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STELLINGEN

I
Het toetsen van selektiesin'hill plots' heeft alsnadeel dathettoetsen plaats
vindt onder milieu-omstandigheden welke afwijken vande normale veldomstandigheden. Dit nadeel kan worden ondervangen door gebruiktemaken van
deregressie van deF n + 1 generatie opdeFn generatie, waarbij deFn generatie
wordt getoetst in'hill plots',terwijl deF n+ i generatie wordt getoetst onderde
normaleveldomstandigheden.
BAKER, R.J.andD. LEISLE (1970). Comparison of hill and rod
row plots incommon anddurum wheats. Crop Sci.10: 581-583

II
De resultaten van selektieproeven uitgevoerd met twee gerst populaties
wettigendeveronderstellingdathetgebruikvaneenselektie-indexvanpraktisch
nut isbijde selektie voor een hogere gerst opbrengst.
RASMUSSON,D.C.andR.Q.CANNEL (1970).Selection forgrain
yield and componentsofyield inbarley. Crop Sci.10:51-54

III
Het rendement van 'full-sib' familie selektie kan aanzienlijk worden verhoogd doortoevoegingvan eengeneratie,verkregen uitzelfbevruchting indete
toetsen'full-sib' families.
SPRAGUE, G. F. (1966). Quantitative genetics in plant improvement. In: Kenneth J. Frey (ed.) Plant Breeding. Iowa State
Univ. Press, Ames, Iowa.p.315-347.

IV
De z.g. 'modified ear-to-row selection' methode isongeacht deomstandighedeneenondoelmatigemethode.
LONNQUIST, J. H. (1964). A modification of the ear-to-row
procedure fortheimprovement ofmaize populations. Crop Sci.
4:227-228.

V
Resistentie voor hetin 1970 in Nigeria geidentificeerde fysio van Helminthosporium maydis wordt bepaald door hetcytoplasma.
Dit proefschrift.

Proefschrift van F. DE WOLFF

Wageningen,4februari 1972

VI
Waarnemingen in Mokwa,Nigeria, toonden aan dat het aantal dagen datde
mais nodig heeft om tot bloei te komen niet of nauwelijks verschilt bij vroege
of late uitplant. De grote verschillen welke werden waargenomen door Van
Eijnatten inIbadan,Nigeria,berusten waarschijnlijk opeenonvoldoendenauwkeurigeuitvoeringvandeproeven.Ookishetverschiltussen Ibadan enSamaru
metbetrekkingtot detijd welkedemaisnodigheeft omtot bloeitekomen aanzienlijk kleiner dan door deze auteur is opgegeven.
EIJNATTEN, C. L. M. van (1965). Towards the improvement of
maizeinNigeria.Thesis,Wageningen.

VII
Bij het gewasonderzoek dat momenteel wordt uitgevoerd in Ethiopie is het
van belang de potentiele opbrengsten van de verschillende gewassen te kwantificeren.
WESTPHAL. E. (1971). Ethiopische voedingsgewassen:een inventariserend onderzoek. Landb. Tijdschr. 83: 188-191.

VIII
Het verdient aanbeveling om de produktie en afzet van sheanuts in Nigeria
testimuleren.
RUYSSEN, B. (1957). Le Karite au Soudan. Agron. Trop. 12:
142-172,278-306,414-440.

IX
De huidige aandacht voor de aanpassingsmoeilijkheden van arbeiderskinderen bij het bestaande onderwijs onderstreept de grote problemen waarmee het
onderwijs wordt gekonfronteerd in de ontwikkelingslanden.
GUSUALDI, Michele, c.s. (1970). Die rotschool van u. A. W.
BrunaenZoon,Utrecht, Antwerpen.

X

Hetonderzoek indegeneeskunde gerichtopzeerkostbare methodiekenmoet
worden afgeremd.
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1. I N T R O D U C T I O N

In recent years there has been a renewed interest in mass selection. Mass
selection or individual selection is selection on the basis of the individual
phenotype. Mass selection was long thought unsuccessful as a method to improve the yield of maize, although there were few critical data available to
support this view (SPRAGUE, 1955). Results from quantitative genetic studies on
open-pollinated varieties of maize showed that there still existed considerable
amounts of additive genetic variance for yield in these varieties (GARDNER,
1963). The genetic variance for yield should often be large enough to warrant a
mass selection programme. GARDNER (1961) developed a method for mass
selection in which a high level of environmental control is maintained to maximize the heritability. With ten cycles of selection in the variety Hays Golden,
he realized an average yield improvement per cycleof 2.68percent (LONNQUIST,
1967). After six cycles of selection no decline was noticed yet in the additive
variance available for yield (LONNQUIST et al., 1966).
Using a tropical variety of maize, JOHNSON obtained a 4.8 percent improvement per cycle over seven cycles of selection (JOHNSON, 1963; ANON., 1968).
HALLAUER and SEARS (1969) used mass selection to improve the yield of two
varieties of maize. Five and six cycles of selection failed to give significant
responses.Among thereasons for thefailure ofthe selection, they noted the low
additive variance available for yield and the lowselection pressure. By excluding
the stemlodged plants from selection, the selection intensity became 27.4
instead of 7.5 percent. They noted that there might have been a positive correlation between yield and stemlodging, which in itself would explain the poor
results sufficiently. The advantages of mass selection, in comparison to selection
methods based on progenies are:
1. Its relative simplicity.
2. It takes only one generation per cycle, where most of the selection methods
based on progenies take more than one generation per cycle.
3. It allows for the screening of largenumbers ofplants,from which again large
numbers may be selected, thereby maintaining the initial genetic variability
with little danger of fixation and inbreeding.
A disadvantage of mass selection is its slow progress per cycle or per unit of
time. The relative efficiency of mass selection versus methods using progenies
depends on the size of the heritability, the higher the heritability the more
favourable becomes mass selection (FALCONER, 1960).
Massselection isthemost obvious method for theinitial stage ofa population
improvement programme. The high additive genetic variance existing in a new
population makes mass selection a relatively efficient method of selection. The
many generations grown within alimited span oftimeallow for a rapid breaking
up of linkage blocks. The selection among large numbers at frequent intervals
allows for the realisation of a large number of the many potential genotypes,
Meded. Landbouwhogeschool Wageningen 72-1 (1972)
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while the great number of individuals selected is a safeguard against the premature loss of genetic variability (SPRAGUE, 1966).
The application of mass selection is often limited by the low realized heritability. The realized heritability from mass selection may be increased by
determining the value of each individual phenotype by means of a selection
index. The selection index should give proper weights to the different traits
recorded from the individual, so as to maximize the correlation between the
phenotypicvalueand thebreedingvalueoftheindividual (SMITH, 1936;HAZEL,
1943).
The present study has been undertaken at Mokwa, Nigeria. Although in
Nigeria maize isknown as a food crop since long, the standard of maize production is still very low (VAN EIJNATTEN, 1965).The major problems of maize
production are the lowyield potential of the crop and the susceptibility of the
crop to lodging. When these two factors may be combined in one selection
index,itshould bepossibleto selectsimultaneously for anincreaseinyieldand
for an increase in resistance to lodging.
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2. INDEX SELECTION, A REVIEW OF LITERATURE

2.1. THE THEORY OF THE SELECTIONINDEX

Thetheoryof the selection index wasdeveloped by SMITH(1936)and HAZEL
(1943).WorkedexamplesofindexselectionweregivenbyROBINSONetal.(1951)
and BRIMetal.(1959).Areview onindexselection waspublished byagroupof
authors (AUTORENKOLLEKTIV, 1967).
The object is the selection of plants with a superior breeding value. When
there arentraits ofeconomicimportance, thebreedingvalueof each trait, Ht,
maybeweighed byitsrelativeeconomicvalueo,.Theaggregatebreedingvalue
of a plant isthus given by:
H=£alHl

(1)

Thus H is the additive geneticpart of the genotypic value of the plant, which
maybereferred toshortlyasthegeneticvalueorthebreedingvalueoftheplant.
However, as weare unable to measure the geneticvalue of a plant, wehave
tobasetheselectiononthephenotypicvalueoftheplant.Thephenotypicvalue
of a plant may begiven as:

I=tbtXt

(2)

t=i

wherebtistheweighingfactor and X,thephenotypicvaluefor theifh trait.The
correlation between thephenotypic value, /, and the geneticvalue,H, is:
cov(/, H)
r{I, H) =—====

(3)

When the genetic and environmental effects are additive and independently
distributed (which means that there is no genotype - environment interaction
nor a correlation between genotype and environment), and when there is
linkage equilibrium, formula (3) may be written as:
r{I,H) = -j==

(4)

or:
r(/,//)= - r - X (5)
a i oH
Theratio between the geneticvariance, o2H, and thephenotypic variance, o2t,
isdenoted bytheheritability inthenarrow sense,h2, so that:
r(/,//) = P X—

(6)
OH
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It follows that:
P = r(/,//)• —

(7)

The response to selection isgiven by (see FALCONER, 1960):
Op

<T„

where:
R =response to selection
<7P= standard deviation of the phenotypic value
S =selection differential
h2 = heritability
The standardised selection differential S/a„ is called the selection intensity, to
be denoted byk. Theresponse to selection maythus bewritten as:
R = k-h2-(Tp

(9)

From (7)and (10)it follows that:
R=k'r(I,If)--(TH

(10)

Noting that a„ and 07do both represent the standard deviation of thephenotypic value,formula (10) simplifies to:
R = k-r(I,H)-aH

(11)

Theresponse toselectionismaximized bymaximizing thecorrelation between
thephenotypicandthegeneticvalue,r(I, H). Thisisrealizedwhentheweighing
factors bt offormula (2)arecalculated asthe solution to thefollowing set ofn
equations (seee.g. BRIMet al., 1959):
f b,P,.j=

t alGl.J(fot]=\,2,...,n)

(12)

in which respectively Pti j and Gti} stand forthe phenotypic and genetic
covariance between the j l h and t h e / h trait, or when /=/, thephenotypic and
geneticvariance of theilh trait.
The total response to index selection is equal to the weighed sum of the
responses for each of the separate traits (see BRIMet al., 1959):

*..„! =t°iRi

03)

1=1

The expectation of the total response is:

*,»... = *• J Z 6M

(14)

' 1=1

4
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where
* = I ajG,.j -

(15)

Thetotalresponseisherebyexpressedinthesameunitsasusedfor thestandard
deviation of the phenotypic value, oI. The expectation of the response for the

k

•V E

Rt =

b G

J ',J

»

(16)

•"total

Whenthereisonly onetrait, for instanceyield,whichhasto beimproved by
selection, the equations from which the weighing factors bt are calculated are
simplified to:
I blPi,J = Gy,J(torj=l,2,...,n)

(17)

1=1

in which Gy, j stands for the geneticcovariance between they'"1trait and yield.
The expected response to index selection becomes in this case:
Ry = fc'JZbjGy,j
v

(18)

J=I

which of course may also bewritten as:

*,=WZ*>,G,,,
'

(19)

i=i

In the selection index yield itself may or may not be included as one of the
characters on which the selection is based.
It isoften difficult to estimatetherelativeeconomicvaluesofdifferent traits.
PESEK and BAKER (1969b, 1970) presented a method to calculate a selection
index using the desired levels for the improvement of the different traits,
instead oftheirrelativeeconomicvalues.Theirindexisnotan optimal solution
for the selection index. Amore serious criticism isthat the desired levels have
to besetalsofor traits ofnodirectvalue. PESEKand BAKERproposed tosetthe
levelfor improvement insuchcasesatzero,but thisimpliesthat thesetraitsare
not to be altered by selection, which may limit the response obtained in other
traits.
The expected response to selection for different estimates of the relative
economicvaluesmaybeeasilycomparedwhenemployingthemethodpresented
by HENDERSON (1963). He first calculated selection indices for the separate
improvement of each trait. Then he weighed these selection indices according
to the relative economic values of the traits concerned, and added them up to
Meded. Landbouwhogeschool Wageningen 72-1 (1972)
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obtain the selection index for the simultaneous improvement of all traits of
economic value.

/=i>i'i

(2°)

1=1

The resulting index was identical with the selection index found when the
improvement of all traits was considered simultaneously.
Thelargerthenumber oftraitsthat areconsidered intheselection index,the
larger the expected response to selection will be. However, it isimpractical to
consider more than a few traits.Within a large group of traits there should be
several subgroups of correlated traits. Each trait of such a subgroup may be
taken as an expression of the same characteristic, like for instance maturity or
vigor.Mostoftheinformation whichmaybeobtained from suchasubgroupof
traits should be realized by choosing one major trait out of such a group.
Likewise,most oftheinformation concerning thevalueofanindividual should
be realized using only a few of such major traits. Aswedo not know the true
parameters of the population, the selection index is calculated using estimates
for the genetic and phenotypic variances and covariances of the population.
The larger the number of traits that are involved in the selection index, the
larger becomes the influence of errors inherent to the estimates (COCHRAN,
1951). The optimal solution to the selection index therefore will be an index
based on only a few major traits.
Several authors presented formulas for the standard error of the selection
indexand for thestandard erroroftheexpected response toselection,basedon
theerroroftheestimatesofthepopulationparameters(NANDA,1949; WILLIAMS,
1962). When the expected response to index selection is only slightly superior
totheresponsetosingletraitselection,indexselection maybelessefficient than
singletrait selection, dueto the error involved in theestimates.
A simulation study on the influence of sampling errors was carried out by
HARRIS (1963, 1964). He considered the case of two traits of equal heritability
and equal economicimportance. The covariance between the two traits due to
common environment wastaken to be zero.Within these limitsheused fifteen
different population types,with the heritability taking the values0.2,0.5, and
0.8, and the genetic correlation between the two traits taking the values -0.5,
0.0, 0.2,0.5,and 0.8. For each population typeheusedfifteendifferent sample
sizes,whilehedidthesimulationprocedurenineteentimesforeachcombination
ofpopulation typeand samplesize.Thesimulationprocedure ledtothe followingconclusions.The influence of samplingerrors decreased with an increasein
sample size. The influence of sampling errors also decreased, when increasing
eithertheheritability orthegeneticcorrelation orboth. Formost combinations
ofsamplesizeand population typetheexpected responsetoindexselectionwas
slightly overestimated.
It is often necessary to calculate a new selection index for each population,
because each population has its own specific set of parameters. HANSON and
JOHNSON(1957)used the data from different populations to calculate a general
6
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selection index.Theydetermined thephenotypic weightsbt suchthat the average
genetic gain was maximized.
The parameters of a population should alter as a result from index selection.
Index selection should lower the heritability and the genetic correlation of the
characters represented in the selection index. An interesting case is when the
traits to be improved by selection are negatively correlated. Index selection
should be a relatively efficient method of selection under such conditions. However the two traits may be improved simultaneously only in as far as the
negative correlation is not due to pleiotropic gene action. As shown by HARRIS
(1963, 1964) the influence of sampling errors should be large with negatively
correlated traits.
A simulation study to compare index selection and tandem selection in selfpollinated crops showed index selection to be superior (PESEK and BAKER,
1969a). Selection experiments with Drosophila comparing index selection with
tandem selection and with selection using independent culling levels were inconclusive (SEN and ROBERTSON, 1964; RASMUSON, 1964). A theoretical examination of these three methods of selection showed that index selection should
be more efficient than either of the other methods (HAZEL and LUSH, 1942;
YOUNG, 1961).The use of independent culling levelsmay beadvantageous when
selection on one or more traits ispossible before flowering, making selection on
these traits possible on both themale and thefemale parent (YOUNG, 1961).The
independent culling levels are applied between the selection on characters observable before flowering versus the selection on characters observable after
flowering. YOUNG and WEILER (1961) developed a graphical method to estimate
the optimum combination ofcullinglevelsfor such situations. Likethe selection
index,the optimum level ofculling levels isdetermined by the relative economic
values and thephenotypic and geneticvariances and covariances of the different
traits.

2.2. THE PARAMETERS OF THE POPULATION

2.2.1. Phenotypic correlations
Between 1890-1920 corn shows became popular in the U.S.A. Score cards,
with emphasis on traits correlated with yield, were used to select the piize winning ear samples. These samples weie supposed to be valuable sources of seed.
Later studies showed that selection on the phenotypic performance without
environmental control produced little if any progress (MCCALL and WHEELER,
1913; CUNNINGHAM, 1916; LOVE and WENTZ, 1917; RICHEY, 1922; KIESSELBACH,

1922). In recent years phenotypic correlations with yield were again reported
and ROY, 1957; WEILING, 1964; SINGH, 1966; SHARMA et al., 1968).
However, knowing the phenotypic correlations without knowing the genetic
correlations does not serve any purpose.
(MURTY
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2.2.2. Correlations between inbred lines and their F1 crosses
When hybrid maize first became popular, several workers looked for traits in
inbred lineswhich could serve as indicators for hybrid performance (JORGENSON
and BREWBAKER, 1927; NILSSON-LEISSNER, 1927; JENKINS, 1929). As could be
expected, hybrid yield was not found to be closely correlated with any of the
traits of the inbred parent lines. Better correlations were obtained when the
lines were tested for general combining ability (JENKINS, 1929; HAYES and
JOHNSON, 1939; SPRAGUE, 1952).
STRUBE(1967)constructed several selection indices for the selection of inbred
lines for general combining ability.
2.2.3. Estimation of the genetic andphenotypic variances and covariances
The genetic variance of open-pollinated varieties may be estimated from :
1. a parent-offspring relation;
2. a sib relation.
2.2.3.1. P a r e n t - o f f s p r i n g r e l a t i o n
LUSH (1940) measured the heritability astwice the regression of offspring on
oneparent. The geneticvariance is given by twice the covariance between one
parent and the mean of its offspring, or by twice the covariance between the
midparent value and the mean ofitsoffspring (FALCONER, 1960). Likewise, the
geneticcovariance between two traits / and J is equal to:
genetic covariance (I, J) = 2 cov (Iu I2)
(21)
when subscript 1stands for traits from one parent or from the mean of the two
parents, and subscript 2for traits from the mean of the offspring. HAZEL (1943)
gave the genetic covariance between / and J as:
genetic covariance (I, J) = 2Vcov (7,, J2) cov(I2, / J
(22)
When estimating the genetic covariance according to the above expression an
optimal use is made of all information available from the parent-offspring
relationship.
ROBINSON et al.(1949) and WILLIAMSet al. (1965) estimated theheritability of
several traits in maize from the regression of offspring on one parent.
The selection index may be estimated directly from the parent-offspring
relationship, without first estimating the population parameters. The selection
index is given by twice the multiple regression of the value of the offspring on
the characters of the parents. When only one character, for instance yield, is to
be improved by selection, the value of the offspring is given by its yield. When
improving several traits simultaneously, the value of the offspring is given by
the weighed sum of these traits, with the traits weighed according to their
relative economic values.
2.2.3.2. Sib r e l a t i o n
To estimate the geneticvariance from a sib relationship it isconvenient to use
the analysis of variance. The estimation of variance components from the ana8
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lysis of variance was discussed by CRUMP (1946) and EISENHART (1947). COMSTOCK and ROBINSON (1948, 1952a)presented several mating designs to estimate
the additive genetic and the dominance variance from a combination of full-sib
and half-sib families. Other mating designs are also possible. The simplest case
is a one-factor mating design, which is a design with only one component of
variance for progenies (COCKERHAM, 1963). A one-factor mating design using
half-sib progenies isadequate whenweare only interested intheadditive genetic
variance (COMSTOCK and ROBINSON, 1952b; DUDLEY and MOLL, 1969).
COCKERHAM (1963) listed the conditions which should be satisfied when
estimating the genetic variance of open-pollinated varieties:
a. Regular diploid and solely mendelian inheritance;
b. no environmental correlations among relatives;
c. no linkage;
d. relatives are not inbred;
e. relatives may be considered to be random members of some non-inbred
population.
Condition (a), solely mendelian inheritance might not be completely valid
when using maternal half sibs because of maternal inheritance which may
occur through the cytoplasm. Within old, established varieties one would not
expect any cytoplasmic differences to exist. However cytoplasmic differences
may be present incomposites of diverse and recent origin (FLEMING et al., 1960;
SINGH, 1962; SINGH, 1965; CRANE and NYQUIST, 1967; HUNTER and GAMBLE,
1968; GARWOOD and LAMBERT, 1968; BHAT and DHAWAN, 1969; GARWOOD

et al., 1970).
Condition (b),no environmental correlation among relatives is also not completely valid when using maternal half sibs because of maternally induced correlations between relatives (maternal effects), since the mother plant is a major
component of the embryonic environment.
Condition (c), no linkage, is often stated as linkage equilibrium. The condition of linkage equilibrium is often not completely valid in populations of
recent origin, which have gone through only a few cycles of random mating
(DUDLEY and MOLL, 1969). Even at linkage equilibrium linkage still causes a
positive biasin the estimation of the geneticvariance (COCKERHAM, 1956,1963).
The conditions (d) and (e) may be satisfied by using proper experimental
techniques.
The genetic correlation among half sibs is 0.25 (FISHER, 1918). The genetic
variance between half-sib families is equal to one quarter of the total genetic
variance. COCKERHAM (1954)pointed out that the geneticvariance between half
sibs contains also small quantities of epistatic variance.
When open-pollinated ears are used as the source of half-sib families each
family willcontain a number of full-sib family groups. Provided there are many
pollen parents available at the time of pollination, the number of full-sib
families within a half-sib family should be large in comparison to the size of the
full-sib families. This should make the fraction of the genetic variance due to
full-sib family groups within half sibs negligible.
Meded. Landbouwhogeschool Wageningen 72-1 (1972)
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Under open pollination one might expect some assortative mating to occur.
Assortative mating should lead toanoverestimation ofthe genetic variance
(LINDSEYetal., 1962).Howeverwithapolygenictraitandahigh environmental
variation this bias isnegligible.
Determination of the genetic variance from experiments conducted in only
one environment will generally lead to an overestimation, because thegenetic
variance will beconfounded with the genotype byenvironment interaction
(COMSTOCKand MOLL, 1963;COCKERHAM, 1963).Thegenotypebyenvironment
interaction maybeestimated whentheexperimentsarecarried outinarandom
sample ofenvironments. SPRAGUEand FEDERER (1951)wereamong thefirstto
estimate the variety by location and thevariety by year interaction.
COCKERHAM (1963) presented the expectations ofthe mean squares for a
combined analysisofprogeniesinanumberofenvironmentsasgivenintable1.
Theerror component of variance of table 1 may bewritten as(COCKERHAM,
1963):
^2=~

+ <r2e

(23)

where:
<r2w= variance among individual plants within plots;
w —the number of plantsper plot;
a2e = between plot component ofenvironmental variance.
When theanalysis ofvarianceiscarried out for w individual plantsper plot,
the expectation ofthemean squares willbeaspresented in table2.
An estimate of the total phenotypic variance isgiven by:
ff2p = <T\ + <r2e+ «2St+ <r2<,
(24)
Whenindividualselectioniscarriedoutwithinplotstheappropriatephenotypic
variance does not contain the 'between plot' component of variance:
a2p (within plots) = <T2W+ er2„e+ <x2„
(25)
TABLE 1. Combined analysis of progenies in/ environments.
Source
Environments
Replications
Progenies
Progenies x environments
Error
Corrected total

D.f.

