L975). The storage capacity of the crop is

mainly determined during the period bet\^ieen inflorescence iniEiation and

anthesis. Therefore, the breeder must Ëake into consideration all the

three important stages in the plantts life cycle, ví2. vegetative'

reproductive and grain fi1ling, because high productivity in terms of

economic yield will be attained only when the yield determining processes

operating in the whol-e life cycle are in balance with one another.

The use of simple additive-dominance models in genetic studies of

quantitative characters could resulË in biased esEimate of genetic Para-

meters if epistatic interactions are present (Ketata et al.' L976a

comstock and Robinson, 1952; Ì"Iâther and Jinks, I97L). IGtata et al.

(L976a) investÍgated the genetic systems controlling yield and other traits

in a set of winËer wheat cultivars with an objective of determining the

presence and significance of epístasis. Their results showed that epis-

Èatic interacËions affect the exPression of grain yie1d. The same was

true for kernel weight in one of E!'ro exPeriments. Consequently, Ëhey

concl-uded that epistasis may be of import.ance in the genetic variation

of yield and some agronomic traits in wheat and the inclusion of epistatic

gene effects in genetic models will inprove the accuracy of parameter
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e s t imation.

In a related study, Ketata et al. (L976b) estimated heritabiliry and

gene effects for grain yield and other agronomic characters in a winter

wheat cross. Theyused parental, Fl, E2 arrd backcross generations. The

narrow-sense heritability estimates for grain yield and kernel weight

were 0.16 and 0.65, respectively. Significant epistasis was detected for

grain yield while additive gene effects were the rnajor source of genetic

variation for kernel weight indicating thaË effective earLy generation

selection for high kernel weight is possible.

The determination of the magnitudes of the various components of

genetic variance has become a common practice in any inheritance study

of quantiÈative characters. The occurrence of predominantly additive

gene effects is usefuL to the wheat breeder, because the genetic advance

that he expecËs from selection depends on this portion of the total genetic

variation. From theÍr studies with durum wheat, Amaya et al , (L972) found

that dominance effects was the major component of genetic variaËion for

grain yield. In contrast, Chapman and McNeal (1971) demonstrated that

epistasís also contributed significantly to the expression of grain yield

in a spring wheat cross.

Sidwell et al. (L976) used parents, Fl, F2 and backcrosses derived

from two HRW wheat cul-Ëivars Ëo study the genetic control of grain yield,

kernel weight and other yield-related traits. They observed significantly

smaller additive and dominance effects than the enviror¡mental variance

componenË for all characters studied excepË kernel weight. Kernel weight

showed both high narrow-sense heritability (0.44) and high broad-sense

heritability (0.43), whereas the values for grain yield were only 0.36 and

0.19 for broad- and narrow-sense heritabilities, respecËively. Therefore,
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they suggesËed Ëhat selection for kernel weight ín early generations may

be very effective in increasing grain yield in r¡heat. The range of

heritability estímates reporËed for grain yield and kernel weight in

wheat is r,¡ide. Johnson et al. (1966) using F2 and backcross populations

of winter wheat reported narror.r-sense heritability estimates of 0.55 and

0.10 for kernel weíght and grain yield, respecEively. On the other hand,

Fonseca and PaËterson (1968) obtained ÍnËermediate to low herirability

estimates for both these traits. Their estimates were based on the

regression of F1 and F2 means on mid-parent values of a seven-parent

diallel cross.

Meanwhile Baker et al. (1968) concluded that selection on the basis

of kernel weight ís advantageous because of its significant positive

correlation wiËh yield. conversely, Hsu and l.lalton (197i) found no

association between kernel weight and grain yield ín spring wheat. Baker

et al. (1968) also reported heritability values ranging from 0.77 ro 0.93

for 1000-kernel weight depending on numbers of replÍcates, test locations,

and years. The equivalent heritability estimates for yield ranged from

0.28 ro 0.74.

Reddi et al . (L969) using F3 and F4 generations of tr,¡o wheat crosses

obtained relatively high heritability esËimates for kerneL weight. Earl-ier,

WorzeLLa (1942) after ínwestigating F3 and F4 generations of three crosses

invol-ving three spring wheat cultivars, reported that kernel weight,

although significantly influenced by environmental conditions, rnras

quantítatively inherited. LaÈer, Jasnowski (L953) suggesred that only

three pairs of genes are involved in controlling kernel weight in wheat.

NeverËheless, a sËudy by Boyce (L948) demonstrated high kernel weight

Ëo be dominant over low kernel weight. Copp and Wright (L952) used a



L7

wheat cross of widely different parents to study the inheritance of ker-

nel weight. Based on their work they concluded that kernel weight was

controlled by a few major genes.

Parental, Fl, F2, F3 and backcross generations of a cross Ínvolving

a large-kernelled parent, Selkirk, and a small-kernel parent, Chagot,

were used by Sharma and l(nott (L964) to study the inheritance of kernel

weight in spring wheat. They estimated additive and dominance components

of genetic variance and found that the additive effects was predominantly

significant. The heritability estimates they obtaíned ranged from 0.37

to 0.69. On the basis of these observations they concluded that kernel

weight r,las controlled by relatively few, possibly four, genes.

sun et al. (1972) designed a diallel cross of four spring whear

cultivars to investigate the inheritance of kernel weight. They found

that additive and dominance effects were predominant and more consistent

Ëhan epistatic effects in determining kernel weight. As far as inter-

action effects \^rere concerned, addiËive x additive and dominance x domi-

nance types of epistasis were more important than the additive x dominance

ínteraction. Estimated broad sense heritabilities ranged from 0.51 to

0.85 while heterosis ín relation Eo mid-parent values ranged f.rom -4.3%

to 3L.2%. The study of variation and covariation of agronomic traits in

durum wheat (Lebsock and A,rnaya, L969) revealed that the improvement of

test weight and grain yield can be attained by selecting for high kernel

weight in F2 and F3 generations. This conclusion was supported by their

finding of high heritability estimare (0.72) for kernel weight. Knorr

and Talukdar (1971) transferred high kernel weight from 'Selkirkr to

tThatcherr by backcrossing and obËained large-kernelled lines that out-

yíe1ded ThaËcher. Nevertheless, yields fluctuated considerably depending
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on the 1evel of compensation in other yield components. In addition they

reported significant Positive correlation between grain yield and kernel

weight.

Breeding for Yie1d in lüheat

In this section we do not intend to extensively review Ëhe area of

wheat breeding for yield. The topic is far Èoo large and complex to be

adequately treated in Èhis short reviev¡. However, selected papers in a

few selected areas will be briefly covered

Many researchers prefer, as covered in another section of this

early generation selection for quantitatively inherited traits such

yield. But Ëhere are some pertinent difficulties in effectively

revíew,

AS

employing such an approach. These include limited quantiËies of seed and

high number of entries limiting the extent of resting, the difficulty of

separating genetic variation from non-heritable contribuËions, and

extensive space and Labor requirements. AII conventíonal wheat breeding

methods Ínvolve three stages: (1) creation of a population with adequate

genetic variation, (2) selection and purificaÈion, and (3) maintenance of

breeding 1ines. These stages influence the choice of breeding methods to

be fo11owed. Regardless of breeding methods used, Ëhe mosË significant

contribution of plant breeding is the development of varieties with high

physiological efficiency in terms of Ëhe final economic product. Frey

(L97I) and Russell (L974) have reported such achievements by breeders by

sígnificantly improving the yielding capacity of corn and other crops.

Thus, the imProvemenÈ of the architecture of the wheat and other plants

and the applicatÍon of yield component breeding techniques have been

effecËively used to a l-arge extenË to improve the physiologic productivity
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and grain yie1d. Some of the extensive effort.s directed at attempÈs Èo

identify morphological characters correlated wiËh yield are successfully

exploíted while some efforËs did not contribute to breeding progress to

the extent that some breeders thought Ít should (Rasmusson and Cannell,

L970; Grafius, 1960, L965; Adams, L967; Donald, 1968).

The application of yield component breeding to improve productivity

rvould be more effective if the components under consideration are highly

heritable and positively correlated with grain yield and with each other.

To the contrary, hor¡ever, negative correlations among Lhe major compo-

nents and other yield-related traÍts are not uncontrnon (Adams , L967;

Fonseca and Patterson, 1968; Hsu and trIalton, L97I; Ihott and Talukdar,

LeTL) .

Hsu and l,Jalton (1971) working on a dial1e1 cross involving five

spring wheat cultivars reported the relationship beËween yield and its

components in that spike length, til1er number, and kernels/spike were

signifícantly and positively correlated with yield, whereas kernel weight

was noË. They also found that tiller number and kernels per spike were

positively correlated but the relationship between kernel weight and ti1ler/

plant was negative. Adams (L967) in his studies with the field bean

observed that yÍe1d componenËs are independent characters that are free

to fluctuaËe in response to environmental factors, and negative correlations

among them are a widespread phenomenon. Earlier, Grafius (i965) attempted

to use a geometrical concept of representing the three major yield com-

ponents, tiL1er number, kernel weight, and kernels/spike, in various

cereals. Based on observations that the individual yield components are

more simply inherited than yield ¡g se, he suggested practising selection

on components ín order to increase grain yield. The possibíIity of



20

improving yield by employing the major yield components is also supported

by results from other workers (e"g. Hsu and Walton, L97L; Johnson et al.,

L966; I(nott and Talukdar, L97l).

The wheat breeder in his attempts to breed for improved yield while

at the same time attempting to construcË gene pools from which he can

select high-yielding and better adapted lines, is faced with two important

questions (t{right, L976). Firstly, he has to decide whether to focus his

efforts and resources on the production of a single productive variety

wÍth vride adaptation or to develop cultívars well-adapted to specific

growing environments both in terms of location and managemenÈ practices.

This option is complicated by the occurrence of genotype-environment

interaction. Secondly, the methodology of evaluating breeding material

under the selecËed environments of growing conditions has to be deter-

mined.

I^Iorkers in the field have addressed these questions both when the

environments are selected randomly (Dickerson, L962) and non-randomly

(Comstock and Mo11, 1963). Finlay and Wilkinson (1963), and later

Eberhart and Russell (L966), have developed methods of regression analysis

whereby phenotypic values are regressed on to environmental effects.

Finlay G97L) using their regression analysis technique rePorted that

barley lines +rith significanL increase in yield and adaptability were

produced. Eberhart and Russell (1966) described the yield stability of a

genotype to be the function of t.hree Parameters: (1) mean yield over a

population of environments, (2) the regression coefficient that measures

response over environments, and (3) the residual term. According to them

a stable cultivar combines high mean yield with a unit regression co-

efficient and a minimum residual term. Several researchers have attempted
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to apply the regression analysis technique proposed by Eberhart and

Russell (L966) to study yield stability of various crops (Frey, L972 Ln

oats; Francis and Kannenberg, 1978 in maize; Jowett,1972 in sorghum;

Bains , L976 in spring wheat). Bains (L976) working on spring rvheaE

crosses found that Èhe stability of progenies was closely correlaËed with

that of their parents.

In conËrast, oËher workers have carried out. regression of

phenotypic values on to genotypic effecËs (I{right, L97L). RecenËly,

Wright (1976) examined regression analyses methods of genotype-environment

interaction in relation to Ëhe relative efficiencies of selection for

specific or general adaptation to growing environments. He looked at

three alternative models: (1) the basic model on the AOV method, (2) a

model basically similar to that of Finlay and i,iilkinson (1963) and Perkins

and Jinks (1968) invol-ving the regression of an interaction component on

to Ëhe environmental effects, and (3) the regression of the ínteraction

term on to genotypic effects. As a result, he concluded that Ëhe two

models ínvolving the regression of the interaction term on to environmental

effects or genotypic effects were equivalent when concurrence of the

regression lines was observed. He pointed ouE that selection for general

adaptation will result ín more efficiency if the regression of the inter-

action term on to the genotypic effect ís important. Conversely, if Ëhe

regression does not hold, selection targeted at general adaptation will

be less efficient and therefore select.ion should be based on grouped

environments for the purpose of achieving a greater degree of homogeneity.

Falconer (L952, 1960) showed how the concept of correlated response

between traits can be used to deal with selecting for a character under

different environments. He suggested that resulËs from different sites



22

be handled as if they were results from different traits and the method

of correlated response be applied to anaLyze the data. Hence, the

expected response in one environment to selection carried out in another

can be estimated. Comstock and Moll (1963) warned that Ëhe estimated

genotypic variance based on a single location test will be biased upward

and thus influencing the magnÍtude of heritability and response to selec-

tion esËimates. Baker (1968, 1969) working on small cereals stressed

that the genotype-environment interaction variances are significant and

import.anË under most circumstances hence the breeder must take this into

consideration. Later, Baker (L97La) investigated the effect of qualitatively

inherited characters such as stem rust and leaf rust on the genotype-

environment inËeraction variance of yield in wheat and concluded that a

significant portion of the observed genotype-environment interaction

effect may be caused by the influence of simply inherited traits such as

leaf diseases.

Although the effect of linkage is of particular importance in plant

breedíng, most work in the area has been focused on the theoretical signi-

ficance of linkage disequilibrium (Slatkin, L975; Bulmer, L976). GeneËic

linkage of quantitative characters affects the response expecËed from

selectíon as measured by probabiliËies of fixation of favorable a1le1es

ín a genotype of interest. A simulation study by Bailey and Comstock

(L976) confirmed that Ëhe probabilities of fixation of favorable alleles

increased with coupling but decreased with repulsion. They observed that

Ëhe significance of linkage on response to selection depends on the

distribuËion of the desirable al1e1es between the two parents involved.

This is inËerpreted Ëo mean that if Ëhe parent lines are equivalent in

genetic value, linkage will have 1iËtle effect on fixation probabilities.
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Nevertheless, coupling will be more effective than repulsion if one

parent is significantly better than the other resulting in an increase

in probability of fixation.

Genetic Improvement of I'Iheat Protein

Today wheat is one of the most important sources of nourishme¡rt for

millions of people in the r.rorld (Inglett and Anderson, L974). As the

population of Ëhe world continues to increase, shortages in available food

supplies will make it highly desirabLe that nutrítional quality of various

crops be improved. All presently used high-yielding cu1-tivars around the

world have protein levels less than desired amounts (Schrnidt et aI.,

L974; Johnson et al., 1975). Therefore, the development of productive

wheat varieties with an increased amount of protein and acceptable

nutritional quality is an ímportant but difficult challenge to plant

scientists in the fields of genetics, plant breeding and physiology.

The effort to improve grain protein content will require the under-

standing of the genetical, physiological and environmental basis of íts

production. This section does not attempt to give an extensive review of

the field but will try to sumrm.rize a few selected !'rorks. The review will

include three specific topics: (1) genetíc control of proÈein content in

wheat, (2) relationship of grain yield and percent protein, and (3) genetic

variabilíty and breeding for high protein content.

Genetic Control of ProteÍn Content in l.Iheat

The genetics of protein content in wheat, Triticum aestivum L., has

been the subject of numerous investigations by plant geneticists, breeders

and physiologists. MosË of the studies Lead to the generaL conclusion

that the producËion of grain protein is genetically controlled and that
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it is highly influenced by environmental variables.

Chaprnan and McNeaL (1970) used parental, Fl, F2, BCl, BC2 genera-

tions to study the inheritance of grain protein content in five spring

wheat crosses. They reported that while epistatic interactions were

absent, the additive component of genetic effect was highly significant

in all five populations. However, they observed signifÍcant dominance

effect in two of Èhe five crosses. The FL and F2 means were below

the low-protein parent suggesting dominance of low-protein content.

Based on the sígnificance of the additive geneËic effects, which are

irnplied Ëo be contributed by the parent wirh higher level of protein,

they concluded that there is promising potential for improving percent

protein through selectíon.

Haunold et al. (L962b) studied F1, F2, F3 and F4 generaËions of rwo

crosses including Atlas 66 as a coûtrtron parent. The distribution of F2

and F3 data showed no evidence of dominance for either the high or low

protein. The mean grain proteÍn content of F2 plants and F3 lines was

íntermediate to the parenËal cul-tivars. Using offspring-parent regression

these workers obtained a heritability value as high as 0.65 f.or protein.

In line with many previous report,srthey concluded that protein in vsheat

is controlled multígenical-ly (Ausemus et 41. , L967 ; l{orzella, 1942).

Díehl et al-. (1978) used three wheat crosses involving three high-

protein cultivars, namelyrApril Beardedr, rAtlas 66r and tNap Halr to

determine the genetic differences in protein and lysine and to study the

ínherítance of protein and lysíne concentration in the grain. The

evaluatÍon of spaced plants of the parental F1, F2 and backcross genera-

tions os each cross under tr+o environments indicated the presence of

additive gene effects for protein and lysine contents. Nevertheless, Ëhe
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means of Fl hybrids were consistently lower than the mid-parent values

and near or below the low-protein parent. whereas the F2 means were

approximately equal to the mid-parent protein 1eve1, backcross performances

indicated that April Bearded and Nap Hal share common genes for protein

content. In this study genotyPe x envirorunent interactions for both pro-

tein and lysine r¡rere significant.

Since Middleton et al. (1954) first reported an elevated protein

leve1 in the soft red winter wheat 'Atlas 66', several workers have

atEempted to elucidaËe the genetic inheritance of protein content in this

cultivar (Davis et aL., L96L; sËuber et al., L962; sunderman et a1.,

1965; Lofgren et a1., 1968). Middleton and his co-worker found Atlas 66

to produce 3"0% higher grain protein than the check cultivar they used.

Greenhouse and field experÍments by llaunold eË al . (L962a) showed Ëhat

Atlas 66 grain contained significantly elevated protein concentration

supporting the resulrs by Middleton et al. (1954).

Morris et al. (1973) using monosomic analyses found that chromosome

5D of AtLas 66 carries genes governing increased protein.

The inheritance of protein and sedimentation value was investigated

by Hsu and Sosulski (1969) using diallel crosses involving four HRS

wheat varieËies. they reported an average broad sense heritability of

58% for proÈeín. The heritabilities ranged f.rom 42% to 7l% for the six

four-variety dialle1 crosses. Their genetic analysis showed that both

dominant and recessive genes control the expression of high proteÍn.

Though they did not report F1 data, slighË superiority of average F2 pro-

tein compared to the high-protein parent, indicated possible over-

dominance for high protein.

To study the inheritance of high protein in tHandt, Cowley and Wells
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(1980) used parental, Fl, F2, F3, BCF1 and BcF2 generations in a field

(individual plant) experiment. They reported that Hand differed from

Centurk and an experimental 1Íne for high protein by one dominant gene.

They also found that high proteín selections r/eere not prevalent in

crosses involving only high-protein parents.

On the other hand, Boyadjieva (1975), in a srudy of parental, Fl,

F2, BCF1 and BCF2 generations of three wheat crosses, found Ëhat high

protein was recessive in the cross rPanonjat/tDardo' and 14% of the F2

population exceeded Èhe high-protein parent. In another cross 'Valdichiana'/
tSan Pastoret, high grain protein was recessive but no transgressive segre-

gation was observed,

There are many reports dealing with heterosis and combining ability

in the expression of wheat protein vaLues. Mihaljev et al. (1979) inves-

tigated heLerosis and combining ability in Fl hybrids of six crosses

involvíng three winter and one sprÍng wheat (cajeme 71) varieties. Two

of the six hybrids shor¡ed significantly higher percent protein than their

respective better parent indicating positive heterosis. The other four

crosses had no heterotic effect for grain protein. They suggested this

Ëo be due to considerable amount of environmental effect such as plant

population density and recommended the evaluatÍon of hybrids to be carried

out under local environmenËal conditions. This result was in agreement

with Griffing and Zsiros (1971) who reported that planr densiry and

other environmental factors irave an important influence on the magnitude

of heterosis in wheat.

In the work of l'lihaljev and co-workers, the anaLysís of variance for

combining ability for percent protein showed both GCA and SCA to be highly

significant. NevertheLess, the GCA was relatively larger in magnitude
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than the SCA indicaEing the predominance of the additive gene effects

in the geneËic control of protein in the crosses used. Other roorkers

(e.g. Chapman and McNeal, L97O; Ram and Srivastava, L9751, Ketata et aI.,

L976a; Bhullar eÈ al,, L978) also reported significant addíËive gene

effects for grain proterln in wheat.

In contrast, Brown et al" (1966) reported non-additive gene effects

to be significantly predominant.

Genetic Variabilitv and Breeding for Hígh Protein

Since Clark (L926) first reported on geneËic investigations of

grain protein in wheat, evidence for the existence of significant genetic

differences in protein content in wheat and the potential for the exploi-

Ëation of such inherent variability by breeding, has attracted much

aËtention. Interest increased even more after the rgport of Middleton

and co-workers it L954. The two cultivars, Atlas 50 and Atlas 66, deve-

loped by Middleton carried genes for elevated grain protein from rFrondosot,

a BrazLlian cultivar. The high proËein gene(s) in these two cultÍvars

are closely linked wÍËh a gene for leaf rust reÉistance in Frondoso

(Johnson et al., 1968). Since this pioneering r¡rork, extensive efforts

have been done in Nebraska and other parts of the r¿or1d to improve the

nutritional quality of wheat both in terms of protein quantiLy and amÍno

acid balance. At present, Ëhe Nebraska group has systematically screened

more than 25,000 wheats in the USDA World I,IheaË Collection for protein

and lysine (Johnson et al., L979). This work showed the existence of

a range of variability for protein and lysine. Nonetheless, the success

of producing high protein/lysine commercial varieties with high yielding

capacity has been rather discouraging (Loffler and Busch, L980; Baker
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eË a1., L96B; Bhatia and Rabson, L976).

Total variability for grain protein among common wheats, based on

the evaluatÍon of the world wheat collecËion maintained by the USDA, has

amounted to 16 percentage points, ranging from 6% to 22%. Unfortunately,

however, the genetic component of this total variation was only about

5 percentage poínts (Johnson et al., L973; Vogel et 41.' L975). The

data also showed that the genetíc variation for lysine in wheat is only

about 0.5 percentage points. This indicates that the non-genetic contri-

bution Eo protein level ís so high Ehat any major geneEic Ímprovement

seems improbable.

There are some known major genes for proEein in the wheat cultivars

Atlas 50, Atlas 66, and Nap Hal. In addition, the existence of minor

genes and modifier genes seem to be widespread among wheat cultivars and

related wild species (Johnson et al., L979). I^Jinter wheat hybrids which

carty T. timopheevi cytoplasm are known to have consistently higher pro-

tein than common wheat cultivars (Schmidt et al., L970). Feldman and

Avivi (1973) evaluated 12 populations of wild emmer (T. dicoccoides)

collecEed in Israel. All of their collections were significantly higher

in protein Ëhan the cultivated tetraploid (!. dicoccum and T. durum)

checks. These !üorkers sËressed the point that T. dicoccoides and other

wild relatives of modern-day cultivated wheaEs may be a good source of

genes for proÈein.

If genes for protein are widespread in Triticum aestivum L. and its

wil-d relatives, then the next question is rvhether this variability can be

incorporaged into productive varieties in wheat breeding programs around

the world. There are three rnajor problems confrontÍng the breeder: (1)

the actual genetic variability of proteín is relatively 1ow because Ëhe
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major portion of the total variation is conLributed by environmental fac-

tors, particularly soil nitrogen, (2) in spite of positive progress in

the fíeld, proper and ínexpensive methods of nitrogen determination and

screening for wheat breeding programs is still lacking, and (3) although

there are some rePorËs to the contrary, the inverse relationship between

grain yield and grain protein is significant and real.

Though the large effect of soil and other environmental factors on

grain protein has been established (Miezan et al., 1977; ZeLeny, L964;

Finney eL al., L957; McNeal et al., L972; Schlehuber and Tucker, Lg59),

Johnson et al. (1973) reported that genes for high protein from Atlas 66,

whích presumably affect both nitrogen upEake and translocation, were

effective under a wide range of environments and soil fertility levels.

They compared a high protein Atlas 66-derived line with Lancer, a norm¡1

protein wheat under several rates of niErogen fertilrzer. They found

that whÍle both cultivars responded similarly in yield to nitrogen appli-

cations, the high protein line maintained tvro percentage points superiority

in grain protein over Lancer throughout the range of fertilizer levels.

Thus, Johnson et al. (1979), using the variety Lancota as an example,

argued that elevated grain protein and high yield are not incompaËable

when we consider the yield range of bread v¡heat cultivars grown in the

U.S.A. Lancota is a HRW wheat variety developed in Nebraska and is reported

Ëo combine high yield, high prot.ein percent and resistance to leaf rust

and stem rust. On the other hand, several v¡orkers have concluded that

environmental variabLes have a strong influence on protein in wheat ånd

stress the fact that soil and climatic factors are more important than

genotype (e.g. Schlehuber and Tuker, L959).

To circumvent the problem of the lack of an efficienË and effective



30

method of proteín scoring in wheat, Jain et al ' (L973) suggested a pro-

Ëein percent determination method calculated on a per seed basis rather

Ëhan as a percentage of seed weight. They reported a three-fo1d increase

in the heriËabilíty estimate of protein content and a significant posi-

tive correlation with seed size when this proposed method vJas used' The

correl-ation between high protein and seed size was negative in the Popu-

lation when Percent protein was used to score protein content' However,

the question of an efficient and inexpensive method of determinÍng pro-

tein in wheat is Yet unresolved.