Expectations ofthe mean squares

(I-I)

/(r-D
(«-l)
(/-1)(«-1)
/(r-l)(*-l)

o2 +ro2„ + r-h2.
a2+re1,.
a2

lrn-1

I = number of environments
r = number of replications within environments
n = number of progenies
a2 =error component of variance
a2„ = variance component due to genotype x environment interaction
a2, = progeny component of variance
10
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TABLE 2. Analysis ofvariance for wplants perplot.
Source

D.f.

Environments
Replications
Progenies
Progenies x environments
Between plots
Within plots
Corrected total

Expectations of themean squares

(/-D

/(r-1)
(»-l)
(*-l)(/-l)
/(r- 1)(/f- 1)
nlr(w-X)

a2w + wa2e + wro2,
o2y + wa2e + wra2,

wrh2.

+

<T2„ + wa2t

(r2w

n-l-r-w — 1

The variance components are givenasvariances ofsingleplants. When progenies are half-sib
families theprogeny component ofvariance a2, isequaltoone-quarter oftheadditive genetic
variance.

An estimateofthe additive geneticvarianceisgivenby:
o-2.= 4ex2,

(26)

Thephenotypicandgeneticcovariancesbetweentwotraitsareestimated ina
way much like thevariances. Instead ofthe mean squares themean products
betweenthetwotraitsarecalculated.Intheexpectationsofthemeanproducts
components of covariance take theplace of components of variance (COMSTOCK and ROBINSON, 1952b; MODEand ROBINSON,1959).
Theexpectationsofthemeansquarespresentedintable 1 and2maybeused
to estimate theresponse to selection obtained from selection methods based
upon progeny means. EBERHART (1969) presented a general formula forthe
expected responsetoselection usingsuchmethods:
k-p-a2gR =

y {i°2e + c'Jw)f(r-l) + o - V / + cr 2 ,}" 2

(27)

where:
p = amount ofparental control (seebelow)
<r2a, = additivevariancebetweenprogenies. When using half-sib progenies,
theadditivevariancebetweenprogenies,CT2Bis
. equivalenttotheprogeny
componentofvariance, o2g.
y = numberofyears required per selectioncycle.
Theformula may alsobewrittenas:
k-p-(r2g,
'
R =
2
12
y{^ + r<T\e+ r-la e)l(r-l)Y
^
2
where a istheerror component ofvarianceasgivenby(23).Wenotice that
(a2 + r<r2ee + r-l o29) is equivalent tothe expectation of theprogenymean
squareasgivenintable1.
Theamountofparentalcontrol,p, dependsontheseedsourcewhichisused
Meded. Landbouwhogeschool Wageningen 72-1 (1972)

11

to represent the selected progenies (EBERHART, 1969).With selection based on
the performance of half-sib progenies there are three possibilities:
1. The most simple one is modified ear-to-row selection as proposed by
LONNQUIST(1964).In thisschemeone ofthereplications oftheyieldtrialsis
grown in isolation, and the best plants are selected from the best ear-rows
within this replication. The selection of the best ear-rows is based on the
performance in all replications. Seed bulked from all progenies is interplanted
as a pollinator between the ear-rows, which are detasseled. Thus, testing and
recombination aretakingplaceatthesametime,sothat thisschemetakesonly
onegeneration percycle.Astheselected earsareopen-pollinated, the selection
ispractisedonthefemaleparentonly,andtheamountofparentalcontrol,/?,is0.5.
2. Half-sib selection or as it is called half-sib testing or ear-to-row selection,
uses remnant seed of the selected half-sib families, thereby practising full
parental control,/? = 1.Half-sib selection takes twogenerationspercycle,one
generation for testing and one generation for the recombination between the
selected families.
3. Half-sib progeny selection or recurrent selection for within population
general combining ability. This scheme uses selfed seed from the male
parents of the half-sib progenies, so that the amount of parental control is
twice as high as in half-sib selection,p = 2. The selection takes three generationsper cycle.In thefirstgeneration plants designated asmalesareselfed and
crossed to a number of females. Each male group of crossesisbulked so as to
give the half-sib progenies representing the males. The yield trials are grown
during the second generation, while the selfed seed of the selected males is
recombined during the third generation.
Modified ear-to-row selection, half-sib selection and half-sib progeny selectiontakerespectivelyone,twoandthreegenerationspercycle.However,for all
these three methods a minimum of one year per selection cycle,y = 1,is required under Mokwa conditions, because progeny trials may be conducted
onlyduring themain croppingseason.
The above formula for the expected response to selection does not account
for any effect ofindividual selection, although the selection methods do normallyinclude someindividual selection. For instance usinghalf-sib selection one
maypractiseindividualselectionwithinprogenieswhenrecombiningtheselectedfamilies. Howevertheeffect ofsuchindividual selection islimitedfor several
reasons:
1. Individual selection is often applied during the off-season in the nursery,
using a low selection intensity.
2. The selection is practised within progenies, exploiting only part of the
additive genetic variance of the population.
3. The criteria used for individual selection often differ from the criteria used
for selecting the best progenies. For instance while the progenies may be
selected only on the basis of their yield performance, individual selection may
take also other factors into account, like resistance to lodging, ear and plant
height, disease resistance,etc. (EBERHART,1967).
12
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2.3. APPLICATION OFTHESELECTION INDEX

2.3.1. Index selection asapplied in different crops
An extensiveliterature onindex selection existsinthefieldofanimal breeding.
Here weconfine ourselves toindex selection as applied toplant breeding.
Selection indices have been calculated for:
alfalfa

(ELGIN et al., 1970);

cabbage
cotton

(SHARMA and SWARUP, 1964);
(PANSE and KHARGOKAR, 1949; MANNING,

1956, 1963;

MILLER et al., 1958);

maize
seeparagraph 2.3.2., page 14;
oats
(WALLACE et al., 1954);
rice
(ABRAHAM et al., 1954);
sorghum (SWARUP and CHAUGALE, 1962);
soybean (JOHNSON etal., 1955; BRIM et al., 1959; TANG, 1963; CALDWELL
sunflower
tobacco
wheat

and WEBER, 1965; BYTH et al., 1969);
(SCHULZE, 1962);
(MURTY and PAVATE, 1962);
(SMITH, 1936; SIMLOTE, 1947;SIKKA and JAIN,

1958; PARODA and

JOSHI, 1970; PESEK and BAKER, 1970).

In all these examples theselection indices were calculated fortheselection
based upon progeny means.
Several workers calculated selection indices for selection among varieties
(SMITH, 1936; SIMLOTE, 1947; ABRAHAM et al., 1954; SIKKA and JAIN, 1958;
SWARUP and CHAUGALE, 1962; MURTY and PAVATE, 1962).A general selection

index toscreen varieties cannever bevery accurate, because there maybelarge
differences inthepopulation parameters ofdifferent varieties. Butespeciallyin
varietal selection it is often necessary to distinguish small differences. Index
selection istherefore nota suitable method for selection among varieties.
Index selection inmost caseswasonly slightly superior tosingle trait selection
for thedesired character. Thehighest expected response toindex selectionwas
reported by SHARMA and SWARUP (1964), whopresented a selection indexfor
cabbage with anexpected response, which was sixty percent higher thanthe
responsetosingletrait selection foryield. Unfortunately nodata onthe realized
response have been given. MILLER etal. (1958) calculated several selection indices for cotton. When thelines were tested inonly tworeplications, theyobtained aselection index with an expected efficiency ofone hundred and thirtyfour percent, butwhen testing wascarried outmore extensively, theefficiency of
index selection versus direct selection foryield decreased. This isbecausean
increase intheamount oftesting produces alarger increase intheefficiency of
direct selection foryield than inthe efficiency ofindex selection, sothat the
efficiency ofindex selection decreases relative totheefficiency ofdirect selection
for yield. Again no data have been given ontherealized response to index
selection.
MANNING (1956,1963) applied index selection inacotton breeding programMeded. Landbouwhogeschool Wageningen 72-1 (1972)
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me. In each generation of selection he calculated from the selfed progenies a
new selection index specific for that season. He applied the selection index to
select the best entries out of theprogeny trials,from which the selection index
had been calculated. MANNINGrealizedintwelvegenerations ofindexselection
an increase in yield of about thirty percent. The cumulative expected response
from twelve generations of index selection wasfiftypercent, whiletheexpected
response to single trait selection for yield wasfourty-four percent.
CALDWELL and WEBER (1965) and BYTHet al. (1969) working with soybean
compared specific, average and general selection indices. Thespecific, average
and general selection indices were calculated respectively from data derived
from the population under selection, pooleddata from a number of related
crosses and pooled data from unrelated populations. The specific index was
superior to both the average and the general selection index (CALDWELL and
WEBER, 1965). However a general selection index was superior to a specific
index when genotype by environment interaction was important (BYTH et al.,
1969).
Working with alfalfa, ELGINet al.(1970)found that a 'baseindex', inwhich
the traits were weighed only according to their economic value, was equally
efficient as a selection index.
2.3.2. Indexselection asappliedin maize
Comparativelylittleisknown aboutindexselectioninmaize. ROBINSONetal.
(1951)usedthedatafrom the F 2 generation ofasinglecrosshybrid,todemonstratethecalculationofa selectionindex.Theyconsideredthecaseofaselection
index to beused in theselectionof half-sib progenies,whentheprogenies were
tested in non-replicated plots. As an example they presented a selection index
whichincludedtheplant height,thenumber ofearsperplant, andtheyield. In
their example the expected genetic advance from index selection was thirty
percent superior to theexpected geneticadvance from selection on yieldalone.
However they did not advocate index selection as a method to improve the
yieldofmaize,becausetheincreaseinselectionefficiency should notwarrantthe
extra effort of calculating and applying a selection index.
CHAUDRI (1964) calculated a selection index for a synthetic population of
maizebased on yield and earcharacters. An index includingfivetraits gavean
increase in expected genetic advance of only fourteen percent compared to
single trait selection for yield.
LAIBLE (1964) and LAIBLE and DIRKS (1968) introduced an Ear Number
Weight Index (ENWI), which they defined as the quotient of the total grain
yieldperplant and theyieldofthelargest ear.Theycalculated selectionindices
for several single cross combinations, based on yield and number of ears per
plant, or based on yield and ENWI. Their conclusion wasthat index selection
gaveonly modest gains over singletrait selection for yield.
Asnoted inparagraph 2.2.2. STRUBE(1967)constructed aselection index for
the selection of inbred lines.
RUEBENBAUER and WEGRZYN (1963) used a 'quotient index'. They took the
14
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quotient ofthevalueofatraitand itsmeanvalueinthewholepopulation.They
then obtained theindexvalueofanindividual asthesumofthequotients ofall
traits considered in the selection. The 'quotient index', while more convenient
touse,should produce resultsalmost similarto thoseobtained from aselection
index.
None of these maize workers have given data on the realized response to
index selection.
The selection indices which have been calculated for maize as well as for
other crops wereall based on singleor replicated plots as units of selection. In
most cases the value of index selection was questionable. With the yield
measured from single or replicated plots, one has already a rather precise
estimate of the genetic value of an entry. The more extensively the entries are
tested, thesmaller willbetheadditional information about thegeneticvalueof
theentries which may beobtained from a selection index (SMITH, 1936;ABRAHAMet al., 1954; MILLER et al., 1958).With individual or mass selection, yield
by itself will provide a poor estimate of the genetic value of the individual. A
selection index,whichmakesmaximumuseofallinformation available from a
single plant, should provide a much better estimate of the genetic value of the
plant.
Resultsofanexperiment by WILLIAMSetal.(1965)mayserveasanexample.
Using an open-pollinated variety they considered the selection of full-sib
families,whentestingwascarriedoutfor twoyearsinfour replications.Indirect
selection for yield by selecting on the ear diameter was expected to be twentysevenpercentlessefficient thandirectselectionforyield.Ontheotherhand from
theirdataitcanbeseenthat individual selection for eardiameter isexpected to
be eight percent more efficient in improving yield than individual selection for
yield.Aselection index includingeardiameterand yieldshould givea nineteen
percent higher expected response than single trait selection for yield.
LONNQUIST(1967)found thatindividualselectionofmultipleearedplantswas
moreefficient inimprovingyieldthanindividualselectionforyield. TORREGROZA
and HARPSTEAD(1967)obtained a yield improvement of fourteen percent after
fivecyclesofmassselection for multipleears.Inboth casesindividual selection
by means of a selection index based on yield and number of ears per plant
should have been more efficient than either single trait selection for yield or
single trait selection for multipleears.

Meded, Landbouwhogeschool Wageningen 72-1(1972)
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SIMULTANEOUS SELECTION FOR YIELD AND L O D G I N G
RESISTANCE IN MAIZE, A REVIEW OF L I T E R A T U R E

As said in chapter 1the main problems of maize production in Nigeria were
the low yield level of the crop and the susceptibility of the crop to lodging.
When seeking to improve both traits simultaneously it is important to know
whether there is any correlation between yield and resistance to lodging. We
will first consider the improvement of each trait separately, after which we will
study the possibility of simultaneous improvement of yield and resistance to
lodging.

3.1. SELECTION FOR YIELD

In comparison to other traits yield has a low heritability (GARDNER, 1963).
Numerous workers have looked for traits which they could use in indirect
selection for yield. Most of the correlations with yield reported in literature
were phenotypic correlations (see paragraph 2.2.1., page 7). More recent
publications gave also genetic correlations with yield (ROBINSON et al., 1951;
LINDSEY et al., 1962; LAIBLE, 1964; GOODMAN, 1965; STUBER et al., 1966;
CHAUDRI, 1964; WILLIAMS et al., 1965; HALLAUER and WRIGHT, 1967; HAL-

LAUER, 1968; ANON., 1969).

It is difficult to compare the figures given by different authors because the
correlations depend on cultural practices and on the kind ofpopulation studied.
Altering the spacing between plants may result in different correlations (ANON.,
1969). GOODMAN (1965) compared an adapted and exotic composite. In the
adapted composite he found high correlations with yield for several traits,
while he found the same correlations to be small and often negative in the
exotic composite. In general fairly high genetic correlations with yield were
reported with the number of ears per plant, plant and ear height and date of
flowering, while somewhat lower correlations with yieldwerereported for ear
characters.

3.2. SELECTION FOR LODGING RESISTANCE

Lodging depends largely on environmental conditions. It has a low heritability. A quantitative measurement of lodging is not possible. One can only
distinguish qualitatively in lodging and non-lodging. These two factors make it
difficult to select directly for lodging resistance (THOMPSON, 1963).
It is possible to distinguish between two types of lodging (THOMPSON, 1963).
1. Stemlodging, i.e. the stalk is broken below the ear.
2. Rootlodging, i.e. the plants are leaning more than thirty degrees from the
vertical, but they are not broken below the ear.
16
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3.2.1. Selectionfor resistance to stemlodging
An indication of the resistance to stemlodging is obtained by measuring the
strength of the stalk. The stalk strength was measured by recording the resistanceto breaking (DURREIX, 1925; FOLEY, 1962)orbyrecordingtheresistance
of the stalk to penetration or crushing (MCROSTIE and MACLACHLAN, 1942).
ZUBER and GROGAN (1961) determined the crushing strength and the rind
thickness of the stalk. They cut a 2-inch section from the third internode above
the ground and placed it upright in a hydraulic press. They recorded the pressure required to crush the stalk section. Using the fragments of the crushed
stalk section theycould then easily determine therind thickness.They measured
the rind thickness with a micrometer callipers in 0,001 cm.
Both crushing strength and rind thickness were highly correlated with resistance to stemlodging, while the weight of a 2-inch stalk section gave a
somewhat lower correlation withresistance tostemlodging(ZUBERand GROGAN,
1961; THOMPSON, 1963). The crushing strength and the rind thickness could be
measured from any internode of the stalk. The highest correlations with resistance to stemlodging were obtained when using one of the lower internodes
(THOMPSON, 1964). The 'genotype by environment interactions' for crushing
strength, rind thickness, and weight of a 2-inch stalk section were rather low.
In selecting for stalk strength it would normally be sufficient to obtain data
from a single environment (THOMPSON, 1963; ZUBER and LOESCH JR., 1966).
The diameter, the internode length and the breaking strength of the stalk
gave low correlations with resistance to stemlodging (ZUBER and GROGAN,
1961; THOMPSON, 1964).
THOMPSON (1970)determined the 'dry specific gravity' of stalk sections as the
quotient of dry weight and fresh volume. He found that the dry specific gravity
and the dry weight were both highly correlated with resistance to stemlodging.
3.2.2. Selectionfor rootlodging resistance
Several workers recorded the pulling strength with which the plant was
uprooted as a measure of rootlodging resistance (HOLBERT and KOEHLER, 1924;
WILSON, 1930; SNELL, 1966).
CRAIG (1968) used the ratio of pulling strength and ear height as a measurement for the root strength.
VAIDYA et al. (1962) took the weight of the plant multiplied by the plant
height and divided by the root weight as an indicator of rootlodging resistance.
Both the root volume and the dry weight of the roots could be used as indicators for rootlodging resistance (MUSICK et al., 1965; NORDEN, 1966).

3.3. CORRELATION BETWEEN YIELD AND LODGING RESISTANCE

Whether simultaneous selection for yield and lodging resistance will be
successful depends on the genetic correlation between these characters. By the
Meded.Landbouwhogeschool Wageningen 72-1 (J972)
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heavier weight of the ears, increased yields present a greater mechanical stress
to the plant. Increased yields may also exhaust the plant, leaving an inadequate
amount of photosynthetic products for the stalk and the roots (CAMPBELL,
1964; DAYNARD et al., 1969). There is indeed some evidence that the stalk may
be depleted from soluble carbohydrates during ear formation. Soluble carbohydrates were moved from the stalk to the ear when photosynthesis was reduced
by shading or defoliation (SAYRE et al., 1931; HOYT and BRADFIELD, 1962;
MORTIMORE and WARD, 1964; DUNCAN et al., 1965; ALLISON and WATSON, 1966;
LIEBHARDT et al., 1968). A transfer of soluble carbohydrates from the stalk was
also observed under conditions of warm cloudy weather (DUNCAN etal., 1965)
or whenplants suffered from potash deficiency (LIEBHARDTet.al., 1968)or under
high population stress (MORTIMORE and WARD, 1964). A number of workers

noticed a translocation of carbohydrates under normal growing conditions
(SAYRE et al., 1931; VAN REEN and SINGLETON, 1952; HOYT and BRADFIELD,
1962; MUHLING, 1963; FOCKE et al., 1966; JOHNSTON et al., 1966; DAYNARD et

al., 1969;GENTER et al., 1970).Others however did not observe a decrease in the
sugar content of the stalk during grain formation (SAYRE, 1948; CAMPBELL,
1964; ALLISON and WATSON, 1966).
CAMPBELL (1964) found a negative correlation between the sugar level of the
stalk and yield. He suggested that as long as the plant is not killed by adverse
conditions, a high sugar level inthe stalk at maturity may prolong thelife of the
stalk tissue and so maintain the strength of the stalk.
The sugar level of the stalk at maturity was correlated with the resistance to
stalk and root rot (MORTIMORE and WARD, 1964).
SINGHet al.(1969)studying inbred lines,found littleifany genetic correlation
between yield and the characters indicating stalk strength: crushing strength,
rind thickness and weight of a 5-cm stalk section. They noted however that one
would not expect a competition between yield and stalk strength within low
yielding inbred lines. Studying a number of adapted and introduced varieties,
SINGH (1970) found a positive correlation between yield and the characters
indicating stalk strength. From this he concluded that selection for stalk
strength should have a positive effect on yield. However, these data should be
interpreted with somecaution because thecorrelations may beexplained also by
assuming that the adapted varieties were satisfactory both in yield level and
stalk strength, while the introduced varieties, not adapted to the new environment, might have shown both low yields and weak stalks.
Selection for resistance to stemlodging resulted in a decrease in yield, number
of ears per plant and ear height. This would indicate a negative correlation
between yield and resistance to stemlodging (THOMPSON, 1963).
If the reserves of the plant are depleted during grain formation it would not
only effect the stalk strength, but also the root strength. However the relation
between yield and root strength is more complex because a large, strong root
system would favour the uptake of nutrients and water and so favour the yield
potential of the plant.
Positive correlations were reported between yield and pulling resistance, root
18
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volume, number of brace roots,and dry weight of the roots (HAYESand JOHNSON, 1939; NORDEN, 1966).