The third problem, that negative correlation between grain yield

and protein, has díscouraged many wheat breeders as it appears to center

around the major problem of improvement of the two traits simultaneously'

It is to this problem that we turn our attention in the next section'

ReLaËionshíp of Grain Yíe1d and ?ercent Protein

Grain protein content in wheat is a function of genetic factors inter-

acting with soil and other environmenËal variables ' Based on field and

greenhouse experiments involving four varieties of wheat íncluding Atlas

66 and Wíchita, Haunold et al . (L962a) found that when soil nitrogen r'ras

not a limiting factor, Atlas 66 had the highest and l^Iichita the lowest

grain protein percentages. In addition, at 1ow available soil nitrogent

grain yield was negatively correlaËed wiËh grain protein content' The

literature cont.ains several IePorts of such inverse relatíonship between

yield and protein concentration in the wheat grain (e.g' Grant and l"IcCalla,

1949; Malloch and Newton, L934; Schlehuber and Tucker, 1959; Sunderman

etal.,1965;HsuandSosulski,1969;Bakeretal',1968)'

Baker et al. (1968), using random lines of spring wheat crosses'
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reported highly significant negative correlation (r = -0.92) between

yield and percent protein. Based on their results, they concluded that

it is not practically possíble to improve protein content without ad-

versely affecting grain yieLd. The underlying cause for this inverse

relationship, however, has not been clearly undersEood. Recently,

Bhatia and Rabson (1976) examined the bioenergetic implÍcations of modi-

fying cereal grain protein concentrations by means of genetic manÍpula-

tions. Earlier, Sinclair and de I^Iit (1975) calculated seed biomass yield

and nitrogen requirement in four different crops with a wide range of

protein concentrations (8% to 3B%), Their results showed Ehat in any

species, simultaneous increases in grain protein concentration and grain

yield are incompatable from an energetic point of view. Such simultaneous

increment.s compete for both the available carbon skeleton and energy

derived from photosynthaËes. io calculat.e the energet.ic cost of increasing

the level of grain protein in bread wheat, BhatÍa and Rabson (1976) used

the results of Penning de Vries et al-. (L974), who reported Ëhat planrs

utlLLze I g of glucose to produce either 0.83 g of carbohydrates, 0.40 g

of proteins, or 0.33 g of lipÍds. They found that a 1% increase in pro-

tein would require about a I"/" Lncrement in net photosynthates. This

introduces the cenËral point that any increase in grain percent protein

will be associated v¡ith a commensurat.e decrease in carbohydrate percentage.

For insËance, ín a wheat cultivar with a composition of 82% carbohydrate,

14% proteLn, 27" lipíds and 2% minerals, a L% increase in protein will

result in carbohydrate percentage of 81% (Bhatia and Rabson, 1976). This

ímplies that if this additional requirement is not met, âny increase in

protein content will reduce grain yield.
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Heritabilitv and Response to Selection

The practice of selection involves traits such as yield that are

complex and quantitatívely inherited. The relative magnitude of allele

substitution effects determines the basic difference between qualitative

and quantitatÍve traiEs, Tf. the effect of substítuting one allele for

another is small it indicates that the character is controlled either by

rrumerous genes or a portion of the total variation is caused by environ-

mental factors. Thus, the concePt of heriËability was originated Eo

measure the degree of resemblance between relatives and to determine the

magnitude of genetic variance, particularly the breeding value, relative

to the total phenotypic variation.

Fisher (1918) and Wríght (1921) defined the three components of

genetíc variance as: (1) additive genetic variance, (2) dominance

deviations, and (3) deviations due to non-alle1ic int.eractions. This

concept of components of variance was later applied by Lush (L941) , HazeL

and Lush (L942), Robinson et a1. (L949) and others to determíne the pro-

portion of the tot.a1 variance that is atÈributable to the average effects

of genes.

Heri tab i1 itv

There are several techniques of estimating heritability. If reliable

esËimates of componenËs of variance can be derived, the mosË classical

method of estimating heritability is the variance components procedure.

There are many approaches to this method depending on the genetíc popula-

tion one is dealing with, and the mating design used. In addition to the

meËhod of estimation, the heritability ratio is the function of the

specific genetic population under consideration, the uniÈ of measurement,
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and environmental conditions. On the basis of the numerator employed

in calculating the heritability ratio, two types of heritability values

are defined for the same population. The ratio of additive genetic

variance to the phenotypic variance is called heritability in the narrov,

sense whereas broad sense heritability is the ratio of the total genetic

variance Ëo phenoËypic variance.

Sidwell et al. (L976) used the meËhod developed by Mather and Jinks

(1971) and others to derive components of variance in winter wheat by

employing parental, Fl, F2, and backcross generations. They reported

heritability values of 0.19 (narrow sense) and 0.36 (broad sense) for

yield and 0.43 (narrow sense) and 0.50 (broad sense) for TKI^J . However,

the variance components method whereby the components are derived from

AOV esÈimates is more practical and widely used in planl species. The

procedures of estimatíng the different variance components for this method

have been worked ouÈ by Crump (L946, 1951), Comstock and Moll (l-963),

Gordon et al. (1972) and others. Sidwell et al. (1978) used two approaches

of estimating heritability by the AOV method Ín wheat. The first approach

was based on single-p1oË F3 family performance while their second pro-

cedure was estimating heritability on the basis of a multiple-plot

measurement. Their results showed higher heritability values for both

grain yield and kernel weight when Ëhe unit of measurement consisted of

three replicates. For grain yield, they obtained heritability values of

0.61 and 0.34 for multiple-plot and single-plot estimates, respectively.

The equivalent values for TKl,l were 0.85 and 0.65.

The second common method of estimat.ing heritability of quantitative

traiËs is the regression of offspring on parental performance. Design of

experiments to estimate heriËabiliËy from offspring-Parent regression
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analysis and their relative efficíencies were investigated by several

\dorkers (Kempthorne and Tandon, 1953; Bohren et al', L96L; Hill' L97O'

I97L; Latter and Robertson, 1960). Very recently, Cahaner and Hillel

(1980) compared three procedures of estimating heritability in F2 and F3

generations of self-pollinating species. The methods they compared were:

(1) substracting the environmental variance estimated from purebred

parental lines from the corresponding phenotypic variance, (2) the AOV

procedure using intra-class correlation, and (3) the offspring-parent

regression technique. Based on their comparative study, they concluded

that the family-analysis method of using intra-class correlation may be

superior to the other two because Paranìeter estimates from this procedure

were less affected by non-additive effects. A1so, heritabil-ity can be

defined in terms of correlation between breeding and phenotypic values

(Falconer, L960).

Realized heritability is calculated from selection differential and

predicted response after selection is carried out. According to Hill

(Lg1Z), there are four possible unbiased estimates of reaLízed heritability'

They are, (1) the regression of cumulative response on corresponding

cumulative selection differentíal, (2) the regression of single generation

response on individual selection differentials, (3) the ratio of the total

response to selection to total selection differential, and (4) the maximum

Likelihood estimator. After comparíng reaLized heritability estimates by

offspring-parenr regression, Hill (197r) concluded thaË the offspring-

parent regression method is more efficient than a single generation selec-

tion experiment, provided the heritability values are high. Nevertheless,

these differences rdere negligible when the heritability was 1ow' In con-

Ërast, he found lhat a teaLízed heritability estimaEe from a selecËion
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experiment of more than three generations will always be better because

it wÍl1 have lower sampling variance than an estimate based on offspring-

parent regression.

Heritability esËimates, because they are obtained using estimated

parameters, are subject Eo sampling errors (Hanson, 1963). Therefore,

several workers have attempEed to work out how to determine the variance

of heritability ratios estimated from various methods. The varíance of

heritability estimated by regression is given by Kempthorne and Tandon

(1953) whereas Kempthorne (1957) used the variance of the inËra-c1ass

correlation for sampling variance of heritabilÍty estimates. More

recentl-y, Gordon et al. (1972) have considered the variance of heritability

estimates calculated from data on genotypes tested under a set of environ-

ments and season, applying the AOV method. On the other hand, Prout

(L962) and Soller and Genizí (1967) have worked out formulae for the

sampling error of realízed heritability estimates.

Response to Selection

The effectiveness of selection depends primarily on the selection

differential and the magnítude of heritability for the trait under sel-ec-

tion. tlhen reliable estimates of genetic and envÍronmental components

of variance and seLection differentials are available, genetic advance can

be predicted which serves as a guíde in making breeding decisions ' Pre-

dicting the response to selection is one of the most useful concepts ín

quantitative genetics and in plant and anímal breeding. The size of the

expected response of a trait can be used to assess the efficiency of a

selection scheme and to determine the optimum intensity of selection

pressure, Stated differently, the choice of a population and a breeding
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method to use Ín initiating a crop improvement program will depend on

the mean performance of the population, the magnitudes of the dífferent

kinds of genetic variations present' and the estimated heritability'

Thus, the response to selection is the function of the selection

differential and the heritability of a unit ttaít. The selection differ-

ential, which is ín essence the mean of order statistics, is the díffer-

ence between the performance of the selected individuals and the mean of

the population before selection. Assuming that the character in the

population under selection is normally distribut.ed, we observe a useful

relationship between the proportion selected and the selection differen-

tial. Thus, Í.or a normal distribution, there is a relationship between

the standard deviation of the mean of a population and the proportion

of individual-s having values exceeding such a deviation. The properËies

of the normal distribution show that the average deviation from the meâÍIr

in standard deviation uníts, of a proportion of individuals with extreme

values above or below the mean is the product of the height of the ordi-

nate at the point of truncation and the proportion selected from the

population (Hazel and Lush, Lg42). This results in the intensity of

selection or the standardízed seLection differential being equal to the

ratio of the heíght of the ordinate to Ehe proportion selected' This

gives the r,rell knov¡n eguation of response to selection as Lhe product of

the intensiËy of selectíon, the phenotypic standard deviation of the

population before selection and the heritability estimate for the trait

under consideration, Appropriate tables are available for the average

deviation for a selected proportion of one tail of Ëhe normal curve'

HerÍÈabí1ity estimates are influenced by the method of estimatíon

used, Ëhe unit of measurement, and environmental factors' Such variability
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in Ëhe heritabil-ity estimates affects the response to selection. Pesek

(Lg72) described the consequence of an estimation of standard errors of

predicted and observed responses to selection in wheat. The comparison

of two methods of estimating heritability ratios indicated that the one

from components of variance based on two years of data underestimated

the heri¡ability" On the other hand, the AOV method on the basis of one

year of data overestimated the herit,ability value because of the genotype-

year interaction effect. Therefore, he concluded that comParisons of

procedures of estimating heritabilíty are of reduced value unless the

estimated heritabilíty is signifícant, genoryPe-environment inËeraction

effects are absent, and the standard error of the observed response to

selection is small. Sidwell et al. (L978) more recently estimated genetic

advance in wheat based on single-replÍcation and multiple-replication

selecËions. They reported higher yield expected resPonse for multiple-

plor selecrion (14.1) rhan for single-plot (10.4) selectíon using selec-

tion pressure of 1O%. The equivalent responses for kernel weight were

3.1 (multipLe-plot) and 1.0 (single plot). tr'Iorking on random mating

populations of sorghum, Eckebil et 41. (L977) obtained genetic gains in

yield per cycle of selection ranging from 8.7 to 16.3 q/ha for the three

populations employing selection pressure of 20%. The equivalent ranges

of expected genetic gains in TI([{ and protein percent were 2'B to 3'6 and

0.5 to 0.7, respectively. Fanous eË a1. (1971) estimated herítabiIÍty

and genetic advance in sorghum using both Ëhe regression and the variance

components methods, and reported that heritability percentages for kernel

ireight in five populations ranged from 13 Eo 47 using the regression

meËhod and from 66 to 87 using the variance conPonents method' Similar

differences !ùere also observed for predicted genetic Progress. For
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kernel weight the expected gains ranged from 1 to 3 when the O-P regression

method was used and from 3 to 5 usíng the AOV method. These discrepancies

serve as a good example to show that heritability estimates are not stable

population parameters but vary with methodology and population variables.

Frey and Horner (1955) after comparing heritability and response

to selec¡ion results in F4 and F5 barley lines, found close agreement

between the expected gains from the comPonents of variance analysis,

whereas the F5 on F4 regressíon procedure underestimaEed the true heri-

tability. A relatively simple method of calculating the variance of

heritability estimates vras presented by Pesek and Baker (1971) and was

applied in five wheat populations to compare observed and predicted res-

ponses. Although they found differences between predicted and observed

gains were non-significant, they concluded that a significant discrepancy

between these Lwo values could be due Ëo inadequate measurement of

observed response. It does not necessarily indicate the inadequacy of

quantitative genetics to reliably predict resPonse to selection.

So far, our discussion has been restricËed to point estimates of the

expected response. Recently, however, TaL (I979) has derived an expression

that will provide for an inËerval estinate of response to selection. His

derivatÍon lsas based on the simplest completely randomized experimenËal

design for progeny testing on the basis of one-\À7ay AOV of a group of

lines.

The variance of response to selection has been also the subject of

many invesLigations (Prout, 1962; Soller and Genizi, L967; Baker, L97Lb;

HilI, lg74). prouË (1962) derived the variance of the conditional res-

ponse to selection for single generations and later this was extended

for several generations by Soller and Genizi (1967). Baker (1-971b, L975)
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obtained the uncondítional variance for response to the modified pedí-

gree selection method. Hill (L97L, L974) reported on both conditional

and unconditional variances for response to selection.

Selection Indices for Genetic ImproJ¡ement

The objective of many plant breeding programs is the simuLtaneous

improvement of a crop for several complexly inherited quantitative traits'

The search for an objective method of selection v,¡hich can provide the

best criterion that will determine Ëhe 'rgenetic worth" of an individual

or a population started rnany years ago.

smirh (1936) first proposed the use of Fisherrs (1936) concept of

discriminant functions as a procedure for the selection of plant lines

to improve several quantitatíve Ëraits simultaneously. This method which

Smith first applied on wheat became to be knor,in as index selectíon. Though

it was initially developed for pl-ant species, selection index has been

used extensively by animal breeders as a result of further extension and

development of its genetic construction by HazeL (L943) for the selection

of individuals in animal populatíons. The significance of Hazelrs (1943)

work was that he described a method to estimate genetic variances and

co-variances which are required to construcL the index and that he defíned

an aggregat.e genotype as a Linear combination of genetic values. Earlier,

HazeL and Lush (Lg42) compared Ëhe selecLion efficiency of index selection,

independent culling levels, and tandem selection when the traits involved

are independent. For uncorrelated traits where the products of heritabi-

1ity, Ëhe relative economic values and Ëhe phenotypic standard deviation

for each trait are equal, they showed that selection index gave greater

expected genetic gain than did independent culling levels and, ín turn,
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independent culling leveIs was more efficient than tandem selection.

Young (1961-) evaluated the three selection methods when the traits are

correlaEed and he found that the relative effícÍency of these methods

depends on the number of traits selected, selection intensity, relative

economic values of the traiEs, heritabilities, and phenotypic and gene-

Ëíc correlations between traíts. He ranked the methods more or less in

the same order as did HazeL and Lush (L942) concluding that index selec-

tíon is at least as efficient as independent culling levels which, in

turn, is at least as efficient as tandem selection.

These theoretical developmenLs and evaluation of the relative effi-

ciency of the three selectíon methods were confirmed experimentally by

nany vrorkers (e.g. Elgin et al., L970; Sen and Robertson, L964; Doolittle

et al., 1972: Eagles and Frey, L974).

Selection Index Theorv

There are varÍous modifications and applications of the origínal

selection index as developed by Snith ar,d HazeL. The theory of the Smith-

Hazel sel-ection index will be reviewed briefly.

The index and aggregate genotypes, in selectíon index theory, are

where g is a vecËor of n unknown unit-trait breeding values and a is a

vector of corresponding relaËive economic weights.

defined as follows: 
n

Index:r= ¿ bixi=p'b,
i=1

where P is a vector of n known phenotypic values for individual traits and

b is a vector of corresponding index coeffÍcients to be calculated.
n

Aggregate genotyPe: H =
l=L
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The index, I, is chosen so as to maximize iËs correlation

with the net merit, H. This concept of maximization led to the equaEion

?b = Gg, where

P is the phenotypic variance - covariance matrix and G is the genetic

variance - covariance matrix. This results in the solut,ion b = P-lGa.

The above definition also results in the following relationships

(Nordskog, I978):

V^(I)=b'Pb=brGa
Y-

Vc(I) = Þ'G!

V(H) = a rG..

R2", = COV2 (H, r) =
v(H) v(r)

8,,_ _ cov(H.r) 
=fII V(T)

Brtt = R2Hr

= COV(H,I)

and

v(r)=ÞtPÞ=B-,8,-
v(Ð greg ''r rn

1, so that

The statistical propert,ies of the selection index of multiple traits

were given in detail by Henderson (L952, L963), I^Iilliams (1962a) and

Nordskog (1978).

Heritabilitv of an Index

The heriËabil-ity of an index is required Eo predict the genetic

response in the aggregate genotype or sÍngle trait when selection is on T.

Earlier, some workers have ruisinterpreted the squared correlation between

a
H and I, R'HI, to be the herítability of the selection index (Willham,

L965; Pirchner, Lg6g). This interpretation is not in accord with the

classical defínition of heritability. Lin and Allaire (L977) showed that

the heritability for an index is not *'rr, indicating that the squared

multiple correlation coefficient, though measures the relationship

between H and I, is not equal to the ratio of the variance of the
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index to the total variance of the index. Instead, they defined the

heritability of an index, n'r_, as the regression of genetic index (g'r) on

the selection index (I). That is

h? = v(go)/v(r) = brGÞ/b'Pb

They obrained the geneËic index (g*) by substituting the genetic values

of the index into the phenotypic values. The genetÍc index, defined as

a 1ínear combination of the genetic components of each phenotyPe weighted

by corresponding index coefficients, weights each breeding value with

respective coefficient of selection index.

Nordskog (1978) derived the same relationship by defining the

quantity K as breeding value of a performance index or the selection

index, I, when selection is based only on a single trait in the index.

K is defined as a function of breeding values of a trait weighted by the

index coefficient, bi, instead of ai.

r{ = Ë biei
i=1

V(r)= COV(K,I) = b'GÞ = ue(t)

and h1 = v(r)1, (t) = ve(l)/vp(r) = ¡rç¡/b'Pþ'

He stated that the true heritability of an index is the regression of the

selecrion response in K to the response in H. That is, nT = o(*)/n(n).

This quantity, of course, is not equal to the multiple correlation

coefficient, *lr. The muLtiple correl-aËion coefficient only serves as a

predictor of effected change in H as a result of selection on I' Thus,

the heritabilíty of an index, defined as the ratio of geneËic index to

the selection index, can also be estimated by the analysis of covariance

among relatives where the index value is treated as a single trait'
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The equality of the h2, values esËimated by the regression and analy-

sis of variance meËhods \¡/as rePorted by lin (1976). The estimation of

heritability of an index from experimental data are subject to error'

The sampling variance of heritability estimate of a single Ërait has

been investigated by various workers (e'g' Osborne and Paterson' 1952;

Dickerson , Ig5g; Swiger et aL., Lg64) ' The sampling variance of the

heritability of an index estimated using the AoV method can be calculated

as is done for a single character. To derive the sampling variance of

the heritabíLity of an index, uCfr?), estimated by the regressíon method'

Lir- (1979) used the approximation formula for the variance of a ratio

given by Kelly (1947).

When selection is based on an index the genetic response (R) in the

aggÏe}ate genotyPe (H) is

and

R(H) = i COV(H.I)
CT

= i(b'Ga) = j-.-.-

@PT" r

R(K) = iCOV(K' I)
%

i(brcb)
ñ.

E(I) = b'GÞ b'GÞ = h?
R(H) ÞE = F--pl 

r

R(K) = i6.-;"?
II

fact that when sel-ection is based on an index giving

economic genetic value, H, the corresponding gain in

Then

and

This explains the

a unit change in

ExpecËed Gaíns
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breeding value, K, is h?.

An important assumpEion in the theory of index selection is that

Èhe phenotyPic and genetic population parameters, P and G' are taken to

be known wíthout error. This, of course, is never the case in practice;

therefore, R(H) is consídered to be the optimum resPonse. As a result,

selection index coefficients and responses due to selection on I are

estimated from samples and they are subject to estimation errors.

The effects of subsËituting estimates for population Parameters have

been investigated by several authors using different theoretical and

experimental Ëechniques (Ta1-1is, L96O; Williarns, L962b; Harris, 1964;

Heidhues, Lg6L; Sales and Hil1, L976a,b; Lin et al., L979). The findings

of fhese workers indicate the efficiency of selection index decreases

with increase in the magnitude of random error due to parameEer estimation'

Furthermore, Lin et al. (L979) concluded Ëhat over-estimation of a Para-

meter results ín a more negative effect in the efficiency of selection

index than does under-estímation.

To simplify the estimation of Ëhe variance of estimated index

coefficients and facilitate the evaluation of the expectation of the

reallzed response to selection, Hayes and HiLl (1980) proposed a trans-

formation (i.e. reparameterization) of the variables used to construct

genetic selection indíces.

To construct a selection index, three tyPes of information are required

for each traiE: (1) phenotypic and genetic variances, (2) phenotypic and

genetic covariances, and (3) relative economic weights. In addition to

the problem of obtaining reliable estimaËes of phenotypic and genotypic

parameters, one of the rnajor difficulties in using selecËion index

according ro smith (i936) and Hazel (1943) is that of determining the
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relative economic \¡leights of various traits ' An objective estímate of

relative economic weights for some important traits in plant breeding

is practically impossible. Therefore, relative economic weights in most

selection index constructions are subjective and sometimes arbitrary.

To círcumvent the problem of determining relative economic weights,

several modifications of the original Smith-HazeL theory of selection

index have been proposed. In the following section, we.'will turn to some

of these modificatíons and their applications'

Various Modifications and lication of Selection Index

Restricted and Optimum Selection Indices. Leurpthorne and Nordskog

(1959) derived the restricted selection index whereby an index is designed

to genetically improve some traits while holding the response of some

others to zeîo. This modified selection index helps to effect specific

genetic changes ín component traits in breeding while the unrestrieted

smith-Ilazel index deals with an ag}regate genoËype as a síng1e trait and

does not give the alternatíve of controlling comPonent characters' Several

researchers have applied and tested the validity of the restrícted selec-

tion index experimentally (Abplanalp et al., 1963; Scheinberg et a1., 1967;

okada and Hardin, L967; Rosielle and Frey, L975; Rosíelle et al., 1977)'

cunningham et al. (1970) derived a technique to simplify the solution to

the restricËed selection index'

Experimentally, Rosielle and Frey (1977) applied restricted selection

indices to improve grain yield in oats with the resPonse of heading data

and height held to zero. They reported that the resEricted selectíon

index resulted in the eliminaEion of correlated responses in heading

daËe and height, but reduced the genetic advance for economíc value'
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Tallis (L962) extended Ëhe method by Kempthorne and Nordskog (1959)

for selecting an optimum genotype. This modified restricted index is

cal-led optimum selection index. In this extension, Tallis (1962) set

the genetic gain of some traits to be altered by a fixed optimum amount

while allowing genetic advance in some others to be maximum possible.

Lin (1978) discusses an extreme case of optimum index whereby the rela-

tive response in all traits included in the consLruction of the index

is controlled thus eliminating the need to determíne the relatÍve economic

weights and phenotypic variances and covarÍances.

Weight-Free Selection Index. Another modified selection index pro-

posed to solve the problem of assigning relative economic weights was the

weight-free selection index developed by Elston (1963). The index he

proposed was

r = (X1-K1) (x2-K2)

for three traits.

I.Ihere K is the smallest

or f =(xi-E)(xå-Kå)

(x3-L)

sample measurement for the trait in question;

lx'-Kf)'3 3'

where Xt

K'

However,

by

]-S

is

to

log (X-K) and

the smallest of the X"s in the group.

rank all the individuals under investigation K and Kr are given

(n min X - Max Xl
n-1

(n mig Xr - Max Xrl
n-1

and

respectiveLy.
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This selection index is appealing because iË eliminates the need

for estimating relative economic weighËs, genetic and phenoËypic para-

meËers required to consËruct a selection index. Baker (L974) compared

ElsËonrs method of construcËing weight-free index wiËh the index based

on rdesíred gaínsr proposed by Pesek and Baker (1969) and meËhods based

on multivaríaËe techniques, He poinËed out the problem of calculating

predicted gaíns due Ëo selection because Ëhe multiplicative weight-free

index is curvilinear. To avoíd this probl-em, Baker (L974) suggested,

in the case of two traits, Ëhe linear approxirnation of the mulËiplicative

index by

' vtur = x1vf,z) + xz p(r)
Lr-

where X1-, XZ, Ui(r), and U'fr<Z> are the means and Ëhe phenotypic standard

deviations of Ëhe two traits, respectively. As a resul-Ë, he came to the

conclusion ËhaË the linear approximaËion of Elstonts index r{as more effí-

cient than t,he method of direct single traiË selection. IË gave similar

results of expecËed response to the desired genetic gains meËhod when he

used a prechosen raËe of genetic advance to be equal Ëo the genetic stan-

dard deviations of the traits concerned. Because of íts simplicity, also

since íË eliminates Ëhe need for esËimating genetíc and phenotypic para-

meters, Baker (r974) recommended Elstonts (1963) selection index for

animal breeding, particularly when the traits under consíderation are

nearly equal ín importance.

Crosbíe et al. (1980) compared Ëhe relaËive efficiencies of several

selection indices constructed to select for improved cold Ëolerance in

two maize populaËions. The indices íncluded were. the SrniËh-HazeL index,

ElsËonts weight-free index, the linear approxímation of the weight-free

index, the rank sumnstion index (Mulamba and Mock, L978), the base index
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(Wí1_1ians, Lg62b) and four desired gains indices. They concluded that

the best predicted genetic gains for all traits were obtained by using

multiplicative weight-free index, rank summation index and the base

index. They stated that these indices combined the desirabl-e properties

of simplicity freedom from the requirement of estimating genetic para-

meters, and good selection differentials and predicted genetic gains

for the individual traits and the aggregate genotype' Nevertheless,

they did not mention how response to selection Ín the multiplicative index

was predicted.

Desired Gains Selectíon In4C¡. The desired gains index proposed by

pesek and Baker (1969) substítutes desired gains for relative economÍc

weights. This meËhod is basically similar with the extreme case of

Tallis, (L962) optimum selection index, whereby all the traits are set at

a desired optimum level of gains are íncorporated in the index. The

index coefficients are given by the following relationship:

b = G-ld

where C-1 is the inverse of the genotypic variance-covariance matrix and

d is a vecËor of desired genetic gains.

As can be observed from the matrix formulation, this method also

eliminates the need for assignment of economic weights which limits the

practical use of selection index. And because it is simpler than the

methods of KempËhorne and Nordskog (1959) and TallÍs (L962), it can be

used instead of the restricEed index procedures. Pesek and Baker (1970)

applied the index to select for days to head, maturiÈy, height and yield

from a wheat cross. Forty-eight F9 bulks generated using the single seed

descent method were tested under two environments for Ëwo years ' Employ-
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ing AOV procedure of estimating genoËypic and phenotypic Parameters' Ehe

applicatíonofthedesiredgaínsselectionindexwasexplainedindetail.

However,theyreportedexpectedresPonseasaresultoftheirselection

Ëobeproportionaltothedesiredgainsset.Inaddition,theirreaLLzed

gains showed significant departure from those predicted'

ontheotherhand,RosielleandFrey GgT5)crLLíctzedthemethod

proposedbyPesekandBakeronthegroundsthatsecondarytraitsfor

which improvement is not desired cannot be included in the index to aid

in selection. To solve thís shortcoming' Tai (1977) proposed a procedure

in which secondary traits can be included in the index to aid selection

forthosecharactersofeconomicimportanceinr,¡hichthebreederis

interesEed to effect genetic advance'

other uses of a selectíon Index. several researchers have applied

the Ëheory of selection index for various objectives' Henderson (1963)

used a selectÍon índex procedure to combine informalíon from sources of

individuals and all their relevant relatives' He cal-1ed the technique the

|best index,. In animal breeding ít iS a coflìmon Practice to use informa-

tiononrelativestohelpincreaseaccuracyofselection.Earlier,Lush

(1g35 , lg44) used the relationshíp of relatives in predicting breeding

valuesofindividuals.Inparticular,Lush(1947)appliedthefarnily

indexbyusingthemeanvalueofthefarnilytoevaluatetheperformance

ofprogenies.osborne(1957)combinedindividual,full-sibfamily,and

half-sib family informaËion in poultry to maximíze tlne efficiency of

s ele ct ion.

AlthoughítiSpossibl.eËopermitgenotyPebyenvironmerrtinter-
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action, basically it is assumed in the theory of index selection that

genotype and environmenE are independent (KemPthorne and Nordskog, 1959).

James (1961) constructed a selection index to maximize the genetic pro-

gress across environments in the presence of genotyPe by environment

interaction. Henderson (f963) considered Ëhe theory in greater detail.

According to him the selection index method should not be limited to

selection of individuals because the same approach can be used to dis-

criminaËe among lines and crosses. Thus, he extended the theory for the

application of selecting among lines, toP or single crosses. Young and

Tallis (1961) developed what they caIled 'performance indexr to select

for life time productivity. Their approach helps to predict production

instead of breeding values. Young (L964) later suggested a multi-stage

index selection meËhod whereby one or more genetic Ëraits observable

during the life span of the indivídual are selected for at each of

several stages.

In theory, a selection index can be considered as a linear or non-

linear function of traits. Smith (i936), when he developed Èhe selection

index application, indicated that the accuracy of a selection function

could be increased by employing higher orders and producËs of the variates

involved. NeverËheless, it has been the general assumption that the

aggregate genotype was a linear combinaËíon of genetic values each

weighted by relative economic measure. There are cases where researchers

have transformed produets or ratios of component traits to 1-ogarithmic

scale to effect linearity and to use the Ëransformed scale to estimate

phenoËype and geneLic parameters (Smith, L967; Bohren, L970; Kempthorne

and Nordskog, Lgsg). In contrast, I{ilton et al. (1968) developed the

tquadratic indexr based on an aggregate genotype that íncluded squares and
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products of observable traits.

In selection theory, it is generally assumed that an interaction

between genotypes within a group is absent. Griffing (1967) reported

that selection for individuals with maximum genetic values may result

in the reduction of progeny performance when what he called rdirect

additive effect' and tassociative additive effect' are negatively corre-

lated. To avoid this decrease in response he later suggested an index

incorporating direct and associaËive phenotypic values to attain maximum

aggregate progress (Griffing, L969) .

Practical Limitations of Selection Indices. Theoretically, a selec-

tion índex is the most efficíent method among the numerous avaílable

selection procedures. Therefore, it is expecËed that its use should result

in maximum genetíc advance in a selecËion Program. However, there are

basic genetic constraints common to any selection meËhod. FÍrstLy, in

single character selection, a plateau of genetic change may be attained

in an index selection whereby progress in some component characters are

counter-balanced by losses in others resulting in no change in an aggre-

gate value. Secondly, there are certain serious difficulties of the method

which límits its applícation in anirnal and plant breeding. Some of these

problems will be treated in the followíng paragraphs.

ParameLer EstimaLions and Sampling Errors. Despite the Ëheoretical

assumption that phenotypic and genetic parameters must be measured without

error, in practice the parameter required for index consËruction are

estimated from samples. That is, Ëhese parameters are never known to the

breeder. Hence, ÏJilliams (1962b) cal-ls the Srnith-HazeL index as an

restimated indexr. The effect of sampling errors associated with ParameËer
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estimation and/or the rel-iability and efficiency of the selection index

have been the concern of many workers. Brim et al' (L959) stressed the

poinLthatinaccuraciesinestimatingparametersmightbiaspredicted

genetic gains. As an alternative, they proposed an index based on a

combinationoftraitseachweighEedbyitsrelativeeconomicvalue.

Williams (Lg62b) later called this the tbase index'' The major difference

between the srnith -Hazel and the base indices is that the former maximizes

the correlation between H and I, while the latter maximizes the correla-

rion of H and K (Nordskog, 1978) or g* (Lin and Allaire, L977) ' Experi-

mental resulrs of Elgin (1970) and Eagles and Ftey (L974) showed the

base index to be as efficient as smith-Hazel index or smith-Hazel index

to be slightlY suPerior.

Theinfluenceofsamplíngerrorsduetoparameterestimationon

the relative accuracy and efficiency of selection index has been the sub-

ject of many investigations (Heidues, I96L; I'Jil1iams , L962b; Harris , L964;

Pease et al., L967; Lin et a1', 1979; Thompson' L977; Haynes and Hill'

1980). The general conclusion one can draw from a review of such exten-

síve reports is that errors in Parameter estimates result in a significant

effect on the efficiency and overal-l accuracy of index selection' The

tyPes and magnitudes of the effects of such errors will, of course,

dependonthenumberoftraitsunderinvestigation,therelativeeconomic

weights, the Ievels of genetic and phenotypic components of ParameÈers'

and selection íntensity. In addition, the method of parameter estimation

and the experimental desígn may have important contributions'

Assignment of Relative Econ

oneofËhemajorPracticalconstraintstotheapplicationofa



53

selection index in plant and animal breeding is lack of a procedure to

assign reliable economic weights objectively. In practice, economic

weights can be calculated in two l.rays: (1) direct economic analysis

based on markeË values of products (Hogsett and Nordskog, 1958), or

(2) rhe application of the method of multiple regression analysis in

which the raËio of eslimates of profit to phenotypic traits is calcul-

ated (Andrus and McGillíard, L975). Both methods have major short-

comings. In the economic analysis technique'some traits of breeding

importance are practically írnpossible to give any objective economic

value. The difficulty with the regression method lies in the fact that

the relatÍve economic weights vary with number of traits under selection,

the definition of profit and sampling variability'

FinalIy, in the theory of index selection, the correlaEion between

the net merit and the index are always maximized for any given set of

corresponding economic weights. Therefore, because economic values may

change from time to time and place to place, the breeder has to re-

est|mate his genetic and phenotypic variances and covariances and recon-

strucL the selection index every time there is change in economic values'
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MANUSCRIPT 1

SELECTING SUPERIOR W}IEAT CROSSES

IN EARLY GENERATIONS
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INTRODUCTION

I'Iheat breeders are faced with the conmon problem of identifying

potentially the most promising cross(es) arnong many alternative combina-

tions developed by using various genetic stocks. This problem becomes

more important r,¡hen dealing with the improvemenÈ of complex guanËitatively

inheríÈed characters such as yield.

DialleL analyses have been used extensively to deËermine the com-

plex genetic interacËion systems of combining abilÍty of possible parents.

However, Ehe use of such statistical approach is not very appealing to

ÍÉny practical wheat breeders because the sma1l quantities oÊ seed pro-

duced by manual pollination prohibit adequate testing in Fl generation.

It is also time-consuming and expensive. In additionr the estimates

from Fl- Lest results in a diallel analysis may not reflect the perfor-

mance of later generations (Bhullar et al. L979).

Conventionally, nheat breeders carîy out Several crosses and

evaluate the material in F2 generations qualitatively; in most cases

visually, in terms of morphological characteristics such as vigor'

tillering capacity, disease resistance, etc. A few Programs practíce

Fl yield Ëesting and reduce the number of crosses while others carry all

Ëhe crosses in the hope of isolating promising segregants even in the

poor looking hybrids (Evans, Personal communication).

Recently, Curnow (1980) compared alternative methods of selecting

crosses employing the yields of Índividual crosses in comparÍson with

Ëhe sum of the estímaLed general combining abilíties of the tvJo resPective
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parents. His theoreËica1 and simulation study results indicate selec-

tÍon on the basis of general combining abílity will be better unless the

specific combining abilÍty varíance of the parents exceeds twice their

general combining abiliEy variance.

BhatE (f970, L973) has attempted to use multivariate analysis in

comparing various sysËens of selecting parents for hybrídizatíon. He

concluded Ëhe use of multivariate analysis Ëo be more efficient than

other conventional methods. On the oËher hand, the use of Fl heterosis

to identify crosses wiËh promising transgressive segreganËs has been

reporÈed by several workers (Nass, 1979; singh and singh, LgTr). How-

ever, in conventional wheat breeding the correlation between such hetero-

tic effects and Ëhe performance of later generations is lacking, or as

suggested by Leffel and Hanson (1961) and Grafius er al. (L952), hetero-

sis due to dominance or epistaËic effect.s may impair selection in early

generations. Nass (L979) after evaluatÍng Fl, F2 and mid.-parental

y.ields concluded that mid-parent, Fl and F2 yield tests could be use-

fu1 tools to identify potentially superior crosses.

This study was designed to use early geneïation Ínformation in

spring wheaE populations, namely F1 heterosis, F1, F2 and. F3 average

performances, offspring-parent regressions and intergeneration correla-

tions, to select potentially promisíng crosses in terms of yield, kernel

weight and protein content.
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MATERIALS AND METHODS

Cros ses

In the wínter of. L977, six crosses were carried out in the green-

house and growth room involving six parents chosen for specific charac-

Ëeristics (yield, protein, kernel síze, disease resistance, eËc.).

Approximately 100 seeds were produced per cross. The Parents used and

their pedigrees are given in Table 1.1. Sinton and Glenlea are varieties

released in Canada while the resL are advanced non-bread wheat 1ines.

The crosses included Sinton x Glenlea (C1), Glenlea x N8505 (C2), N8320

x Sinron (Ca), Glenlea x N8603 (C4), N8505 x A2P5 (C5) and A2P5 x N8320

(c6).

Fl Yield Test

An Fl yíeld test consisting of the six hybrids and the parenËs was

carried out at the Point Research Station, Winnipeg in the sunuter of 1978.

The t.est was arranged as a randomized compleËe block design with three

replications. Each one-row plot was 2.5 m long x 0.20 m wide. A pLant-

ing raËe of 20 seeds per ror^r was used and rows r¡;ere spacel ZO cm apart.

The experiment was sor{n on May 4 and harvested on August 28,1978. Yield,

L000-kernel weight, protein content and lysine percent were determined

at harvest. Analysis of variance, correlatíons and other evaluations

were calculated based on the performance of hybrid lines and parents.

Percent heterosis and potence ratios (I'Iigan, 1944; Mather, 1949; Mather

and Jinks, L97L) \,;ere computed on the basis of average performance of

hybrids in relation to parent and mid-parent values. Crosses Ì^Iere eval-
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uated and ranked according to individual trait average performance and

Ëheir aggregate weight-free index values (Elston, 1963).

F2 Populations

Random samples of about 600 F2 bulk seeds Per cross r,nere space-

planted in Obregon, Mexico in 1979. Each of the six populations l.ras

planted in a block flanked by the two parenËs. The block consisted of

37 rows, 11 m in length and plants were spaced at abouË 60 cm within the

ro\d.

Prior to harvest, the overall performance of crosses were evaluated

in terms of height, vigor, tilLering capacity, maturity, dísease

reactions and other agronomic characters. In April approxirnately 200 F2

plants peï cross were selecEed at random with the excepËion that very

poor, sma1l and diseased plants were discarded; as were very late plants'

Based on visual evaluation and number of selected F2 planËs, four crosses

(Cl, C2, C5 and C6) were retained for further studies. The sample sizes

for these four crosses r¡rere reduced later to 100 lines Per cross on the

basis of seed quantity. The minimum seed requirement for the F3 test in

two locations in three replications r.las L800 seeds Per 1ine.

For Ëhe 100 selected lines per cross, yield per plant, 1000-kernel

weight (TItt) and protein content (N x 5.7; 07. moisËure basis) was deËer-

mined. 0ffspring-parent regressions and intergeneration correlations

were carried out beEween F2 performances and F3 resulËs for grain yield,

TKIJ and percent protein in the four crosses tested under two environments

F3 Experiments

Four experiments were planted at both the Point and Glenlea Research

Stations in ManiËoba in the summer of L979. Each experiment consisted
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of 100 F3 lines, each line derived from a single F2 plant plus tvro

parents and two standard checks. Hence, each experiment had 104 entries.

The plot consisted of two 3 m rows, 30 cm apart with a seeding rate of

150 seeds per row. Each experiment was arranged as a RCB design with

some blocking modifications in three replications. To reduce soil

heterogeneity, each replication was reblocked into three sub-blocks'

Plots were later trimmed to 2.5 m at the Point site and to 2.75 m at

Glenlea so that the net harvest area was 0.6 x 2.5 m = L'5 m2 and 0'6

x 2.75 m = 1.65 m2 at the tl,ro test sites' resPectively'

To gÍve each line a standard or equal competitive environmental

effect, each plot was flanked by a common cultivar of triticale (cv.

WeLsh). This format provided a high Level of uniformity of treatments

to each line aiding in proper comparison among F3 lines for selection.

Crosses were evaluated based on the average performance of F3 lines

relative to F2 single plant performance. Offspring-parent regressions

(F3 on F2) and Íntergeneration correlations were compuËed to compare the

relative performance of crosses and assess the predictive value of early

generation evaluations in identifying superior crosses '
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RESULTS AND DISCUSSION

SelecËíon Based on Average Performance and

Heterosis of Fl HYbrids

The summary of mean grain yield, 1000-kernel weight, protein content

and lysine levels and the rankings of the six F1 hybrids and six parents

is given in Table 1.2. The only cross that produced progeny superior to

Glenlea in yield was C2 (138%). No cross excelled either A2P5 in pro-

Ëein content, NB32O in lysine leveI, or Glenlea in kernel weight' The

t\¡io crosses involving the common parent Glenlea (Cl and C2) gave exactly

equal levels of protein and lysine. This Pattern T¡7as also the same for

the reciprocal cross of Cl which is not included in this report'

Based on the average yield performance, the Fl test identified two

high yielding crosses (C2 and Cl), two intermediates (C3 and C4), and

two relatively low yielding crosses (C5 and C6). In the Fl test, Part

of the first replicatiori was slightly water-logged, therefore, the yield

results nay not be reliable. Mean hybrid yields ranged from 63/+0 to 2793

kg/:na. Grain yield, being the end product of the interaction of several

physiological biochemical and environmental factors, is considered as

genetically a complex trait. Lel1y (1976), after an extensive review of

the liËerature, stated the universality of opinion on the premise that

yield in wheat is multigenic in inheritance. Because of the complexity

of its inheritance and its high gene x environment interaction' an Fl

performance in yield may noË indicate productive populations in later

generations.
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The best cross as far as TKI^I was concerned was again C2, although

averaging only 83.9% of the kernel weight of Glen1ea. Kernel weights

r¡ere intermediate between parental values in all crosses excePt C3 and

C6. Cross 3 which involved parents v¡ith 1ow kernel weight gave rise to

progeny vrifh TKI^I values greater than those of the better parent, whereas

the kernel weight of hybrids from C6 was equivalent to the better TIGI

parent.

Progeny of C6, which involved the highest protein Parent (20.67")'

averaged only 15.7% proteLn, a value close to Ëhat of the low protein

parent. This trend toward dominance of lov¿ protein was similar in all

crosses except C2, in which the hybrid protein content (16.8%) vras greater

than that of either of the parents. The two parental cultivars (N8505

and Glenlea)were equal in protein content (15.8%). This result is in

line with nany reports indicating that protein means of F1 hybrids fal1

below mid-parent values and near or below the low protein content (e.g.

Diehl et al., L978; Chapman and McNeal, 1970), indicating dominance of

low protein content. Ilowever, the detection of significant additive

genetic effecËs for protein is also widespread (see Chapman and McNeal,

L970; DiehL et al., L978). In addition to its complex nature of inheri-

tance, the high environmental influence on protein expression and its

negative association wiEh yield makes it more difficult to assess popu-

lations in Fl and predict the merit of crosses in subsequent generations.

The lysine levels ín the six hybrids ranged f.rom 2.64 to 3.0f . The

best F1 hybrid in lysine content was C3 which had the lowesË protein per-

cent. This in Lurn showed highly signíficant negative correlation between

protein content and lysine percent in the protein (r = -.80**).

Analysis of variance of hybrids showed highly significant (P <.0f)
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differences among crosses in yield, protein content and lysine levels;

T/ùhereas mean squares of TKÍI were not significantly different. When analy-

sis included both hybrids and parents, alL four traiLs r¡rere highly signi-

ficant.

I^IeighÈ-free index coefficients and ranks of the six wheat crosses

are given in Table 1.3. rndex 1 (rr) involves only yield and rI{,I; rndex

2 (Tù consists of yield, TI(,I and protein and Index g (I¡) includes all

four traits íncluding lysine. When ranking and selection was based on

an aggregate multipLicative index value, the relative positions of hy-

brids changed slighËly, however, C2 was consistently the best cross over-

all followed by cL. Among the six popularions, c2 gave the best grain

yíeldr kernel weight and the second best protein content. Cross 3 was

consistentLy the pooresË for all three indices.

Percent heterosis in Fl hybrids vTas computed in relation to both

the better_ parent (H1) and the míd-parent values (H2). ?otence ratios,

measuring the relative potence of parental gene sets, were also calcuLated.

To observe the relative magnitude of the percent of heterosis of the

aggregate index, arbitrary Hl and H2 values \^7ere computed using the Index

3 coefficient for each hybrid. Percent heterosis of Fl Lines in relation

Ëo the better Parent and mid-parent val-ue, also the potence ratio for

yield, TKlil, protein content, Lysine percent and multiplicative index

coefficient, are given in Table 1.4.

For grain yield, the onl-y posiËive and significant percent heterosis

in relation to the better parent vras in C2. The 38% heterosis observed

in Hl increased to approximately 70% when the mid-parent value was used.

C3 and C5 showed slight heËerotic effect for yield in relation to the

mid-parent val-ue. C2 and C5 showed a potence ratio greater Ëhan zero,
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whereas in C3, C4 and C6 Ëhe ratios were approximately zero. Such

observabLe potence of sets of genes índicates dominance of individual

genes controlling the traít predominanËly in the same direction. Zero

or near zero potence ratÍos as observed in C3, C4 and C6 for yield,

suggest thaÈ Ëhe Fl fa11s at abouË the rnid-parent value. However, such

zero observation does not necessarily imply absence of dominance (Mather

and Jínks, l97L).

Only Ëhe C3 population exhibited positive Hl heterotic effect in

TI([{ v¡hile most crosses had negative percentages for this trait. Popula-

tions C3 and C6 showed potence ratios greater than zero for TIGtr, whereas

all the other crosses had ratios approximately zero.

The trend in protein content was more clearcut. The C2 population

gave Hl percenË heterosis of 6.3%; all other crosses had 1ow or negative

values. The potence ratio of C2 approached infinity demonstrating that

the parenËs did not differ in mean protein values because Ëhe genes are

dispersed. This is inÈerpreted to mean that the genes affecting protein

conËent in the cross are equally shared between the Ëwo parental cultí-

vars rather Ëhan being carried predominanËly in one.

The percent heterosis for the multiplicative index coefficÍent may

not have any bíologicar or genetíc meaning, but it is used to serve as

an indicator of an aggregaËe heterosis leve1. Firstly, if the index

coefficients involving yiel-d, TIüI and protein content ¡oere used in com-

puting I11 and H2; progeny from the c2 cross showed a 57,3"/" theteroËicl

effect. All the rest of the crosses had negative values. By using nid-

parent values, the percentages of cl, c3 and c5 were changed into posi-

tive heterotic levels, the change in value in c3 being significant

(-19.4% ro 60.4%).
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Selection Based on Offspring-Parent Regression
and Intergeneration Correlations

Offpring-parent regression studies vrere undertaken using F2 indi-

vidual plant measurements and F3 mean performance. There was one short-

comÍng in this study; the F2 and the F3 tests vrere carried out in differ-

ent environments and seasons. The F2 results were obtained from Obregon,

Mexico and the F3 data were from ManiEoba. The F3 on F2 regression

coefficients for grain yield, TKI.I and protein (%) in four spring wheat

crosses are given in Table L.5.

The regression coefficients for yield !,iere significant only for

popularions C1 and C6 aË the Glenlea location. The regression coefficients

were 0.76 (P < O.05) and 0.42 (P ( O.Of) for Cl and C6, respectively.

As a result the regression analysis based on combined data of the two

locations showed significant b-values for these two populations. Other-

wise, there was very Little or no indication of Índividual F2 plant yields

being translated into F3 productiviËy. This finding confirms similar

reports by other workers (McGinnis and Shebeski, 1-968; Ibott, L972),

substanËíating the contention that F2 single plant productivity has no

predictive value of the performance of later generations. Also, this

result indicates the possible nr,alpractice of selecting individual F2

planËs in Obregon for wheat breeding programs in Canada.

The F3 on F2 regression analysis for 1000-kernel weight revealed a

different picture. AlL the regression coefficients for t.he four crosses

gro!'rn in two locations were highly significant (Table i.5). The magní-

tude of the b-values which could be equated to heritabilities, vary from

cross to cross and from location to location. The fact that they were

consistently significant, however, strongly suggests that kernel weight
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is one yield component that can be used to evaluate individual plants in

F2. Notwithstanding, the selective value of TIGI depends on its positive

relationship with graín yield. This problem will be treated in detail

in later sections of this thesÍs.

For protein content the pattern \¡Ias more distinct. The trend of

the offspring-parent regression analysis depended on the background of

Ëhe crosses. In the C1 and C2 populations all regression coefficients

vJere non-signifÍcant indicating the absence of any relationship between

F2 protein 1eve1 and F3 protein content. On the other hand, in C5 and

C6 populations b-values were highly significant at both locations

(fable 1.5). I,Ihether F2 protein leveI could be used to predict F3

protein percent will depend on the background of the parents selected

and the overall protein distribution within Ëhe F2 population and F3

lines. The two crosses showing significant O-P regression coefficients

for protein have a common high protein parent (42P5).

The inter-generaËion rank correlaËion coefficients showed the same

trend as the regression coefficients (Table 1.6). In the C2 and C5 there

\¡7as no correlation between F2 individual plant yield and F3 mean yield

per plot ín both test locations. YeË in the Cl and C6 Ëhe correlation

beËween F2 plant productívity and F3 mean yield was significant (0.30**

and 0.27** f.or CI and C6, respectively) at the Glenlea site. This was

not the case for F3 tests at the Point site. This leads to the same

conclusion made earlier that F2 plant yield does not indicate potential

F3 perf orinance.

The reLationship of F2 and F3 kernel weight, as indicated by the

O-P regression anaLyses showed a very high and positive consistency from

cross Ëo cross and from experiment to experimenË. The inter-generation
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correlarion coeffícienrs ranged from 0.4L to 0.65 (Table i.6). In

addition, the correlation coefficients were of the same magnitude in the

t\,Jo test locations for the same cross.

Despite the high positive correlation between F2 and F3 kernel

weights, the rank correlation between F3 grain yield and F2 TI{,I v.¡as rela-

tively low (Table 1.6). Positive and significant correlations were ob-

served only in the C1 at both Point and Glenlea sites (r = 0.30 and 0.24,

respecËively) and in the C6 grown at the Point (r = 0.23). All the orher

exPeriments showed near zero correlation between F2 TK!,I and F3 yield.

Therefore, although kernel weight Ís a highly heritable trait as observed

in F3 on F2 regression and intergeneration correlation analyses, iLs

value as a yiel-d selection criterion is sti1l questionable.

The correlation between grain protein percent of F2 plants and F3

lines was lackÍng in the Cl ar'd C2 populations, whereas C5 and C6 showed

significant rank correlaËion in both locaËions. This may be explained

by the influence of the high proteÍn parenE, A2P5, in the latter group

of crosses or by the high yielding characteristic of the former tr,7o.

Within F2 populations, yield was positively and significantly corre-

lated with kernel weight in Cl and C2, but there was no correlation in

C5 and C6. In addÍtion, yiel-d and protein conËent vTere positívely asso-

ciated in the C1 and C6 groups. There was no correlation beËween protein

percent and kernel weighË in all of F2 populations (Table 1.6).

Evaluation of F2 Individual Plant Productivity in Comparison
with Average F3 Group Performance

On the basis of visual evaluation of morphological characters before

harvest, the six crosses \,iere scored as follows: CI - very good (plus

two stars), C2 - very good (plus one star), C3 - fair (generally late),



72

TABLE 1.6. rnÈergeneration rank correration co€fficients for gratnyield, TI(d and proÈein (7.) h four wheaÈ crosses grown in onelocation ln F2 and eÈ two locations in F3.