Two cycles of selection for root strength gave no significant differences in
yield (CRAIG, 1968).
One would expect the two types of lodging, stem- and rootlodging, to be
negativelycorrelated,becauseunderasituationofstressonetypeoflodginghas
to occur. Increasing the resistance to one type of lodging will make the plant
moresusceptibletotheothertypeoflodging.Inagreement withthis THOMPSON
(1963)found positive correlations between the amount of rootlodging and the
characters indicating stalk strength: crushing strength and rind thickness.
Of course real progress in resistance to lodging is only obtainable when
selection iscarried out for general resistance to lodging, including both stemand rootlodging.
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4. THE SELECTION INDEX,
RESULTS FROM EXPERIMENTS, I

Experiments were conducted to test selection indices calculated from a
parent-offspring relationship.

4.1. RATIONALE OFTHEEXPERIMENT

Estimating the selection index from a parent-offspring relationship has
several advantages. The multiple regression of themean value of the offspring
on the characters of the parent plants gives a direct estimate of the selection
index, independent of any genetic interpretation. The experimental procedure
israther simple.Theplant charactershavetoberecorded onlyfrom theparent
generation. Theparentplantsmaybeplantedinanyconvenientpattern,aslong
as the plants are grown under the conditions that are common to actual
selection. Parent plants with incomplete records may be discarded from the
experiment, because selection among the parents does not bias the multiple
regression ofoffspring onparents.Themeanvalueoftheoffspring isdetermined
in progeny trials. When the selection is aimed at the improvement of the crop
within acertain set ofenvironments,theprogeny trials should beconducted in
a random sample of these environments.

4.2. MATERIAL

Two compositeswereused in the experiment, namely Samaru Composite 2
and Colombian Composite. The history of these composites is the following:
workinginSamaru,Nigeria,in1966DR.O.J.WEBSTERmadeseveralcomposites
by mixing seed from variety hybrids. Samaru Composite 1 consisted of a
mixture of equal amounts of seed from variety hybrids between Mexico 5and
the entries:
Biu Yellow
Yotoco X Diacol V351
(USA 342 X Diacol V206) x Diacol 254
Composite III Amarillo Centro America
Ven. 16 x ETO
Samaru Composite 2was a mixture of seed from variety hybrids between the
entries:
Biu Yellow
Yotoco X Diacol V351
(USA 342 X Diacol V206) X Diacol 254
(Cub. 325 XUSA 342) X Diacol 254
20
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(Yotoco XDiacol V351) XDiacol254
Compuesto Caribe Amarillo
D.V. 101 X D.V. 351
Ven. 16 XETO
D.V.351
Samaru Composite 3 consisted of a mixture of equal amounts of seed from
variety hybrids between Biu Yellow and Composite III Amarillo Centro
America, and between Biu Yellow and Mexico 5.
BiuYellowwasan advanced generation ofa cornbelt hybrid, and contained
a certainproportion ofcytoplasmicmalesterility. BiuYellowpossessed agood
combining ability in crosses with varieties from tropical origin. The other
entries were introductions from Colombia and Mexico. With the exception of
Mexico5,theentrieshadbeenmaintainedinNigeriabyrepeatedcyclesofhand
pollination, so that a considerable loss might have taken place in the genetic
variability of theentries.
Comparing the entries involved in the three Samaru Composites we notice
that the composites formed related populations, containing a number of
entries in common.
The three original seed mixtures were multiplied at Samaru during the
1966-1967dryseason byrandom mating.In 1967thefirstgeneration, 'G 1',of
each ofthethreecomposites wasgrown inisolation at Mokwa andleft to open
pollination. The 'G 2'generations ofthethree composites wereinterplanted at
Mokwa during the early season of 1968,thereby using a recurrent pattern of
tworowsplanted toacomposite.Thisplantingsystemallowedafairamountof
intercrossing to occur between the composites, while individual selection was
possiblewithineachcomposite.Abouttwohundred andfiftyearswereselected
and bulked from each composite. The 'G 3' generations of the three, now
partially intercrossed composites weregrown during thelate season of 1968in
asimilarpattern asusedforthe'G2'generations.Equalamountsofseedofthe
ears harvested from the 'G 3'generations were bulked to form the Colombian
Composite.

4.3. METHODS

To study the parent-offspring relationship the 'G 2' generation of Samaru
Composite 2had been planted on 13th August 1967as a late-season crop on
an isolated field at the Mokwa experimental farm. The crop received 26kg
P 2 0 5 perha,appliedassuperphosphate afew daysbefore planting,and 100 kg
nitrogen per ha, applied as sulphate of ammonia in equal doses two and six
weeks after planting. The seeds were hand planted, planting two seeds per
stand. The stands werespaced 30cm within the row and 91cmbetween rows.
Twoweeksafter planting thestands werethinned to oneplant each.
The following individual plant characters were recorded from two hundred
plants, which together formed one complete row in thefield:
Meded. Landbouwhogeschool Wageningen 72-1 (1972)
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1. The days to silking, that isthe number of days from plantingtilltheemergence of thesilks.
2. The number of ears withsilks.
3. The number of leaves above the main ear, which generally isthetopearof
the plant.
4. The number of green leaves at the time of silking.
5. Theplant height, measured two weeksafter silkingfrom groundleveltothe
flagof the top leaf of the plant, incm.
6. The ear height, measured two weeks after sikingfrom groundleveltothe
node from which the main ear developed, in cm.
7. The square diameter of the stalk, in 0.01 cm2. Thediameterwasrecorded
about two weeks after silking, at about 10-30 cm above the ground,
measuring the narrowest part of an internode with a vernier callipers in
0.01 cm.
8. The product of length and width of the leaf growing from thenode from
whichthemaineardeveloped,in0.1 dm2.Thewidthoftheleafwasmeasured
at its widest point.
9. The length of the main ear, in 0.1 cm.
10. Thecircumference ofthemainear,measured atitswidest point, in 0.1cm.
11. The number of seed rows on the main ear.
12. The weight ofdry grain.
Also recorded werethenumber ofears harvested perplant. In almost allcases
themainearwastheonlyseedproducingearoftheplant,thecharacter 'number
ofearsharvested'wastherefore not usedinthestatistical analysisoftheresults.
Theplantswereleft to openpollination. Thecropsuffered from alackofrain
towardstheendoftheseason.Fromthetwohundredplantsanumber hadtobe
discarded because they broke off before reaching maturity. In addition some
selection amongtheremainingplants wasnecessarybecauseaminimum ofone
hundred and twenty seedsper plant wasneeded for theprogeny test.
The individual progenies of one hundred and twenty-one plants were tested
in a yield trial conducted at the Mokwa experimental farm during the early
season of 1968. The yield trial was laid out using a double (simple) lattice
design with four replications as given by FEDERER (1955). The design was
chosen in order to correct, if necessary, for environmental heterogenity ('adjustments for incomplete blocks'). The plot size was one row offifteenstands.
Theexperiment wasplanted on26thApril 1968.Theculturalpractices used for
theexperiment werethesameasbefore. Plotyieldswererecorded astheweight
of the ears immediately after harvesting. For various practical reasons the
weightofundried earsperplothadtobeusedasameasurement ofyield.Howeveritcould besafely assumed that therewereno largedifferences inthreshing
percentage and moisture content of the ears between progenies. Adjustments
for incomplete blocks turned out to beunnecessary. Consequently, thedesign
chosen has nofurther bearing on the analysis of the experiment.
The experimental data were used to determine several selection indices.The
22

Meded. Landbouwhogeschool Wageningen 72-1(1972)

selection indices were estimated from the multiple regression of the progeny
yields on the characters of the parents.
An identical experiment was performed with Colombian Composite. The
parent generation consisted ofthirty-sixplants,grownduringthelateseasonof
1969.The progenies of the thirty-six plants were tested in the early season of
1970. Amoredetaileddescriptionofthissecondexperiment,andalsothereason
for the limited number of progenies, will begiven in chapter 5.

4.4. RESULTS

The response to selection isestimated according to expression (11), page4,
as:
k = k-f(I,H)-5H

(29)

where:
R
= estimated response to selection
k
= selection intensity
f(/, H) = estimate for the correlation between thephenotypic and the genetic
value
"aH = estimate for the standard deviation of the genetic value.
As can beseen from the formula the response to selection depends on the correlation between the phenotypic and the genetic value. The genetic value or
breeding value of a plant may be estimated as twice the mean deviation of its
progenyfrom thepopulation mean.Asthephenotypicvalue of aplant wemay
use its yield or any other measurement obtained from the plant. In the latter
case yieldisto beimproved bymeansofindirect selection. Not included inthe
formula is the amount of parental control p as given in par. 2.2.3.2., page 11.
When includingp the formula for the response to selection becomes:
R = p-k-r(I,H)-crH

(30)

When selecting after flowering the selection is practised on the seed parent
only,which means that theamount ofparental controlp is0.5.
Table 3for Samaru Composite 2and table 4for Colombian Compositegive
for each of the characters recorded from the parent plants respectively:
1. The correlation between that character and the mean progeny yield.
2. The improvement in yield obtained as an indirect response to selection for
that character, with the improvement in yield expressed as a percentage of
the mean yield.
3. The same improvement in yield now expressed as a percentage of the response to direct selection for yield (character twelve).
Within Samaru Composite 2, as shown by table 3, there were three traits
whicheachgaveabetterprediction oftheyield oftheprogeny than yielditself.
These were thecharacters:circumference of theear, days to silking, and plant
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TABLE 3. The plant characters of Samaru Composite 2
Character

(a)

(b)

(c)

1. days to silking
2. number of ears with silks
3. number of leaves above the ear
4. number of green leaves
5. plant height
6. ear height
7. square diameter, stalk
8. length x width,leaf
9. length main ear
10. circumference main ear
11. number of seed rows, main ear
12. weight of dry grain (yield)

0.24
0.13
0.11
0.11
0.24
0.18
0.09
0.12
0.15
0.27
0.00
0.21

*:X2.3
k X 1.2
k x 1.1
k x 1.1
k x 2.3
k x 1.7
k X0.9
k x 1.2
k x 1.5
* x2.6
k x 0.0
k x 2.0

115
60
53
54
112
84
43
59
72
127
0
100

(a) = the correlation between the character and the mean progeny yield;
(b) = the improvement in yield expressed as a percentage of the mean yield;
(c) = the improvement in yieldexpressed as a percentage of theresponse to direct selection
for yield;
k —selection intensity.

height. Within Colombian Composite, table 4, there was only one such a
character,thecircumference of theear.
The multiple regression oftheprogeny yield on thecharacters oftheparent
plants was calculated for each of the two populations. An estimate for the
selection index isgiven accordingto expression (2),page3,by:
/=£&,*,

(31)

1=1

whereh{isanestimatefor theweighingfactorandXtanestimateforthephenotypic value for the /'th trait. Selection indices for the two populations were
estimated by taking the weighingfactor for the i'lh trait b{as twice the partial
regression coefficient of theprogenyyield on thephenotypicvalueXt (seepar.
2.2.3.1.,page8).
Asitisnotfeasible touseaselectionindexbasedontwelvecharacters,some
procedureisneeded to selecta subset ofcharacterswhich willgivean optimal
predictionoftheprogenyyields.Thesolutiontothisproblemcanbefound only
byactuallytryingoutallpossiblecombinationsoftwo,threeandmorecharacters. However with a large number of characters such a procedure is hardly
feasible, even when using an electronic computer (SNEDECOR and COCHRAN,
1967).
SNEDECOR and COCHRAN (1967) present two different approaches to the
problem ofhowtofindasubsetofindependentvariables(theplantcharacters)
which will give an optimal prediction of the dependent variable (the progeny
yield).Theseare thestepup method and the stepdownmethod.Accordingto
the step down method wefirstcalculatethe multiple regression usingallinde24
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TABLE 4. The plant characters of Colombian Composite
Character
1. days to silking
2. number of ears with silks
3. number of leaves above the ear
4. number of green leaves
5. plant height
6. ear height
7. square diameter, stalk
8. length x width,leaf
9. length,main ear
10. circumference, main ear
11. number of seed rows, main ear
12. weight of dry grain (yield)

(a)
0.17
0.07
0.10
0.04
0.29
0.18
0.28
0.24
0.17
0.55
-0.13
0.38

(b)
k x 1.5
k xO.6
k xO.9
k xO.4
k x 2.6
k x 1.6
k X2.5
k X2.2
k x 1.5
k x 5.0
- * x 1.2
k x 3.5

(c)
44
18
27
12
75
46
72
63
44
143
-35
100

(a) = the correlation between the character and the mean progeny yield;
(b) = the improvement in yield expressed as a percentage of the mean yield;
(c) = the improvement in yield expressed as a percentage of the response to direct selection
for yield;
k = selection intensity.

pendentvariables. Thecharacter which then givesthe smallestcontribution to
the expected response to selection is omitted from the set of independent
variables, after which the multiple regression is calculated again for the remainingsetofindependentvariables.Byrepeatingthisprocedurethecharacters
maybeeliminatedfrom theselectionindex onebyone.
In thestep up method theproblem isapproached from the other side.First
thecharacterwhichbyitselfwillgivethe largestexpectedresponsetoselection
is sought, then a second character is looked for which will give the largest
additional expected response to selection. The procedure may be repeated
until the selectionindex includes allthe charactersavailable.
The two methods will not necessarily select the same set of characters,and
neithermethodguaranteesfindingthesamevariablesastheexhaustivemethod
of investigating every subset. Striking differences appear mainly when the
independentvariablesarehighlycorrelated.Thedifferences arenotnecessarily
alarming, because when intercorrelations are high different subsets can give
almostequallygoodpredictions (SNEDECOR and COCHRAN,1967).
Selectionindicesfor SamaruComposite2wereestimatedusingthestepdown
method.Theselectionindicesaregivenintable5.Theselectionindicesincluding
more than sevencharacters have not been given. Selection indicesfor Colombian Composite were estimated both according to the step down method, as
presented in table 6,and accordingto the stepup method, table 7.Again,the
selection indicesincludingmore than sevencharacters havenot beengiven.
Ineachselectionindexgivenin thetables 5,6and 7onecharacter hasbeen
underlined,thisisthecharacterwhichisomittedfrom theselectionindexinthe
next step down procedure (tables 5and 6),or which has been included in the
indexduring the last stepupprocedure (table7).
Meded. Landbouwhogeschool Wageningen 72-1 (1972)

25

TABLE 5. Selection indices for Samaru Composite 2, estimated according to the step down
method

R'1

D.f. bJSb,

Responseto index selection Quotient
index,
estimated
realized
realized
expected
response
response
response
I

II

II

II

/ = + 0.65* , +
+ 1.42jh +
+ 2.64* 5 +
-3.97A-6

+

+ 1.07 * , 0 +
-0.47jhi +
+ 1.37*12

0.205 2.368 113 0.686 k x 4.4 217 4 x 5 . 1 148

83

/ = +0.61*! +
+ 1.58*2 +
+ 3.33*5 +
-4.05*6 +
+ 1.24 * , 0 +
- 0.49 * „

0.202 2.363 114 1.047 k x 4.3 215 4 x 5 . 0 144

61

/=+0.58*l +
+ 1.21*2 +
+ 1.49*, +
+ 1.20*, 0 +
-0.46*u

0.194 2.364 115 0.771 k x 4.3 211 k X5.3 152

/ = + 0.61 * t +
+ 1.30*2 +
+ 1.30* 10 +
-0.48*,,

0.190 2.360 116 1.445 4 x 4 . 2 209 4 x 5 . 3 153

39

/ = +0.58*, +
+ 1.38 * 1 0 +
-0.45*,,

0.176 2.371 117 1.714 4 x 4 . 1 201 4 x 5 . 2 149

40

58

/ = +0.56*, +
0.155 2.390 118 3.440 4 X3.8 188 4 x 4.7 135
+ 1.04*10
82
The underlined character in each selection index is omitted from the selection index in the
next step down procedure (table 5and 6),or it has been included in the index during the last
step up procedure (table 7). R'2 = squared multiple correlation coefficient between the dependent variable and its linear regression on the independent variables;5; = standard error
ofthedeviationsfrom regression;D.f. = degreesoffreedom;bt/Sbt=teststatisticfortheunderlined character for the test on the parameter fi, = 0.The estimated expected and the realized
response to selection are given: I,asa percentage of the mean yield and II,as a percentage of
the response to truncation selection for yield, 4 = selection intensity; * , = days to silking;
* 2 = number ofearswith silks;* 3 = number ofleavesabovethemainear;* 4 = numberof
green leaves at the time of silking; * 5 = plant height, in m; * 6 = ear height, in m; * 7 =
square diameter of the stalk, in cm 2 ; * 8 = product of length and width of the leaf growing
from the node from which the main ear develops, in dm 2 ; * 9 = length main ear, in cm;
*io = circumference main ear, in cm; * ; 1 = number of seed rows on the main ear; * 1 2 =
weight of dry grain (yield), in 100g.
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TABLE 6. Selection indices for Colombian Composite, estimated according to the step down
method

R'*

Sj

D.f. bJSb,

Response to index selection Quotient
index,
estimated
realized
realized
expected
response )eS ponse
response
I

II

I

II

II

/=+0.18*. +
+ 1.701-2 +
- 2 . 1 0 A-, +
+ 2.70jr« +
+ 0.27*9 +
+ 1.92 * 1 0 +
- 0 . 5 7 .j-n

0.561 1.020 28 0.669 it x 6.8 197 it x 3.3 166

120

+ 0.22*, +
+ 1.85 * 1 0 +
-0.54*,,

0.554 1.010 29 0.433 k x 6.8 195 k X3.4 170

112

/=+0.17*. +
+ 1.66*2 +
+ 0.17*9 +
+ 1.90*,„ +
-0.56*,,

0.551 0.996 30 0.773 it x 6.7 195 k X3.4 170

102

0.542 0.990 31 1.384 k X6.7 193 it x 3.4 169

92

0.514 1.004 32 1.210 * x 6.5 188 k x 2.9 143

78

0.491 1.011

66

/ = +0.17*! +
+ 1.65jh +
+ 0.93* 6 +

/ = +0.18*, +
+ 1.30*2 +
+ l-94*,o +
-0.63*,,
/=+0.98*, +
+ 1.93 *,„ +
-0.70*,,
/ = + 1.90*, o +
-0.66*1,

33 3.555 it x 6.4 184 it X2.8 139

For explanation seetable 5.
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TABLE7. Selection indices for Colombian Composite, estimated according to the step up
method

R'2

S',

IDS. bi/Sb,

Response to index selection Quotient
"
index,
estimated
realized
realized
expected
response
response
response
II

/ = + 1.90.ho +
-0.66*,,

I

0.491 1.011 33 3.555 * x 6.4 184 * X2.8 139

II

II

66

/=-0.15*, +
+ 2.19*,0+
-0.86.J-n

0.522 0.995 32 1.439 k x6.6 190 k X 2.6 138 64

/ = + 0 . 1 3 * , -f
- 0 . 1 5A-, +

+2.18.frto+
-0.80*,,

0.537 0.995 31 0.986 kX6.7 192 itX3.2 156 67

/=+0.17*, +

+1.07*1+
-0.12*8 +
+2.15*,0+
-0.78* u

0.560 0.986 30 1.251 k X6.8 196 k X3.3 162 74

/=+0.16*, +
+ 1.51*2 +
-0.14*, +
+ 0.23*9 +
+ 2.15*10+
-0.71*,,

0.575 0.985 29 1.022 k x6.9 199 kx3.4 169 80

/=+0.17*, +
+ 1.47*, +
-0.22*4 +
-0.15*, +
+ 0.22*, +
+ 2.20* l o +
—0.71*1,

0.581 0.996 28 0.618 k X6.9 200 k X3.5 171

79

For explanation seetable 5.
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The tables 5, 6 and 7 give for each selection index the following statistical
properties of the multiple regression from which the selection index was determined:
1. The squared multiple correlation coefficient R'2 between the dependent
variable and its linear regression on the independent variables.
2. The standard error of the deviations from regression 5; with degrees of
freedom, d.f.
3. For the underlined character in the selection index isgiven the test statistic
bJSb, for the test on the parameter /?, = 0. On the basis of the test statistic
may be decided whether the character should be omitted from the selection
index (SNEDECORand COCHRAN, 1967).
The tables 5, 6and 7givefor each selection index also the following information on the response to index selection:
4. Anestimate of theexpected response to index selection, expressed both asa
percentage of themean yield and asapercentage of theresponse to truncation selection for yield.
5. Therealizedresponsetoindexselection,againexpressedbothasapercentage
ofthemeanyieldand asapercentage ofthe responsetotruncation selection
for yield.
6. The realized response to selection when using a quotient index based upon
the same set of characters as isused in the selection index. The response is
expressed asa percentage of theresponse to truncation selection for yield.
Theexpected and realized responses to index selection were calculated using
formula (30),page 23.The realized response to selection could not be determinedfrom thedata oftheownpopulation,asthesehadbeenusedtoobtainan
estimate for the expected response to selection. Onepossibility was to test the
selectionindices,i.e.toassesstheirpredictedvalueonaseparategroupofplants
from the same composite which had not been used in the estimation of the
selectionindices.Howeverthesewerenotavailable.Asthetwocompositeswere
related populations the selection indices estimated for Samaru Composite 2
couldbetested usingtheplantsofColombian Composite, andviceversa.
The quotient index, proposed by RUEBENBAUER and WEGRZYN (1963),was
used as an example of an index, in which the traits are weighed according to
someestimation procedure.Inthequotient indexmethod thetraitsareweighed
by taking for each trait the quotient of the single-plant value and the mean
value of the whole population.
Samaru Composite 2, table 5. The realized response to index selection
expressed as a percentage of the mean yield of Colombian Composite was
larger than the estimated expected response to index selection, but when
expressed as a percentage of the response to truncation selection for yield the
realized response was lower than the estimated expected response. This is
because the response to truncation selection for yield in Colombian Composite
is much higher than the same response in Samaru Composite 2. However the
mainpointisthattherealizedresponsetoindexselectionwasalwayslargerthan
the realized response to truncation selection for yield. The response to index
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selectionwasalsolargerthan theresponseobtained from aquotientindex.The
quotient index method was less efficient than truncation selection for yield.
Colombian Composite, table 6and 7.Thestepdownandthestepupmethod
did not result in thesameformulae for theselectionindex.These discrepancies
are of course not unexpected, they arenot very relevant in the present context
since the expected and realized responses given in the two tables do not differ
verymuch.Therealized responsewasalwayslowerthan thepredictedresponse,
but lessso when the response wasexpressed asa percentage of theresponse to
truncation selection for yield. These relations are symmetrical to the relations
found for SamaruComposite2.Again,likeinSamaruComposite2therealized
response to index selection was always larger than the realized response to
truncation selection for yield. It was also larger than the response obtained
from a quotient index. The quotient index method was in most cases less
efficient than truncation selection for yield.