Cros s Character* F2 Yld F2 TKI{ F2 Pro F3 M Yld F3 H TKI{ F3 M Pro

c1++ F2 Yld
F2 TKI^I

F2 Pro

F3 M Yld

F3 M TIg{

F3 M Pro

F2 YId
F2 TKI,¡

F2 Pro

F3 M Yld

F3 M TKI.I

F3 M Pro

F2 Yld

F2 TKI.¡

F2 Pro

F3 M Yld
F3 M TKÍ.I

F3 M Pro

F2 Yld
F2 TKI{

F2 Pro

F3 M Yld

F3 M TKW

F3 M Pro

0.3grr*

o.24*
o.62*i,r

-0. 05

0.36rk

-0.06

0.41**
0. 14

0. 16

-0.09

0.43*t(

0.21*

0. 18

0.15

0.53**
0. 04

0.2 8*e

0.01

0.15

-0. 04

-0. 13

0. 14

-0. 14

-0.05

0.01

0.06

0. 10

0. 03

-0.24*
-0.02
o,22x

0.26**
-0.01

-n to**

-0.24*
0.37Jr*

0.18
0. 30*,k

0. 04

0. 09

0. 65**
-0. 0I

0.08
0.46*
0. 00

-o.07

0.4lJi"r

-0. 04

0.03
0.50ihk

-o.22r<

-0. 0r
0. 01

0. 03

-0.10
0. 16

0. 08

0. 30ri[.

0. 09

-0.06

c2

c5

0. 09

0. 06

-0.01
0.09

-0. 05

-0.15

0. 04

-0.0r
-0. 08

0. 03

0. 06

-0. 28**

0. 08

0.23*
-o.24*

0. L2

0. 21*

0.39#

c6
-0.10
0. 19

0. 38*
o.27**

0. 00
-0.16

N = 100.
*,** Slgnificant at Ehe 5% and 17" level, respecÈively,
+ Yld = Yierd; M YLd = Mean yield; pro = proËein; M pro = Mean proÈein.

++ For each cross, values above diagonal are for F3 daÈa fron Ëhe point; below diagonalare for F3 daEa fron Glenlea,
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C4 - faír (generally poor), C5 - very good and C6 - very good. As a

result, C3 and C4 were discarded reducÍng the number of crosses for

further studies to four.

Table 1.7 gives the performance of the four selected populations in

the F2 generation. F2 measurements revealed C6 to be superior to all

others in both yield and kernel weight. This cross which has rhe high

protein, poor grain type line, A2P5 as one of its parenËs, exhibited

excellent productivity and kernel size Ín obregon. The protein ranges

among t.hese four populations were similar.

For comparison, F3 group performances are given in Tables 1.8 and

1.9. The F3 group average performance of the four crosses varied signi-

ficantly both among populations and between locaËions within a population.

AË Ëhe Point the highest yielding cross was C6 (top 20% averaged

466I k4/ha), followed by c2 (454L ke/na). In f.act, the rwo crosses were

similar in overall performance at this location. This was similar to

the ranking of the four crosses based on F2 sÍngle plant productivity;

i.e. c6 was the best in individual plant yield followed by c2. F3 yield

ranking of these same crosses changed at Glenlea, however, at that site

the best yielding cross on the basis of the top 20% of the population

was c2 followed by cl. Also, yield levels were significantly lower ar

Glenlea; the four populations, Cl, C2, C5 and C6, produced only 73, 81,

79 and 66%, respecËively, of what they produced at the Point station.

This observation demonstrates the importance of including several loca-

tions in earLy generaËion evaluation of breeding material.

Kernel weighË was the least variable trait both among crosses and

between environments. The population means ranged fronr 41.5 g to 42.4 g

at the PoinÈ and from 4r.6 g to 43.8 g at Glenlea. However, the range



T
A

B
LE

 L
.7

. 
M

ea
n 

of
 t

he
 t

op
 2

0%
,

pl
an

t)
, 

T
I(

I,J
 (g

),
 a

nd
 p

ro
te

in

C
ro

s 
s

c1 c2 c5 c6

M
ea

n 
of

 
P

op
.

to
p 

20
7.

 
m

ea
n

Y
ie

Ld

L7
L

r8
7

L7
6

21
7

po
pu

la
tio

n 
m

ea
n,

pe
rc

en
t 

of
 f

ou
r

I2
3

13
9

L2
B

L5
7

R
an

ge

85
-2

35

90
-2

51

90
-2

50

10
6-

 3
09

an
d 

ra
ng

e 
of

 s
in

gl
e

F
2 

w
he

at
 p

op
ul

at
io

ns

M
ea

n 
of

ro
p 

20
%

T
K

T
^T

44
.6

44
 .4

47
 .L

50
.2

P
op

'
m

ea
n

pl
an

t 
pe

rf
or

m
an

ce
 f

or
 y

ie
ld

 
(g

/
gr

o\
,J

n 
in

 O
br

eg
on

, 
M

ex
ic

o.

40
. 

0

39
. 

B

41
.0

44
.4

R
an

ge

32
.5

-4
7 

.5

31
.5

-5
0.

6

29
.0

-5
1.

0

34
.3

-5
6.

 B

M
ea

n 
of

to
p 

20
%

P
ro

te
in

L6
.4

15
. 
I

L6
.2

L5
.7

P
op

.
m

ea
n

15
,0

13
. 

5

14
. 

0

T
4.

L

R
an

ge

L2
.6

-L
7 

.6

10
.9

-1
6.

6

1 
1.

 0
-1

8.
 5

11
.0

-1
6.

6

! s.



T
A

B
LE

 1
.8

. 
M

ea
n 

of
 t

he
 t

op
 2

0%
, 
po

pu
la

tio
n 

m
ea

n,
 a

nd
 r

an
ge

 f
or

 y
ie

ld
 (

kg
/h

a)
, 

T
M

 (
g)

 a
nd

 p
ro

te
in

 (%
)

of
 f

ou
r 

F
3 

w
he

at
 p

op
ul

at
io

ns
 g

ro
l^

7n
 a

t 
th

e 
P

oi
nt

.

C
ro

ss

c1

M
ea

n 
of

 
P

op
.

to
p 

2O
%

 
m

ea
n

C
2 c5

45
02

45
4L

4L
65

46
6L

Y
ie

Ld

c6

38
36

39
6r

36
22

38
9 

1

R
an

ge

15
05

-4
90

0

22
88

-5
38

3

22
68

-5
07

 6

20
68

-s
76

3

M
ea

n 
of

to
p 

20
%

45
 .5

4s
.9

44
.5

45
 .5

T
K

I¡
¡

P
oP

.
m

ea
n

42
.L

42
 .4

4L
.s

42
.2

R
an

ge

35
.2

-4
7.

6

35
. 

6-
 5

0.
 0

36
. 
0-

48
. 

6

36
 .

 s
-4

8 
.4

l4
ea

n 
of

E
op

 2
O

%

P
ro

te
in

19
. 

1

17
 .7

18
. 

9

18
.1

P
oP

.
m

ea
n

18
. 

1

16
.7

17
 .7

17
.0

R
an

ge

r6
. 

3-
20

. 
5

L4
.O

-L
9 

.2

15
.1

-2
0.

 B

14
.9

-r
9.

3

-! L¡



T
A

B
LE

 1
-.

9.
 M

ea
n 

of
 t

he
 t

op
 2

07
.,

of
 f

ou
r 

F
3 

w
he

at
 p

op
ul

at
io

ns

C
ro

s 
s

C
1

c2 C
5

c6

M
ea

n 
of

 
P

op
.

to
p 

20
%

 
m

ea
n

Y
ie

ld

34
14

36
33

33
L2

31
60

po
pu

la
tio

n 
m

ea
n,

gr
or

nr
n 

at
 G

le
nl

ea

27
89

32
L3

28
44

25
69

R
an

ge

LL
37

 -
37

 8
7

20
06

-4
40

6

1,
56

3-
42

00

B
r2

-4
57

 s

an
d 

ra
ng

e 
fo

r 
yi

el
d 

(k
el

ha
),

 T
ffi

 (
g)

 a
nd

 p
ro

te
in

 
(%

)
R

es
ea

rc
h 

S
Ë

at
io

n.

Iu
le

an
 o

f
to

p 
20

%

4s
.4

45
.5

44
.9

47
.6

T
K

f,I

P
op

.
m

ea
n

42
.0

42
.0

4L
.6

43
. 

B

R
an

ge

35
.6

-4
7 

.9

34
.8

-4
9.

6

34
.7

 -
49

 .6

35
.2

-5
0 

"6

M
ea

n 
of

ro
p 

2O
%

P
ro

te
in

19
.6

L7
 .7

L9
 .7

L9
 "

5

P
oP

.
m

ea
n

L7
.8

L6
.5

LB
"4

18
. 

3

R
an

ge

15
.9

-2
L.

4

L4
.6

-L
9 

.9

L5
.7

 -
2L

.0

L5
 .5

-2
0 

.4

\l



77

in variability within a population was significant. For instance, in the

c2 population, TI(,I ranged from 35.6 g to 50.0 g at rhe Point and from

34.8 g to 49.6 g at G1en1ea. This trend was simil-ar to all crosses.

The high kernel weight of C6 in F2 generation !ùas retained in F3 and C6

was the best in TI{.I based on two locations.

Similarly, differences in mean proËein among populations and between

locations were sma1l. At the Point the highest population mean for pro-

tein was 18.I"/" compared to L6.7% for the lorvesË protein cross (C2). Corr-

espondingly, in Glenlea the range was between l-6.5% and l-B.4"A, within

populatÍons, however, significant percenË protein variabilíties were

observed with average percent proteÍns ranging from 4.7 (c6) Ëo 5.5 (c5)

Percentage points. This range was slightly wider in F2 generations where

a range of 5.0 (Cl) to 7,5 (C5) percentage points was recorded.

To idenÈify the superior cross(es) in terms of an aggregate merit.,

Elstonrs (1-963) index selection was applied using the mean of the top 20%

trait perfornance for each experiment of each cross. The experÍment mean

yield index values and Ëhe corresponding ranks of the tests of each cross

are given in Table 1.10.

In this section each of the eight Ëests (four crosses each grown in

two locations) are assumed to be different populations. I,Ihen handled as

such and different selection criteria are applied, the rankings of some

populations changed significanÈly. I,Ihen selection r¡ras on the basis of

yield per se and Index 1 (involving only yield and TIGI) the same top

three populations were selected with minor changes in Eheir actual

standings (Table f.i0). Nevertheless, when prot.ein was included in the

index (rndex 2), there r¡rere solne importanË changes in rankings. The

C2-2 test fell from second and first posÍtion into sixth and C1-1 became
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number one. However, C6-4 maintained iËs first and second position des-

pite changes in selection criteria. This shows the significant problem

encountered by the pLant breeder attempting to ínclude protein content

in his selection Program. A selection index involving percent protein

in wheat, while it may be applied to select an intermediate population

or lines with reasonably optimum overall merit, could misclassify high

yielding crosses or 1ines. This also depends on the breeding objectives

and the nature of population under consideration. rn this study c6-4

vras constantly high yielding, high TKI,I and high protein, whereas C2 was

high grain yield but low in protein contenr.
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CONCLUSIONS

In broad terms, Fl tests may be useful to identify poor crosses of

wheat and to select relatively beEter ones. Nonetheless, because of the

complexity of the inheritance of yield and its interaction with the

environment, the utilization of Fl yield pêrform¡¡¡ce to predict the poten-

tial of productive populations is doubtful. Our F1 evaluation identified

some of the best and poorest groups of hybrids but misclassified one of

the most promising crosses on the basis of yie1d. The same conclusion

\^7as reached for kernel weight. SimiLarly, the high environmental influence

on protein exPression and the complex nature of its genetic control made

it more difficult to use FI proËein neasurements in extrapolating protein

levels to F3.

By evaluation of the Fl based on grain yield and the application of

multiplicative index to select the best overall cross, it was possible

to identify two of the productive populations.

The significant percent heterosis observed for yield and for index

coefficient ín C2 was shown 1aËer (F2 and F3) in Ëhe high productivity

of the popuLation.

The F3 on F2 regression analyses for yield confirmed the contention

that there is very little or no indication of F2 single plant yield being

translated into F3 performance in wheat. In contrast, same analyses

showed kernel weight, as one of the important components of yield in

wheaË, Ëo be of high value ín predicting the potential productivity of

subsequent generations. But the selecËive value of Ëhis component will
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be limited by the lack of strong correlation between F2 kernel weight

and F3 yÍeld.

As far as proEein is concerned, we conclude that whether F2 protein

level can be used to predict F3 protein content will depend on the genetic

background of the parents chosen and the overall protein distribution in

F2 and F3 populations.

Inter-generation rank correlation studies also led Ëo

that F2 plant measurements have little value Ín predicting

I.Jhile F2 results and F3 dara from the Poinr indicated C6 to

the

F3

be

conclus ions

plot yield.

the best

cross, C2 was more stable in productivity from envÍronment Ëo environment.

Thus, it was concluded that although specific crosses may be evaluated

more accurately in an environment mosË favorable for Ëhem, segregatÍng

populat,ions musL be tested and selected under variable environmenËs to

measure stability in early generations. Kernel weight was found to be

the most stable character across environments tested in the present study.

The appLication of a weight-free selection index on F3 group data

identified consistently Ehe two or three outstanding crosses, however,

when protein rvas included in the index one of the top crosses was mis-

classified. Therefore, it is our contention that the inclusion in the

multiplicative index of traíts that are negatively correlated wÍËh

productivity, such as graín proËein, may resurt in erroneous ranking of

breeding material. This was dependenr on distribution of each trait in

the populaËion. rn popurations with reasonably high ranges of proËein

content, promising crosses with optimum overall perfornance could be

identified using the weight-free select.ion index technique.
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INTRODUCTION

Plant and animal breeders are often concerned with multiple trait

rather than single trait selection. Several wheat breeding programs have

multiple objectives of producing high yielding varieties wirh other

desirable characËers such as wide adaptability and high nutritional and

industrial qualities.

Kerne1 size is one of the major components of grain yield in wheat.

There are numerous rePorts indicating that wheat kernel weight, controlled

quantitatively by relatively few genes, is positively correlaÈed with

yield and can be used to select for high yield (Knott and Talukdar, l97L;

Fonseca and Patterson, L96B1' sharna and l(nott, L964; Lebsock and Amaya,

L969). On t.he other hand, many reports on the inheritance of grain pro-

tein in wheat and its association with producËivity have shown Ehat it

is negatively correlated with yield (chapman and McNeal, LgTo; Diehl et

aL., L978; Haunold et a1., L962b; Cowley and Wells, 1980; Hsu and

Sosulski, L969). There is, however, no sufficient knowledge as to the

nature of this negative correlaËion.

In selection, unLess appropriate multiple-trait selection procedure

is applied, such inverse relationship between characters results in an

undesírable shift in one traít as progress is aËtained in the other.

The method of a selection index was first proposed by Smíth (1936) using

Fisherrs (1936) concepË of discriminant function for the selection of

plant lines for the purpose of ímproving several quantitative traits

simultaneously. The Ëheory of selection was furEher extended and deve-
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l-oped by HazeL (L943) for the selection of individuals in animal popula-

tions. Since then the Smith-Ilazel index and its various modifications

(Kempthorne and Nordskog, L959; Tallis, L962; Elston, 1963; Pesek and

Baker, L969) have been shown to be the most efficient procedures in

achieving agçregalue genetic progress compared to any other direct single-

traiË selection methods (Hazel and Lush, L943; Young, I96L; Sen and

Robertson, L964; Eagles and Frey, 1974; Elgin et al., L970). Though it

was originally developed for plant species, selection indices have been

used more extensively by animal breeders than plant breeders.

In wheat, selection for simultaneous ímprovement of multiple traits

would be valuable for comparisons of overall perforrnance beLween F3 and

F4 populations relative to early generation selection. These types of

comparisons enable the breeder to estimate Ëhe genetic and phenotypic

variances and covariances in early generations so that he can assess the

potential of his populations and success early ín the program.

The objecËives of this study were to measure and compare the expected

genetic gain and realized genetic response to simultaneous improvement

of grain yield, kernel weight and percent protein in F3 and F4 generations

of four spring wheat crosses based on single trait selection and three

classes of selection index.
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MATERIALS AND METHODS

Experimental Procedures

F3 Generation

Four experiments were carried out at each of the Point and Glenlea

Research StaËions in Manitoba in Lhe summer of 1979. Each experiment or

population consisted of 100 F3 lines, each derived from a single F2 plant,

plus two parenËs and Èwo standard checks. The four wheat populations were

sinron x Glenlea (C1), Glenlea x N8505 (C2), N8505 x A2p5 (C5) and A2p5

x NB320 (C6). Hence, each experiment had l-04 enËries.

The plot size was 3 m in length, each plot consisting of Ëwo rows

30 cm apart l-aíd out in RCB design wÍth some blocking modifications.

Each test had three replications. To reduce soil heterogeneity each

replication vTas reblocked into three sub-blocks. Later, plots were

trimmed to 2.5 m at the Point and 2.75 m in Glenlea. Thus, the net har-

vest area was 0.6 x 2.5 m = L.5 m2 at the Point and 0.6 x 2.75 m = L,65 m2

at Glenlea. seeding rate was 150 seeds per 3 m ror¡r and 300 seeds per

ploË.

To give each line a standard or equal competitive environmental

effect, each plot was flanked by a common cultivar of triticale (i{elsh).

This arrangement gave an excellent uniformity of treatments to each line

aiding in proper comparison among F3 lines for selection.

Relevant agronomic data such as dÍsease scores, days to maturity and

plant height r{ere recorded before harvest. Grain and proLein yields were

evaluaËed on plot basis and converted to kg/ha at approximately L2.O%
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moisËure. Kernel weight was determined at the same moisture level from

random samples from each plot by counting 500 seeds and caLcuLating for

1000-kernel weight. The percent protein (N x 5.7) was determined on

whole flour samples from each plot by the Kjeldahl procedure on 0.0%

moisture basis. Test weights were measured only for those lines retained

after selection.

F4 Generation

The F4 bulk tests consisted of four experiments each carried out in

the Point and Glenlea in 1980. Each experiment included (1) the top 10%

of population selected based on the mean yield of two locations, (2) the

best 107" in net merit (involving grain yield, TK[.J and protein) based on

weight-free multiplicative index, and the Smith-Hazel index, (3) rhe

Lowest L0% of. the population based on weight-free multiplicative index,

(4) the top L0% of. cross based on weight-free multipLicaËive index invol-

ving only yield and TK[,I, and (5) the top 10% selected based on the linear

approximation of the multiplicative índex for grain yield and TKI{. Based

on these six selection criteria, 30, 30, 29, and 27 F3 lines were retained

from populations Cl, C2, C5 and C6, respectively, for F4 testing. Some

lines were conmon Ëo different seLection methods. In addition, a few of

Ëhe highest protein lines and a composÍte made up of equal proportions

of randomly measured samples from each of the 100 F3 lines were retaíned

from each cross. Thus, each experiment consisted of 3I E4 bulks, one

composite, two parents and tv¡o standard checks.

The plot size in each experiment aË each location consisted of four

3 m rows sown 20 cm apart (2.4 r¡¡2¡ and arranged in a RCB design with

Ëhree replications. One blank ror.7 was left between plots. A seeding rate

of 200 seeds per 3 m rol^r or 800 seeds per plot was used. Tests were
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planted on May 5 and 9 in the Point and Glenlea, respectively, and plots

were harvested in the last week of August at the Poínt and Lhe first

week of September at Glenlea. Shortage of soil moisture was experienced

in the initial stage of the tests both at the Point and at Glenlea; the

Point plots were later irrigated.

Before harvest, field records such as disease reactÍons, maturity,

height and lodging were observed. Grain yield, TK[^I, test weight and

protein yield were evaluated at approximately L2.O% moisture on a plot

basis. Percent protein (N x 5.7) determined by Kjeldahl method, is

expressed on 0.0% moisture basis. Grain yield and protein yield are

reported in kg/ha, and TIGI was calculated based on the weight of. 250

seeds .

Estimation of Parameters

Combined analyses of variance and covariance r¡lere performed on F3

generation data collected from four populations gro\^rn under two environ-

ments. EstimaËions were based on the assumption Ëhat all effects were

random. l"fean squares for each trait and mean cross-products for pairs of

traits \¡7ere computed for locations, genoLypes, genotype x location inter-

action, and error for each cross. Components of variance and covariance

were estimated following Ëhe methods of Comstock and MolL (1963) and

Gordon et aI . (L972).

The components of variance and covariance \¡tere estÍmated by equating

mean squares and mean cross products to their correspondÍng expectations

and solving the resulting equaËion. For each trait in each population

the following variances and covariances v?ere estirnated:

= genotypic component of variance due to genetic

differences among F3 lines

V6



BB

Vcs

v"

covc

variance component due Ëo genotype by location

interact ion

component due to plot-to-plot environmental variation

genotypic covariance component due to genetic

covariation between traits

covarj-ance component due to genotype by location

interaction

covcs

From these

means \47efe

COVe = error covariance effect

estimates, phenotypic variances and covariances of F3 lines

calculated as follows:

Vp =VGfVeS+Ve
STS

and COV. = COV(G) ¡ COVç5 ç COV"
s rs

where r and s are the number of replications and locations, respectively.

In the populations used in the study, the assumption of consistency

of genotypes between F3 and F4, and of the genetic value being composed

of entirely additive effect of genes are not strictly valid. There rvill

be still some degree of segregation and the component estimates may be

biased by the contribution of non-additive gene effects. The sampling

varíance of estimated variance components were calculated following pro-

cedures by Comstock and Moll (1963) and Crump (L946, 1951).

The phenotypic correlation between traits I and 2 was estiulated as

_ COV'(1,2) 
= 

MCP(t,Z)
(3)

and M1 and M, are the line

The genotypic correlaËion

ç.''ç; "lMi'w

(1)

(2)

where MCP(trZ) is the line mean cross producL

mean squares for traits I and 2, respectively.

between two traits, 1 and 2, was estimated by:
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= covc(l,2)

',1""t ' ',-
where COVCI1,Z¡ is the line component of covariance between traits 1 and

2 and V61 and V62 are the line components of variance for traits 1 and

2, respectively.

Standard errors of estimated genetic correlaËions were obtained

using derivation by Roberrson (1959).

Heritability in each population was estimated by the analysis of

variance meËhod as

h2 = vG for each traiË.
vp

The variance of heritability esËimates was calculated following Gordon

et al. (lgtz).

rG (4)

(s)

The mean expecËed genetic response, due to selection of the top

of the F3 population was predicËed for each of the three characters

the following relarionships :

(6)

t0%

us ing

R=7y2¡2orR=Sh2
p

where i is the standardized selection differential, or selection inten-

sity, V! is Ëhe phenotypic standard deviation of the single trait and h2p

is its heritability. S is the selecËion differential, while R Ís reporËed

in the units of measuremenË for each traÍt (see Figute 2.L). The variance

of predicted response to selecÈion was calculated according Èo Hill (Lg74).

The expecced correlated response in EraÍt 1 to F3 seLection for trait

2 was calculated according to Èhe formula:

cR(l. z) = i hr hz t. u|<rl (7)

where h1 and h2 are the square roots of the heritabilities of traits I
and 2, respectively. The expecred correlated response in yÍe1d (yD) for

selection on Index I was obtained by:
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co(vo.t)
i covc(YD, r)

vp(r)
(8)

and COV6(YD,I) = bTKcoVç(yD,TK) + bRCoVc(yD,pR) (g)

etcetera.

Realized heritability, h2, of each trait after selection was esti-

mated by the ratio of esËimated response to selection differential, S.

That is,

n:=å (Falconer, t96o). ( 10)

The realized genetic gain was computed as the dÍfference between the mean

of selected F4 lines and the mean of the composite created by mixing

equal quantities of random samples of F4 seed before selection. This

entry represented the mean of the unselected F4 population.

Construction of Indices

Smith-Haze1 Selection Index

The phenotypic and genotypic variance and covariance estimates were

used to solve for the Smith-tlazel (SH) index coefficients (b's) using the

equa tion,

-1b=P'Ga (i1)

where P and G are phenotypic and genotypic variance-covariance matrices,

respectively, and b and a are vectors of index coefficients and relative

economic weÍghts, respectively. rn Ëhe SH index, relative economic

weights of 1.0, 0.0 and 0.2 were assigned for grain yield, 1000-kernel

weight and protein conÈent, respectively. The phenotypic and genotypic
/\varÍances \ Vp(r) ..d vc(l) / of the sH index I, and the variance of rhe

aggregate genoEype (U,", ) ""tu computed by the following matrix formula-

tions (Nordskog, L97 8) :
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ur(r) = cov(H,r) = b'PÞ (L2)

Vc(r) = b'GÞ (13)

vti = e'cc G4)

where H is the aggtegate genotype when selection is based on I.

The heritability of the index (ft2r) r"" estimated by

2 b,Gþ
n, = ¡o (15)

while the expected responses in the aggregate genotype, H, and aggregate

breedíng value K, were estimated based on the formulae:

(Þ'PÞ) L*(")=tG*l>z=tuÉ(t) (16)

and R(r)=rffi =tr'|(r)hî e7)

where i is the standardized selection differential and the vectors and

matrices are as explained above. The selection intensity i, is equal to

L.76 for the selection of the top L0% of the population.

Elstonrs Weight-Free Selection Index

To calculate the weight-free index (EI,I) according to Elston (1963),

Ëhe K for each trait was determined as follows:

K- (n Mín X - Max X) (18)
n-1

where Min X and Max X were the lowest and the largesË mean value respec-

tively for each trait and n was the total number of lines in the group

before selection. The actual index for each line was estiur,ated for EWl

and EI,tr2 by Èhe formula:

r = (xl - Kr) Gz - \) (x3 - \) (1e)

for the three traits considered. This index ranks all the n lines

according Ëo Èheir overall meriË. Etll was a truncated selection of the
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top 10% whereas EI.I2 was a truncated selection of the lowes t IO% of the

population. A third multiplicative index (E1,I3) was constructed involving

only yield and kernel weight.

To be able to estimate the response to selection on an index, Baker

(L974) suggested a procedure to approximate the multipticative index of

ELston (1963) for two traits by a linear index derived from multiplying

the mean value of the first traiË by the phenotypic standard deviation

of Ehe second trait and vice versa and adding to obtain the approximate

linear index. For the purpose of comparing this linear approximation

with Ehe multiplicative index, this author has used Bakerrs (Lg74) sugges-

tion to calculate a linear index for yíeld and kernel weight. This value

will be called Et^I4. An approximate expected response (R) for EI,I4 was

estimated by the usual procedure using the phenotypic standard deviations

as index coefficients.