4.5. DISCUSSION

4.5.1. Discussion ofmethods
Some selection was necessary among the plants of the parent generation.
This could hardly be avoided as there are always some sterile plants or plants
with only a few seeds. The selection among the parent plants should bias the
genetic covariance, calculated from the parent-offspring relationship, and the
phenotypic variances and covariances, calculated from the parent plants.
Howevertheselection hasnoeffect on thesizeoftheregression ofoffspring on
parents (FALCONER, 1960).Astheselectionindexisestimatedfrom themultiple
regression of the yield of the offspring on the characters of the parents, the
selection index isnot biased by the selection among theparent plants.
The populations used in the experiments, Samaru Composite 2and Colombian Composite, wereboth from recent origin. Theprogenies ofSamaru Composite 2 and Colombian Composite had gone through respectively three and
fivecycles of open pollination. Although most of the linkage blocks should
have been broken up, the populations should not have reached a linkage
equilibrium yet, which should somewhat bias the conclusions drawn from the
parent-offspring relationship.
Asnotedinpar. 4.1.,page20,whentheselectionisaimedattheimprovement
of thecrop within acertain set ofenvironments, the offspring should betested
in a random sample of these environments. The progenies of Samaru Composite 2 however were tested at only one location. This should result in an
upward bias of theexpected response to index selection.
4.5.2. Discussion ofresults
Thecharacters which gavethe bestprediction of thegeneticvalue ofa plant
were within Samaru Composite 2 (table 3) circumference of the ear, days to
silking,plant height,and yield,inthat order. From table 5 howeverweseethat
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the plant height comes only as thefifthcharacter in the selection index, while
yield appears astheseventh character in the index.This isbecause most ofthe
information supplied by the characters plant height and yield isalready availablein the selection index through thecharacters circumference of theear and
daystosilking,sincethelatter twocharacters arecorrelated to theformer ones
(seealso par. 2.1., page6).
Similarly for Colombian Composite we notice in table 4 that the character
yield is the second best character in predicting the genetic value of a plant.
However,yielddoesnotappearintheselectionindicesgiveninthetables6and7
because yield ishighly correlated with the character circumference of the ear,
whichappears asthefirstcharacter intheselection index.
Although inboth populations thecorrelation between theprogeny yield and
thecharacter: 'number ofseed rowson themainear' isverylow,the character
appears as the second or third trait in theselection index.Thenumber ofseed
rows becomes important in combination with the character: 'circumference of
theear'.Thecircumference oftheearishighlycorrelated bothwiththeprogeny
yield and with the number of seed rows. The combination appearing in the
selection index of the circumference of the ear with a positive sign and the
number ofseed rowswith anegative signindicates that theselection should be
directed towards increasing the width of the seed rows.
Large differences in both directions existed between the expected and the
realized responses to index selection. Two reasons may be given to explain
these differences:
1. Sampling errors were involved both in the calculation of the selection
indicesandinthecalculation of therealized responsesto selection.
2. Thetestpopulation, usedtomeasuretherealized responsesdiffered from the
population for which the selection indices were calculated.
Comparing thefiguresoftable3and 4wenoticethat therewererather large
differences betweenthepopulations. Whiletheresponse to truncation selection
for yieldwithin Samaru Composite 2was:k x 2.0percent, thesamefigurefor
Colombian Compositewas:k x 3.5percent.Similardifferences alsoexisted for
other characters.
The responses obtained from index selection were rather encouraging,
despite the lack of precision in the selection indices. The realized response to
index selection was always larger than the realized response to truncation
selection for yield,with differences ranging between thirty-five and seventy-one
percent. Optimal responses were obtained from selection indices including
about four traits. The use of more traits produced hardly any further increase
in the realized response to selection or none at all.
The realized response from a quotient index wasin most cases considerably
lessthantherealizedresponsefrom aselection index.Theseresultsdonotagree
with the findings of RUEBENBAUER and WEGRZYN (1963), who found that a
quotient index was only slightly less efficient than a selection index. In the
present study the quotient index method was in most cases also less efficient
than truncation selection for yield.
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Thequotient index method wasused asan exampleof anindex inwhichthe
weights of the different traits are estimated according to some rule of thumb.
The success of any 'estimated' index should depend on whether the right
characters are included in the index. For example, for the populations under
study it isclear that thecircumference of theear ismuch moreimportant than
the length of theear in determining theyield. Any index to beconstructed for
thesepopulations should put emphasis onthecircumference rather than onthe
length oftheear.Thisexample showsthat evenwhenemployingan 'estimated'
index,itisstillnecessary tohavesomeestimatesfor thepopulation parameters,
so as to know which are the main characters determining yield.
4.5.3. Selection underspecialconditions
It may be advantageous to select under environmental conditions which
differ from the normal environment of the crop. For instance, to speed up a
selection programme, selection may be practised also during the off-season.
Another possibility is to create environmental conditions such as to maximize
the genetic variance and the single-plant heritability. Such an environment is
probably realized by choosing conditions which favour an optimal developmentofindividual plants,usinga widespacingand ampleamounts of fertilizer
(ANON., 1969). The parent-offspring relationship is then used to measure the
relationshipbetweenthephenotypicvalue,asobtained inthemodified selection
environment, and thegeneticvalueasobtained from theprogeny means,when
the progenies are measured under normal cropping conditions.
ThesituationatMokwamayserveasanexample.Therainyseasonat Mokwa
lasts from April till October. Within this time it isjust possible to grow two
crops of maize. The main crop is planted at the beginning of the season, in
April-May, and harvested 100-110 days later in August-September. A second
cropmaystillbeplanteduntilaboutmid-Augustto beintimebefore theendof
the rains. With irrigation facilities a third crop may be grown during the dry
season.
The efficiency of mass selection may be greatly increased when it becomes
possibletoselecttwoorthreetimesayear, insteadof onlyjust onceduringthe
main season. The experiments show that theyield of theearly plantedmain
crop may be improved by selection in a late-season crop. In both experiments
the parent generations were grown as late-season crops, while the progenies
were tested during the main season. The response to truncation selection for
yieldwhen selectingthetop tenpercent, k = 1.755,was,whenselectingwithin
Samaru Composite2,3.5percent,and,whenselectingwithinColombian Composite,6.1percent.Therealizedresponsetoindividualselectioncouldbefurther
increased by thirty-five to seventy-one percent by using a selection index.
Athird cycleofselection ispossibleduring thedry season. The environment
during the dry season differs greatly from the normal cropping environment.
Truncation selection for yield during the dry season therefore should not
necessarily result in an improvement in yield of the crop grown in the main
season.Aselectionindexwhichwould serveasanindicator ofthegeneticvalue
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ofthephenotypesresultingunderdry-seasonconditionsshouldbemostvaluable
for selection in the dry season. There are however no experimental data to
support this.
4.5.4. A comparison withselection methods basedupon progeny means
Assumingthat therealized response to individual index selection isthesame
irrespective of the time of the year in which the selection ispractised, wemay
estimate the cumulative response to individual index selection over a oneyear
period. With three cycles of selection per year and a ten percent selection intensity theresponseperyearshould befor SamaruComposite2between fifteen
and nineteen percent, and for Colombian Composite between twenty-six and
thirty percent.
Theresponsetoindividual indexselectionmaybecomparedwiththeresponse
obtained from selection methods based upon progeny means. A general formula for the expected response to selection using such methods was presented
in par. 2.2.3.2., page 11. The experimental data for Samaru Composite 2 and
Colombian Composite may be used to calculate the expected response to
selection for the different methods based upon half-sib progeny means. When
selecting the top ten percent the expected response to selection within Samaru
Composite 2should be for:
modified ear-to-row selection 4.2%
half-sib selection
8.4%
half-sib progeny selection
16.8%
The samefiguresfor Colombian Composite are:
modified ear-to-row selection 4.8%
half-sib selection
9.6%
half-sib progeny selection
19.2%
The differences in the expected response to selection between the three
selection methods depend on the amount of parental controlp within each of
the three methods (seepar. 2.2.3.2.,page 11).
As noted in paragraph 2.2.3.2., page 12, the expected response to selection
calculated for the different selection methods does not take into account any
effect ofindividual selection which normally hasitsplacewithin theseselection
methods. As noted, theeffect of any such individualselection should besmall.
When wecompare thefiguresgiven for individual index selection (15-19%
for Samaru Composite 2 and 26-30% for Colombian Composite) with these
given for the three other methods of selection, wenotice that for both populations individual index selection compares favourably to selection methods
using progenies. The two populations used in this study were composites of
recent origin, possessing a large amount of genetic variability. As noted in
chapter 1,page 1,individual selectionshouldbearelatively efficient method of
selection whenusingsuchpopulations. Individual selection however should be
lesssuitable for the improvement of longestablished, high performing populations, possessing only a limited amount of genetic variability.
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5. THE SELECTION INDEX,
RESULTS FROM EXPERIMENTS, II

An experiment was conducted to estimate selection indices for the simultaneous improvement of yield and resistance to stem- and rootlodging. The
selection indices were determined using the results from a sibanalysis.

5.1. EXPERIMENTAL CONDITIONSAND CHARACTERSMEASURED

A late-season crop ofColombian Composite wasplanted on22nd July 1969
on anisolatedfieldattheMokwa experimental farm. Thecrop received 52 kg
P 2 0 5 perha, appliedassuperphosphate afewdaysbefore planting,and100 kg
nitrogen perha,applied ascalcium-ammoniumnitrate inequal doses two and
sixweeksafter planting.Theseedswerehandplanted withtwoseedsperstand.
Twoweeksafter plantingthestandswerethinnedtooneplant each.Thestands
were spaced 30cm within therowand91cmbetween rows, givinga totalof
35,880standsper ha.
Individual plant characters were recorded from three hundred plants. These
plants werechosenatrandom withthe restriction thateachplanthadaborderingstandateitherside.Apartfrom thetwelvecharacterslistedinparagraph4.2.
five other characters were measured, they were:
1. thetotal number ofleaves;
2. thenumber ofnodes with brace roots;
3. thelength ofthe shank ofthe main ear,in0.5 cm;
4. thenumber ofseed-producing ears;
5. thehundred-seed weight, in0.1g.
Ad 1. Thedifferentiation of the tassel terminates thedifferentiation ofthe
leaves,sothat thetotal number ofleavesperplant mayberecorded assoonas
the tassel becomesvisible.Howeverthefirstfour orfiveleaveswhichtheplant
developshavealreadydisappeared atthetimethetasselbecomesvisible.Therefore theleaveshadtobecounted asthey developed. About twotothreeweeks
after planting,whentheplantshadfivetosixleaves,astripofbrownpaperwas
attachedround thestembetweenthefourth leafandthefifthleaf.Subsequently,
brown paper strips were attached round thestem between theeighth andthe
ninth leaf and between thetwelfth andthethirteenth leaf.Thetotal numberof
leavescouldbedetermined assoonasthe tasselbecamevisible,bycountingthe
number ofleaves above theuppermost strip ofbrown paper.
Ad 2. The number of nodes with brace roots was determined a few days
before harvesting, byrecording therank number of the uppermost node with
braceroots.Therank numbercouldbeknown becausethe rank numberofthe
nodes corresponds totherank number ofthe leaves.
Ad. 3. The ear is mounted on a short stalk, the shank of the ear, which
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branches from the main stalk. The length of the shank wasmeasured from the
main stalk to the inplanting of theseeds.
Ad. 4. A seed-producing ear was recorded as such, when it produced at
least 2gof dry grain.
Ad 5. The hundred-seed weight was determined by weighing hundred seeds
taken from the main ear.
After harvesting the ears it was tried to determine several stalk characters
from the plants remaining in the field. It was not possible however to obtain
reliable measurements from these plants, because about ninety percent of the
plantswereinfested bystemborerswhiletowardsharvestthestalksoftheplants
were also attacked by termites.
Theprogenies ofonehundred and forty-four out ofthethreehundred plants
were tested in a progeny test conducted in 1970.In choosing the one hundred
and forty-four plants some selection for yield was necessary, as a minimum of
twohundred andeighty-eight seedswasneededfor theprogenytest.
To limit the block size the experiment was conducted using the procedure
proposed byCOMSTOCKand ROBINSON(1952a).Theonehundred and forty-four
progenies were divided in twelve groups of twelve progenies each, and each
groupwaslaidoutseparatelyinarandomized blockdesign.Theprogenieswere
tested in four different environments with two replications per environment,
giving a total of eight replications. Thus in each environment there were two
replications of twelve blocks, each with twelve plots. The four environments
consisted of two locations, the Mokwa experimental farm and afieldcleared
near the Mokwa residential area at a distance of 8 km from the farm. Two
different environments were created at each location by using two dates of
planting. The planting dates were at the Mokwa experimental farm 23rd May
and 18thJune,and at thefieldneartheresidential area 11thMayand 6thJune.
The dates of planting had to be chosen rather late in the season, because in
1970the rains were about three weekslater than normal.
The size of the plots was one row of eighteen stands. The first and the last
standofeachplotweretakenasborderplants,sothatthenetplotsizeconsisted
of sixteen stands. The stands were spaced 30 cm within the row and 91 cm
between rows, giving a total of 35,880 stands per ha. The seeds were hand
planted with two seeds per stand. About two weeks after planting the stands
were thinned to oneplant each.
Thefieldlocated near the residential area wascleared from grass and small
shrubs during the preceding dry season, after which the field received eight
cartloads farmyard manureper ha. Boththefieldat theexperimental farm and
thefieldnear the residential area received 78 kg P 2 O s as superphosphate and
67 kg K 2 0 as muriate of potash before planting. On bothfieldsthe crop received 100kgnitrogen per ha ascalcium-ammoniumnitrate in three times,one
quarter ofittwoweeksafter plantingand theremainingquantity inequaldoses
five and eight weeks after planting. When some of the seedlings showed signs
indicating zinc deficiency, the crop was sprayed twice with a solution of zinc
sulphate, thereby applying a total of 224 g zinc sulphate per ha. To control
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termites, the fields were treated before planting with dieldrin, using 1.5 kg
per ha. Stemborers werecontrolled with twoapplications of 17kgfivepercent
thiodan granules per ha, given five and eight weeks after planting.
Within each plot two plants were chosen at random. As there were eight
replications, a total of sixteen plants were chosen from each progeny. The
plants were used to determine theindividual plant characters. Atthis stageit
was decided to alter the list of seventeen characters which had been used in
studying the parent generation. Several characters were added to the list of
characters,among thesewerethestalk characters whichcould notberecorded
from theparent plants. Included also wastheleaf angle, following reportsof
PENDLETON et al. (1968) on the influence of leaf angle onyield. Thecharacter
number of green leaves at the time of silking wasno longer used. Following
reportsofFRANCISetal.(1969)thelengthandwidthoftheleaveswererecorded
usingleafeightinstead ofusingtheleafgrowingfrom thenodefrom whichthe
main ear developed. Thecomplete list of characters recorded from theplants
reads as follows:
A. Records taken before flowering
1. The days to shooting, that is the number of days from planting till the
appearance of the tassel. The other characters observed beforeflowering
were recorded whenthetassel hadjust becomevisible.
2. Thetotal number ofleaves.
3. Thelength ofleaf number eight when countingtheleaves from thetopleaf
downwards, in cm.
4. Thelargest width ofleaf number eight, in0.1 cm.
B. Records taken during and after flowering
5. Thedaysto silking, that isthenumber ofdays from planting till theemergenceofthesilks.
6. Thenumber ofears withsilks.
7. Thenumber ofleaves above themain ear,which usually wasthetopear of
the plant.
8. Theleafangleofleafnumberthree,whencountingtheleavesfrom thetopleaf
downwards. Theleaf angle wasmeasured using a pieceofcardboard, 1 dm
square.Thecardboard washeldinaverticalposition above the leaf, with one
sideagainst thestemoftheplant. Thecardboardwasthenloweredsothatitjust
touched themidriboftheleaf.Thusthepoint wherethecardboard touchedthe
leaf wasatonedmdistance from thestem. Thelength of theleaf in0.01dm,
measured from thestemtothepoint whereittouched thecardboard, wasused
as a measurement of the leaf angle. This measurement wasequal to 1/sin a,
when awastheangle indegrees between stem andleaf.
9. Theplant height, measured from ground level to theflagof thetopleaf,
in cm.
10. Theearheight, measured from ground level to the node from whichthe
main eararises,in cm.
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The latter three records were collected about two weeks after silking.
C. Records taken at harvest
11. The number of nodes with brace roots.
12. The number of seed-producing ears.
13. The length of the shank of the main ear, in 0.5 cm.
Alsorecorded wasthefact whethertheplantwasstemlodgingor rootlodging
or neither.
D. Ear characters, recorded after harvesting
14. The length of the main ear, in 0.1 cm.
15. Thecircumference ofthemainear,measured atitswidestpoints,in0.1cm.
16. The number of seed rows on the main ear.
17. The seed weight of the main ear, in g.
18. The seed weight of the second ear, in g.
19. The total seed weight, in g.
20. The hundred-seed weight, in 0.1g.
21. The threshing percentage, calculated as the ratio of the total seed weight
and thetotal weight ofdryears before threshing.
E. Straw characters, recorded after harvesting the ears
After harvesting the ears the plants were uprooted with a leverdivice in the
way described by Craig (1968). The strength needed to uproot the plant was
measured witha springbalanceattachedtothelever.Theuprooted plantswere
divided inroots andstraw bycuttingthestalk atground level.Thestrawwhich
included the shank and the husks of the ear, was weighed. The roots were
washed and thewatershaken off. Therootswerethen left todryfor about half
anhour inthesunbefore weighingthem.A5-cmstalksection wascutfrom the
second internodeabovetheground. Usingthisstalksectionthediameter ofthe
stalk wasmeasured in both directions witha verniercallipers in0.01cm.Next,
the stalk section was dried for one week at 40°C, and weighed. The crushing
strength was determined with a hydraulic press. The stalk section was placed
standing upright in the press, and the amount of pressure needed to crush the
stalk section, that is when the stalk would suddenly collapse, was recorded in
pounds and converted to kg. Using the fragments of thecrushed stalk section,
the rind thickness wasmeasured with a vernier callipers in 0.01cm.
The following straw characters werecollected:
22. Thepullingstrength, that isthestrength needed to uproot theplant, inkg.
23. The weight of the straw, in g.
24. The weight of the roots, in g.
25. The square of the diameter of the stalk, calculated as the product of the
diameters measured in both directions, in 0.01 cm2.
26. The dry weight of a 5-cm stalk section of the second internode, in 0.01 g.
27. The crushing strength of the stalk, in kg.
28. The rind thickness of the stalk, in 0.01cm.
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In addition, the following records were collected on a net plot basis:
1. The number of plants.
2. The yield of dry grain. The weight of freshly harvested ears was converted
to dry weight of grain by multiplying the weights with a conversion factor.
The conversion factor was determined separately for each environment, using
a sample of about 10kgfreshly harvested ears.
3. Thenumber of stemlodged plants,that isplants broken below themain ear.
4. The number of rootlodged plants, that is plants leaning more than thirty
degrees from the vertical, but not broken below the ear. A distinction was
made between plants only leaning and plants completely bent down, touching
the ground. The first were counted as half rootlodging, while the latter were
counted asfully rootlodging.
The observations on stem- and rootlodging were used as measurements for
resistancetostem-androotlodging.Resistancetostemlodgingandresistanceto
rootlodging were therefore defined as follows. Plants not recorded as stemlodging were classified as resistant to stemlodging, while stemlodged plants
were classified as non-resistant to stemlodging. Plants recorded as non-rootlodging,ashalf,and asfully rootlodgingwereclassified respectivelyasresistant,
half resistant, and non-resistant to rootlodging.

5.2. OBSERVATIONS ANDPROCEDURES

Part of the experiment was virtually destroyed by a leaf disease, caused by
Helminthosporium maydis.Prior to 1970Colombian Composite itself and also
thelines contributing to the composite wereknown to be resistant toHelminthosporium maydis. CRAIG identified the disease suddenly occurring in 1970as
caused byraceTof//, maydiswhichapparently hadnotbeenpresent inNigeria
priorto 1970 (CRAIG, 1971).Thefirstsymptomsofthediseasewereshownsome
timebeforefloweringbythelowerleaves of theplant, small oval shaped spots,
tan coloured in the centre, with a brown margin, and round the spots a discoloured translucent zone.Verysoon alltheleaves,husksand leafsheaths were
attacked, showing spots ranging up to 25 mm in length and up to 8 mm in
width. Spotsjoined together toform largeareasofdead tissuetillat about two
tofour weeksafter silkingwhen theleaveshad died offcompletely,resulting in
a reduction inyield offiftypercent and more.Also the earsshowed symptoms
of the disease, with blackened seeds mainly at the eartips.
The onehundred and forty-four half-sib progenies could beclassified intwo
distinctgroups,onehundred andsevenprogeniesweresusceptibletothedisease,
resulting in a near complete failure of the crop, while thirty-seven progenies
carriedcompleteresistancetothedisease.Thisledtotheprovisional conclusion
that resistance to the disease depended on a factor located in the cytoplasm,
while the ratio between susceptible and resistant progenies of almost 3:1 is
believed to be accidental.
Thisconclusion wasconfirmed by other observations. Anumber of resistant
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varieties had been crossed with Colombian Composite as the seed parent. All
these crosses, which carried cytoplasm from Colombian Composite, weresusceptible to the disease. In still another experiment one hundred and forty-four
sets of reciprocal crosses had been made, using two hundred and eighty-eight
plants of Colombian Composite. Each set of reciprocal crosses was bulked,
giving one hundred and forty-four full-sib progenies. Of these progeniesfiftynine were completely resistant and thirty-one were completely susceptible to
thedisease,whilethe remaining fifty-four progeniesconsisted of both resistant
and susceptibleplants.These numbers do deviate somewhat from theexpected
p2 to2pqtoq2ratio,thereason for thisisthat inanumber ofcasesonlyoneof
the two reciprocal crosses set seed. This inflates the number of completely
resistant and completely susceptible families.
Returning now to the half-sib progeny test, the one hundred and seven
susceptible progenies had to be discarded so that there remained thirty-seven
progenies.Partofthedataofoneprogenywaslost,sothatfinallythedata from
only thirty-six half-sib progenies remained. With sixteen plants per progeny
(two plants per plot in eight replications), there were records available from
16 X 36= 576plants.
Eight ofthe576plants weresterile,whilea few otherplants produced onlya
few seeds. These plants constituted a problem because several ear characters
could not be recorded from these plants. Rather than entering zero for all
these measurements, it was thought more desirable to use the minimum value
which had been observed for these respective characters. Thus the minimum
value recorded for the hundred-seed weight, 12.3g,wastaken asthe hundredseedweightfor theseventeenplants,from whichthehundred-seed weightcould
not be otherwise determined. Likewise, the minimum value of 8.0 cmfor the
circumference oftheear had tobeusedsixteentimes,theminimum valueof5.1
cm for earlength, and the minimum value of 10for the number of seedrows,
had to beusedfour times,whiletheminimum valueof 5.0cmfor theearshank
had to be used twice.
From thirty plants thepullingstrength could not be measured, becausethey
broke off near the surface when uprooting them with the lever. Estimates for
the missing values were obtained by calculating the pulling strength from the
regression of pulling strength on root weight.
From the 576 plants under observation there were seventeen plants from
which the label was lost or which broke off or died beforeflowering.Consequently these plants were substituted each by a third plant randomly chosen
within thesameplot.Thetotal number ofleavesandthenumber ofnodeswith
brace roots could not be recorded anymore from these later plants, while for
thirteen of them it wasalso too late to record the shooting date. Estimates for
the missingdata werecalculated from the regression on a correlated character.
As correlated characters were used the plant height for the total number of
leaves,thedays to silkingfor thedays to shooting, and the root weightfor the
number of nodes with brace roots. Although other, more precise statistical
methodscould havebeenemployed toovercomethedifficulty ofmissingvalues,
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the procedure of estimation by using the regression on a correlated character
was thought to besufficiently adequate for the purpose.
In the original experimental layout there were two times twelve, which is
twenty-four blocks,eachconsisting oftwelveplots perenvironment. With data
from only thirty-six progenies there remained however only two times thirtysix,which isseventy-two plots per environment. In analysing the results, each
environment wasnow taken asa single block, disregarding the earlier subdivision in twenty-four blocks. This introduced some bias as the treatments were
not randomly distributed within each environment.
The data were analysed according to the analysis of variance presented in
table2,page 11.Analysesofvariancewerecarriedoutforeachsinglecharacter,
and analyses ofcovariance werecarried out for allpossible pairs ofcharacters.
The expectations of the mean squares and the mean products were used to
obtain estimates for the various components of variance and covariance. In a
number of cases negative estimates were obtained for the variance component
for the genotype by environment interaction or for the variance component
between plots or for both, while a negative estimate was also obtained for the
progeny component of variance for thecharacterseedweightof thesecondear.
Whenever a negative estimate was obtained for a variance component, the
component was taken to bezero.
Thevarianceandcovariancecomponents wereusedtoobtainestimatesforthe
genetic variances and covariances, the within plot phenotypic variances and
covariances, and the total phenotypic variances and covariances. The total
phenotypic variance is estimated according to expression (24),page 10, as:
5% = &\+ Z\ + a\e + a\
(32)
where:
a2w = estimate for the variance among individual plants within plots
a2e = estimate for the between plot component of variance
a2te = estimate for the variance component due to genotype by environment
interaction
a2g = estimate for theprogeny component of variance
Thephenotypic variance withinplots isestimated accordingto expression(25),
page 10,as:
ff2„ (within plots) = a2w + a2ge + a2g
(33)
Thephenotypic variance withinplots isequal tothe total phenotypic variance
minus the between plot component of variance. Likewise the phenotypic
covariance within plots does not contain the between plot component of
covariance. In presenting theresults, wewillfirst confine ourselves to the total
phenotypic variances and covariances. The phenotypic variances and covariances will therefore stand for the total phenotypic variances and covariances,
unless indicated otherwise.
Thecharacters ofeconomic importance,yield, resistance to stemlodgingand
resistance to rootlodging, were recorded in two different ways:
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1. From single plants, single-plant measurements were obtained from two
plants per plot,just as for the other plant characters.
2. Fromthenetplots,for eachplottheplottotal wasdivided bythenumberof
plants per plot to obtain the single-plant mean value for that plot.
The analysis of variance for each of the three characters may becarried out
usingeitherthesingle-plant measurements ofthesingle-plant meanvalueasthe
value for each plant. The analysis of variance iscarried out for two plants per
plot.Whenusingthesingle-plant meanvaluesthesamevaluehastobeassigned
to both plants within aplot, which meansthat it isnot possible toestimate the
within plot component of variance. However, the estimates obtained for the
other variance components, including the progeny component of variance,
should be better than the estimates obtained from single-plant measurements,
becausethesingle-plant meanvalueusesinformation derivedfrom wholeplots.
Likewise the analysis of covariance between yield (or resistance to stem- or
rootlodging) and any other character may becarried out intwodifferent ways,
byusingfor yieldeitherthesingle-plant measurements orthesingle-plant mean
values.Thesingle-plantmeanvalueforyieldshouldgiveabetterestimateforthe
progeny component of covariance than the single-plant measurement for
yield. In order to makean optimal useof theinformation available thegenetic
covariances with yield were estimated using the single-plant mean values for
yield, while the phenotypic covariances with yield were estimated using the
single-plant measurements for yield. The same procedure was followed for the
other two characters of economic importance, resistance to stemlodging and
resistance to rootlodging.

5.3. PRESENTATIONOF RESULTSAND CALCULATIONOFSELECTIONINDICES

Someof theresultsaresummarized in table 8.Foreach characteraregiven:
1. An estimate for the single-plant heritability fi1.
2. Estimates for thegeneticand phenotypic correlations with thethreecharacters ofeconomic importance,yield, resistance to stemlodging and resistance
to rootlodging.
The single-plant heritability ft2 was calculated as the ratio between the
genetic variance and the phenotypic variance. As noted above, the genetic
variances for yield and resistance to stem- and rootlodging could be estimated
from thesingle-plant meanvalues.Thismeansthatthesingle-plant heritabilities
for thesethree characters wereestimated with greater accuracy than thesingleplant heritabilities for theother plant characters. The geneticcorrelations with
the three characters of economic importance were calculated as the genetic
correlations with the single-plant mean values for these characters. However
the phenotypic correlations with these three characters were calculated as the
phenotypiccorrelationswiththesingle-plantmeasurementsforthesecharacters.
The genetic correlations between yield and resistance to stemlodging, between
yield and resistance to rootlodging, and between resistance to stemlodging and
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TABLE 8. The single-plant heritability, and the genetic and phenotypic correlations with
yield,resistance to stemlodging,and resistance to rootlodging, asestimated for the
different characters
(a)
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

days to shooting
total number of leaves
length of leaf eight
width of leaf eight
days to silking
number of ears with silks
number of leavesabovethemain ear
leaf angle
plant height
ear height
number of nodes with brace roots
number of seed-producing ears
length of the shank of the main ear
length of the main ear
circumference of the main ear
numberofseedrowsonthemainear
seed weight of the main ear
seed weight of the second ear
total seed weight (yield)
hundred-seed weight
threshing percentage
pulling strength
weight of straw
root weight
square diameter of the stalk
dry weight of a 5-cm. stalk section
crushing strength of the stalk
rind thickness of the stalk
resistance to stemlodging
resistance to rootlodging

(b)

(c)

(d)

(e)

(0

(g)

0.75 0.40 -0.15 -0.08 -0.07 -0.21 -0.06
0.84 0.18 0.10 -0.19 -0.03 -0.34 -0.08
0.46 0.57 0.26 0.04 0.11 -0.06 0.02
0.32 0.85 0.33 0.22 0.01 0.17 -0.06
0.80 0.12 -0.42 0.08 0.05 -0.25 -0.04
0.26 -0.26 0.23 -0.89 -0.07 -0.18 -0.06
0.44 0.34 -0.06 0.26 0.06 0.25 0.06
0.57 0.32 0.06 0.27 0.01 0.36 0.07
0.26 0.72 0.28 -0.21 0.06 -0.63 -0.11
0.43 0.64 0.31 -0.31 0.04 -0.72 -0.20
0.45 0.00 -0.01 0.21 0.04 0.05 0.06
0.07 0.55 0.38 -0.52 -0.06 0.30 -0.01
0.46 0.31 0.34 0.20 0.10 0.18 0.03
0.09 0.90 0.62 0.19 0.14 0.26 -0.10
0.13 0.61 0.69 -0.01 0.13 -0.30 -0.16
0.54 -0.34 0.25 -0.24 -0.08 -0.19 -0.03
0.06 0.67 0.89 0.18 0.21 0.10 -0.15
_«
_» 0.38
_* -0.09
_» 0.05
0.09
0.04 0.17 0.07 -0.12
0.40 0.57 0.53 0.49 0.30 -0.08 -0.15
0.14 -0.45 0.59 -0.22 0.01 -0.36 -0.09
0.12 ' 0.89
0.27 1.05** 0.36
0.63 0.03
0.46 0.62 0.39 0.62 0.38 -0.33 -0.21
0.31 0.80 0.36 0.65 0.29 0.74 0.07
0.36 0.63 0.39 0.08 0.13 0.22 -0.05
0.34 0.74 0.25 0.97 0.35 0.11 -0.13
0.39 0.60 0.17 0.92 0.32 0.18 -0.12
0.27 0.22 0.22 0.35 0.23 0.18 -0.15
0.15 0.04 0.17
0.61 -0.35
0.12 0.07 -0.12 0.61 -0.35
-

* A negative estimate was obtained for the genetic variance of the character seed weight of
the second ear. **The correlation wasestimated to be larger than 1.0.
(a) = single-plant heritability, (b) = genetic correlation with yield, (c) = phenotypic correlation with yield,(d) = geneticcorrelation with resistanceto stemlodging,(e) = phenotypic
correlation with resistance to stemlodging, (0 = genetic correlation with resistance to rootlodging, (g) = phenotypic correlation with resistance to rootlodging.

resistance to rootlodging, could be estimated with greater precision than the
othercorrelations byusingeachtimeforeachpairofcharactersthesingle-plant
mean values.
The parameters of the population may be used to estimate selection indices
for yield improvement, usingthe formulae (2)and (17)from respectively page
3 and page5.
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/=££*«

(34)

t blPt:J^Gy:J(j=\,2,

n)

(35)

where:
f>t = estimate for the weighing factor for theilhtrait
Xt =estimate for the phenotypic value for thei ,h trait
P^j = estimate for the phenotypic covariance between the traits iand j ,or
when / = j an estimate for the phenotypic variance
Gy*j= estimate for thegenetic covariance between they"1trait and yield.
An estimate of the selection index is given by formula (34), the weighing
factors btinformula (34)maybecalculated from thesetofnequationsgivenby
expression (35). On the left-hand side the equations contain the phenotypic
variances and covariances and on the right-hand side the genetic covariances
withyield.Yielditselfisoneofthecharactersconsidered intheselectionindex,
andforyielditselfweobtaininstead ofageneticcovariancethegeneticvariance
of yield.
The expected response toindex selection may be calculated accordingto
formula (19),page 5.
* , = / > • * • J I * i Gi.%

(36)

1=1

where:
Ry = estimated expected response to selection
p = amount of parental control, and
k = selection intensity.
A selection index for yield improvement was calculated with the selection
index based upon twenty-seven characters. Thecharacter 'number ofears with
silks' was not used in the construction of the selection indices,becausea misleading estimate was obtained for the genetic covariance between yield and
number of ears with silks,as will beexplained further in the discussion.
Some procedure was needed to choose out of the twenty-seven charactersa
subset of characters which would givean optimal prediction of the valueof a
plant. The problem could not be solved by using the estimation procedures
given bySNEDECORand COCHRAN(1967)(seealsopar.4.4.,page24),becausethe
standard errors of the different estimates were not available. The following
estimation procedure was followed instead: Starting with a selection index
based ontwenty-sevencharacters,thecharacterwhichgavethelowestvaluefor
the product ht G^y was eliminated, after which the selection index was calculated anew for the remaining characters. The elimination procedure was
repeated till there remained only one character in the selection index.
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TABLE 9. Selection indices for the improvement of yield
Selection index

/ = +1.211. +
+ 4.881* +
+ 0.237l . o +
+ 3.421.5 +
-2.56!,6 +
+ 0.597I20 +
- 0.553 X2l

Estimated expected
response to index
selection

k x 5.9

/ = +1.341, +
+ 4.881* +
+ 0.241 l . „ +
+ 1.621,5 +
+ 0.936 ! J 0 +
-0.54712.

k X 5.7

/=+1.321, +
+ 5.321* +
+ 0.260l . o +
+ 1.04120 +
- 0.446 I 2 ,

k X 5.6

Selection index

Estimated expected
response to index
selection

/ = +1.551. +
+ 5.3414 +
+ 0.208 l . o +
+ 0.701 I20

k x 5.0

/ = + 1.361. +
+ 5.981* +
+ 0.233 l . „

k x 4.6

/ = + 5.88 1 4 +
+ 0.2731,„

k x 4.1

/ = + 6.83 1 4

k x 3.4

Theestimate for theexpected response toindexselection isexpressed asa percentage of the
meanyield.Eachsubsequent selectionindexisobtained fromtheprecedingone byeliminating
the underlined character,k = selection intensity; 1 . = daysto shooting; x* = width of leaf
eight, in cm;1 , 0 = ear height, in cm; 1 . 5 = circumference of the main ear, in cm; 1 , 6 =
number of seed rows on the main ear; I20 = hundred-seed weight, in g; 1 2 . = threshing
percentage.

Selection indices for yield improvement are presented in table 9 with the
indicesbased onuptosevencharacters.Theexpected response toselectionwas
estimated for selection afterflowering,so that the amount of parental control
pis0.5.Theestimate for theexpected response toselection Ry isexpressed asa
percentage ofthemeanyield.Asmay beseen from thetable,when eliminating
thecharacters onebyone,thecharacters remainingin theindex are:thewidth
ofleaf eight, theear height, thedays to shooting, the hundred-seed weight, the
threshingpercentage,thecircumference ofthemainearandthenumberofseed
rows on the main ear, in that order. Further comments on the characters appearing in the selection indices will be given in the discussion.
Selection indices for resistance to stemlodging and for resistance to rootlodging were calculated in a similar way as the selection indices for yield improvement. The selection indices for the improvement of resistance to respectively stem- and rootlodging are presented in the tables 10 and 11. In both
tables the estimate for the expected response to selection Ay is given as a
percentageofthemeanamountoflodging.Wheneliminatingthecharactersone
by one, the characters remaining in the selection index for stemlodging resist44
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TABLE 10. Selection indices for the improvement of resistance to stemlodging
Selection index

- 0.0356X2 +
+ 0.0336 j{-7 +
-0.00137 X9 +
+ 0.00227 jho +
+ 0.0000644 A-23 +
+ 0.906Jh6 +
+ 0.000308 X2i

Estimated expected
response to index
selection

k X 27.3

Selection index

Estimated expected
response to index
selection

/ = - 0.0354 X2 +
+ 0.00183A-20 +
+ 0.940 *26 +
+ 0.000320 X2i

k X25.1

/ = : - 0.0364 X2 +
+ 0.988 Jh6 +
+ 0.000332Ji-27

k X24.9

+ 0.750 X26 +
+ 0.000350 X2i

k x 22.1

/ = + 0.000554 X2i

k x 20.4

/ = - 0.0420 X2 +
+ 0.0294 h +
+ 0.00193£20 +
+ 0.0000168 xi 3 +
+ 0.846X26 +
+ 0.000314AS?

k X 25.7

-0.0416x2 +
+ 0.0282 xi +
+ 0.00205 A-20 +
+ 0.874 A-26 +
+ 0.000216 £27

k X 25.7

The estimate for the expected response to index selection is expressed as a percentage
decrease in the mean amount of stemlodging. Each subsequent selection index is obtained
from the preceding one by eliminating the underlined character, k = selection intensity;
£2 = totalnumber of leaves;xi = number of leavesabovethemainear; fo — plant height,
in cm;jfoo = hundred-seed weight, in g; J^23 = weight of straw, ing; £26 = dry weight of a
5-cmstalk section, in g; £27 = crushing strength of the stalk, in kg.

anceare,asmaybeseen from table 10:thecrushingstrength, thedry weightof
a 5-cmstalksection,thenumberofleaves, thehundred-seed weight,thenumber
of leaves above the main ear, the straw weight and the plant height, in that
order.Thecharactersremainingintheselectionindexfor rootlodgingresistance
are(table 11):theear height, theroot weight,theweightofstraw,thelengthof
leafeight,thepullingstrength,theleafangleandtheplantheight,inthat order.
Selectionindicesfor thesimultaneous improvement ofyieldand resistanceto
stem- and rootlodging may be calculated according to formula (12), page 4:
I tiPCj=

I <*,(?,:,(/= i,2,...,ii)

(37)

where:
dt = estimated relative economic valueof thei ,h trait, and
G^j = estimate for the geneticcovariance between the traits i a n d /
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TABLE 11. Selection indices for the improvement of resistance to rootlodging
Selection index

/ = - 0.0273 A-3 +
+ 0.0810xs +
- 0.000731 X9 +
- 0.00227 A-IO +
+ 0.00287 A-22 +
- 0.000708 A-23 +
+ 0.00234 A-24

Estimated expected
response to index
selection

Selection index

Estimated expected
response to index
selection

/ = -0.0314 A-3 +
- 0.00317A-10 +
- 0.000562 A-23 +
+ 0.00266 A-24

k x 19.0

/ = - 0.00375 A-IO +
* x 20.0

/ = - 0.0288 A-3 +
+ 0.0814xs +
- 0.00283 A-IO +
+ 0.00279A-22 +
-0.000717 A-23 +
+ 0.00232 A-24

k x 19.9

/ = - 0.0310 A-3 +
- 0.00285 A-.o +
+ 0.00283 A-22 +
- 0.000723 A-23 +
+ 0.00238 A-2*

k x 19.6

- 0.000592 A-23 +
+ 0.00258 A-24

k X 18.4

/ = - 0.00504 A-IO +
+ 0.00146 A-24

k x 15.1

/ = -0.00411 A-IO

k x 10.2

The estimate for the expected response to index selection is expressed as a percentage
decrease in the mean amount of rootlodging. Each subsequent selection index is obtained
from the preceding one by eliminating the underlined character, k = selection intensity;
A-3= lengthofleafeight,incm;x» = leafanglejjfo = plantheight,incm;A-IO = ear height,
in cm; x^^ —pulling strength, in kg; £23 = weight of straw, in g; xi* = J-001 weight, in g.

For all the characters except yield and resistance to stem- and rootlodging,
the relative economic value aisset to zero.The value of resistance to lodging
relative to yield depends on whether the crop isharvested mechanicallyorby
hand, and on the desired quality of the grain. Resistance to stem- and rootlodgingwereregarded asofequaleconomicimportance.Thevalueofresistance
to lodging relative to the value of yield was estimated by assuming that the
grain harvested from lodged plants had only half the value from the grain
harvested from erect plants, because of the increased labour involved in
harvesting and also because of a deterioration in grain quality. In the current
experimentthestem-androotlodgingpercentageswerebothtwenty-one.When
thevalueofacropin theabsenceoflodgingistakenas 100,thevalueofacrop
with twenty-one percent stemlodging is 100— 21/2= 89.5.An increase in the
resistancetostemlodging,resultinginaonepercentdecreaseofthestemlodging
percentage, brings the value of the crop to 100— 20/2 = 90, an increase in
value of (90— 89.5)/89.5) X 100 percent = 0.559 percent. In the experiment
the mean yield per plant was 120g. An increase of 0.559percent, is thus
equivalent to an increase ofthemeanyieldperplant of (0.559/100) X 120g =
0.67 g.Theeconomic value of resistance to stemlodging, measured in percent46
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age is therefore 0,67 relative to the economic value of yield measured in g.
Therelativeeconomicvaluesestimated in thiswaydepend both on themean
yield perplant and on thelodgingpercentages. Thefiguresgiven for the mean
yield and the lodging percentages may be taken as representative for a good
maizecropat Mokwa.Ascan beseenfrom theabovenumericalexample arise
in yield should result in an increase in the relative economic value of lodging
resistance, while a decrease in lodging should result in a slight decrease in the
relative economic value of lodging resistance.
Theselectionindicesforthesimultaneousimprovementofyieldandresistance
to stem- and rootlodging were calculated using the relative economic values
givenabove.Theexpected response toindexselectioncould becalculated using
the formulae (14),(15)and (16),page 4and 5.