Desired Gains Selection Index

Ïhe index coefficients for the desÍred gains selection indices (pD)

vrere obtained by the procedure described by pesek and Baker (1969):

b = G-l.d (20)

where d is Ëhe vector of desired gains, G is the genotypic variance-

covariance matrix and b is Ëhe vector of index coefficients.

Two sets of desired gains vùere considered. rn pDl the genotypic

sLandard deviations of each trait were taken as the desired gains and in
PD2 the desired gains were calculated from the population mean before

selection. The desired genetic gain for grain yield was set as 20% of

the population mean (Mu). The desired gain for kernel weight was held

at zero, whereas fop protein content Io"/" of the population mean was

desired. These desired gains were used to calculate the index coefficients



and oËher parameters using the methods indicated in

o/,

the Smith-HazeL index.



95

RESULTS AND DISCUSSION

VarÍance. Heritabilitv. Index and Correlation
Coefficient Estimates

Individual Traits

Estimates of phenotypic and genotypic covarí.ances between traits and

phenotypic and genetic variances of grain yield, 1000-kernel weight and

protein contenË of four wheat crosses are given in Tables 2.I to 2.4.

The parameter estimates are based on combíned analyses of F3 tests grown

in two environments. Cross 1 showed the highest genetic variability in

aLl three traits. Because we are dealing with F3 populaEions, the gene-

tic variances of the three Ëraits might have been biased upward because

of the contribution of dominance and epistatic interactions. Genetic

coefficient of variation was used to compare the relative magnitude of

genet.ic variability among the four populations. The genetic coefficients

of variation in the four crosses for yield, TM and proteÍn percent are

given ín Table 2.5.

Means, phenotypic and genetic correlation coefficients and estimates

of heritabilities are given in Table 2.6. Heritability estÍmates for grain

yield, as determined by Ehe variance component method, ranged from 0.64

Ëo 0.85 in Ëhe four crosses. The heritabilities for 1000-kernel weight

!üere consistently high (0.86 to 0.96) while heritability estimates for

protein percenÈ ranged from 0,75 to 0.88. As indicaEed for the genetic

variance, these high values of heritability could be an indication of
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upward bias of estimates by non-additive

This night have been contributed by both

and the method of estimation.

components

the nature

100

genetic variance.

the F3 population

of

of

There were slight variations in reaLízed heritabiliries (n3) calcu-

lated af.ter selection using the predicted responses and selection differ-

entials for each trait. Realized heritabilÍties for yield were 1.0, 0.7g,

0.76 ar'd 0.60 in cl, c2, c5 and c6, respectively. correspondingly, hl

values for TKI,J ranged 0.84 (c6) ro 1.0 (cr), while Èhe realized herÍra-

bilities for percent protein in the four crosses vTere 0.65 (c1), 0.g2

(c2), 0,69 (C5) and 0.98 (C6).

The phenotypic and genetic correlations between yield and TKhl were

significant and positive ín C2, C5 and C6. Grain yield and protein con-

tenË were hÍghly and negatively correlate¿ (rc - -0.51*J'to -o.g7t"') in

all four populations. The pattern of the correlation between TK,I and

proteín content was not consistent across populations. In populations

Cl and C2 these traits were posit.ively correlated, whereas correlatíon

coefficients were negative or zero in the other tlvo crosses (taUle 2.6).

The environmental correlation, rE, can be defíned by

_ <r, - r"^lW)
tE

(1-hî) G-h?z)

where tp, ta and rE are the phenotypic, genetíc and environmental corre-

lation coef ficients, respectively, and hJ and ir.2 are the heritabirityL2
estimates of the thto traits (Searle, 1961). The environmental correlation

coefficients include random errors and may also contain genetic variation

over and above additÍve genetic contribution. In Ëhe pïesent study, the

genetic correlation coefficients were relatively larger than their res-

pective phenotypic correlaËion coefficients for mosË correlations in all
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four crosses. Theoretically, such relationship between the magnitude of

rn ând r imolíes negative environmental correlations, parËicularly so ifuP^

Ëhe ratio of phenotypic correlation to the genetic correlation is less than

the geometric mean of the heritabilities (searle, L96L). However, this

r,7as not always the case in the present results. The environmental corre-

lations betv,ieen yield and TI{,I ranged from s1-ightly negative value (-0.05,

c6) to slightly positÍve coefficient (0.L2, c5). The ru values berween

yield and protein content were -0.37t', 0.13, -0.18 and -0.1g, whereas the

environmental corr:elat.Íons between TKI.I and protein percent were all posi-

tive with values of O.24, 0.29"*,0.23 and 0.30* in Cl , C2, C5 and C6,

respectively.

Smith-Hazel Selection Index

using the relative economic weighËs of 1.0, 0.0 and 0,2 f.or grain

yieldr TI('I and protein content, respectively, index coefficients were

computed following the procedures of smirh (1936) and Hazel (L943). The

estimated sH index coefficients, heritabiliEy, phenotypic, and genotypic

standard deviations of SH index, and the standard deviaËion of the aggre-

gate genotype for the four crosses are given in Table 2.7. The relatively

high 1evel of genetic coefficient of variation observed in Cl was also

shown in the high genetic standard deviatÍons in the SH index and the

aggregate genotype of same cross. The h2r's were high in all crosses

ranging fuom 74"/" (C5) to 9L% (C2). The selection indices, when standar-

dízed by dividing each by the coefficient for yield in each populatÍon,

IÀiere aS f ol1ows:

Cl : (SH)I

c2 : (SH)r

MYD + 13.328 MrK - 131.783 MPR

MYD + 2L6.4OO MTK - L329.166 MPR
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C5 : (SH)I = MYD + 7.3L3 MTK - 58.845 MpR

C6 : (SH)I = MYD + 95.678 MT'K - 383.327 MpR

where MYD' IfIK and MPR are pooled means of grain yield, lOO0-kernel weight

and protein percent, respectively.

The top L0% of. each population was selected using the above indices.

Both the high negative genet.ic correlation between grain yield and per-

cent Protein and the negative index coefficient for mean protein indicate

a major problem in attaining a reasonable 1evel of simultaneous genetic

progress of grain yield and protein content in wheat.

trIeight-Free Selection Indices

Three weight-free selection Índices were used in this study. First,

selection was based on the multiplicative index involving yield, TK!,I and

protein. To compare the relative progress in grain yield, the top 107.

(ElIl) and the lowest LO% (EI^I2) of each population \¡las rerained on the

basis of this index. Second, weighÈ-free mulLiplicative index (Ew3)

involving only grain yield and TI{.I was used to observe Ëhe effect on

genetic Progress of grain yieLd of including protein content in the con-

struction of the index. This will shed some light on the degree of reduc-

tion from the attainable advance in yiel-d due to the negative correlatÍon

between yiel-d and protein conËent. The third weight-free index (Ew4)

was based on Bakerrs (1974) suggestion to approximate the index for

grain yield and rKl.I by its linear equivarenË by multiplying the mean

yield by the phenotypic standard deviation of TKI.I, and vice versa, and

addíng. The weight-free indices obtained for each cross \4rere as follow:

Cl : (EI,I1)1 = (MYD - 1308.9) (MIK - 35.7) (MpR - 16.0)

(EI^I3)1 = (MYD - 1308.9) (MTK - 35.7)

(EI.I4)I = MYD + 214.4 MTK
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c2: (EI{Il)I = (MyD - 2482.6) (¡frK - 36.3) (MpR - t5.4)

(EI,I3)1 = (MYD - 2482.6) (MIK - 36.3)

(EV[4)I = MYD + L44.5 ]4TK

C5 : (Ehtl)1 = (MyD - z5Z2.B) (¡4rK - 36.6) (MpR - 16.6)

(Ew3)1 = (MYD - 2s22.8) (MIK - 36.6)

(E[I4)I = MyD + 160.0 MrK

c6 : (Ew1)1 = (MyD - 2246.s) (MTK - 37.3) (MpR _ Is.4)

(Ei^r3)1 = (MyD - 2246,5) (I4TK _ 37.3)

(EW4)I = MyD + L75.8 lfrK

Desired Gaíns Selection Indices

Two desired gaíns selection indices were construcËed; one (pDl) based

on desÍred gains equal to the genetic sEandard deviation of each traiË
and the second, (PD2), using 20% of. F3 population mean as Ëhe desired

gains for yield ' zero for TIol and 10% of F3 population mean for protein.

The resulting index coefficienËs, heríËabÍIity and phenoËypic and genetic

standard deviatíons for PDl and pD2 are shown in Tables 2.g and,2.9,

respectívely. The desired gains indices in both procedures were stan-

dardized by dividíng each coefficient by Ëhe index coefficient for yield.
The indices for tvJo approaches are lísted below:

c1 (PDI)I = MYD - 22.2051 MrK + 619.7746 wR

(PD2)I = MYD - 48.0161 MrK + 64I.6105 MpR

(PDI)I = MyD - 66.8200 MIK + 425.6389 I,fpR

(PD2)I = MYD - 68.3750 lfIK + 425.71_57 MpR

(PDI)I = MYD + 58.8726 MTK + 454.9284 MpR

(PD2)I = MYD - 15.5890 MTK + 447.7652 MpR

(PDI)I = MYD - 17.5982 MTK + 438.3061 MpR

c2

c5

c6

(PD2)r = MyD - 60.2845 t'flrK + 398.4038 MpR
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Selection differentials of unit-trait and index selections vJere

expressed as percentages of the single traÍt selection differential
(Table 2.10).

The significant negative genetic correlatÍon between yierd and

proteÍn observed in the crosses (Table 2.6) resulLed in substantial
reduction in the selection differential (S) for protein when Ëhe selec-
tion criterion was grain yield per se. In all four crosses used in the

present study, selection for yieLd resuLËed in abouL -50% of the selec-
Ëion differentÍal íf selection was based on protein per se. In contrast,
the reduction in grain yield s when selection rdas on the basÍs of protein
vias very dramatic and variable. selection differentials for yield ranged

from -40% (c5) to -150% (c1). This means rhar in cl , for exampre, rhe

seLection differential for grain yierd will be reduced by about 250%

when selection is based on protein instead of yÍerd. This makes Ít
extremely difficult to maintain an acceptable 1eve1 of percent protein
if the breeders t sole objective is grain yield. The reverse is also
true, i'e. the impracticability of maintaining yÍeld if selection is based

solely on protein content (see Figures 2.2 and 2.3).
The effect on TIGI of selection based on yield also varied from cross

to cross. In Cl selection differential was reduced by about 93% of what

it would have been had selection been based on TI{rl, whereas in C6 Ëhis

reduction was only 40%. on the other hand, when selectÍon was based on

TM, the reduction in grain yield selection dif ferential range d f.ron 24%

(c6) to L20% (c5). selecting for TKI,J also affecred the selecrion differ-
ential for protein level differenËly but with less magnitude, ranging
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between 79% and L43%. Inversely, selection on the basis of protein

reduced the TKI^I selection differential from 74% to 126%.

These results for selection differentÍa1s are translated into pre-

dicted direct and correlated geneËic response due to selection. Table

2.11 gives predicted direct and correlated responses due to unit-traÍt

and SH index selections. The highest expected direct response for yield

(778 kg/ha; Cl) resulted in only a 0.28 g correlated response in TI(.I and

a -1.17" response in protein (Table 2.II). The reverse was even more marked.

rn the same cross, selection on the basis of protein gave an expected

gain in protein of 1.23%whlle the same selecËion resulted in a correlated

resPonse in yield of -659 kg/ha. This indicates that in the C1 population,

at least, a L.0% increase in protein through selection (i = 1.76) r,¡il1

depress grain yield by 536 kg/ha below the mean of the unselected popula-

tion. These reductions due to correlated response were less in magnitude

in the oËher three crosses but were sti1l significant. The predicted

correlated responses due to selection on TKW were relatively intermediate.

The predicted CR for yield when selection was based on TKI.I per se ranged

from 59 kglfra (Cf) to 286 kg/ha (C6). The implication of rhis resulr is

that although genetic gaíns will be relativeLy row, progress in grain

yield is possibLe in wheat by selecting for high kernel weíghr. This

reLaËionship was also true for protein. The CR of protein content when

selection v¡as for high kernel weight ranged from - .L9% to .34%.

ExpecËed gains from selection on various unit-Ërait and indices are

given in Tabres 2.r2 to 2.r5. Also, shown are the means of serected

(P = 107.) F3 lines from each selection method and Ëhe relative efficiencies

(RE 7") of the meËhods. Relative efficiency values were determined in

relaËÍon to expected gains from single trait selectíon. Some differences
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vJere observed betvleen Predicted direct and indirect responses in Table

2.LL ar,d expected gains in Tables 2.L2 to 2.15. This resulred from the

fact that the expected gains in Tables 2.L2 to 2.15 were calculated using

selection differentials after selection.

Expected gains in yield for the four crosses when Ëhe selection

criterion was yield per se, ranged from 335 (c2) to 596 (c1) kg/ha.

These gains were significantly reduced when selection was based on either

kernel size or protein content. The reduction in efficiency varied from

population to population (Tables 2.L2 to 2.I5). l,Ihen selection was based

on TKW, the expected gain in yield was reduced by abouË l2O% Ln cross 5

while this loss was only 24% ín cross 6. The reduction in expected yield

gain was rather dramatic when the selection criterion was proËein percent.

ExpecËed gains were reduced by as much as 250%. This corroborates other

reports on the difficulty of improving wheat grain yield and proteín con-

Ëent simultaneously.

On the oËher hand, selection based on yield caused a moderate progress

Ín kernel size but significantly reduced the potential ad.vance in percent

protein. The average relative efficiency for expected protein gain was

-57% when selection was based on yield.

Means of selected F4 bulks and realized gaÍns from various criteria

of seLection are given in Tables 2.L6 to 2.L9. In addition, the ratio of

the actual gain (Ra) to the expected gain (R) from each method of selec-

tion is calculated and expressed ín percent (Tables 2.L6 to 2.rg),

The actuaL yield gains from selection on grain yíe1d were lower than

expecËed esÈimates in Ëhree of the four populations. rn cl and c2, 75%

of the expected yield gain was realLzed whereas in C6 the actual yield

gain was only 607. of the expected progress. rn conËrast, the actual



B
ae

 1
e

of
se

le
ct

lo
n

T
A

B
LE

 2
'1

2'
 

M
ea

ns
, 

ex
pe

cL
ed

 g
el

ns
 (

R
) 

an
d 

re
la

tiv
e 

ef
flc

le
nc

re
s 

(R
¡)

 f
ro

m
 s

el
ec

tio
n 

on
 v

ar
io

us
:;r

å|
!;:

r:
::"

ln
i."

"t
""

.r
on

 
in

di
ce

s 
fo

r 
gr

at
n 

yf
el

d,
 

rr
c.

l 
an

d 
pr

oÈ
el

n 
co

nÈ
en

r 
in

 F
, 

po
pu

ta
ci

on

S
H

E
S

¡1

M
ea

ns
 o

f 
E

xp
.

se
1.

 F
3 

lin
es

 
ga

ln

w
2

E
W

3

w
r4

P
D

l

P
D

2

Y
D

T
K

P
R

Y
ie

ld
 (

kg
/h

a)

40
L4

35
06

31
60

37
 5

3

37
 5

3

34
7 

3

35
25

40
r4

32
54

22
63

59
6 

10
0.

0

16
4 

27
,5

-1
30

 
- 

21
.8

37
4 

62
.8

37
4 

62
.8

13
6 

22
,8

18
1 

30
.4

ss
6 
! 

74
 

to
o.

o

-5
0 

- 
8.

4

-8
92

 
-1

49
.6

R
X

(a
)

M
ea

ns
 o

f
se

l. 
F

3 
lin

es

rx
lt 

(e
)

42
,9

45
.2

38
.1

45
.5

4s
. 

5

42
.2

41
. 
I

42
.4

46
.2

42
.r

E
xP

.
ga

ln

0.
8 

19
.5

3.
0 

75
.6

-3
.8

 
- 

97
.6

3.
3 

B
z.

9

3.
3 

82
.9

0.
1 

2.
5

-1
.0

 
- 

24
.6

0.
3 

7 
.7

3.
9 

t 
0.

3 
10

0.
0

0.
0 

0.
0

R
E

(%
)

M
ea

ns
 o

f
se

1.
 F

3 
lin

ee

P
ro

te
in

 (
7"

)

16
.9

18
. 

3

L7
.7

L7
.6

17
 .

6

18
.6

18
.4

17
.0

18
.3

19
. 
I

E
*P

.
ga

ln

-0
.8

0 
- 

S
Z

.L

0.
30

 
L9

.2

-0
.2

3 
- 

I4
.7

-o
.2

7 
- 

I7
.4

-o
.2

7 
- 

L7
.4

0.
53

 
- 

34
.s

0.
 4

1 
26

 .
9

-0
.7

8 
- 

50
.6

o.
29

 
18

.8

1.
54

 1
 o

.1
3 

1o
o.

o

R
E

H H o\



B
as

 ie
of

se
le

cË
lo

n

T
A

B
LE

 2
'1

3'
 

M
ea

ns
, 

ex
pe

ct
ed

 g
ai

ns
 (

R
) 

an
d 

re
la

tlv
e 

ef
flc

ie
nc

re
s 

(R
x)

 f
ro

m
 s

el
ec

È
io

n 
on

 v
ar

r.
ou

s
lï"

ål
i;i

tå
lj"

T
"l.

"u
tu

"t
to

n 
in

dl
-c

es
 r

or
 g

ra
in

 v
ie

ld
, 

rx
l.t

 a
nã

 p
ro

Ë
el

n 
"o

.,.
.r

,i-
in

-r
3 

po
pu

la
rt

on

S
H

E
$¡

1

E
W

2

E
I{

3

E
W

4

P
D

1

P
D

2

Y
D

T
K

P
R

M
ea

ns
 o

f 
E

xp
.

ee
l, 

F
3 

lfn
es

 
ga

in

Y
fe

ld
 (

kg
/h

a)

40
10

37
47

3 
58

8

39
37

39
01

38
75

38
75

40
96

37
39

30
87

27
9 

83
.1

10
5 

3L
.4

o 
o.

o

23
L 

68
. 

B

20
7 

6L
.7

19
0 

56
.7

19
0 

56
.7

n5
 !

 
57

 
1o

o.
o

10
0 

29
.9

-3
30

 
- 

98
.5

R
E

(%
)

M
ea

ns
 o

f
se

l. 
F

3 
lin

es

rx
Y

¡ 
(e

)

44
.o

45
.7

38
.9

45
.6

45
.9

4L
.9

4r
.9

43
.2

46
,4

43
.3

E
*P

.
ga

in

L.
7 

42
.9

3.
2 

83
.3

-3
.0

 
- 

78
.6

3.
 I 

81
.0

3.
4 

88
.1

-0
.3

 
- 

7 
.7

-0
.3

 
- 

7 
.7

1.
0 

n.
B

3.
9 

t 
0.

3 
lo

o.
o

1.
0 

26
.2

R
E

(%
)

M
ea

ns
 o

f
se

l. 
F

3 
lln

es

P
ro

te
ln

 (
%

)

t5
 .

7

L7
 .2

15
.9

16
. 

5

16
. 

5

16
. 

8

16
. 

8

15
.9

L6
.9

t7
 .

9

E
xP

.
ga

in

-o
.7

4 
- 

61
.8

0.
50

 
4r

.9

-0
.6

0 
- 

50
.0

-0
.0

7 
- 

5.
9

-0
.0

s 
_ 

4.
4

0.
 1

8 
15

.4

0.
18

 
15

.4

-0
.5

7 
_ 

47
.8

0.
26

 
2L

.3

R
E

i

r.
20

 I 
o.

10
10

0.
 0

F H .{



B
as

 1
s

of
se

le
ct

lo
n

T
A

B
LE

 2
'L

4.
 

M
ea

ns
, 

ex
P

ec
te

d 
ga

in
s 

(R
) 

an
d 

re
la

tlv
e 

ef
fic

ie
nc

ie
s 

(R
E

) 
fr

om
 s

el
ec

Ë
lo

n 
on

 v
ar

io
us

si
ng

le
-Ë

ra
it 

an
d 

se
le

ct
fo

n 
in

di
ce

s 
fo

r 
gr

al
n 

yi
el

d,
 

T
K

W
 a

nd
 p

ro
te

in
 c

on
E

en
¡ 

in
 F

3 
po

pu
la

tlo
n

of
 ç

¡h
ea

È
 c

ro
ss

 5
.

S
H

E
W

l

81
.¡

2

E
I.¡

3

E
W

4

P
D

l

P
D

2

Y
D 1K P
R

M
ea

ns
 o

f 
E

xp
.

se
l. 

F
3 

lln
es

 
ga

ln

Y
le

ld
 (

kg
/h

a)

37
 6

7

34
39

29
4r

3 
60

6

35
62

35
27

33
87

37
 7

3

3I
2s

30
1 

8

37
9

L4
6

-2
08 26

5

23
4

20
9

10
9

R
E (7
")

98
.9

38
.2

- 
54

.2

69
.2

61
.0

54
 .5

28
.5

10
0.

0

- 
20

.0

- 
39

.9

M
ea

ns
 o

f
se

l. 
F

3 
lin

es

tx
w

 (
e)

42
.4

43
.9

39
, 

8

44
.5

44
.8

42
.8

4r
,9

4r
.9

45
.4

4L
.I

3$
!5

2
- 

77

- 
15

3

E
*P

.
ga

in

o.
7 

20
.8

2.
L 

59
.9

-t
.7

 
- 

46
.9

2.
7 

7 
5.

6

2.
9 

83
.4

1.
 1

 
32

.3

0.
3 

7.
8

0.
3 

7 
.8

3.
s 

1 
0.

3 
lo

o.
o

-0
.5

 
- 

13
.0

P
.E (/
")

M
ea

ns
 o

f
se

l. 
F

3 
lln

es

P
ro

re
in

 (
%

)

L7
.3

18
.6

L7
 .9

17
.8

17
 .9

18
. 

7

19
.0

L7
 .3

18
.0

19
. 

5

E
*P

.
ga

in

-0
.5

9 
- 

54
.5

0.
43

 
39

.9

-0
.0

9 
- 

8.
4

-0
. 
16

 
- 

L4
.7

-0
.1

1 
- 

10
.5

0.
50

 
46

.4

0.
76

 
7L

.3

-0
.5

5 
- 

51
.0

0.
 0

0 
0.

0

r.
 0

7 
I 

o.
 1

2 
ro

o.
0

R
E

F H oo



B
as

 le
of

ÎA
B

LE
 2

.1
5.

 
M

ea
ns

, 
ex

pe
ct

ed
 g

ai
ns

 (
R

) 
an

d 
re

la
tiv

e 
ef

fic
ie

nc
ie

s 
(R

E
) 

fr
om

 s
el

ec
tlo

n 
on

 v
ar

io
us

si
ng

le
-t

ra
it 

an
d 

se
le

cl
io

n 
in

di
ce

s 
fo

r 
gr

ai
n 

yi
el

d,
 

T
K

H
 a

nd
 p

ro
È

ei
n 

co
nt

en
t 

in
 F

3 
po

pu
la

tfo
n

of
 r

,¡
he

at
 c

ro
ss

 6
.

se
le

ct
lo

n 
M

ea
ns

 o
f

se
l. 

F
3 

lln
es

S
H

E
I^

¡1

E
W

2

Y
ie

ld
 (

kg
/h

a)

E
l¡3

E
li4

P
D

I

P
D

2

Y
D

T
R

P
R

39
33

38
22

28
7 

3

38
7 
I

38
78

37
 4

0

36
81

40
00

38
14

27
63

E
xp

.
ga

in

45
0

57
9

R
E ("
/"

)

-2
28

 
- 

46
.3

4L
5 

84
.2

4r
5 

84
.2

32
6 

66
.2

28
8 

58
.5

4e
3 

! 
68

 
10

0.
0

37
4 

75
.8

-2
99

 
- 

60
.6

M
ea

ns
 o

f
se

l. 
F

3 
lin

es

9L
.2

76
.9

rK
¿

 (
e)

46
.5

46
.6

39
.9

47
 .

2

47
 .

2

44
.0

42
.5

45
.6

47
 .

3

4L
.9

E
xp

.
ga

in

3.
0

3.
1

R
E (%

)

-2
.7

 
- 

72
,L

3.
6 

97
,7

3.
6 

97
.7

0.
8 

22
.2

-0
.5

 
- 

L2
.6

2.
2 

60
. 

5

3.
7 

t 
0.

3 
lo

o.
o

-0
.9

 
- 

25
.6

l"l
ea

ns
 o

f
se

l. 
F

3 
lln

es

81
 .4

83
.7

P
ro

te
in

 (
%

)

L6
.7

17
.5

17
 .

3

17
.0

17
. 

0

L7
 .9

17
. 

8

16
. 
I

17
.1

18
.9

E
xP

.
ga

ln

-0
.8

3

-0
.1

3

-o
.3

2 
- 

28
.1

-0
.6

2 
- 

55
.5

-0
.6

2 
- 

55
.5

0.
17

 
14

.8

0.
 1

4 
12

.5

-0
.7

5 
- 

66
.4

-0
.4

8 
- 

43
.0

i.1
3 

I 
0.

ro
 

10
0.

0

R
E

- 
73

.4

- 
LL

.7

H
:

H
; \o
:



L20

advance in yield in C5 was I37% of the expected value. l,Ihen selection

was based on yield, Ëhe actual correlated responses in TKI,J and percent

protein also varied from cross to cross (Tables 2,16 to 2.I9). In the

high-protein parent cross (C6), the actual reduction in protein content

due to selection for yierd was 159% of the expected decrease. r.n the

same Population, the actual loss in protein when selection was based on

TKI,I was 200% of. the predicËed estimate.

Lack of the relative fit between the expected and the actual gain

uright have resulted from one or more of several factors: (1) seasonal

variation, (2) methods of parameter estiuntions, (3) the genetic struc-

ture of the segregating F3 and F4 populations, or (4) Ëhe mean of rhe

unselected F4 population which is assumed to be the mean of a random

sample composite of the unselected population for each trait.