*«o«.i=/»•*• J Z M

(38)

£ 4 Gt:t

(39)

7=1

p ' k ' v E £/ G >~J
Rt =

r

(40)
•"total

where:
Aoi.i = estimate for the expected total response to index selection, and
Rt = estimate for the expected response to index selection for the z',h trait.
In order to limitthenumberofcharacters included in theselection index the
estimation pioceduregiven abovewasfollowed. Starting with aselection index
based on twenty-seven characters, the character which gave the lowest value
for the product 5,A was eliminated, after which the selection index was calculated anew for the remaining characters. The procedure was repeated till
there remained only one character.
The selection indices for the simultaneous improvement of yield and resistance to stem-and rootlodging are presented in table 12,with indices based on
up to seven characters. The expected response to selection was calculated for
selection afterflowering,so that the amount of parental controlp is 0.5. The
estimates for the expected total response to index selection ^,otai and for the
expectedresponsetoyieldareexpressed asapercentage ofthemeanyield.The
estimates for the expected improvement in resistance to stemlodging and in
resistanceto rootlodgingareexpressed aspercentagedecreaseintheamount of
stem- or rootlodging.
Table 12shows that when the characters are eliminated from the index one
byone,thecharacters remainingintheindexare:theroot weight,thecrushing
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TABLE 12. Selection indices for the simultaneous improvement of yield and of resistance to
stem-and rootlodging.Therelativeeconomicweightsof yieldand of resistance to
stem- and rootlodging are given in the text.
Estimated expected response to index selection
Selection index

total
response

yield

resistance to
stemlodging

resistance to
rootlodging

/ = + 4.98 x* +
+ 20.65Xs +
- 2.43 * 1 6 +
+ 0.824 Jho +
- 0.388 * 2 1 +
+ 0.0992* 2 4 +
+ 0.0406* 2 7

k x 8.3

k x 5.0

k x 20.1

k x 15.1

1= + 4 . 7 6 * 4 +
+ 20.13 Xs +
- 3.29 * 1 6 +
+ 0.402 * 2 0 +
+ 0.107 xi* +
+ 0.0474 * 2 7

k x 8.0

k X4.7

k x 20.1

k x 15.3

/ = + 4.96 x* +
+ 19.73*. +
- 3.50 * 1 6 +
+ 0.116*2* +
+ 0.05I0A- 2 7

k X 7.9

Ar x 4.6

k x 19.7

k x 16.6

/ = +4.11** +
+ 18.31* , +
+ 0.123Jh* +
+ 0.0548 xii

k x7.4

k X4.1

k x 19.2

k x 15.5

1= + 1 8 . 4 1 * , +
+ 0.145*24 +
+ 0.0590 * 2 7

k x 7.1

k x 3.8

k x 20.5

k x 16.5

/ = +0.156* 2 4 +
+ 0.0586*27

k x 6.6

k x 3.4

k x 19.7

k x 14.0

/ = +0.207*2*

k x 5.6

k x 3.1

k x 12.6

k x 17.5

When the crushing strenght * 2 7 is replaced by the dry weight of a 5-cm stalk section * 2 6,
the selection index based upon threecharacters becomes as follows:
/ = +18.54*g +
+ 0.122*2« +
+ 128.0*26
k x 6.8
it x 3.7
* x 19.0
k x 14.3
Theestimates for the total response to selection and for the response in yield are expressed
as a percentage of the mean yield, the estimates for the response in resistance to stemlodging
and rootlodging areexpressed asa percentage decrease in the mean amount of stem-or rootlodging. Each subsequent selection index is obtained from the preceding one by eliminating
the underlined character,k = selection intensity; * 4 = width of leaf eight, in cm; * g = leaf
angle; * 1 6 = number of seed rows on the main ear; * 2 o = hundred-seed weight, in g;
*2i = threshing percentage; * 2 4 = root weight, in g; * 2 6 = dry weight of a 5-cm stalk
section, in g; xn —crushing strength of the stalk, in kg.
48

Meded. Landbouwhogeschool Wageningen 72-1(1972)

strength, theleafangle,thewidthof leafeight,thenumber ofseed rows onthe
main ear, thehundred-seed weight and the threshing percentage, inthat order.
Selection indicesfor thesimultaneous improvement ofyieldand resistanceto
stem- and rootlodging were also determined with relative economic values for
stem- and rootlodging taken astwice their earlier given values.These selection
indices are presented in table 13.
Doubling the relative economic values for stem- and rootlodging resistance
would automatically imply that a lodged plant doesnotcontribute anything to
thevalueofthecrop.Thisisnot likelyto leadto erroneousresultsfor itcanbe
argued that, whilealodgedplant stillcontributes to theyield,itcausesarisein
the cost of harvesting of the whole crop. Furthermore, the lodging percentage
of a crop is not afixedpercentage, but depends on the time of harvest. The
longer harvesting is delayed, the higher the lodging percentages become. At
Mokwa, with its serious lodging problem, the crop is harvested as soon as the
ears have reached their full weights, and the lodging percentages given represent a minimum.
Table 13 shows that wheneliminating thecharacters one byone,thecharacters remaining in theindex are:the root weight, thecrushing strength, theleaf
angle, the number of seed rows on the main ear, the width of leaf eight, the
number ofleavesabovethemainear,andthedryweightofa5-cmstalk section,
in that order.
Fourofthetwenty-sevencharacterswereobservedbeforeflowering,theseare
thecharacters:days to shooting, total number of leaves,and length and width
ofleafeight.Selection onanyofthesefour charactersmaybecarriedout before
flowering. In selection beforefloweringit ispossible to select on both themale
and the female parent, so that full parental control is maintained, p = 1.0.
Selection indices for yield based on these four characters are given in table 14.
Theexpected responsetoselection,expressed asapercentageofthemeanyield,
isgiven as the response to selection before flowering.
No experimental data are available to test the selection indices given in the
tables nine to fourteen. However thedata from thethirty-six parent plantscan
be used to test selection indices calculated from the sib analysis, provided the
selection indices contain only characters which have been recorded also from
the parent plants. From the seventeen characters recorded from the parent
plantsfifteenwererecorded also from the offspring. The two characters which
were not recorded from the offspring generation were the 'number of green
leaves at the time of silking' and the 'product of length and width of the leaf
growing from the node out of which the main ear developed'. A misleading
estimate wasobtained for onecharacter, the'number ofearswith silks' aswill
be explained further in the discussion, so that therefinallyremained fourteen
characters which had been recorded both from theparent generation aswellas
from the offspring. Thefourteen characters were:total number of leaves, days
tosilking,numberofleavesabovethemainear,plantandearheight,numberof
nodeswith braceroots,number ofseed-producing ears,lengthofthe earshank,
length, circumference and number of seed rows of the main ear, total seed
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TABLE 13. Modified selection indices for the simultaneous improvement of yield and of
resistance to stem- and rootlodging. This table differs from table 12 in that now
therelativeeconomicweightsfor stem-and rootlodging resistanceare doubled (see
text).
Estimated expected response to index selection
Selection index
/ = +4.291* +
+ 4.98xi +
+ 30.32l g +
- 4.571 , 6 +
+ 0.1531 2 4 +
+ 28.411 2 6 +
+ 0.0740 Xn
/ = +- 4.41 A-* ++ 5.151,+
+ 30.32! „ +
-4.60!,6 +
+ 0.163124 +
+ 0.0797 Xn
/ = +4.43!4 +
+ 29.05Xs +
- 4.63 1 , 6 +
+ 0.1781,* +
+ 0.0824 1 2 7
/ = + 29.02xs +
-4.301,6 +
+ 0.2011 2 4 +
+ 0.0872127
/ = +27.261, +
+ 0.249 I24 +
+ 0.0910127
/=+0.222124 +
+ 0.0902127

total
response

yield

resistance to
stemlodging

resistance to
rootlodging

k x 11.4

k x4.5

k x 20.9

k x 16.8

k x 11.4

k X4.5

k x 20.7

k x 17.3

* x 11.3

k X4.5

k X 20.6

k X 16.9

A x 11.1

k X4.1

k X 21.5

k x 17.3

* x 10.5

k x 3.7

k X20.7

k x 16.3

k x9.8

k x 3.5

A: X19.9

k x 13.7

k x8.2
k x 3.1
k X12.6
k x 17.5
/=+0.299124
When the crushing strength I27 isreplaced by the dry weight of a 5-cm stalk section ! 2 6 , the
selection index based upon three characters becomes as follows:
/ = + 27.42Ig +
+ 0.175124 +
+ 187.0126
A x 9.9
Ax 3.7
AX19.0
k x 14.3
The estimates for the total response to selection and for the response inyield are expressed
as a percentage of the mean yield, the estimates for the response in resistance to stemlodging
and rootlodging areexpressed asa percentage decrease in the mean amount of stem-or rootlodging.Eachsubsequent selectionindexisobtained from theprecedingonebyeliminatingthe
underlined character,k — selection intensity; I4 = width of leaf eight, in cm; xn —number
of leaves above the main ear; xs —leaf angle;1,6 = number of seed rows on the main ear;
I2* = root weight, in g; I26 = dry weight of a 5-cm stalk section, in g; xn —crushing
strength of the stalk, in kg.
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TABLE 14. Selection indices for the improvement of yield, with selection beforeflowering.
Selection index

Estimated expected
responseto index
selection

/ = + 1.53*,+
- 0.398xi +
+ 0.416*3 +
+ 6.14*4

k x 9.2

/ = + 1.48*,+
+ 0.419 * 3 +
+ 6.04 * 4

k x 9.2

Selection index

Estimated expected
response to index
selection

/ = + 0.456* 3 +
+ 6.02 * 4

k x 8.0

/ = + 6.83 * 4

k x 6.7

Theestimatefor theexpected response toindex selection isexpressed asa percentage of the
meanyield.Each subsequent selection indexisobtained from theprecedingonebyeliminating
theunderlined character,k = selection intensity;* , = daystoshooting;* 2 = total number
ofleaves;* 3 = lengthof leafeight,incm;** = widthof leafeight,incm.

weight,hundred-seedweight,andsquarediameterofthestalk.Selectionindices
for yieldwerecalculated startingwiththesefourteen characters.Thecharacters
wereeliminated from theselectionindex oneby one,accordingto theelimination procedure given above. Selection indices based on up to sevencharacters
are presented in table 15.In the table the expected and realized responses to
index selection are expressed as percentages of the mean yield, while the
realized responses are also given aspercentages from the realized response to
truncation selection for yield.
Selection indices for yield were also determined using out of the fourteen
charactersonlythesevenearcharacters.Theseindicesaregivenintable 16.As
may beseenfrom table 15and 16the expected and realized responseswerein
goodagreementwitheachother,whiletherealizedresponsesto indexselection
wereinalmostallcasessuperiortotherealizedresponsetotruncationselection
for yield.
Up till now we have limited ourselves to selection indices based upon the
total phenotypic variances and covariances. The selection indices are appropriate when the field used for selection is taken as a whole. The efficiency of
individualselectionmaybeincreasedbydividingthefieldinplots,andselecting
within plots. Asthe withinplot phenotypic variance should belower than the
total phenotypic variance, the subdivision in plots should result in a larger
single-plant heritability (GARDNER,1961).
Selection indicesfor selection withinplotsmaybecalculated byenteringthe
withinplotphenotypicvariancesand covariancesintheformulae for theselection index. Selectionindicesfor yieldfor selectionwithinplots werecalculated
aspresentedintable 17,usingthesamesetofsevenearcharactersaswereused
in constructing the selection indices presented in table 16. When comparing
table 16 and 17, we may note that the expected response to index selection
Meded.Landbouwhogeschool Wageningen 72-1(1972)
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TABLE 15. Expected and realized response to index selection

Selection index

Estimated
expected

Realized response
I

II

response
/ = + Q.654* , +
+ 4.37* 7 +
+ 0.282 * 1 0 +
+ 1.64*,,+
-2.87*16 +

+ 0.414 X20 +
+ 3.34Jk-23

kx4.9

A:x 4.8

138

/ = + 5.03* 7 +
+ 0.302* l 0 +
+ 1-44*,,+
- 2.94 * 1 6 +
+ 0.342*20 +
+ 3.14*25

*x4.8

k x 4.5

131

/ = + 4.91 xi +
+ 0.320 * 1 0 +
-2.23*1<s +
+ 0.546 *2o +
+ 3.30* 2 5

It x 4.8

4x4.4

128

/ = + 0.284 * 1 0 +
-2.33*l(i +
+ 0.528*2o +
+ 4.00* 2 5

k X4.5

k x 4.4

/ = + 0.264 *,„ +
+ 0.642*2o +
+ 3.57* 2 i

k X 4.0

k x 5.2

151

/ = + 0 . 3 1 0 *10 +
+ 0.724*2Q

A:X3.7

* x 4.7

136

/ = + 0.338* 1 0

k X 3.0

k x 1.6

46
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128

Theestimate for theexpected responseto index selection isexpressed asa percentage of the
mean yield. The realized response is given: I, as a percentage of the mean yield and II, as a
percentageof theresponsetotruncation selection for yield.Each subsequent selection indexis
obtained from the preceding one by eliminating the underlined character, k = selection
intensity; * s = days to silking; * 7 = number of leaves above the main ear; * i 0 = ear
height,incm;* , 5 = circumference ofthemainear,incm;* | 6 = number ofseedrowson the
main ear; * 2 0 = hundred-seed weight, in g; * 2 s = square diameter of the stalk, in cm2.
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TABLE 16. Expected and realized response to index selection, for selection indices based on
ear characters only
Selection index

Estimated
expected
response

Realized response
II

*•

/ = + 8.06 xn +
+ 0.534jh 3 +
+ 0.581xt* +
+ 2.81xis +
- 2.90j h 6 +
- 0.0568 Xi9 +
+ 0.361xio

k x 3.5

k x 3.4

99

/ = +5.54£12 +
+ 0.474xi3 +
+ 0.311 Xi* +
+ 2.22*,,+
- 3.04 xi* +
+ 0.267£ 2 o

A: x 3.5

k x 3.8

110

/ = +5.63^,2 +
+ 0.539*,3 +
+ 2.44 ji-15 +
- 3.08 xii +
+ 0.290xzo

Ax 3.4

k x 4.0

115

/ = + 0.598> l 3 +
+ 2.57*,,+
- 3.09 Xl6 +
+ 0.279 xio

k x 3.3

k x 4.4

127

/ = + 2.64£ 1 5 +
-3MXl6
+
+ 0.355 xio

k x 3.2

it x 4.8

138

^

/ = +3.57 5 - . , +
-3.64Jf 1 6

k x 3.1

&X4.3

126

/=-2.12A-16

k x 1.7

it x 1.2

35

Theestimate for theexpected responseto indexselection isexpressed asa percentageof the
mean yield. The realized response is given: I, as a percentage of the mean yield and II, as a
percentage of the response to truncation selection for yield. Each subsequent selection index
is obtained from the preceding one by eliminating the underlined character, k = selection
intensity; xn —number of seed-producing ears; xis —length of the shank of the main ear,
in cm; xt* ~ length of the main ear, in cm; xis —circumference of the main ear, in cm;
Xi6 = number of seed rows on the main ear; Xl9 = total seed weight (yield), in g; xio =
hundred-seed weight, in g.
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TABLE 17. Selection indices for the selection within plots.
Selection index

Estimated expected
response to index
selection

/ = +7.69jh2 +
+ 0.720 A-,3 +

+ 0.556 A-,* +
+ 3.35 A-,, +
- 3.20Xi6 +
- 0.0673 A-19 +
+ 0.294J5-20
/ = + 4.37Xl2 +
+ 0.648 3-,3 +
+ 0.240Xi* +
+ 2.55x, 5 +
- 3.28Xlf +
+ 0.211 A-20

k X 3.6

Selection index

Estimated expected
responseto index
selection

/ = + 0.735 5 - , , +
+ 2.83 xls +
- 3.31 Jen +
+ 0.243 Jho

k x 3.4

/ = + 2.89A- 1 3 +
- 3.28Xl6 +
+ 0.333 Jho

k x 3.3

/ = + 3.75 Xi> +
- 3.87 Xl6

k x 3.2

/ = -2.18jh6

k x 1.8

k x 3.5

/ = + 4 . 4 1 jt-12 +
+ 0.689Jt-,3 +
+ 2.71 A-15 +

-3.32x, 6 +
+ 0.235 xia

k X 3.5

The estimate for the expected response to index selection is expressed as a percentage of the
mean yield.Eachsubsequent selectionindex isobtained from the precedingone byeliminating
the underlined character, k = selection intensity; Jen ~ number of seed-producing ears;
Xn = length of the shank of the main ear, in cm; %\-* = length of the main ear, in cm;
A-,3= circumference of the main ear, in cm; j$-,6 = number of seed rows on the main ear;
£19 = total seed weight(yield),ing;jfoo = hundred-seed weight, ing.

showshardly anyincreasewhenselectingwithinplots.Thisisthemorestriking
as very small plots were used, comprising only sixteen plants.
Theweighingfactors ofaselection indexmaybemultiplied byaconstant for
easeofcalculation. Asanexampleweusetheselection indexgivenatthebottom
of table 13.
(41)

/ = 27.4 XX8 + 0.175 XX2A, +2 187
X X,
4 -r » ° ' * ^26
where:
X8 = leaf angle
X24. = root weight ing
X26 = dry weight of a 5-cm stalk section in g.
When multiplying the weighing factors with 5.72 the selection index becomes:
/' = x24, + 1070 XX26 + 157 XX8
54
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When the root weight isrecorded in kginstead of in gthe selection index may
besimplified to:
1" = X2t + X26 + 0.15X Xs

(43)