Eelection Based on Various Indices

The resulting selection differentials of the SH index were relatÍve1y

consistent from cross to cross as far as yÍe1d and protein were concerned

(Table 2.LO) " The percent selection differentials for yÍeld when selec-

tion was on sH Índex were high ranging from 83 (c2) to 100 (c1). This is

a measure of the high relative economic weight assigned to grain yield in

the construction of the index. on the other hand, percent selection

dífferentials for proËein vrere consistently low ranging from -52 (c1) to

-73 (C6). In spite of the fact that TKI^I was given zero relative economic

weight in SH, Íts selection differenrial in C6 was relarively high

(Table 2.10) .

In general, the weight-free indices resulted ín the l-east reduction

in protein selection differential. In particular, based on selection

differential values, E[,Il was one of the besË indices for improving protein
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next to selecting direct for proteín percent per se. EI^I1 and the PDts

were the only indices that gave positive selection differenËia1 for pro-

tein. Selection differential percentages for EI,ll were 19, 40 and 42 for

CI, C5 and C2, respectively. On the other hand, Et{I was relatively infer-

ior for identifying hígh yielding lines. Nevertheless, among the weight-

free indices Ei.rll, EI^I3 and EI^I4 tend to identify lines with high TI{,I. EW3

and EI^I4 showed very close agreement in all respects. Both these indices

isolated relatively high yielders (s = 6L% to B4%), lines having high

kernel weight (S = 767" to 9B%), and resulted in the least reduction in

protein Percent (S = -4% to -507.). Comparatively, E[^I2 resulted in signi-

ficant decrease in selection differentials of yie1d, TM and percent

protein.

The two desired gains indices gave slightly different selection

differentials across the four populations and the three traits. For

yield, the percent selecÈion differentÍa1 from PDl ranged from 23 (C1)

to 66 (c6), v¡hereas the equÍvalenË range from pD2 was 29 (c5) Ëo 59 (c6)

(Table 2.10). rn general, however, wiËh the excepËion of c5, the rwo

indices resulted in similar levels of percent yield selection differen-

Ëials. 0n the other hand, Ëhe PDl showed relatively higher selection

differential in kernel size than PD2 in most cases. NeverËheless, the

percent S for TK[,'I from both PDl and PD2 were very low. As far as protein

content \Àlas concerned, all the selection differential estÍmates were posi-

tive and in some cases highly signíficant. The highest percent S values

were 46 and 70 for PDI and PD2, respectively. Both these values r^?ere

recorded for population C5.

Based on selection differential values, Èhe various indices used can

be ranked as follows: for grain yield, the SH index was Ehe most efficient
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in identifying high yielding lines followed by EI^I3 and EW4 in a second

position. The PDl, PD2 and Ei.Il were Ehird as a group. The weight-free

indices lùere suPerior in identifying large-kernelled lines followed by

the SH index. The desired gains índices vrere the least in TKI^I S values.

For protein content, t.he desired gains were found to be the most efficient

methods followed by the weight-free indices, particularly EWl. Conversely,

the SH index resulted in highly significant reduction in percent protein

advance.

As the relative economic weights have important effects on the SH

index, the assÍgnment of appropriate and realistic leve1s of desired gains

were important in the desired gains index. rn this study, the use of

genotypic standard deviat.ions of each trait as desired gains was slÍghtly

more efficient t.han the second set of desired gains used.

In contrast, compared to EI{l, selection in the direcËion of the Low

tail of the curve using the weighË-free index (EI^I2) resulËed in significant

and approximately equal amounts of negative selection response (in the

opposiËe directÍon) for most traiËs and crosses.

rn the smith-Hazel index predicred aggregate genotype values (H) for
grain yield ranged from 415 (C5) to 786 (C1). The corresponding K values

were 307 to 684 (Table 2.LL). These resulrs depicr rhe high herirability

and phenoËypic standard deviation estimates of the index. The expecËed

indirect resPonses for yield when selection was based on SH were low in

populations cl and c5 but compararively high in c2 and, c6. The corres-

ponding estimates for TK!ü also varied from slightly negative response to

positive gains. In contrast, the predicted correlated responses for pro-

tein when selection was based on this index were significantly and con-

sístently negaËive (Table 2.1I).
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The expected gains shown in Tabl-es 2.72 to 2.I5 were calculated

using the selection differentials obÈained afËer sel-ectÍon, Ëherefore

Ëhere are some differences from the predicted gains in Tabl_e 2.LI. rn

the cl population, sH gave high expecred yield gain (596 ke/ha), whereas

the effect on TKVI v¡as non-significant. However, the expected selecËion

resPonse for protein content vJas reduced significantly (-52%). The rela-
tive efficiency results in the three traíts of populations r{ere more or

less similar with that of Cl. This explains that while the relative

efficiency of selecting for high yield on this index T¡¡as as good as

direct selection for yield, the negatíve effect on protein improvement

can be significant.

This same general trend was seen in the other two populations with
minor differences. In t,he C2 population, the relative efficiencies of
sH for yield, Tffi and protein were 83%, 43% and -62%, respectively. rn

C6, however, these relative efficíencies were signifÍcantly different,

vLz. , 91% (yield), 81% (TIGI) afrd -73"/" (prorein). These resulrs indicare

the effectiveness of selecting for high protein using the sH index is
rather very 1ow and approximately equal to sel-ection based on yield per

se. In all four crosses the expected gain in protein content was predom-

inantLy negative. For insËance, in c6 the efficiency of selecting for
elevated proËein lines based on the Srnith-Ilazel index in relation to

direct selection for proteín percent was -73%. Therefore, as far as

impnoving grain protein leveI is concerned., direct selection for high

protein is superior to using the SH index by L?3%. In other words, unless

the breeder is willing to sacrifice grain proEein level for genetic pro-

gress in yield and kernel size in v¡heat, the application of the Smíth-

HazeL index may nÒt be the right choice of breeding meËhod. Conversely,
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increasing the relative economic weight assigned to protein content will

result in yield reduction. In addition, the magnitude of such a reduc-

tÍon in expected protein improvement vras similar when selection was based

on grain yiel-d per se.

Among the weight-free indices, ffi3 and EtI4 v,¡ere similar in most

resPects across the four populations. The multiplicative weight-free

index (EI'I3) and its linear approximaËion (Ei,I4) were found ro be better

choices when protein improvement is one of the objectives of a selection

Program. These methods showed reasonable levels of relative efficiency

for expected gains in yield (6L7. to B4%) and, also resulred in a signifi-

cantly high efficiency in the seLection progress of kernel size. The

expecËed gains in kernel weight ranged f.rom 2.7 g to 3.6 g wiËh RE varying

ftom 76% to 98%. As far as protein content vtas concerned, the loss in

expected gaín in relation to direct seLection for protein was minimal in

three of the four crosses. The average RE values vtere -L7%, -5% and -Il%

in the Cl, C2 and C5 populations, respectively.

The multiplicative weight-free index (EI.II) involving yield, TKIrI and

Percent protein was of parËicular interesË. This index resulted in rela-

Ëive1y low Ëo intermediate 1evels of efficiency in identifying high

yielding lines compared to selecting for yield per se. Relative effi-

ciencies for yield ranged f.rom 27% to 77%. Nevertheless, the low yÍeld

gains I¡lere comPensated by the relatively high genetic advance in TI(,I,

and moderate levels of positive progress in percent proËein. The expected

gains in TKI,rr ranged from 2.1 g Ëo 3.2 g with RE values ranging from 60%

to 84%. Concurrently, Èhe expected gains in protein percent were positive

in all crosses excePt in C6. Relative efficiency values !üere as high as

42%, Conversely, EW2 resulËed ín significant negative selection effect
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in all the traits studíed.

More comparison of the expected selection responses from Et{t and EtrI2

is pertinent. The expected yield gains from EI{l ranged from 105 (C2) to
379 kg/ha (c6), whereas the equivalent expected yield gains from Ei,I2

varied from zero to -228 kg/]na. The relative efficiency for yield res_

ponse in EWl averaged 43.5% compared to -30.6% for Eþ12. This patrern r^,as

simiLar for kernel size with average R-E values of 75.6% for EI.II versus

-73.8% for 8htr2. Thus, E!{l tended to idenrify hígh kerner weight rines,
whereas selection in the opposite direction was also equally effective
in identifying smal1-kernelled 1ines. The relative efficiency of EWl in
expected advance in protein content is of particular ÍnËeresË. EI{1 gave

significant positive RE values in three of the four crosses. Relative

efficiency values as high as 41.9%were recorded for EtIl, while EW2 gave

signifÍcant percent efficiency values in the opposÍte direction ranging

from -8.4% to -50.07". These results support our hypot.hesis that the

unweighËed multiplicative index, although relatively less efficient in
ÍdenËÍfying high yielding 1ines, can be an efficient selecrion Índex in
improving grain proËein in wheat.

On the other hand, when proËein percent \,üas eliminated from Èhe index

to measure the effect of the negative correlation between graín yield and

grain protein on the response to selection, the relative efficiency in
yield progress íncreased significantly ranging from 62.8% (cL) to g4.2%

(c6)' In addition the efficiency of EtI3 in selecring large-kernelled lines
was better than EtrÏl (7s.6% to 97 .7"/"). However, the expected geneËic

Progress in protein content when selection was based on EtI3 became nega-

tive with RE values varying from -5.9% Eo -5s.5%. This indicates that
the inclusion of protein in the unweighted index does adversely affect the
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genetic advance ín grain yield but aids in improving protein content.

The expected genetic gains obtained for the two desired gains indices

were similar with minor differences across populations. The expected

yield gains ranged from 109 (C5 - PD2) ro 326 kg/ha (C6 - pDl). The

relative efficiencies of these indices in relation to direct selection

for yield were 27%, 57%, 4L% and 62% in populations Cl, C2, C5 and C6,

respectively. Thus, for Ëhe desired gains and populations used in the

study, the use of the desired gains selection index may not result more

than 50% of the expected yield gain under direct selection for yie1d.

In addition, because of both the properties of the index and the desired

gains assigned for each trait, the expected gains in TK!,I were low or

negative Ín all crosses. However, the desired gains were found to be the

best index in ímproving grain protein in wheat in the present sËudy. Rela-

tive efficiency values of as high as 59% were recorded for protein content.

In general, these estimates of expected gains from selection on the

basis of different indices indicaËe that although the Smith-HazeL index

procedure r{as superior in identifying high yielding 1ines, the weight-

free multiplicative index or preferably the linear approximation of ¡he

weight-free index would prove superior overal1. This results from the

fact that the former indices resulted in substantial negaËive effecË on

selection response of protein, whereas the laLter group identified

reasonably high yield and large kernel lines vrith the least decrease in

proËein content.

The realized gains in Ëhe three traits studied from selectíon on

Smith-llazel and weight-free indices and yíeld per se are given in Tables

2.L6 to 2.L9. I,Ihen selection urethods r{ere conpared in regard Ëo the means

of selecÈed lines in F3 and F4 generations, the sH index and direct
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selection for yield consistently gave higher yield means across popula-

tions in F3 and F4. The actual gains in yield compared to the expected

gains, howeverr were variable from cross to cross and procedure to pro-

cedure. The tealLzed gains in grain yield from selection based on the

S¡nith-Hazel and weight-free indices Tdere 1ov¡er than the expected advance

in populations cl, c2 and c6 but were higher in c5. The average actual

yield gains in these three populations were 79%, 72% and 85% of. the ex-

pected val-ues for sH, EI.I3 and EI.I4, respectivery. rn populations cl, c2

and C6 the actual yield gain from selection for yield per se averaged lO%

of the expected genetic advance. The realized gains in C5 from a1l the

selection criteria used were higher than the expected yield progress.

The Ra/R ratios for yie1d in this cross were L43%, L26"/", L43% and L32%

for SH, EI^I3, Ei^I4 and yield per se, respectively. The results observed

for this cross may be due to the general low level of productivity of

the population during tlne L979 season and its better performance during

the F4 generation. on the other hand, the actual yield gain from EWI

varied inconsistently from cross to cross with Ra/R ratios ranging from

-IL?"L to 40%.

The comparison of E['I1 and EW2 in relation to actual gains observed

showed that realized yíeTd gains fluctuated inconsistently from cross to

cross while the kerneL size and protein content results were consistent

with expected gains across populations. The actual yield gaÍns from

EWl were low but positive in population c1, relatively high in c6, nega-

Ëive in c2 and near zero ín c5. rn parallel, the observed yield gaÍns

from EW2 r¡lere Positive in Cl and negatíve in the other three crosses.

Nevertheless, Ei{2 gave consistent negative realized gains in TKI{ (-L,4 g

to -4.0 g) and protein percent (-}.Lr% to -0.802"), whereas EWl gave con-
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sistent and relatively high geneËic progress in TKII (2.3 g to 3.7 g) and

protein (0.5%, Cl; 0,4%, C2; 0.4"/", C5).

The efficiency of EWl in identifying high yielding lines was sub-

sËantially improved by using EW3. The actual yield gains from EirI3

ranging f.rom L92 to 334 kg/ha vJere accompanÍed by corresponding signifi-

cant observed gains in kernel weight (2.7 g to 3.6 g). However, the

reaLized gains in percent protein tended to be slightly negative (o.rT.

Èo -1.0%). Therefore, while the application of the unweighted index (Ei,il)

aids in geneËic improvemenË of protein content and kernel síze with rela-

Ëively less gain in yield, EI,I3 may be a betËer choice if the breeding

objective includes increase in yield with minimum reduction in protein

contenL.

The picture of the realized gains in kernel weight was different from

that of grain yierd. The sH index gave Ra/R rarios of 37%, 5g%r 100% and

100% for Cl, C2, C5 and C6, respecrively. In parallel, the results in

Et'I3 and ErÃ4 were 82%, 94"/", L00% and L007., whereas the actual gains in TKI.tr

from selection on EI^II were higher than expected gains in most cases. In

both F3 and F4 generaËíons, selections based on kernel weight, EI^II, ffi3

and EW4 gave high mean kernel weight of selected lines. rn contrast,

EW2 gave the lowest mean values for all traÍts studied in both F3 and F4

generations of the four populations. This indirectly supports the sugges-

tion that the weight-free index does effectively separate poor lines from

superior genotypes.

In popuLations Cl and C2, the actual reductions in protein percent

due to selection on the various indices with the exception of EWl in Cl

and El,I3 in C2 were less than expected, whereas in populations C5 and C6,

the actuaL decrease increased significantLy for all indices (Tables 2.16
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Eo 2.19). As indicated for single Etaít selection, these fluctuacions

might have been caused by various factors. The seasonal variation, in

additíon to population variables, could be an important conËributor. Such

a possibility is indicated by the relatívely 1ow levels of F4 protein

means compared to F3 means in all the crosses (Tables 2,L6 to 2.L9).

Generally, when means of yield, TM and protein percent of F3 and F4

selected lines are compared, a slight increase in F4 yield is observed

while decreases in TIGJ and protein is evident. In particular, the reduc-

tion in the mean proteín levels of F4 seLected lines is prevalent

(Appendix Tables A-1 to A-B).
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CONCI,USIONS

The genetic variances estimated by the AOV method mighÈ have been

biased upward because of dominance and episËatic effects and the limited

number of ËestÍng seasons and environments. Cross 1 with the highest

genetic coefficient of variation for grain yierd resulted in higher

heritability estinates Ëhan the other populations and gave the highest

predicted yield gain from selectíon. The relatÍve1y high heritabiliry

values generally observed for all the three traits studied might have

also been caused by the nature of the F3 partially segregating popula-

tions investigated.

i'Ihile grain yield and TIff were positively correlated in three of the

four popuLaËions, yield and protein percent were highly negatively corre-

lated giving genetic correlation values as high as -0.87. In the present

study, the genetic correlation coefficients in mosË cases were reLatively

larger than Ëheir respective phenotypic correlation coefficients. How-

ever, Ëhe environmental correl-ation coefficients were not consistently

negative despite theoretical expectat.íons.

The relatively high leveL of the genetic coefficient of variation

observed in cross 1 was also shown in the high genetic standard deviatíon

in the Smith-Hazel index and the high standard deviations of Ëhe aggregate

genotyPe of this cross in the SH and PD indices. In addition, as observed

for the individual traits, the heritability estimates for the SH index

were high. The negative genetic correlation between yield and percent

protein Ëogether with the high negative index coefficients for mean pro-
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tein in the SH index indicated the presumably unsurmountable problem of

improving wheat grain yield and protein content sÍmultaneously by employing

conventional selection index procedures.

The constructíon of desired gains indices based on gains equal to

the genetic standard deviation of each traít and using 20% of. F3 popula-

tion mean for yield, zero for TIoü and 10% of F3 population mean for

protein, resuLEed in essentially similar index coefficients within a

population, identifying more or less the same sets of genotypes for

se lec Eion.

The significant reduction ín the selection differential for yield

when selection was based on high proËein content and vice versa again

revealed the extreme difficulty in maintaining an acceptable level of

Percent protein if the breederrs main objective and basis of selection

is grain yield. consequently, a L,0% increase through selection in pro-

tein depressed grain yield by up to 536 kg/ha below the mean of the

unselecËed population. In conËrast, the predicted correlated response

in yield and protein content due to seLection on kernel weÍght showed

that although genetic gains r¡ill be relatively low, progress in both grain

yield and percent protein is possible in wheat by selecting for high TKI^¡.

However, the expected direct gains in yield v¡hich ranged from 335 to 596

in the four populations were reduced by ,rp to L20% and 250% when selec-

tions were based on kernel weight and protein content, respectively.

Lack of similarity between expected and actual gains in the three

traits is assumed to be caused by either methods of parameter estimation,

Ëhe geneËic structure of the F3 and F4 populations, seasonal variation,

or the use of Ëhe mean perfornance of the composiEe as the mean of the

unselected population. Realized gains as high as 505 kg/ha together with
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the means of individual groups, effectively indicated the potentially
promising populations among the crosses studied and identified rhe highly
productive F3 and F4 f.ines for further selection.

I,{hen selection methods r¡rere compared in regard to the means of
selected F3 and F4 lines, the SH index and direcË selection for yÍe1d

gave higher yield means across populaËions than the other methods studied.
The reaLized gains in yield from selection based on yield per se, Ëhe SH

index, EtJ3 and EI^I4 were rower than expected advance ín populations cl,
c2 and c6 (Ra/R rarios ranging from lo% to g5%) buÈ were higher in c5

(na/n = L26% to L43%).

The relatively high percent selection differential for yield and rhe

significantly negative selection differenËia1 for protein when selection
was on the basis of Smith-Hazel index point out the shortcoming of this
index íf used for improving both grain yield and protein percent. rn

contrast' the weÍght-free and desired gains indÍces were better choices

¡¿hen the protein level was an important component in a wheat breeding

Program. Particularly, EWI was relaËiveLy the best index in attaining
both a certaín level of progress in grain yÍeld and significant increase

in kernel size and protein content. EI^I3 and E[,I4, which were very similar,
identified relatively high yielding lines with high kernel weighr and

caused the least reduction in proteÍn content. Conversely, EtrI2 identi-
fied very poor sets of lines in regard to a1l the traits studied, sub-

sËantiating the value of the weight-free index as a seLection toor to
improve both protein and overall productivity.

The desired gains selection indices used were more or less similar
efficiency with minor superiority 6f pDl in predicting genetic progress

the populations studíed. The sH index hTas superior in identifying

1n

l_n
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high yielding lines with relativeLy above average kernel size but the

desired gains indices were superior than the SH index for selecting lines

with higher percent protein. Results showed that the use of genetic

standard deviations of each traiË as desired gains was appropriate and

effective for the desired gains index.

Comparison of expected gains in the three traíts as a result of

selection based on yield per se, and Ëhe SH and EI^I indices revealed tlLat

while the relative efficiencies of selectíon on the SH index were close

to direct selection for yield, the negative effects on protein improvement

were significant and of equal magniEude as in direct selection for yÍeld.

Thus, we conclude that unless Ëhe breeder ís willing to sacrifice in the

leve1 of grain protein for genetic progress in yield and kernel size in

wheat, the application of the SmiËh-Itrazel index may not be the best

choice of breeding methods. Among the weight-free indices, Lhe linear

approximation of the multiplicative index (EW4) and its multíplicative

equivalent (EI,I3) were found to be superior when simultaneously selecting

for high grain yield, large kernel sLze, and minimum reduction in protein

percent. EI^II , PDl and PD2 were the only indices which resulted in posi-

tive genetic advance in proteÍn through selection but iË was accompanied

by a slight loss in yieLd gain compared to selecËion based on SH index

or yield per se.

In general, our results lead to Lhe conclusion that although the

Smith-Hazel index procedure is superior in identifying high yielding lines

within the range of populatíons and relative economic weights used, the

weight-free indices are better overal1. The former índex and selection

based on yield per se equally caused substantial negaËive effect on pro-

tein improvement while the latLer group isolated lines with reasonably
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high yield and large kernel with positive progress or the least negative

effect on protein.

When selection methods \¡iere compared in relation to the means of

selected F3 and F4 lines identified by these procedures, the Smith-Haze|

índex and direct selection for yield consistently gave hÍgher yield means

across populations. Similar comparison for kernel weight showed that

selection based on TKII, EWl , EtI3 and Ei,l4 gave high mean TKW values. As

far as protein is concerned, however, selections on the basis of protein

content per se, kernel síze, EI^11, PDl and pD2 resulted in higher proËein

means.
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MANUSCRIPT 3

EFFECTS OF EXPERTMENTAL VARIABLES

ON THE ESTIMATES OF HERITABILIÎY

AND RESPONSE TO SELECT]ON

IN I,IHEAT
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INTRODUCTION

Heritability estimates are useful to predict the genetic advance

from various selecLion schemes. Therefore, the knowledge of the magni-

tude of the ratio of the additive genetic variance to the total pheno-

typic variance is essential in any selection program. rt is used to

evaluate the relative degree to which a Èrait is transmitted from parent

to offspring. On the other hand, heritability estj-mates depend on

several variables so that it varies significantly with the structure of

the specific genetic population under consÍderation, the reference unit

of measurement, the precision with which the environmental variance is

estimated, and the meEhod of estimation" Because the response to selec-

tion is the function of the heritability of a character, any variation in

the heritability estimates of a unit trait affects the reliabiliry of rhe

predicted genetic advance from selection.

The two most commonly used procedures of estimating heritability in

plant and animal breeding and genetic studies are the variance components

and offspring-parent regression methods (Comstock and Mo11, L963; Gordon

eL al., L972; Kempthorne and Tandon, 1953; Bohren et al., 1961). The

effect of Ëhese various methods of estimation on heritability ratios and

Ëhe relative efficiencies of the different techníques of measuring heri-

tability were the subject of investigation by several workers (Hill,

1-97l; Latter and Robertson, 1960). Sidwell et al. (1978) used two

approaches of estimating heritabílity by the AOV method in winter wheat.

They used F3 family performânce based on single plot and multiple-plot
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measurements to estimate heritabilities for several characters. They

reported that heritability values increased by up to 62% winen the units

of measurement consisted of Ëhree replicates rather than single replicate.

Recently, Cahaner and IIi11e1 (1980) compared Ehree procedures including

AOV, offspring-Parent regression, or intergeneraÈion correlation methods

in F2 and F3 generations of self pollinating crops. They concluded that

the variance comPonents family-analysis method based on intra-c1ass

correlation !üas superior to the other two because this procedure vras less

affected by non-additive contribuËions.

This study rvas designed to compare heritability estimates based on

various approaches of variance componenËs, offspring-parent regression,

and intergeneration correlation methods, and to determine predicted

genetic advances in yield, kernel weight and percent protein of four

wheaÈ crosses at tvro 1eve1s of selection intensity.
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MATERIALS AND },IETHODS

Experimental details of F2, F3 and F4 generation tests were given

ín manuscripts T arrd 2. Individual and combined analyses of variance

were performed on F3 and F4 generations data collected from four popula-

tions grown under two environments. F3 measurements included yield,

kernel weight and protein content, whereas yield, Lest T,,reight, kernel

weight and percent proteín were measured in F4. F3 on F2 regression

analyses were computed for yield, kernel weight and percent protein for

each test in each Location and combined means of results from two loca-

tions. Also, moment correlation between F2 single plant measurements

and F3 mean performance from two sites ¡¿as carried out for the three

traits in four populations.

Three classes of methods of estirnating heritability were used,

namely the varÍance comPonent method, offspring-parent regression method

and íntergeneration correlation (Cahaner and Hil1e1, 1980). Under the

AOV method, heritability values for yield, kernel weight and percent

protein were determined using tvJo types of reference units (Sidwel1 eË

aL.r 1978): single replication and multiple repLications. Thus, heri-

tability estimates were determined on the basis of single-plot and

multiple-ploL measurements on tests in each location, and single-p1ot

(one plot per location) and multiple-plot measurements of combined data.

In determining the genet.ic variance estimates for a one location

test, the error mean squares r^ras used as the interaction residual to be

subtracted from F3 lines mean squares (Sidwell et al. , 1978) , while the

location x F3 línes inËeracËion mean squares were employed in the
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combined analysis. PredicÈed genetic gain from the various methods of

esËimating heritability \¡7as computed using the selection differenËial of

each trait in each cross and its corresponding heritability at two

levels of selection intensity (P = 5% and L0%). The ratio of Èhe

expected genetic gaín from selecting 5% of. the population Ëo the mean of

the population before selection ís given in percent.
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RNSULTS AND DISCUSSION

Mean squares from individual and combined analyses for grain yield,

kernel weight and protein content of the four F3 populations are given

in Tables 3"1 to 3.4. F3 lines of all four populations \¡/ere significantly

different in yÍeId, TKW, and percent protein in both test locations. This

was also true for the combined analyses. Locations effect was also highly

signÍficant (P < 0.01) in all three traits of the four crosses. The

resuLts of the F3 lines-locations interaction rdere variable. In popula-

tions Cl and C4 interaction mean squares of all three characters were

highly significant. The genotype-environment interaction mean squares

for protein in c2 and yield in c5 vrere non-significant. However, the

interaction effecEs for yield and TKI,J in population C2 and TKIrI and pro-

tein in C5 were significant.

lables 3.5 to 3.8 give mean squares for yield, test weight, kernel

weight and percent protein measured on selected F4 bulks grown under two

environments. The bulks included in the F4 tests were significantly

different in all four traits studied. These results r¡¡ere expected because

the F4 entries included a certain proportion of the top lines Ëruncated

using various selection criËeria and also a certain proportion of the

lowest Ín aggregate performance on t.he basis of weight-free selection

index involving yield, ÎM, and proËein contenË (Elston, 1963). on the

other hand, differences vrere less signifícant among those lines in the

top truncated segment (see Appendix Tables Al to A-8). Locations effect

$7ere also highly significant in all traits of the four crosses. Never-
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theless, the genotype-environment interaction effects were signifícant

only in test weight and TKW across the four crosses. The F4 bulks-

locations interaction mean squares for yield were significant only in

C1 and C6, while the genotype-environment interaction effects for proLein

were non-signífícant in all crosses.

Heritabil iËv Estimates

The various methods of estimating heritability ratios resulted in

sÍgnificanEly different estimates for each trait. This, in turn, affected

the magnitude of the expected gains from selection substantially. Ob-

served heritability values for some traits ranged from approximately zero

to 0.92.

The heritability ratios estimated based on the variance components

method wí11 be considered first. Comparatively, the heritability esti-

maÈes based on the AOV method v¡ere predominantly higher than those from

the regression or correlation procedures. For yield, for instance, Ëhe

least heritability observed across the four populations was 0"36 when the

AOV approach was used, whereas values as Low as 0.03 were obtained using

Ëhe correlation or regression methods (Table 3.11). within the Aov

method the esEimatíons based on Ëhe measurements of three repLications

were largerr as expected, Ëhan those estimates on the basis of single-

plot observations. This may be caused by the reduction in the residual

error effect as the number of replicatÍons increased from one to three.

NeverËheless, thís change in heritability varied from trait to trait and

from populaËion Ëo population. For yield the highest percent increase

in heritability estimates as the reference unit changed from one replica-

tion to Èhree replications were 22, 4L,43 and 42 for populations Cl, C2,

C5 and C6, respecËively. Because the heritability estimates for kernel
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vJeight \Â7ere consistently high, the changes due to the increase in the

number of replications were relatively 1ow ranging only from 5% to 2I%

among the four populations. The eguivalent changes for heritability of

protein were intermediate between kernel weight and yie1d.

The actual magnitudes of the heritabilÍty estimates of a trait on

the basis of the AOV procedure showed slight variation from population

to population. The heritability of yield in population C1 ranged from

0.66 to 0.89 while the same range for c5 was from 0.36 to o.lL. rn con-

trastr the heritability values for kernel weight were consistently high

across Lhe four populations. Tn C2 the Glenlea Ëest and the combined

analysis on the basis of single-p1ot measurement resulted in relatively

1ow heritability estimares (0.39). similarly, single-plot observation

gave the lowest heritability estimares for yield in the C5 and C6 popula-

tions, resPectively. On the other hand, the application of the multiple-
plot approach gave high heritability estimates when both single location

data or combined analysis were considered. This resulted in an over-

estimaËion of the Parameter. For instance, the average heritability for
TI{¡l based on various reference units from the AOV procedure were 0.g2,

0.88, 0.87 and 0.86 for populations cl, c2, c5 and c6, respecÈively. The

heritability estimates for protein, however, using the same Aov method

were lower than those for kernel weight. rn the c5 population, heri-

tability for protein ranged from 0.39 to 0.93 depending on the reference

unit used. These same estimates averaged o,79,0.76,0.67 and o.gl in

populations cl, c2, c5 and c6, respecËively. All estÍmates showed signi-

ficant upward bias which will indirectly affect the reliability of rhe

expected response Eo selection.

Thus, whereas the heritability values and expected genetic gains



15s

from the AOV method were overestímated, the offspring-parent regression

and intergeneration correlation methods underestimated these parameters

in all the populations studied. The F3 on F2 regression coefficients

for graÍn yield were significant only in populations cl (0.76) and c6

(0.42) grordn at the Glenlea locaËion. As a resulr, rhe heritability

estimates from these tests were relatively higher (Tables 3.9 and 3.I2).

on the other hand, the estimates for the heritability of yíe1d on the

basis of offspring-parent regressÍon for populations c2 and c5 were

approximateLy zero. The results from the intergeneration correlation

also showed similar results. The results obtained for TKrI was rather

different. Both the F3 on F2 regression and correlation showed signifÍ-

cant leve1s of heritabÍ1ity estimates. In addition, the intergeneration

correlation coefficient for each traÍt was larger than the corresponding

regression coefficient for all populations. Therefore, for TKIJ it is

suggested that the intergeneration correlation may give a better estimate

of heritabÍlÍty than either the AOV meËhod which may overestimate the

Parameter or Ëhe offspring-parent procedure which may underestímate the

values. For protein conLent the heritability estimates using the O-p

regression and correlation l¡7ere low and non-significant for populations

CI and C2. However, in populatÍons C5 and C6 these values were relatively

high and again the correlation method gave larger estimates than the O-p

regression method.

Expected Genetíc Gains

The expecÈed genetíe gains from selection estimated using the heri-

Ëability values from the AOV method were significantly higher than pre-

dicted gains from the oËher two procedures (Tables 3.9 to 3.rz). rn
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yield, the least expected gains were obtained from combined data of one

plot per location, T^rhereas the highest expected gain in each cross was

from the Point test using three replications. This trend was similar

across populations with minor variation in population C5. However, the

magnitude of predicted yieLd gains were high in populations cl and c6,

but relatively low in c2 and c5 within the Aov method. The percent

expected yíeld gains on top of Èhe population mean using the AOV method

when 5% of Ëhe population was truncated varied from population to popula-

tion. In the Cl populaËion this increase ranged f.rom 15% to 25% of the

mean, whereas such improvements were up to L6%, 17% and 28% f.or popura-

tions C2, C5 and C6, respectively.

In contrast, the expected yield gains using the offspring-parent

regression and correlation procedures were 1ow, particularly in popula-

tions C2 and C5. However, the expecËed progress from the Glenlea tests

of Cl and C6 were relatively high. Although this depended on the srruc-

ture of the specific population, the variability of the offspring-parent

regression and correlaËion results was accentuated by differences in

tesËing environments of the F2 and F3 populations contribuËed by both

seasonal variations and location effects.

In populations Cl and C2 the genetic gains in TI{,I followed a

sími1ar pattern with that of the yield response; the highest expected

gain reas from replicated tests at the Point and the least expected pro-

gress was from combined analysis with single-replicate tests. Conversely,

the trend in Ehe C5 and C6 populations was thaE the maximum expected gain

in kernel weight was obtained from multiple-plots at Glenlea and the

minimum improvement !üas observed from single-p1ot measurements in the

combined analysis. The maximum expected gains in TK[,I using multiple-p1ot
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criterion were 4.0 g and 4.6 g, respectively, whereas the minimum gains

were 3.0 g and 2.7 g for C5 and C6, respectively at 10% selection pressure

(Tables 3.11 and 3.L2). These results based on the regression and corre-

lation procedures !üere significantly lower than from the variance compo-

nents method.

The expected gain in percent protein showed consistent trend across

the four populations. The maximum expected gains were obtained from the

Glenlea tests using both single and mulÈiple plots. However, the expected

gains based on multiple plots as reference units were larger. Conversely,

the least expected progress was observed from the Point experiment, pâr-

ticularly those based on single-plot observations (Tables 3.9 to 3.12).

The general trend based on the results of these four populations

gro\"rn. under one relatively optimum envíronment and another relatively

sub-optimum growing environment clearly indicated that selection using

multiple-p1ot measurements under optimum or near optimum environment

results in maximum genetic advance from selection. Conversely, Ëhe least

Progress may be expecËed from selection when more than one testing loca-

tions are combined and particularly when some of these environments have

sub-optimal growíng condÍtions. This brings out the imporËant problems

of genotype-environment interaction and the need for a decision on the

objective of a selection scheme in terms of adaptability and stability

of varieties. That is, although the breeder rnay be able Ëo identify

genoËypes that are relatively stable across environments, he will be

forced to sacrífice maximum productivity and rapid genetic advance com-

pared to selecËing under specific optÍmum growing environments.

In general, the heritability estímates and the expected responses

from selectíon in all the three traiËs were significantly lower when
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offspring-Parent regression and correlatÍon procedures were used than

the Aov method. with the relarive exception of yield gains in cl and

C6, predicted 1evels of yield gains were under-estimaËed considerably.

The results of this study substantiates the well-known fact that heri-

tability estimates are not stable population parameters but fluctuates

depending on the nature of a specific population, reference uníts, and

methods of estimation.
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CONCLUSlONS

The present study has shown that, depending on specific genetic

material and availability of resources, the testing of early generation

wheat breeding material across various growing environments must be an

important component of any selection scheme. This conclusion $ras reached

based on the sÍgnificant F3 lines-locations interaction obtained in this

s tudy.

The comparisons of heritability estimates determined on the basis

of the three procedures, namely the variance components method, the

offspring-Parent regression, and intergeneration correlation techniques

showed Èhat the AOV method considerably overesLimated heritabilities in

all three Ëraits studied. conversely, the offspring-parent regression

Ëended to predominantly underestímate the heritability values. The

intergeneration correlatÍon, on Ëhe other hand, gave inËermediate values

resulting in more conservative but realistic heritability estimates for

TKI'I and protein in all populaËions. Therefore, Ít is suggested that the

correlation method, parËicuLarLy when parenËs and the corresponding

offsprings can be ËesËed under the same environments, may be a better

choice of method for estimating heritability.

I.Ihen herítability estimates were relatively low, the Aov method

based on three replications increased the value by more than 40% compared

to single-plot measurenent in certain traits. But the change decreases

as the levels of heritabilíty íncreases. The proportionately very high

heritability esEimates observed based on multiple-plot measurement.s in
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one or more locations led Ëo the conclusion that tests in

locations with single plot observation may give lower but

esËimates of heritability for the three traits studied.

two or more

more realistic

The fluctuations in heritability estimates obtained when various

estimation methods were applied resulted in corresponding variation in

expected gains due Ëo selection in all traits and populations studied.

Because Ëhe expected genetic advances \dere overestimated by estimation

procedures involving AOV methods, particularly those involving multÍp1e-

plot measurements, and signÍficantly underestimated by the offspring-

Parent regression procedure, it is concluded that depending on the trait,
the single plot reference unit of the combined data would be more

applicable to estimate attainable levels of genetic gains. The general

1evels of herítability and expected gains estimates based on offspring-
parent regression and correlation coefficients and their variations, were

accentuated by differences in testing conditions of the F2 and F3 popula-

tions thus were affected by both the seasonal and locaËional variations.
Therefore, the testing of genetic materÍal under similar growing condi-

tions may give more stable results.

Depending on the genetic structure of the populatÍon under considera-

tion, the presence of genotype-environment interaction, and the objective

of a selection scheme, selection based on multiple-p1ot measurements under

one or more optimum growing environment(s) may result in maximum genetic

advance from selection. However, because most breeders are ínterested

in cultivars wirh high stability and wide adaptabiliËy in overall pro-

ductivity, selection based on optimum number of replications under wide

range of environmenËs would be recommended to attain more realistic and

stable progress. rn addition, depending on the specific Ërait and



population, the use of inEergeneration

of estimating herítability to predict

correlation may be a

response Èo selection

165

better method

in wheat.
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GENERAI DISCUSSION

The cereal breeder today is interested in developing varieties that

have a combination of desirable productivity and qualíty characters. Such

a far reaching goal also includes wide range of environmental adaptation,

requiring the availability of a consÍderable amount of genetic variation

in productivity, resÍstance or tolerance to environmental and pest stress

conditions, and nutrítional and industrial qualities. The effort in this

area in the last few years has accomplished significant progress Ín the

field of efficient testing, screening, and selectÍon techniques to create

and identify productÍve genotypes more prudently.

The findings of the present investigation dealing with selecting

promising crosses during early generations in a wheat selection program

corroborates the contention that the breeder must make use of all relevant

information in Fl, F2 and F3 generations in terms of their performances,

offspring-Parent regression, and intergeneration correlaÈion (Nass, 1979).

However, results of the specific crosses studied indicated that early

generation evaluation such as Fl hybrid performance can be used only to

seParate Poor crosses from highly promising ones but minor differences

among populations cannot be discerned. Generally, the inforur,ation in the

area of early generation yield testing in wheat is still incomplete and

evidence in most cases are inconsistent and contradictory (Ihott and

Kumar, L975; Bríggs and Shebeski, L97I).

The intergeneration rank correlation and offspring-parent regression

coefficienËs we found were relatively high in some crosses and traits buË
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l-ow in some others. This indicates Ehat F2 síngle plant performance

cannot effectively predict F3 productivity. This supporËs the results

of ltrotE (L972) who examined F3 on F2 regressions and concluded Ëhat the

sLze of. regression coefficients were non-significant and of 1íttle prac-

Ëical selection value. Results of a recent study by Nass (1979) who

evaluated FL, F2, and parents to identify high yielding crosses in wheat

agree, in broad terms, with findings of the present study. Therefore,

Ëhe proper use of Fl heterosis, Fl, F2 and F3 performance, intergener"tiol

correlation and regression results will be valuable in aiding to ídentify

promising crosses. This enhances Ëhe chances of isolating high yielding

1ines, also reduces the amount of cost involved through reducing the

crosses to a manageable number.

The application of the unweighted index to select for the net merit

of crosses in the Fl to F3 generations is very appealing and can be of

high practical value in ranking populations or lines based on their

aggregate performance.

The effort of simultaneous improvement of several traits Ín wheat

requires the use of a proper selectÍon index procedure to isolate geno-

tyPes with desirable overall merit. However, the existence of strong

negative correLation between yield and protein content in wheat has been

a major problem in the application of the conventÍonal selection index

theory Ëo simultaneously improve these Èwo characters. The existence of

ssch strong negative correlation beËween grain yield and grain protein

is confirmed by the results of this sËudy.

The comparison of selection based on índívidual and various indices

shorved Ehat the breeder must select the optimum selection críterion for

the populations and Ëraits of interest. In terms of selection differential,
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exPected and observed gains from selection, and relative efficiencies of

various selection methods, selection on the basis of yield per se, and

Ehe Smith-HazeL index tended to be equally efficient in selecting for

high yield but they were poor in improving kernel weight and grain pro-

tein. This is the function of the amount of relaEive economic weight

assigned to yield compared to the other traits, and the magnitude of

the genetic variance of each traiË. Thus, the task of determÍning

objective weights ís one of the main constraints in the application of

the Smith-HazeL selection índex. This problem will slightly be ameliorated

if the desired gains index is used in that the breeder wi1l, from exper-

ience, assign desired leve1s of gains for each character. However, both

the Smith-Hazel and desired gains indices are sensÍtive to relative magni-

Ëude of economic weights or desired gains assigned to each trait included

in the index.

Our findings of selectÍon based on desÍred gains index indicated

that it is inferior in improving yÍetd but is efficient in selecting for
higher protein content than the other indices studied. Kauffmann and

Dudley (i980), after evaluaËing different indices to select for yield,

protein in corn came to similar conclusion that simultaneous improvement

of grain yield and percent protein is possible using the desired gains

index.

To circurm¡enË the problem of deEermining relative economic weights

and parameter estÍmation, we have focused on investigating unweighted

indices in comparison with the Smith-Hazel and desired gains indices and

unit trait selections. The unv¡eighted index, because of its simplicity

in that it does not need the estimation of genetic and phenotypic para-

meters and economic weights, can be a useful tool ín improving protein
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and kernel síze while making modest progress in grain yield. The multi-

plicative weíght-free index involving yield, TK and protein percent was

found to be good for thís purpose except that it was inferior to the other

unweighted indices in selecting high yielding 1ines, also its performance

was inconsistent from populatíon to population and generation to genera-

tíon. Baker (1974) recommended the use of the weight-free index for

animal breeding when the characters under consideration are equally

important. crosbie eË al. (1980) also reporred good predicted gains

using the unweighted index and suggested that breeders should consider

using this index. In the present study, the weight-free multiplicative

index involving only yield and rKI,I (EI,{3) was berter in improving yield

but it. had no effect on protein. Thus, EVI3 may be a better choice in

that it enables the breeder to maintain protein percent aË a reasonable

level whíle improving yield and kernel weight.

Based on theoreËical considerations, Cahner and Hille1 (1980) pointed

out that because the O-P regression method under-estimates heritability

as a result of differences in generation means and variances the use of

the offspring-parent correlation procedure would give a better estimate

of heritability. Our results support this general recormendation.

Comparisons within the AOV method showed Ehat multiple plot measure-

ments in two locaËions gave the híghest expected gain. This expected

advance and the heritability estimates decreased significantly when a

single replicate was used. Sidwell et al. (1978) have reported similar

results in winter wheat. To calculate realizable gains, however, single-

plot measurement in two or more locations rnay be a better choice of an

estimation method. Conversely, Pesek (L972) reported that using the AOV

method on two-year data resulted in underestimation of the "true" heri-
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data overestimatedtability, whereas

heritability as a

the same procedure based on one-year

result of genotype-year inLeraction.
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SUMMARY AND CONCTUS]ONS

The Fl hybrid tests were effective in broad terms, in classifying

crosses as Poor and potentially superior and in selecting hybrid popula-

tions with a high frequency of productive lines in later generations.

However, because of t.he complexity of the inheritance of grain yield and

protein content in wheat, also due to environmental effects, reliable
prediction of Ëhe potential of specific crosses in later generations using

F1 perfornance evaluation rvas not consistent unless the cross(es) selected

were highly superior. rn Ëhis study, it was found that both Fl yield

evaluation and the application of weight-free multiplicative index to
select the best aggregate genotypes identified two of the top hybrid popu-

lations (Cl and C2) but misclassified one cross (C6).

The cross (c2) that showed significant Fl heterosis for yield tended

to gÍve productive lines in F2 and F3, but in general Fl percent heterosis

for yield was found to be of no or little value in predicting the poten-

Ëial of the crosses studied.

The F3 on F2 regression and the íntergeneration rank correlation

studies indicated that F2 indÍvidual plant productivity cannot serve as a

measure of F3 line yierd performance. F2 kernel weight, however, \¡7as

found to be more stable across environments than yietd and protein and

therefore can be used to predict the productivity of F3 lÍnes. However,

the rank correlatíon betv¡een F3 yield and F2 kernel weight \^ras not consis-

tently high. The F3 mean TK[.I on F2 kernel weight regression coefficients

were significant across populations and locations, whereas the equivalent

b-values for protein were signifÍcant only on C5 and C6.



Although a better evaluation of

optimum environment was possible, it

lations must be tested under a range

stability of selected lines.
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a specific cross under a near-

was concluded that segregating popu-

of variable environments to increase

The use of unweighted index to rank crosses based on the net merit

of the Eop 20% of the F3 lines identified consistently the two or three

superior crosses. The inclusion of proteín in the index, however, resulted

in misplacing one of the productive crosses.

Grain yield and percent protein v¡ere negaEively correlated in all

populations giving genetic correlation coefficÍents as high as -0.87. In

addition, the heritabilíty estimates based on variance components proce-

dure were high for all the traits studied. This might have been caused

by upward bias of genetic variance due Ëo dominance and epistaËic effects,

and a limited number of testing seasons and environments in F3 populations.

The strong negative genetic correlation between yield and protein

and the results of selection based on the Smith-Hazel index and yield per

se led Ëo Ëhe conclusion that the problem of the simultaneous improvement

of wheat grain yield and percent protein usÍng conventional breeding

methods seems real and unsurmountable.

A L.o% increase in prorein depressed grain yield up to 536 kg/ha

below the mean of unselected population, whereas the expected direct

gains in yield were reduced by as much as 250%, when selection was based

on protein content, Based on these results, vre conclude that Ëhe improve-

ment of these two characters by directly selecting either for yield or

protein is impossible.

On the basis of selection differential, expected and observed gains

results from various individual trait and Índex selection procedures,
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selections based on yield and the Smith-Hazel index vrere superior in

identífying high yielding lines with above average kernel size but were

poor selection criteria for improving protein percent. These methods of

selection substantially reduced the mean protein leveI of the selected

lines. In contrast, the unweighted and the desired gains indices were

efficient in improving protein content but were less efficient in iden-

tÍfying high yielding lines. The weight-free indices particularly Ei,I3,

were suitable indices for modest genetic advance in grain yield with high

kernel weight and slight posítive progress or minimal reduction in protein

content.

Conversely, selection in the opposíte direction (the tow tail of the

curve) using the unweighted multiplicative index (EI,J2) resulted in very

significant reduction in all traits. Thus, we conclude that the weight-

free index can be a useful tool in improving grain yie1d, kernel weight

and protein content in wheat. This is a simple selection index which

does not require genetic and phenotypic parameter estimations and assign-

ment of relative economic weights.

The two desired gain indices used were more or less similar in

efficiency in predícting genetic progress in the populations studied. The

use of genetic standard deviation of each trait as desired gaÍns was found

to be effective. This index was Ëhe most efficient in improving protein

content but was relatively poor in selecting high yielding 1ines.

l{hen selection methods \¡rere compared in regard to the means of

selected lines in F3 and F4 generations, the SH index and direct selection

for yield consistently gave higher yield means across populations than

the other procedures used. The observed gains in grain yield from selec-

tion based on yield per E, Èhe Smith-HazeL index, and the weight-free
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indices (Ei{3 and EW4) were lower than expected advance in populations C1,

C2 anð C6 (average Ra/g = 77%) but were higher in C5 (average Ra/R =

L36%).

The AOV and O-P regression methods either overestimated or under-

estimated, respectively, the'rËrue'r heritability. The intergeneration

correlation, on the other hand, was found to estimate conservative but

realistic heritability values for kernel weight and protein contenr.

Therefore, the intergeneration correlation is suggested to be a better

choice of method for estimating heritability.

Comparison of procedures within the AOV method showed that estimation

heritability based on single-plot measurement in two or more locations

may result in relatively low but more realistic estimates of heritability

of yie1d, kernel weÍght and protein content.

The effect of the various methods of estimation on heritabilíty

correspondingly influenced the levels of the expected genetic advance in

the three traits. The AOV method based on multiple-p1ots and O-P regression

resulted in either upward or downward bias in estimated expected genetic

gains. Therefore, it is suggested that the single-plot reference unit

of combined data may be more applicable to estimate attainable levels of

genetic advance.

In conclusion, depending on the genetic structure of the population,

presence of genoËype-environment inËeraction, and objecÈives of a selec-

tion program, selection based on multiple-p1ot measurements in one or

more optimum environmenLs nny result in a maximum expected genetic advance

from selection. Nevertheless, more objective selection for widely

adapted and stable wheat varieties may be aEtained by testing early genera-

tion material across a wide ran.ge of varÍable environments"
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r5.7 748

I4 .7 735

15.0 ? 40

16. 5 793

r4.9 661

r5.9 7 50

LJ.t tlö

15.7 665

16. 5 662

16.8 723

L6.4 690

16.5 702

16. 8 696

16.3 709

16. 0 698

L6.6 700

16. 3 690

16.5 703

629

672

cv (1')

LsD (57") 513

I.8
1.2

¿.J

0.8
8,8

710

2.3

I.6
0.6

0.8

2.9

o.7

I0.1

115

8.4

83
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TA¡LE A-2' Ìlean grain yle1d' TKt'ù, teat sefghc' percent protefn, and protein yfeld for 

'elected R3 lines,F4 bulks, checks, and parents of vheet cro86 I groHn tn Glenlea.

F3 Lines F4 BuIks
Sele c ted

1 ine
or

variety
Yleld

(kslhÂ)
lKt{

(e)

TXI,¡

(e)

Te6! wÈ. Proteln proteiû
yi e1d

(kelhl) (7") (kelhå)

Test vt. Protei.n protein
Yield(kslhr) <%) (ie/ha)

Yleld

(kclhs)

49

76

73

39

61

48

81

64

65

59

89

38

10

77

67

4I

28

t8

T6

94

91

79

45

25

L4

7

96

3581

3523

37 87

3258

317 8

3642

3460

3418

3r45

3507

3436

29L5

3024

3064

27 85

2685

3329

2244

27 80

27 57

273r

327 6

L527

2652

2818

2764

2822

25L9

1170

274L

I 137

4L.5

42.3

4), b

43.4

42.6

41.8

47.4

39. I
44.2

40.9

46.3

47 .9

43.9

45.5

46 .5

44.9

45. 8

44 .2

46.4

42 .8

37 .8

37.9

31 .9

37 .4

38. 0

37 .9

39.7

35. 6

44.6

37 .8

45.2

80.8

80. 6

80. I
80 .4

79 ,6

80.2

80. 4

79.6

80. 4

80. 6

80. I

79.9

80. 4

81. 0

81.7

81.0

79.0

80.8

7 8.6

82.6

8r.7

81,0

7 8.7

8r. 0

79.4

80. I

81. 0

80.8

81.0

81. 7

80.8

L6.2

L6.6

L7.3

16. 9

15.9

16.8

L6.2

16.5

L7 ,5

18.1

t7 .5

L8.2

L8.?

18.1

18. 0

18.0

I7.0

19. 6

t7,6

19.0

L7 .5

16. 5

L7.3

L7 .0

L7 .5

L7.4

18. 9

2L .0

16.9

21.4

L7 .9

L7.O

5I1

5L4

577

485

445

538

49L

494

483

555

530

467

498

489

44L

428

497

43r

46L

422

476

272

405

42L

426

432

419

2L6

406

213

470

450

2862

36 83

2992

29I8

3442

2605

3004

3160

3018

2s69

t962

2778

3047

i264

t987

282r

3032

2486

3542

3407

3350

2500

3022

2874

2544

2 880

2815

3232

3315

27L8

z87L

3175

3521

39.3

40.6

4L.7

39.7

40. I
37.1

31 .L

42.1

42 .1

44.4

4L,T

43.5

4I.9

4r.5

42,8

40.9

43.4

40.9

45 .5

36. 9

37.3

37 .9

36. 1

3s.5

35. 5

JC-Z

38. 9

34 .4

4L.4

40.6

35. 5

44.6

77.O

7 6.6

16. L

7 6.6

74.8

76.5

76.5

7 5.I

7 5.9

76.9

7 5.7

7 5.9

76.7

77.2

77.4

77.O

74.6

76.8

7 5.r

78.7

77 .5

77.3

7 6.6

7 8.7

76.0

76.0

77.0

77.6

1a 1

77 a

76.9

76.8

76.4

7 6.2

L7.6

L6 .5

L7,4

16. 6

L6 .4

77.7

L6,9

17. r

L6.2

16.8

L7.6

16.0

16.1

16. 6

r6. 5

17,0

15. 6

470

362

540

498

483

390

448

424

361

434

452

470

397

4L6

475

483

16,5 425

16.3 410

r5.7 508

L6.4 431

15.6 401

l-6.5 501

15.8 363

16.4 ß5

16.0 445

16.3 433

16.6 373

18.3 3L7

r.7 . 8 433

17. 8 477

16.7 480

I7.5 306

16. 6 410

Conposite

Sfnton 2974

Glenlea 3005

cv (7.)