5.4. DISCUSSION

5.4.1. Discussion ofsomegeneralaspects
Toestimate thegeneticvariance from an open-pollinated variety,the variety
shouldbeinlinkageequilibrium (seealsopar.2.2.3.2.,page 9). The population
under study, Colombian Composite, is from fairly recent origin. The half-sib
progenies used in the experiment were taken from the population after five
cycles of open pollination. Although most of the linkage blocks should have
been broken up, there might have been still some linkage disequilibrium.
Apartfrom someselectionforyield,theonehundredandforty-four progenies
used inthe experiment could beconsidered to behalf-sib progenies of random
individualsofanon-inbredpopulation.Thethirty-sixprogenieswhichremained
after natural selection for resistance to Helminthosporium maydis,race T, did
not represent a random sample from the population. However it is assumed
that the thirty-six progenies can in all other aspects be regarded as a random
sample of the population.
The progeny trials were conducted at four different environments, which
consisted of two locations with each two dates of planting. At Mokwa, as in
manytropicalareas,oneofthemainfactors determiningtheenvironment isthe
distribution of the rainfall. A variation in rainfall distribution is obtained by
choosing two dates of planting at one location, a simple procedure to create
different environments (EBERHART, 1967). The method has its limitations
because the two environments so created do not represent a random sample
of all possible environments within an area. A limitation in staff and funds
ledtothechoiceoftwolocationsnotveryfar apart.Although theobject of the
maizebreedingwork wasto breedforalargerarea,theenvironments used may
only be taken as representative for the immediate surroundings of Mokwa.
Asstated before thecharactersyieldandresistancetostem-and rootlodging,
which have to be improved by index selection, were measured with greater
precision than the other characters. These characters possess a relatively low
heritability, reason alsowhyindex selection wasproposed. Theright-hand side
of the equations given by expression (37)contain the geneticcovariances with
yield and resistance to stem- and rootlodging. Single-plant measurements of
thesecharacterswitharelativelylowheritability wouldgiveinaccurateestimates
for the genetic covariances, therefore weused the single-plant mean values of
yieldand of resistance to stem-and rootlodging instead to estimate thegenetic
covariances with thesecharacters.
In index selection the selection is based on characters with a relatively high
heritability which are either identical to or genetically correlated with the
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characters to be improved by selection. Because the characters should have a
high heritability, single-plant measurements of these characters should give
sufficiently precise estimates for the phenotypic and genetic variances and covariances of these characters. Any character with a low heritability is of no
interest to index selection, and by eliminating the characters one by one only
characters possessing a relatively high heritability will beretained in theselection index.
The population used in this study, Colombian Composite, contained a
number ofmalesterileplants.Asnoted inparagraph 4.2.,page 21, cytoplasmic
malesterility wasbrought into thecomposite byusingan advanced generation
cornbelt hybrid as one of the entries in the composite. The incidence of male
sterileplants madeitimpossibleto usethedaysto tasseling,that isthe number
of days from planting till anthesis, as one of the characters in this study.
5.4.2. Discussion ofsome single-plant characters
Table 8 gives for thirty different characters estimates for the single-plant
heritability and for the phenotypic and genetic correlations with the three
characters of economic importance: yield, resistance to stemlodging, and
resistance to rootlodging. High single-plant heritabilities were obtained for
characters related to maturity, thesearethedaystoshooting,thedaystosilking
and the total number of leaves. Low heritabilities were obtained for the
characters of economic importance, the characters yield, resistance to stemlodging,and resistancetorootlodging. Lowheritabilitieswerealsoobtained for
components ofyield suchaslength,circumference, andseedweightofthemain
ear, seed weight of the second ear, and number of seed-producing ears.
Length and width of leaf eight. FRANCIS and coworkers took the
product of length and width of leaf number seven as an estimate for the leaf
area oftheplant. In theirstudyleafsevenwasonaveragethelargest leafofthe
plant (FRANCISet al., 1969).In this study the measurements of leaf eight were
used, where leaf eight was on average the largest leaf of the plant. The length
andwidthofleafeightcouldbedetermined beforeflowering.Bothleafmeasurements weregenetically correlated with yield.
Leaf angle. The importance of light as a factor in crop production was
stressed by DONALD.Thelowerleavesoftheplant maybedeficient inlighteven
at high light intensities.Theamount of light received bythelowerleaves ofthe
plant depends on the arrangement of the leaves. The plant makes an optimal
use of the amount of light available when the upper leaves of the plant are
arranged in a vertical or almost vertical position, so that a relatively large
amount of light reaches the lower leaves of theplant (DONALD, 1963).
PENDLETON and coworkers (1967) obtaineda significant increase in yield of
maize when they used large reflectors to increase the amount of light reaching
the'lowerleaves oftheplant. In another experiment theyused isogenic hybrids
differing in only one character to study the effect of erect leaves. Hybrids with
erect leaves gave a forty percent increase in yield as compared to the control
(PENDLETON et al., 1968). These experiments were conducted under a high
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standard ofproduction, using high density plant populations.The experiments
showthat under suchconditions light isanimportant limiting factor.
In tropical areas the light intensity is often rather low. At Mokwa the light
intensity reaches a minimum during the middle of the wet season, in August,
just at the timethat themaizecrop isforming itsears.Theaverage amount of
sunshine in August is only about three hours a day (THOMPSON, 1965).
Theleafanglewasmeasured as 1/sina,whenaistheangleindegreesbetween
thestemandthethirdleafoftheplant.Apositivegeneticcorrelation wasfound
between leaf angle and yield (r = 0.32) despite the rather low standard of
production, using a new unimproved population of maize and using a rather
low density plant population of 35,880plants per ha. This indicates that light
should become a limiting factor of increasing importance when one seeks to
increasetheyieldlevelofthecrop.Tomakeanoptimaluseofthelightavailable
theselection should bedirected towards aplant typewith erect leaves.Theleaf
angle had a rather high single-plant heritability (h2 —0.57), so that the leaf
angle might be successfully altered by individual selection. The leaf angle was
genetically correlated with resistance to stemlodging (r = 0.27) and with
resistance to rootlodging(r = 0.36).
Earshank. Towards harvesting, the ear will often hang down from the
plantwiththetipoftheeardownwards.Thisposition favours thedryingofthe
ear,becauserainwaterwillnotpenetrate insidetheear,insteaditwilleasilydrop
from thehusks.Thelongertheshank of theear, theearlier theear willtend to
hang down, while ears with a short shank will stay in an erect position until
harvest. Alongearshank therefore isadesirablecharacter. Individual selection
for long earshanks should be successful because the character had a rather
high single-plant heritability. It isthereby satisfactory to notice that the length
of the earshank was positively correlated with yield and with resistance to
stem- and rootlodging.
Number of ears with silks. A negative estimate was obtained for the
geneticcovariance betweenyieldand thenumberofearswithsilks. Mostplants
had either one or two ears with silks, so that rather surprisingly the results
indicatethat theselection for improved yieldsshould befor singleearedplants.
These results however do not agree with thefindingsof chapter four, nor with
theresultsfor other characters.Positiveestimateswereobtained for thegenetic
covariances between yield and thenumber ofseed-producing earsand between
yieldand thecharacter seedweight ofthesecond ear.Therefore, withprobably
a deceptiveestimatefor thecovariance betweenyieldand thecharacter number
of ears with silks, it was thought better not to include this character in the
selection indices.
Number of seed-producing ears. A low single-plant heritability was
obtained for the character number of seed-producing ears, which implies that
individual selection for multiple-eared plants should result in a very low correlated response in yield. This is not in agreement with the results reported by
LONNQUIST (1967) and TORREGROZA and HARPSTEAD (1967), where both obtained a good response in yield when selectingfor a multiple-eared plant type.
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The estimate for the heritability of the number of seed-producing ears is not
very reliable,because therewereonlyfew data availablefor thischaracter. The
plantscould bedivided inonly twocategories,single-and double-eared plants,
whileonlyabout tenpercent oftheplantsproduced twoears.Still,the number
of seed-producing ears is probably not an important trait in the population
under study. The majority of plants had two ears with silks, but seed set was
obtained usuallyononlyoneear.Although theplantshadthegeneticpotential
to develop two ears,phenotypically most plants were unable to develop more
thanoneear. LONNQUIST(1967)usedinhisexperimentthevarietyHaysGolden,
whichhad averylowpercentage ofmultiple-eared plants.Inthepast, selection
within this variety had been for a single-eared plant type.
Yield and resistance to lodging. Thesingle-plant heritability for yield
wasestimated as0.09.Usingthisfigurethe response to individual selection for
yield is estimated as A: X2.1 percent, where the response is expressed as a
percentage of the mean yield and k is the selection intensity. The estimated
response to selection may becompared with theresponse obtained from selection for yield among the thirty-six plants of the parent generation, which was
k X 3.5 percent.
The single-plant heritabilities for resistance to stemlodging and resistance to
rootlodgingwereestimated respectivelyas0.15and0.12.Usingthesefiguresthe
response to individual selection for stemlodging resistance is estimated as
k X 13.8 percent, and likewise for resistance to rootlodging k X7.2 percent,
where the responses are expressed as percentage decrease in the amount of
lodging. The response to selection depends on the selection intensity. When
selecting directly for stem- or rootlodging resistance the selection intensity
depends again on the percentage of non-lodged plants, which means that the
selection intensityand thustheresponse to selection should below.
Lodging normally has an adverse effect onyieldbecausepart of the yield is
lostasaresultoflodging.Intheexperimentcarewastakentoreducethelossin
yield resulting from lodging. Lodged plants were lifted off the ground so as to
save the ears from decay. Still, stemlodging had an adverse effect on yield
becausetheplantsweresometimesbroken before reachingmaturity, andwhere
thishappened only small underdeveloped ears wereharvested. Thisresulted in
a positive phenotypic correlation between yield and resistance to stemlodging
(/*= 0.17)and itprobably alsocaused anupward biasinthegeneticcorrelation
between yield and resistance to stemlodging (f = 0.04).
It was difficult to make a clear distinction between stemlodging and rootlodging. It often happened that the plants were leaning, showing the first
symptoms of rootlodging, before they broke off as a result of the increased
force workingon the stem of theplant. Whether aplant wasclassified as rootlodging or stemlodging often depended on thestage the observation wasmade
in. It istherefore not surprising that there wasa fairly high genetic correlation
between resistance to stem-and rootlodging (r = 0.61).In theforegoing itwas
assumed on theoretical groundsthat thiscorrelation would benegative,but the
underlying assumption was that it was possible to make a clear distinction
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between both types of lodging (seepar. 3.3.,page 19).
Afurther pointisthatbrokenplantswererecordedasstemlodging,andtherefore could not at the same time berecorded as rootlodging. This means that a
broken plant was classified as susceptible to stemlodging and as resistant to
rootlodging, which explains the negative phenotypic correlation between
resistance to stemlodging and rootlodging (r = —0.35).
Characters correlated with resistance to stemlodging. Resistance
tostemlodgingwashighlycorrelated withthedryweightofa 5-cmstalk section
(r = 0.97) and with thecrushing strength of the stalk (r = 0.92). Low correlations were found between resistance to stemlodging and the stalk characters:
rind thickness (r = 0.35) and square diameter (r = 0.08). These results agree
with thereportsfrom literature,withanexception onlyfor theresults obtained
for the rind thickness. ZUBER and GROGAN (1961) and THOMPSON (1963)
reported that resistance to stemlodging was highly correlated with crushing
strength as well as with rind thickness. THOMPSON(1970) reported ahighcorrelation between resistance to stemlodging and the dry weight of a 5-cm stalk
section. No correlation was found between the diameter of the stalk and resistance to stemlodging (ZUBER and GROGAN, 1961).
Thesingle-plant heritabilities ofthecrushing strength (h2 = 0.39) and ofthe
dry weight ofa 5-cm stalk section(h2 = 0.34) should belargeenough to make
individual selection for these characters successful. Both the crushing strength
and the dry weight of a 5-cm stalk section may be used to select indirectly for
resistance to stemlodging.Achoicebetween thesecharacters would, for reason
of convenience, lead to the dry weight of a 5-cm stalk section, because the
determination of thecrushing strength israther laborious.
Whilethere wasnogeneticcorrelation between yield and resistance to stemlodging (r = 0.04),positive geneticcorrelations were found between yield and
crushing strength (r = 0.60), respectively dry weight of a 5-cm stalk section
(r = 0.74). These results agree with thefindingsof SINGH (1970). In par. 3.3.,
page 18,it was suggested that there might be a competition for development
betweenthestalkandtheears.Asshownbythepositivecorrelation betweenthe
stalk characters and yield such a competition apparently does not exist in the
unimproved population used in this study. The correlations with yield show
that crushing strength and dry weight of a 5-cm stalk section are by no means
identical tothecharacter resistancetostemlodging,despitethehighcorrelation
between thestalk characters and resistance to stemlodging.
Characters correlated with resistance to rootlodging. Resistance
to rootlodging was correlated with the root weight (r = 0.74) and with the
pulling strength (r = 0.63). The single-plant heritability of thepulling strength
(h2 = 0.12) was low in comparison to the heritability of the root weight
(h2 = 0.31),sothattherootweightshould betheobviouscharactertousewhen
selecting for rootlodging resistance.
The low heritability of the pulling strength was due to the heterogeneous
condition of the soil. Under dry conditions the pulling strength may become
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veryhighanddifficult todetermine. SNELL(1966)determinedthepullingstrength
after asoakingrain or after irrigation. Inthepresent study thepulling strength
was determined under the wet conditions prevalent at the end of the wet
season,withwatersometimesstandinginthefield.Differences insoilconditions
however still resulted in a low heritability.
Therewasalowcorrelationbetweenresistancetorootlodgingandthenumber
ofnodes with brace roots (r = 0.05).Thecapacity todevelop braceroots from
nodes well above the ground is apparently not correlated with resistance to
rootlodging.
Several authors used thepulling strength as a measure of resistance to rootlodging, they presented however no experimental data to substantiate their
choice of the pulling strength (HOLBERT and KOEHLER, 1924; WILSON, 1930;
SNELL, 1966). The root volume and thedryweight of theroots werebothgiven
asindicatorsforresistancetorootlodging (MUSICKetal., 1965;NORDEN,1966).
CRAIG (1968) used the ratio of pulling strength and ear height as a measurement of root strength. In the present study we found that the single-plant
heritability ofearheight(h2 = 0.43)waslargeincomparison tothesingle-plant
heritability of the pulling strength (h2 = 0.12). This indicates that individual
selection for root strength aspractised by CRAIG should primarily result in a
reduction in ear height. As the ear height was positively correlated with yield
(r = 0.64), a reduction in ear height should have an adverse effect on yield.
The characters root weight and pulling strength were genetically correlated
with resistanceto rootlodging (r wasrespectively 0.74 and 0.63) and withyield
(r was respectively 0.80 and 0.89). However there was no genetic correlation
between yield and resistance to rootlodging (t = 0.07).Thesecorrelations may
be explained by noting that plants which are resistant to rootlodging do not
necessarily haveastrong root system.Alsosmalltinyplantswitha reduced ear
heightand alowweightofstrawmayberesistant to rootlodging. Resistance to
rootlodging therefore is not necessarily correlated with yield.
The characters root weight and pulling strength were not only correlated
with both resistance to rootlodging and yield but also with resistance to stemlodging {fwasrespectively 0.65 and 1.05).Root weight, with its relatively high
heritability, should be a valuable character for selection. Root weight was
determined in this study rather inaccurately, because theroot weight had to be
determined after measuring thepullingstrength. Whenweareonlyinterested in
the root weight, it may be determined more carefully, which possibly leads to
even better resultsfor theroot weight.
5.4.3. Discussion of the selection indices
Thepossibilities for index selectionwerestudied usingtwenty-seven different
characters on which the selection could be based. One of the twenty-seven
characters wasthecharacter yield.Thecharacters resistance to stem-and rootlodging, however, were not taken into account for the following reason. Any
lodged plant isnormally excluded from selection, so that the selection indexis
only used in the selection among non-lodged plants. Stem- and rootlodging
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resistance, as shown by the absence of stem- and rootlodging, are therefore
irrelevant characters for the selection index. It may be argued that when using
a selectionindexitisnotcorrecttoexcludethelodgedplantsfrom selection,as
thisintroduces somekind ofindependent cullinglevels.Howeveritisimpractical to include lodged plants in the selection because it is often difficult, if not
impossible, to obtain reliable single-plant measurements from lodgedplants.
An estimation procedure wasused to bring thetotal oftwenty-sevencharactersdowntoonlyafewcharacters.Theestimationproceduredoesnotguarantee
findingthe same characters as the exhaustive method of investigating every
subset,howeveritwasassumedthat thedifference betweentheoptimal solution
and the actual solution should be small (see also par. 4.4.,page 24).Within a
largegroupoftraitsthereshouldbeseveralsubgroupsofcorrelated traits.Most
of the information which may be obtained from such a subgroup of traits
should be realized by choosing one major trait out of such a subgroup. A
selectionindexbasedononlyafewtraitscontainsout ofeachsubgroup ofcorrelated traits usually only one major trait (see also par. 2.1.,page 6).Which
trait will be chosen out of such a subgroup of traits is decided somewhat
arbitrarily through the estimation procedure.
The selection indices for the improvement of yield are presented in table 9.
Thefirstthreecharacters intheselection indices,widthofleafeight,ear height,
and days to shooting are characters indicating vigour and maturity. Other
similar characters like weight of straw, root weight, and plant height were
eliminated from theselection index,although thesecharacters taken separately
may givea better indication of the value of a plant than the characters which
come as the fourth or fifth character in the selection indices.
The selection indices for the improvement of resistance to stemlodging are
presented intable 10. Thefirsttwotraitsintheselectionindicesarethecrushing
strength of thestalk and the dry weight of a 5-cm stalk section. The two traits
are highly correlated and both traits are expressions of the stalk strength. The
stalk strength is apparently a very important factor in the resistance to stemlodging, so that both traits are represented in the selection index before consideration isgivento other traits.
Theselection indicesfor theimprovement of resistance to rootlodging, table
11, contain as thefirstthree characters ear height, root weight, and weight of
straw,withearheightandweightofstrawbearinganegativesign.Theselection
index based on these three characters is similar to the lodging index given by
VAIDYAand coworkers(1962),except that theyused theplant heightinstead of
theear height (seealso par. 3.2.2.,page 17).
Comparingthetables9, 10and 11 wenoticethat eachtablecontainsa different set of characters. A selection index for the simultaneous improvement of
the three objectives: yield, resistance to stemlodging, and resistance to rootlodging, should be based on characters which are correlated to each of the
threeobjectives. Thesecharacters arenot necessarily alsothebestcharacters to
beused in the separate improvement ofeach of thethree objectives.
Table 12 and 13 present,eachfor adifferent setofrelativeeconomicweights,
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selection indices for the simultaneous improvement of yield and resistance to
stem- and rootlodging. Both tables give as the first three traits the characters
root weight, crushing strength, and leaf angle. None of thesecharactersisalso
represented in the selection indices for the improvement of yield (table 9).
Apparently these three traits are of only secondary importance when selecting
for only one objective, yield improvement. On the other hand,thecharacters
which rank first in the selection indices for yield improvement, width of leaf
eight,earheight and daystoshooting,donotrank amongthefirstcharactersin
the selection indices for the three simultaneous objectives, because while these
characters are correlated with yield they are only weakly correlated or even
negatively correlated with resistance to stem- and rootlodging.
Several characters were positively correlated with yield but negatively correlated with resistance to stem- and rootlodging. Noteworthy among these is
theear height.Theearheight isrepresented withapositivesignintheselection
indicesfor yield improvement (table 9),while it is represented with a negative
sign in the selection indices for the improvement of resistance to rootlodging
(table 11). This clearly illustrates the danger of improving one character at a
time. Characters such as ear height are not represented in the selection indices
for the simultaneous improvement of yield and resistance to stem- and rootlodging(table 12and 13).Characters whichcarryapositivesignintheseindices
were positively correlated with yield and with resistance to stem- and rootlodging, while characters with a negative sign were negatively correlated with
both yieldand resistance tostem-and rootlodging. The only exception isgiven
by the hundred-seed weight in table 12,which had a low negative correlation
with resistanceto rootlodging,whileit waspositively correlated withyield and
with resistance to stemlodging.
Thecrushingstrength of thestalk wasoneofthemost valuablecharactersin
theselection indicesfor the three simultaneous objectives: yield, resistance to
stemlodging, and resistance to rootlodging. In the foregoing we saw that the
crushingstrengthwashighlycorrelatedtothedryweightofa5-cmstalksection,
whileselection upon thelattercharacter wasmoreconvenient. Selection indices
based on the characters root weight, dry weight of a 5-cm stalk section, and
leaf angle are presented at the bottom of the tables 12and 13, using for each
tabletheappropriateeconomicweights.Asaresultoftheabovecorrelation,the
expected response to selection using these selection indices is only slightly
inferior to the expected response when using selection indices which include
the crushing strength instead of the dry weight of a 5-cm stalk section.
Selection indices for the three simultaneous objectives, yield, resistance to
stemlodging, and resistance to rootlodging, were calculated for different sets
ofrelative economic weights,aspresented in table 12 and 13.Comparingthese
tables wenotice that theinfluence oftherelativeeconomicweightsislimitedas
long as the selection indices are based on only a few characters. The selection
indices based on the three traits root weight, crushing strength, and leaf angle
are almost identical in both tables,with a difference only in the mean valueof
the weighing factors which is of no consequence in the selection.
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While estimates for the expected responses to index selection weregiven for
yield and for resistance to stem- and rootlodging, it ispossible to estimate the
expected change occurring inany other character, usingtheformulae (38),(39)
and (40),page47.
Early selection on characters observable beforefloweringhas the advantage
that itthen becomespossibleto practisefull parental control,thereby doubling
the response to selection as compared with the response to selection after
flowering. Selection indicesbased oncharactersobservablebeforefloweringare
presented intable 14.Aselection index based on length and width ofleafeight
should beveryefficient inimprovingyield.Withselection onboth themaleand
the female parent the response to index selection should be A: X 8.0 percent.
Insteadofsuchaselectionindex,onemayusealsosingletraitselection,selecting
for leafarea,wheretheleafareaismeasured astheproduct oflengthand width
of leaf eight. Single trait selection for leaf area would be only slightly less
efficient than index selection based on length and width ofleafeight.
Singletrait selection for leafareashould beofspecialinterest when oneseeks
toimprovefodder production,becauseselectionfor leafareashould result in a
correlated response ingrain yield as wellasinfodder production.
Using independent culling levels,selection beforefloweringon the leaf area
maybecombined withselectionafterfloweringonothercharactersinthewayas
proposed by YOUNG and WEILER (1961)(seealso par. 2.1., page7).
Apart from length and width of leaf eight there were two other characters
whichcould berecorded beforeflowering,daystoshootingandtotal numberof
leaves.Thelatter twocharactersshouldbelessuseful inselection because,while
both characters are positively correlated with yield, they are negatively correlated with resistance to stem- and rootlodging (table8).
While theselection beforefloweringoffers a good opportunity for theselection for improved yields,thereislittle opportunity for earlyselection for stemand rootlodging resistance, as none of the four characters observable before
flowering isclosely correlated to either stem- or rootlodging resistance.
The realized responses to index selection for yield for a number of selection
indicesare given in table 15 and 16.With theexception of theselection indices
basedononlyonecharacter,therealizedresponsestoindexselectionwereequal
to orsomewhat largerthan theestimated expected responses toindex selection.
However the realized efficiency of index selection as compared to single-trait
selectionforyieldwasnotaslargeasexpected.Thereason wasthat therealized
responsetosingle-traitselectionforyield,whichwask X3.5percent,wasmuch
larger than the expected response, which was A: X2.1 percent, where the response to selection is expressed as a percentage of the mean yield.
Individualplants maybeselected on thebasisofasingletrait or onthebasis
of a selection index. Index selection will require more time, but it will be also
more efficient than single-trait selection. Theadvantages to both methods may
be combined to a certain extent by using indirect selection, that is single-trait
selectionfor acharacterwhichiscorrelatedtothecharacterorcharacterswhich
we seek to improve by selection. In the above wealready sawthat single-trait
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selection for leaf area would be very efficient in improving yield. From table
12and 13welearn that single-trait selection for root weight should result in a
correlated response in the three characters of economic importance, yield,
resistance to stemlodging and resistance to rootlodging. When the selection is
aimed at the simultaneous improvement of these three characters single-trait
selection for root weight should certainly be an attractive alternative to index
selection. Single-trait selection for crushing strength of the stalk or for dry
weight of a 5-cm stalk section should result in a rapid improvement of theresistance to stemlodging, whileitshould alsogiveacorrelated response inyield.
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6. GENERAL DISCUSSION

The selection methods used in plant breeding may bedivided into twocategories:
1. Mass selection or individual selection, that is the selection based upon the
individual phenotype.
2. Selectionmethodsbaseduponthemeanprogenyperformance.Theprogenies
may be either half or full sibs or they may be obtained by selfing. The
progenies are usually tested in either single or replicated plots.
Index selection may beapplied to individual selection as wellas to selection
methods based upon progeny means.However theliterature on index selection
islimited to index selection as applied to selection based upon progeny means
(e.g. SMITH, 1936; ROBINSON et al., 1951; JOHNSON et al., 1955; MANNING,
1956, 1963;MILLER et al., 1958; BRIMet al., 1959).