LsD (5%)

L3.2

592

2.5

L,I

3.1

0.9

13. 2

92

L2.2

59r

0.5

0.6

1.9

l2

2.9 11.0

0.8 78
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TABLE A-3. Mean graln yield, TKH' te8t eelghc' percenË proÈefn, and protetn yfeld for BelecÈed F3 1ines,

F4 bulks, checks,and parent6 of vheat cro8a 2 grwn at the Pôfnt,

F3 Lfnes F4 BulksSelected
1 ine
or

var 1e Èy
Yfeld

(kglha)

TKI{

(e)

TKH

(e)

TeEt wt. Protein Protein
yfeld

(kg/hl) (%) (ke/ha)

Yield

(ks/hå)

Te6t et. Proteln Proteln
yield

(kelhÐ (%) (ke/hå)

60

58

64

80

79

73

66

4L

65

100

6

I2

98

13

57

l8

84

46

7

97

43

15

I

69

49

63

93

78

3

90

4836

4529

4665

4836

4545

4424

4242

4L62

4589

4296

41 00

4620

3953

37 51

4369

3606

4L04

+¿tb

4627

4282

3 190

4098

38r5

4029

4440

3600

37 r.3

2557

3493

2 988

39. I

49.3

43.6

4L .6

42.2

47.2

43.2

42,5

44.4

42.9

46,L

44.7

47.8

47 .5

44.7

43.7

45 .6

44.4

43.4

46.8

45.3

39.7

42.2

38.8

38.5

39.5

40.2

37.2

39 .5

36.5

44.9

38.3

38.1

46.2

19.4

80. I

76.6

78.8

76.4

78.0

78.8

19.8

78.0

7 8.9

t 8.3

77.8

7 8.6

7 6.6

77.4

11 A

79.0

7 6.8

81 .3

80.4

7 6.4

76.4

7 8.6

77.9

7 6.7

76.9

77.8

76.5

7 5.2

77,2

7 3.2

77.0

77.9

78.6

16. I

1ó. r.

16. 0

16. r

ls. 6

17.0

16.0

L5.4

15.8

t6. 1

17 .4

L7.1

L7.'ì

17.3

L7 .4

17. 0

L7.3

17.1

15. 6

16. 1

15. 9

L5 .2

15.7

L6.2

15.8

16. 0

L6.9

L7.L

Ió. 6

I8.8

16. 0

18. I

17. 3

687

640

658

686

624

660

595

565

639

606

625

718

6r8

570

669

662

549

625

646

635

607

446

548

529

575

6r5

507

550

385

51r

495

53r

ó86

632

53 56

5908

5665

5866

557 5

657 6

5574

5764

6L44

601 I

6037

5533

5734

6238

5729

5195

5408

5821

5348

577 3

6459

4939

5488

5774

5804

5819

5061

5056

516 I

5629

4887

5722

5340

455 I

5977

39.7

47 .7

4L.6

4r.4

38. I

4I.5

40. 1

42.L

41., 0

47.3

43.0

46 .4

45.8

44.L

42.6

44.3

44.2

q2.7

45 .3

41. 0

40.4

41.7

40. 0

37 .0

37.7

40. I
37 .5

39. 6

37.2

43.6

4r.3

35. r

37.6

47.3

79.9

80. 1

80. 5

77.0

79.4

79 .9

78.6

10 a

80.5

80. 0

79.4

78. 8

78.8

78. I

80.5

78.3

80. 7

80 .3

76.3

7 6.7

79 .6

7 8.6

77.6

77 .5

78.3

78.7

77.9

77.L

75. 8

79.4

11 .9

7 8.9

79.6

Cmposite

N8505 3167

Sinton 4305

Glenlea 4f55

14.2 669

15.4 802

t4,4 7r7

14.8 766

L4.2 700

13.4 778

14.8 725

13.8 701

t4. I 763

t4.4 764

I5.2 807

I5.3 747

15. 9 800

L4.3 788

14.8 746

15.3 699

15.9 757

I5.2 780

15.6 736

L4.3 726

I3,7 7 19

L4.1 636

t3.7 661

13.9 7 04

L4,5 740

14. I 720

L4.6 649

I4.9 660

I4.3 651

14.1 696

16.1 692

15.1 760

13.9 6s3

16. 3 655

L5.4 81I

0.8 2.7 8.8

1. I 0.7 lo5

t(

L.7

3.3 8.3 8.8

0. 9 78 809

2.2

1.5

8.3

528

cv (7")

LsD (57")
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ÎABLE A-4. I'lean grain yield, TIGrl, test eeight, percent protein, and proÈefn yteld for selected F3 Ilnes,P4 bulks, checks, and parents of eheat cross 2 grm in Glenlea. -

F3 Llnes F4 BulksSe I ec ted
I ine
or

varie ty
YieId

(ke/na)

TRH

(e)

TIúI

(e)

Test w¿. Procefn Proteln
yield

(ke/ht) (7,) (kg/ha)

Yield

(kelha)

Te6t wt. ProÈein proteÍn
Yle 1d

(kglhl) (L) (kslbå)

60

58

64

80

79

73

66

4I

65

100

6

t2

98

L3

57

18

84

46

7

97

43

15

1

69

49

63

93

78

3

87

90

Conposfte

NB5O5

Slnton

GlenIæ

3 705

3901

37 57

3450

3589

36 56

3838

3858

3406

3634

333 3

331 t

3246

3L23

3460

3151

3242

2866

3559

3236

3 521

29LL

369 5

3006

3422

34L6

32rO

3058

2444

2858

2260

37 .9

48.4

43.6

41. 0

llt a

43 .0

4r.7

40 .5

43 .5

4I.1

47 .6

44 .2

45 .4

qó. ¿

43.9

46 .5

44 .8

44.6

43 .5

46 .8

43.9

39. I
4J.U

39.6

38. 0

37.0

37 .4

35.6

39.4

36. 3

42.1

80. 4

79.8

77.4

80. 6

77.8

7A t

80. 2

7 8.6

7a )

80. 2

80. 0

79,6

79 .8

7 8.5

19.6

7 8.8

81.4

78.0

81.9

80. 0

77,O

77.2

79.6

79.0

77.2

7 6.8

71.4

78. 5

7 6.4

78.5

75. 0

15. I

16.3

L5 .4

L5.4

L5.2

16. 0

15.9

t5.4

L5.7

15 .4

17.3

16.0

16. 9

L1 .2

I7.0

17.I

L7 .9

Lt.6

16. 9

16. 6

15. 8

16.1

15. I
15. 9

r.5.3

15.6

15, 3

16. 6

16. 6

15. 6

L9.4

382 5

4036

4094

40L4

4248

4502

3 918

4304

4I30

4205

367 4

4003

3560

3285

312I

3030

2883

3427

369 6

3268

4555

3790

3238

42L5

4403

3694

4011

3l 76

360I

4207

2908

3681

4258

292L

3589

36.7

45.L

39. 9

39.9

4U. J

4I.9

40.2

39.0

40. 0

38.4

45.3

43.7

44.6

42.6

41.4

43.6

40.2

4L.3

42.9

39.0

38.2

39.1

36.8

36.2

35. 5

36.4

34.4

38.9

33. 9

4r. 0

39. 1

34.8

35. 4

44 .4

71.t

76.3

7 5.5

77.5

74.4

76.7

77.r

75.9

76.O

16.5

77.2

76.8

76.9

76. r

76.6

7 5.9

18.2

75.7

79.L

77.L

74 .5

7 4.4

76.7

76.L

7 4.9

7 4,O

74.7

76.0

7 5.4

74.9

72.3

7 6.0

7 5.9

76.6

76.4

490

560

507

468

48r

5r4

531

522

469

492

507

489

484

472

519

474

511

445

530

41L

49r

413

5L4

420

46L

469

433

448

357

390

386

I4.7 495

16. I 572

14.4 52O

L4.9 526

13.8 518

I4.5 575

15. 2 522

r5.4 582

14.7 532

15.0 5s6

15.1 489

16.4 574

15. I 495

L5.7 454

15.0 416

15.9 424

ls. 4 389

L4.8 445

r5.7 510

r4.4 4L4

t4. 0 561

L4.7 49L

L4.r 403

L4.2 524

L4.7 567

L4.7 478

15.0 529

15. 3 426

15.0 47 5

14.5 536

17.8 457

r5.0 486

14.8 554

L6.4 4I9

14.9 490

3r 83

313 I

3151

37.1

36.3

46.O

7 8.5

80.6

L5.7

18.1

16. 5

439

499

458

cv (z)

LSD (s%)

10.7

552

2.7

1.8

2.7

0.7

2.2

| .11

0.8

1.0

4.6

1.1

11.9

97

r0.2

76

L2.0

735
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?A¡LE A-5' Èlean grafn yfeld, TK{, te6È wefghtr percent proteln, and proÈeÍn yfeld for selecÈed F3 Iine6,F4 bulks, checks, and parentg of pheat cross 5 græn at the point.

F3 Lfnes F4 Bulks5e 1 ec ted
1 ine
or

varÍety
Yield

(kglh¿)

TXI{

(e)

Txf.¡

(e)

Te6t wÈ. Proteln Protein
yleld

(kslhl) (L) (kelh')

Test Ht. Protein prote in
yield

(kglhl) (z) (kglha)

Yield

(kelha)

65

q1

72

42

40

18

56

66

85

80

94

11

68

64

31

43

6

4

7I

96

99

32

97

9l

!7

58

26

89

93

Coopos ite

NB5O5

A2P5

SlnÈon

Glenl ea

4421

4207

{t39I

c¿5J

3973

4060

4113

41 80

4040

3831

4r 89

3 860

4089

3644

3695

397 r

3542

36 13

3 860

4093

3311

2766

37 37

3139

29L0

337L

333 1

2846

331 I

3420

2919

4Lú

2833

407t

3933

42.9

4L.3

44.7

4L.7

40.2

44.O

44 .7

42.5

43. 0

4L.l

44.3

46.5

42 .4

44,0

45 .8

43.2

44.3

42.6

45.7

43.7

40. 6

40.3

39,9

37 ,O

41.0

37 -7

43.1

39, 5

37 .5

4?.7

40.1

7 5.O

77.O

77.O

7 5.4

75. I
16.4

77.4

?4.6

76.2

7L )

73.6

'ì1.8

77.8

74.2

7 5.0

7 5.6

7 4.0

77.2

76.6

7 6.6

76.8

7 8.2

77.8

77.0

72.6

77.0

7 6.6

74.4

7 8.6

78.8

76.0

L7.L

I7. 0

17.3

L6 .7

L7.3

17.8

L7 .3

L] .6

u.3
1? 2

la o

17.8

18. 5

L7.7

18.0

18. 6

18.8

18.5

r6.3

17. r

17.r

18.1

16. 3

r8.1

20.6

L7 .7

L6.4

I8.9

L6.7

19.6

20.0

5039

5066

5L7 5

451 I

5285

4705

4547

5r 80

5669

5060

4998

4662

3911

4622

426L

36 56

4352

4502

4977

54L5

4860

396 3

457 3

4L43

4r7 5

3973

4679

4299

3839

395r

4092

46L4

5117

39 5r

449L

5792

4t.5

39.1

40.r

39.4

37.8

4r.3

41. 1

39.5

40. 0

?7 0

43. 0

44.3

4 .5

42.5

44.5

40. 1

45.1

39.8

42.2

39.2

38.1

39.1

37.3

35.1

39.3

38. 3

39.7

40. 5

34.7

39.3

37 .3

39 .9

34. 0

42.3

37 .2

44 .4

76.6

79.L

79.0

76.6

77.4

78.8

17 .6

76.2

78.5

7 5.4

76.5

77.L

77.0

77.9

76.4

7 8.7

76,3

76. L

77.7

79 .5

78.5

78.7

76.r

76.2

77.5

80. 0

78. 0

77.6

77.8

77.7

78.0

78.6

76.5

78.6

79.r

667

628

610

627

604

637

629

646

6r4

585

697

60t

665

569

583

656

584

587

555

616

500

440

535

500

529

525

483

474

487

590

5L4

15.5 686

L5.2 677

14 .5 658

15.4 6L2

L4.4 671

L5.2 63L

15.9 636

15. 0 685

74.5 7L8

15.4 688

16.6 733

16.3 670

L6.4 565

15.6 633

15.8 593

L6.2 523

16.7 638

16.4 650

L4.2 62I

14.6 697

L4.2 610

15.6 547

L4.4 57 8

15.8 575

16.8 616

rb.) 5t6

14.8 600

16. I 607

15. I 53s

16.9 588

16. 8 602

15.9 646

13. 5 608

L7,3 602

r5.4 609

15.0 768

38.3

42.6

39.2

45.7

76,6

7 6.8

16.1

19. 6

17.8

L6.4

579

486

639

570

cv (7")

LsD (5%)

LL.7

684

2.5

L.7

4.4

1,3

13.1

119

9.0

678

3.1

2.O

9.1

100

0.7 3.5

0.9 0.9
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ÎA3LE A-6. Hean grain yieldr TK!I, têst çefght, percent protein, and proteln yfeld for gelecÈed F3 lines,

P4 bulks, checks, and parentG of eheat cross 5 græn fn Glenlea.

F3 Lfnes P4 BulksSe I ec ced
1 Íne
or

variety
YieId

(kelh¿)

TKI.I

(e)(e)

Te6t H!, Protefn Proteln
yfeÌd

(kc/hl) U") (kei hs)

YÍe Id

(ke/ha)

Te6t ç8. ProteLn Protein
YfeId(ks/hl) (7.) (kelha)

65

53

72

42

40

18

56

66

85

80

94

1T

68

75

64

31

43

r3

6

4

7T

96

99

32

97

91

L7

58

26

89

93

366 I
3656

3442

332r

3570

3169

3295

3 193

3242

3432

287 0

2983

2870

330 7

29Ll

256L

2505

3 t4r

3068

307 6

289r

2444

2723

2234

2L92

2L66

3115

2230

23L5

2394

27 59

43.7

39.6

42.4

41.5

40.3

43.7

42.7

4I. I

40.2

44.t

48.4

44. I
44.7

45,3

¿tq

45 .8

43.6

46.6

43. L

39.0

41. 0

39.9

38.4

40. 5

37.8

4I.7

40. 0

35. 9

4L.6

39.7

37.2

43.4

37. 3

46. 0

77.6

79 .6

77.4

77.8

79.2

79.4

7 8.4

78.8

77.4

76.6

77.8

77.6

78.0

79.2

76.4

79.0

79.O

79.6

7 8.6

80. 2

77.6

75.6

7 8,6

80. 6

7 6.8

7 8.4

78.4

78.4

80. 0

76.7

L7.4

L6.2

18.0

I7.0

L7 .2

17 .7

18.0

17.0

L6.7

18. 2

19.5

19.1

19.4

18. 4

18.1

19. 5

1A 
'

18. 3

L7 .5

r7.4

L6 .7

17.3

¿v.L

20. 0

L8.2

16.8

20. 0

17 ,9

20.6

r9. 9

L5.2

2t.5

r7.8

16. 6

562

522

546

497

539

493

520

476

476

551

493

501

488

536

464

440

424

508

472

472

423

397

4L3

395

384

341

460

393

365

433

4U

442

299

523

472

3487

3454

34r8

310 7

3238

3567

3544

330 5

387 8

3L7 6

3089

2829

2947

287 5

2886

2680

2476

257 6

33L2

3579

3593

255L

3343

3I97

2566

2388

2813

2304

2539

27 59

2592

2817

2932

237 5

2850

3066

38. 5

36.9

37.6

35 .6

35. 6

39 .3

38. I

38.6

37 .3

35. 5

39.4

43.r

40,9

40. I

42.5

38. 0

40.8

38.9

40. I

39. 0

33.9

36,7

3s. 5

33.2

37.0

33. 3

3t .8

35. 5

31 .4

38.2

35.2

36 .3

34.2

38.9

34.0

43.2

76.1

16.9

76.3

73.8

76.O

16.L

7 5.9

74.0

76.3

73.2

74.1

7 4.3

74.3

74.3

7 5.2

7 6.O

7 5.3

1 4.9

7 5.9

76.3

7 6.3

77.1

74.7

7 4.3

74.7

77 .8

75.5

74.7

7 6.2

7 5.9

7 5.9

71.3

73.9

76.3

75.7

CoDp06 f te

N8505 3311

A2P5 L582

Sinton 3339

Glenlea 3234

r5.7

L5.7

16 .2

16.7

I6. 3

L7 .O

L5 .7

1s.8

16. 8

18. 1

18.6

L8.2

L7 .5

18.7

482

477

487

455

4b3

533

545

460

540

47r

491

464

472

445

452

44t

17 .9 391

L7.5 396

L6.2 47L

16.3 5L4

16.1 5I1

I7.7 398

16. 6 488

L7.9 503

18.3 4L4

L7.6 370

16. 5 407

r8.2 370

17.0 379

19.0 462

18.4 420

17. I 424

14.8 5L2

20. I 4L9

16.9 424

L6.4 44r

cv (7")

rsD (57.)

11. I

543

2.1

L.4

,a

0.6

Il. 9

88

14. 0

689

2.4

1.5

o.7

0.8

2.4 14. r

0.7 r05
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TÂBLE A-7. Hean Srain yfeld, TRI{, teeÈ eeight, percent proteln, and protefn yÍeld for BelecÈed F3 lines,
F4 bulks, checks, and parents of vheat cross 6 groun êt the poiDt.

F3 Line8 F4 BulksSelec ted
I ine
or

var ie ty
Yield

(kel ha)

Protefn
yÍe1d

(kglha)

Yield

(kglbs)

TKII

(e)

TXIJ

(e)

Test st. Protefn

(kelhl) (7.)

Test wt. ProÊeÍn ProÈein
yield

(kg/hl) (%) (ke/ha)

67

73

60

17

48

85

75

28

51

30

55

36

9

35

2

46

86

77

96

20

6I

68

52

40

64

ó5

4

a

2L

94

5032

47 67

4953

4969

4509

473r

4422

4425

5111

4927

4749

4369

42L8

4160

4558

4455

4507

3473

3366

4255

3893

3666

3546

2370

3084

256t

3942

359 1

4087

3322

3304

46.3

qJ. J

45.9

44.2

46.9

42.O

42.3

41 .8

46.5

46.6

45.5

43.4

45.3

4b. u

40,4

47 .2

45,7

4I.7

39. 9

39. 0

37.8

39. 5

38.2

43.6

37 .3

37.8

37. 8

39. 8

43.5

42.7

42.7

40. 5

40. I
38.5

46.4

78.O

19 .6

78.4

77.0

79.0

78. 0

79,2

7 6.8

78.6

76.6

79.8

77.2

79.O

76.6

75.8

78.2

80. 0

78.0

79.4

79.2

79 .6

76.4

79.4

72.9

78.2

79.6

77.4

80. I

79. 0

77.0

79.2

75.4'

80. 0

16 .3

L7 .5

1s.4

t5.4

16.2

L6.7

16. 7

16. 9

76 .4

L7 .5

L7 .9

12. 5

L7.L

L6.7

16. 0

L6.4

16. 3

17.8

16.3

L6 .6

L5.4

L7 .3

16.7

L7.2

18. 3

!5.2

18.6

18.0

18.7

18. 6

19. I
14.3

17. 0

L6.4

723

734

67L

673

643

696

615

65L

759

7L3

729

690

652

624

670

629

652

498

qro

6L2

569

497

540

347

467

4L2

527

588

647

548

542

523

647

584

605

5249

387 6

4430

47 05

5833

4394

4661

4290

3835

4379

43r3

4334

4433

¡{4ð5

4645

4268

4496

51 05

36 86

47L4

4978

4436

37 39

3900

4r38

3t26

4547

3899

37 47

40t5

3515

4530

3154

532 I
4L44

4932

44.O

40.7

44.2

40.2

47.r

4L.6

4r.7

42.2

47 .4

48 .3

43 .6

44.3

4s.4

44.9

42 .6

44.5

44.9

41 ,1

37 .6

37.1

37.L

38. 9

38, 4

46.3

37 .3

35. 5

38. 5

40. 3

42.!

4L.7

40. 5

40,7

42.2

4r.6

36, r

47 .7

76.8

78.6

78. 1

7 5.4

79.6

7 8.3

78.8

78.5

77.6

17 0

7 8.6

7 8.3

79.O

7 8.7

7 8.4

76.9

79.2

80. 2

79.3

80.8

78.1

7 8.4

79.3

79.7

80. 7

78.8

78. I

78. 5

77 .7

78.3

76. t

79 .5

78.0

79.4

Couposfte

A2P5 3008

N8320 5114

Si.nton 3906

Gleqlea 4204

13. 9 646

15.8 54r

I3.1 5r2

14.0 578

L4.2 726

14.1 552

13.6 551

t4.9 565

L5.7 526

I4.5 s59

16. I 612

15. I 578

L5.7 616

L4.7 588

t3.7 567

I4. ) 5t45

14.6 583

I4.4 649

16. 9 545

14. 0 580

t4.7 642

13, 8 54O

LO. ¿ )JJ

L4.1 504

L4.9 543

16.2 449

13.6 545

16.0 548

L6.2 540

16. I 592

16.6 5t3

16 .0 638

17.1 485

L2.6 588

I5.3 560

13. I 601

cv <z)

tsD (57.)

10. 6

662

2.r

I-l¿

2.9

0.8

11.1

104

L2.6

888

3.5

2.4

L.4

L.7

5,6

1.4

15.5

143
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TABI'E A-8' Hesn grain yield, TKI'J' te6t seíght' percent. proteln, and procein yield for 6elected F3 rines,F4 bu1ks, checks, and parents of çheat ãroÁs-O græn ln Glenlea.

F3 Lines r4 öulks
Selected

1i.ne
or

varieÈy
Yteld TIG¡

(ke/ha) (g)

Te6t wt. ProÈein protein
yield

(kglhl) (7") (ke/ha)

Te6t qt. proteÍn

(kglhl) (7")

Yiel d

(kelhs)

Tld.¡

(e)

ProÈein
yield

( kglha)

67

73

60

48

85

75

28

51

30

55

36

9

25

35

2

46

86

77

96

20

6t

68

>¿

40

64

65

4

I
2t

94

39 57

34r6

377 5

3L27

3450

313 3

3335

3307

2594

2670

2604

294L

3022

298r

3r23

2474

2222

I 820

29t7

2683

27 47

101E

2L68

2527

2339

22L0

1319

2321

1 869

47.9

43.r

48 .2

45 .6

49 .1

44.2

43.2

44.2

50.2

49.2

45.7

46.2

47 .4

48,2

47 .8

49.9

40. 1

39. 3

J9.5

42 .2

3't .3

37.5

37.2

40.9

43.0

44 .8

45.8

45.4

43.r

43,3

36. I
46.4

78. 8

80. 4

80.2

7 8.6

81 .0

80. 0

80. 6

79 .8

7 8.4

7 8.2

80.4

7 8.2

79.8

79.0

78. I
78.8

7 8.6

81 .1

80. I
80. 8

81.8

79.6

80. 0

79.6

79 .6

81.r

79.4

80, 0

77.'l

80. 0

7 8.7

78.0

81.0

17.0

18.1

16. 6

16.6

L7.7

L7.2

16 .2

L7 .5

18. 5

L7.7

I8. 5

19. 1

19.3

17 .4

18.4

L7.7

L7 .9

17.3

19.5

16. 9

17.8

L6.7

18.4

18.1

18.3

19. 1

L5.7

20. 0

20 .3

t9. 6

20. I

2L.5

L5.4

L7 .9

L7.2

593

542

465

456

537

475

474

510

425

415

425

493

402

463

481

486

390

339

3r2

4JJ

420

405

310

346

408

392

337

388

236

400

329

347

426

4L3

446

16 .3

7 8.1

76.4

7 5.0

77.3

7 6.2

78.0

77.I

7 6.3

75.8

76.3

7 5.9

77.9

7 5.2

7 5.1

7 5.9

75.3

76.8

79.4

77.9

7f o

7 6,0

77.7

78. 0

77.4

77.6

7 5.3

76.8

76.5

76.7

79. 0

77.t

7 3.9

77 .5

76.4

76.9

16.4

L7.2

15. 4

15.2

15. I
16.1

15.0

16. 0

16.8

16.1

16.9

t7.r

16 .2

16. I

15. 7

603

494

545

534

502

575

419

475

480

464

494

436

5r3

518

521

Conpos ite

A2P5 1834

N8320 3137

Slnton 2622

Glenlea 2949

4t90 4I.9

3255 40.9

4017 4I.7

4042 38.7

3834 44.7

3553 38.9

4366 38.9

2969 40.6

32rI 44.5

3393 43.4

3O7I 42.O

33L7 40.4

2888 43.7

3592 40.7

3657 39 .7

3760 44.o

2820 42.8

3563 37.7

2880 36.2

3232 35.7

3242 33.5

3267 36.8

2994 35.5

2779 43.O

273L 33.9

297L 36.5

3307 35,5

2841 38. I
2446 4r.9

3104 40. I

3238 40.6

3122 39.5

2470 40.2

37 57 39 .7

3136 34.9

3835 43.5

L6.4 408

15.5 487

1 7.8 450

15.8 448

15.8 446

15.3 440

L7.I 45L

16.4 400

t7.2 41r

16.4 43O

14.8 431

18.4 46r

18.2 390

18.1 496

L7.9 509

16.8 460

79.2 4L7

L4.2 469

17.5 483

16.2 546

cv (7")

LsD (s7.)

L2.9

85

13. 0

273

2.5

1.8

12. I

649

2.2

1.4

0.6

o.7

2.L

0.6

2.9 lt.9
0.I 93