With maize, as with many other crops, it isnot difficult to obtain progenies
ofadequatesizesoastoallowfor anextensiveprogenytestingprogramme.The
value of each progeny may beestimated rather accurately from the mean progenyperformance. Aselection indexshould add onlylittle totheaccuracywith
whichthevalueofeachprogeny may be estimated, and the more extensively
the progenies are tested the less should be the gain in selection efficiency obtained from a selection index (MILLER et al., 1958). Therefore, seeking to increase the response to selection it should be easier and more rewarding to increase the amount of testing rather than to use a selection index. This was
already recognized by SMITH(1936) when the advocated index selection to be
appliedwherethesizeoftheprogenieswaslimited(seealsopar.2.3.2.,page15).
Massselectionwithouttheuseofaselectionindexwassuccessfulinimproving
theyieldofopen-pollinated varietiesofmaize(GARDNER, 1961;JOHNSON,1963;
LONNQUISTet al., 1966; LONNQUIST, 1967;ANON., 1968).However massselection did not result in an improvement in yield in experiments reported by
HALLAUER and SEARS(1969). In the experiments reported in the present study
individual selection for yield, respectively among onehundred and twenty-one
plants of Samaru Composite 2 and among thirty-six plants of Colombian
Composite, resulted in an increase in yield of k x 2.0 percent and k x 3.5
percent, when k isthe selection intensity.
WELLHAUSEN(1965)recommended toexploitthelargeamount ofexoticgerm
plasmexistingfor maizeasasourceforfuture maizeimprovementprogrammes.
The additive geneticvariance available between the different varieties of maize
should be enormous. This potential should be used by mixing varieties of
diverse origin. Several generations of mixing should be followed by repeated
cyclesofmassselection soastoconcentrate theadditivegeneticvarianceinone
composite (WELLHAUSEN, 1965). EBERHARTet al. (1967)presented a method to
createcompositeswithadiversegeneticbackground.Theyadvocated theuseof
such composites, possessing a relatively large amount of additive genetic
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variance, as a starting point whenever a new breeding programme is initiated.
Mass selection should be the obvious method for the initial improvement of
such composites (SPRAGUE, 1966).
Mass selection should have its place in the improvement programmes for
other crops as well. Repeated cycles of mass selection may be applied as a
selection procedure for any cross-pollinating crop. Crops with only a low
amount of natural cross pollination can often be converted into fully crosspollinating crops by using male sterility (SPRAGUE, 1966). Mass selection should
be an appropriate method of selection at the initial stage of a crop improvement
programme, either for completely new crops or for existing crops brought to a
new environment. Mass selection may be used in an already existing crop improvement programme as a method to create a back-up population out of
exotic materials, in the way proposed by WELLHAUSEN (1965).
The advantages of mass selection are:
1. Its relative simplicity.
2. It takes only one generation per cycle. Many generations may be realized
within a limited span of time, thereby allowing for a rapid breaking up of
linkage blocks and frequent recombinations.
3. It allows for the screening of large numbers of plants from which large numbersmaybeselected,therebypreventingaprematurelossofgeneticvariability.
Several arguments may be given for the application of a selection index in
individual selection:
1. The selection index makes an optimal use of the information available from
a single individual. The phenotypic value of a single character will give just
a very rough estimate for the genetic value of a plant, a much better estimate
may be obtained by considering the phenotypic valueof several traits at a time.
2. Index selection allows for the simultaneous improvement of several traits at
a time. When the selection is aimed at the improvement of more than one trait
index selection should be better than either tandem selection or selection using
independent culling levels (HAZEL and LUSH, 1942; YOUNG, 1961).
3. A further advantage to index selection is realized when the selection index
is based upon traits observable before flowering. In that case it becomes
possible to select not only the seed parent but also the pollen parent, thereby
doubling the response to selection. In the present study the characters days to
shooting, total number of leaves, and length and width of leaf eight were
recorded before flowering. The estimated response to individual selection for
yield using a selection index based upon the length and the width of leaf eight
was k X 8.0 percent per cycle of selection.
4. The selection index may be used to select under conditions differing from
the normal cropping environment. This point will be substantiated below.
The selection index is calculated using estimates for the population parameters obtained either from a sib relationship or from a parent-offspring
relationship. A sib analysis as given in chapter 5 on the one hand supplies the
data needed for the calculation of a selection index, and on the other hand
offers a valuable insight intothepopulation bygivingestimatesforthe heritabili66
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ties and the genetic and phenotypic correlations of the different characters of
the plant. However the parent-offspring relationship offers several advantages
when weare interested onlyin thecalculation of a selection index:
1. Themultipleregression ofthevalueoftheoffspring onthecharactersofthe
parent plants gives a direct estimate for the selection index, which isindependent of any quantitative geneticinterpretation of the data.
2. Theexperimental procedure israther simple.Theindividual characters have
to berecorded onlyfrom theparent plants. Theparent plants can begrown
inanyconvenient pattern aslongastheplants aregrown under environmental
conditions that arecommon to actual selection. Parent plants with incomplete
records can be discarded from the experiment, because selection among the
parents does not bias the selection index.
3. Usingaparent-offspring relationship itispossibleto obtain selectionindices
for the selection under conditions differing from the normal cropping
environment. The parent-offspring relationship is then used to measure the
relationship between the phenotypic value of the parents, as obtained in the
modified selection environment, and the genetic value as obtained from the
progeny means, when the progenies are measured under normal cropping
conditions. This argument for a parent-offspring relationship wasgiven above
as the fourth argument for individual index selection. The crop production
environmentisnotanoptimalenvironmentforindividualselection,becausethe
rather dense plant populations used in crop production result in a comparatively low single-plant heritability (ANON., 1969). In individual selection one
shouldprefer touselowdensityplantpopulations,chosensuchastomaximize
thesingle-plant heritability. Moreover, to speed up aselectionprogramme one
should wish to select not only during the cropping season but also in the offseason, that is under conditions differing from the normal cropping environment. In tropical areas it should bepossible in this way to select two or three
times instead of onlyjust once a year.
In the present experiment the response to individual selection could be
improved by between thirty-five and seventy-one percent through the use of a
selection index estimated from a parent-offspring relationship. Furthermore,
for the populations used in this study it was shown that the response to individual index selection compared favourably to the response which could be
expected from selection methods based upon progeny means.
The number of situations in which individual selection should bechosen as
the appropriate method of selection is limited by the generally low realized
heritability.Therealized heritability ofindividualselection isincreased through
theuseofaselection index,whileintheforegoing stillseveral more advantages
were given for the use of a selection index. This implies that the number of
situations in which individual selection should be the appropriate method of
selection will increase as a result of using a selection index. Still, individual
index selection should be lesssuited as a method to improve long established,
high performing varieties, possessing only a limited amount of genetic variability.
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SUMMARY
General considerations
Aselection indexmay beapplied toselection based eitherupon the performance of single plants or upon the performance of progenies. In the latter case
however,indexselectionshould onlyresultinamodestgaininselection efficiency, when index selection is compared to single-trait selection for the desired
character.
Index selection isa relatively efficient method of selection when it is applied
in the selection of individual plants. Individual index selection, as wemay call
this type of selection, is presented in this study as a selection method for the
initialstageofapopulation improvementprogramme.Ingeneralitmaybeused
as a method of selection for cross-pollinating crops. Individual index selection
combinestheadvantages ofmassselectionwiththesefrom indexselection.
Theadvantages ofmassselection aremost obvious duringtheinitialstageof
a population improvement programme. Mass selection takes only one generation percycle.Alargenumber ofgenerationscanbegrowninarelatively short
period of time. When the population under selection is not yet at linkage
equilibrium the successive generations will give a high frequency of recombinantsimplyingaprogressivebreakingupoflinkageblocks.Withmassselection
it ispossible, evenwithlimited facilities, to include alargenumber ofplants in
the selection, thereby preventing any premature lossof genetic variability.
There are several arguments for the application of a selection index in mass
selection.Theselection indexmakesanoptimaluseoftheinformation available
from a single phenotype. With index selection it is possible to select for the
simultaneous improvement of several traits. When the selection index is based
ontraitswhichmaybeobserved beforefloweringitispossibletoselectnotonly
on theseedparent but alsoonthepollen parent,thereby doublingtheresponse
to selection. Furthermore, index selection may be used as a method to select
under conditions differing from the normal environment of the crop. This
meansthat itispossible tochoose theselection conditions such astomaximize
thesingle-plant heritability and thismeans then also that it ispossible to select
in an off-season crop.
Selection indices for individual selection in maize were calculated using
estimates of thepopulation parameters obtained eitherfrom a parent-offspring
relationship or from a sib analysis. There are several advantages in using a
parent-offspring relationship.Usingaparent-offspring relationshiptheselection
index can beestimated directly from themultiple regression of the value of the
offspring on the characters of the parents, independent of any quantitative
genetic interpretation of the data. The experimental procedure may be kept
rather simple. It is possible to obtain selection indices for the selection under
conditionsdiffering from thenormalenvironmentofthecrop.Thelattermaybe
realized by growing the parent generation in the selection environment, while
the offspring is measured in the normal cropping environment.
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Results
Theparent-offspring relationshipwasstudiedononehundredandtwenty-one
open-pollinatedplantsofSamaruComposite2andonthirty-six open-pollinated
plants of Colombian Composite. Recorded from eachplant weretwelve different characters and the mean yield of its progeny. These records were used to
construct several selection indices for the improvement of yield. The response
to index selection wasstudied using Colombian Composite asthe test population for the selection indices calculated for Samaru Composite 2, and vice
versa. The response to individual selection could be improved by between
thirty-five and seventy-one percent through the use of a selection index. An
optimal response was obtained from selection indices including about four
different traits. The response to selection obtained from a selection index was
superior to the response to selection obtained from an 'estimated' index, that
isan index in which the weighing factors for the different traits represented in
the index areestimated according to some rule of thumb.
For the populations under study, composites of recent origin, it was shown
that the response to individual index selection compared favourably with the
response from selection methods based on progeny means.
A sib analysis was carried out using one hundred and forty-four half-sib
progenies ofColombian Composite. Most oftheprogenies werelost asaresult
ofthesuddenoutbreak ofadisease,causedbyHelminthosporiummaydisraceT,
so that the study had to belimited to the results obtained from only thirty-six
progenies, resistant to the disease.
The sib analysis was used to estimate the single-plant heritabilities and the
geneticand phenotypiccorrelations with yield and with resistance to stem- and
rootlodging for thirty different traits. It wasfound that thecharacter leafangle
wascorrelatedwithyield,whichindicatesthatatMokwa,despitetheratherlow
yieldlevelofthecrop,lightisalready alimitingfactorinmaizeproduction.The
stalk characters crushing strength and dry weight of a 5-cm stalk section were
highly correlated with resistance to stemlodging. Alowcorrelation was found
between resistance to stemlodgingand therind thickness of thestalk. The root
weight and the pulling strength of the roots were both correlated with resistance to rootlodging, while these two characters were also correlated with
yield and with resistance to stemlodging.
Theresults ofthesibanalysiswereused toconstruct selectionindicesfor the
improvement of yield, for the improvement of resistance to stemlodging, and
for the improvement of resistance to rootlodging, while selection indices were
also constructed for the simultaneous improvement of yield and resistance to
stem- and rootlodging. Aselection index for the three simultaneous objectives
included first of all the character root weight, secondly it included either the
crushingstrengthofthestalkorthedryweightofa5-cmstalksection,andthirdly it included the leaf angle. When the selection is aimed at the simultaneous
improvement of yield and resistance to stem- and rootlodging, single-trait
selection for root weight should bean attractive alternative to individual index
selection.
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Outofthethirtydifferent traitsusedinthisstudytherewerefour traitswhich
could beobserved beforeflowering.Thesewere:thedays to shooting, the total
number of leaves and the length and width of leaf number eight. Individual
index selection before flowering should be efficient in improving yield, when
using a selection index based on length and width of leaf eight. As an alternativeto indexselectiononemightpractisealsosingletrait selectionfor leaf area,
measuringtheleafareaastheproductoflengthandwidthofleafeight.
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SAMENVATTING
MASSA-SELEKTIE IN MAIS COMPOSITES MET BEHULP VAN SELEKTIE-INDICES

Algemeen
Eenselektie-indexkan worden toegepast in selektiegebaseerd ofopdeprestatie van individuele planten, of op de prestatie van nakomelingschappen. In
het tweede geval echter kan van index-selektie, in vergelijking tot selektie
rechtstreeks op degewensteeigenschap,slechtseengeringeverbetering van het
rendement worden verwacht.
Index-selektie iseenrelatief doeltreffende selektiemethodewanneerzij wordt
toegepast bijdeselektievanindividueleplanten.Dezemethodekunnen weaanduidenalsindividueleindex-selektie. Inditproefschrift wordtindividueleindexselektie beschouwd als een selektie-methode, te gebruiken tijdens deeerstefase
indeverbeteringvaneenpopulatie. De methodekan in het algemeen worden
toegepast bij kruisbestuivende gewassen.Individueleindex-selektie kombineert
de voordelen van massa-selektiemet die verkregen bij index-selektie.
De voordelen van massa-selektie zijn vooral duidelijk gedurende de eerste
fase in de verbetering van een populatie. Massa-selektie verlangt slechts6en
generatiepercyclus.Eengrootaantalgeneratieskaninrelatiefkortetijd worden
verwezenlijkt. Wanneer dete verbeteren populatie nog niet in een koppelingsevenwicht verkeert zullen de opeenvolgende generaties vele rekombinatiesopleveren,hetgeeneensneldoorbreken vankoppelingsgroepen inhoudt. Wanneer
gebruik gemaakt wordt van massa-selektie ishet mogelijk, ook bij aanwending
vanbeperktemiddelen,eengrootaantalplanten indeselektietebetrekken;een
vroegtijdigverliesvangenetischevariabiliteit kanhierdoorwordenvoorkomen.
Verscheidene argumenten pleiten voor de toepassing van een selektie-index
bij massa-selektie. Met behulpvan eenselektie-index ishetmogelijk omdebeschikbare informatie van eenenkel fenotype optimaalte benutten. Eveneensis
het mogelijk de selektie te richten op de gelijktijdige verbetering van meerdere
eigenschappen. Wanneerdeselektie-index gebaseerd isopeigenschappenwelke
kunnen worden waargenomen voor de bloei, is het mogelijk om niet alleen op
demoederplant te selekteren maar ook op devaderplant, waardoor het rendement van de selektie wordt verdubbeld. Index-selektie kan eveneens worden
toegepast als een selektie-methode te gebruiken onder omstandigheden welke
afwijken van denormale veldomstandigheden vanhet gewas.Dit betekent, dat
het mogelijk is de omstandigheden waaronder wordt geselekteerd zodanig te
kiezen, dat deinvloed van het milieu op defenotypische expressie van deindividuele planten zo gering mogelijk wordt. Dit betekent dan eveneens dat het
mogelijk is om te selekteren buiten het eigenlijke groeiseizoen.
Selektie-indices voor de individuele selektie in mais werden berekend uitgaandevanschattingen vandepopulatieparameters.Voorhetmakenvandeze
schattingen werd gebruik gemaakt hetzij van een ouder-nakomelingschap relatie, hetzij van een sib-analyse. Het gebruik van een ouder-nakomelingschap
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relatieheeft verschillendevoordelen.Deselektie-indexkanrechtstreeks worden
geschat uitdemultiple regressievandewaardevandenakomelingschap op de
eigenschappen vandeouderplanten. Deze schatting kanworden verricht onafhankelijk van enige kwantitatief genetische interpretatie vande gegevens.De
proefopzet kanvrijeenvoudig blijven. Tevensishetmogelijk selektie-indiceste
verkrijgen welke kunnen worden gebruikt bij selektie onder omstandigheden
welkeafwijken vandenormaleveldomstandighedenvan hetgewas.Ditlaatste
kan worden verwezenlijkt door de ouderplanten te kweken onder de milieuomstandigheden welke worden gebruikt tijdens deselektie, terwijl denakomelingschapgemetenwordtonderdenormaleveldomstandigheden vanhetgewas.
Resultaten
De ouder-nakomelingschap relatie werd bestudeerd van honderd-eenentwintig vrij bestoven planten vanSamaru Composite 2envanzesendertig vrij
bestoven planten van Colombian Composite. Vaniedere plant werden twaalf
verschillende eigenschappen gemeten, terwijl vaniedere plant eveneens de gemiddeldeopbrengstvanzijnnakomelingschap werd bepaald.Uitdezemetingen
werden verschillende selektie-indices berekend voor selektie gericht op opbrengstverbetering. Hetrendement van index-selektiewerdbestudeerd, waarbij
gebruik gemaakt werd van Colombian Composite als toetspopulatie voor de
selektie-indices berekend voor SamaruComposite2enviceversa.Doorgebruik
te maken van een selektie-index kon het rendement van individuele selektie
worden verbeterd met vijfendertig tot eenenzeventig procent. Een optimaal
resultaat werd verkregen wanneer een selektie-index werd toegepast, welke
omstreeks vier verschillende eigenschappen bevatte. Index-selektie leverdeeen
hoger rendement opdan selektie metbehulp vaneengeschatte index. Inzulk
eengeschatteindexworden dewaardenwelkeindeselektiemoetenwordentoegekendaandeverschillendeeigenschappenvan deplantgeschatmetbehulpvan
een min ofmeer willekeurig gekozen vuistregel.
Depopulaties welkeindezestudiewerden gebruikt bestondenuitcomposites
vanrecenteoorsprong.Uitgaande vandezepopulatieswerdaangetoonddat het
rendement vanindividuele index-selektie gunstig afstak bijhetrendementvan
selektie-methoden gebaseerd ophettoetsen van de nakomelingschap.
Eensib-analysewerduitgevoerd,waarbijgebruikgemaaktwerdvanhonderdvierenveertig half-sib families van Colombian Composite. Alsgevolg vanhet
plotselinguitbrekenvaneenziekte,veroorzaaktdoorhetTfysio vanHelminthosporiummaydis, ginghetmeestemateriaal verloren.Hetonderzoek moest daaromworden beperkt totderesultaten verkregenvanslechtszesendertig families,
welke resistent waren tegen deziekte.
De sib-analyse werd gebruikt om de mate van overerfbaarheid te schatten
van dertig verschillende individuele eigenschappen van de plant. Voor deze
dertigeigenschappen werdeneveneensdefenotypische engenetische korrelaties
metopbrengstenmetlegering-resistentie geschat.Legeringwerdhierbij naarde
oorzaak onderscheiden in stengel-Iegering, d.w.z. hetomknakken of afbreken
van het stengelgedeelte beneden de kolf, en wortel-legering, d.w.z. eenonvolMeded. Landbouwhogeschool Wageningen 72-1 (1972)
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doendeverankeringvandewortelswathetlegerenvandeplanttotgevolg heeft.
Tussendeopbrengstendebladhoek,gemetenalsdehoek tussen- vanbovenaf
geteld - het derde blad en de Stengel, werd een korrelatie gevonden. Deze
korrelatie wijst erop, dat in Mokwa de lichtintensiteit reeds een beperkende
faktor vormt in deproduktie van mais,ondanks het vrij lage opbrengstniveau.
Tweeeigenschappen vandeStengel,dekracht benodigd omdeStengelsamente
drukken en het drooggewicht van een Stengelgedeelte van 5 cm lang, waren
hoog gekorreleerd met resistentie voor stengel-legering. De dikte van de verharde buitenlaag van de Stengel was zwak gekorreleerd met resistentie voor
stengellegering.Hetgewichtvanhetwortelstelsel endekracht, benodigd omde
plant uit de grond te trekken, waren beide gekorreleerd met resistentie voor
wortel-legering, terwijl deze beide eigenschappen ook gekorreleerd waren met
de opbrengst en met resistentie voor stengel-legering.
De resultaten van de sib-analyse werden gebruikt bij het samenstellen van
verschillende selektie-indices. Selektie-indices werden bepaald voor de selektie
voor opbrengstverbetering, voor een verhoging van de resistentie voor stengellegering en voor een verhoging van de resistentie voor wortel-legering, terwijl
eveneens selektie-indices werden bepaald voor een gelijktijdige verbetering in
opbrengst en in resistentie voor Stengel-en wortel-legering. Eenselektie-index,
zoals genoemd in het laatste geval, bevatte in deeerste plaats het gewicht van
het wortelstelsel, in de tweede plaats een van beide stengeleigenschappen: de
kracht benodigd omdeStengelsamen tedrukken, ofhet drooggewicht vaneen
5cm langstengelgedeelte en in dederde plaats debladhoek. Selektie alleen op
hetgewichtvanhetwortelstelsel is,naar hetzichIaataanzien,een aantrekkelijk
alternatief voor individuele index-selektie wanneerde selektie gericht isopeen
gelijktijdige verbetering in opbrengst en in resistentie voor Stengel-en wortellegering.
Van de dertig verschillende eigenschappen welke bestudeerd werden, waren
ervier welkevoor debloei konden worden waargenomen. Deze eigenschappen
waren: hettijdstip waaropdepluimtevoorschijn komt,het totaal aantal bladerenendelengteenbreedtevan hetachtsteblad. Individuele index-selektie voor
debloeimet behulpvaneenselektie-index welkegebaseerd isopdeeigenschappen lengte en breedte van het achtste blad is, naar kan worden verwacht, een
doeltreffende selektie-methode voor deverbetering van deopbrengst. In plaats
van gebruik te maken van een dergelijke selektie-index is het ook mogelijk te
selekteren op een enkele eigenschap, te weten de bladoppervlakte, waarbij de
bladoppervlakte wordt gemeten als het produkt van de lengte en de breedte
van het achtste blad.
Deauteur, FransdeWolff, werdin1940geboren teLeiden. Alsstudent aan de
Landbouwhogeschool, met als studierichting tropische landbouwplantenteelt, behaalde hij in1966 hetdiploma van landbouwkundig ingenieur. Nazijn afstuderen
werktehijvierjaarinMokwa, Nigeria, indeveredelingvan mais. Ophet ogenblik
ishijopnieuw bezigmet mais veredeling, nu indiensivanCIMMYT in Congo
(Kinshasa).
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