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Abstract 
Previous studies with computer simulation models have shown that 

standardised correlated response in one trait, y, to selection for another 
trait, x, should be the same in one generation regardless of whether 
selection is for x or for y. In the study reported herein, we tested the 
hypothesis that direct response to selection for trait x should be the same 
as  standardised correlated response in trait x when selection is based on ~~ ~ 

trait y. Additionally, we compared, observed and predicted correlated 
responses to seven cycles of reciprocal recurrent selection for grain yield 
in two maize populations 

Results obtained indicated that predictions of direct and standardised- 
correlated responses showed poor agreement. Direct response to mass 
selection, however, agreed more closely with standardised correlated 
responses than did half-sib selection and testing. whereas direct 
response to $ testing agreed more closely with conventional correlated 
response than did the other two selection methods. Also, observed and 
predicted correlated response to reciprocal recurrent selection for grain 
yield showed poor agreement. However, predictions based on para- 
meters obtained in the fourth cycle of selection agreed more closely with 
observed changes than similar estimates obtained from the original 
populations. Implications of these results in determining indirect 
selection criteria are discussed. 

Polygenic inheritance is dependent upon many genes that have 
similar, small effects in comparison with the nonheritable variation of the 
phenotype. For this reason, selection .applied to one polygenic trait 
almost always leads to changes in others. When selection is applied to 
one trait, x, associated changes in another (unselected) trait, y, are 
known as correlated responses. The genotypic correlation between the 
two traits largely determines the predicted pattern of the correlated 
response (Bohren, Hill, and Robertson, 1966). 

Recurrent selection is a breeding method involving evaluation of a 
large number of genotypes from a population, identification and selec- 
tion of a certain percentage of desirable genotypes, and recombination of 
the selected genotypes to form a new population from which further 
selections can be made. Recprrent selection is an effective method for 
increasing the frequency of favourable alleles for a quantitatively 
inherited trait without the rgpid approach to homozygosity that often 
limits the progress from selection with systems involving inbreeding. 
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lbo&ical considerations 
It has been shown (Falconer, 1960a) that the correlated response (CR) 

in y to selection for x would be 

where i is the standardised selection intensity for trait x; hX and h3 
are the square roots of heritabilities for x and y, respectively; r6 is the 
genotypic correlation between the two traits, and &, is the phenotypic 
standard deviation in trait y. Dividing both sides of equation [I] by 
ix6y results in a standardised correlated response (CR' ex) or correlated 
response in standard deviations in y for each stan ard deviation of 
selection in x (Bohren et al., 1966). Thus, 

Y 

Since G. represents genetic effects and hX = 4 /$ . hy = 6& /$ 

'G = 6 ~ x ~ y ~ x . 6 ~ y ,  equation [2] becomes 

'CRC = 0imY = , ~ G ~ G V  t33 
ai 

The standardised correlated response. theretore, should be the same in 
one generation of selection whether selection is based on x or on y, or 
whether selection is upward or downward. When correlated response is 
measured over several generations, however, selection may change the 
values of the parameters in equation [3] in such a way that the standard- 
isedresponses are different from those predicted on the basis of the 
original values of the parameters (Falconer, 1960b; Bohren et al. 1966). 
Therefore. changes that occur in the three  parameter^&^^,,^^,. and 
$ as  a result of selection will determine the magnitudes o correlated 
responses. and whether or not correlated responses will be symmetrical 
or asymmetrical (Bohren et al., 1966). 

One important common feature for all recurrent-selection schemes is 
the use of mathematical formulae to predict gain from selection. 
Lush (1945) suggested that the expected gain from selection could be 
predicted by multiplying the selection differential by narrow-sense 
heritability. Because the selection differential can be expressed as k.Gp 
with a normal distribution. 

Thus. 

AG-= c .k .d  

and /-, m 



AG = expected gain, H = heritability, D = selection differential, 
c = parentalcontrol, k = standardisedselection differential. 
6 2  = :idditive genetic variance among individual families, 
6f = phenotypic ~tandard~deviation among individual\ or families, 
663;' experimental error. = genotype x environment interaction, 

f$ = genetic variance among famlies, 62 = tot:!l gcr~ctic variance 
among arid within individuals, bu = within-plot environmental 
variance. 6: = between-plot environmental variance. ;illd 11, r, and m 
are numbers of plants per plot, replications, and location\. respectively. 

As sho\vn in equation 131, standardised correlated response is the 
same \i.llether selection is based on trait x or on trait y. It follows, 
theretore. that direct response to selection for trait x (AGA) should be 
equal to dorrelated response in trait x when selection is based on trait 
v .  and \,ice versa. Thus, 

1. 
A G ,  = c . ~ . c ~  = CR'  =. C G ~ G . ~  [71 

Y'* 
/mi; 6*. sJ 

The primary objective of the research summarised herein was to test 
the validity of equation [7] \t.ith use of genetic parameters obtained in 
a maize population. A seconda;y objective of our study \vas to compare 
the observed and predicted correlated responses to seven cycles of 
reciprocal recurrent selection (Comstock. Robinson, and Harvey. 1949) 
in maize. This programme Ivas initiated t~ritli t\vo maize populations, 
"Iowa Stiff Stalk Synthetic" (BSSS) and "Iolva Corn Borer Synthetic # I "  
(BSCBI ). Grain yield \\.as the primary selection criterion and significant 
~ ~ r o g ~ . c s s  from seven cyclcs of selection has been reported 
(Eberhart et nl., 1973; Fakorede, 1977; Fakorede and Mock, 1978) 
for this programme. 

Mateaids and methods 

The data analysed in this study were collected on grain yield 
components of 247 random S6 lines developed by single-seed descent 
frp, "Iowa Stiff Stalk Synthetic" (BSSS) maize population. The lines were 
grown along with 9 unrelated inbred lines as checks in 3 experiments in 
1970 and 2972. using a 16 x 16 simple lattice design for each experiment. 
Details of experimental procedure were reported by Obilana and 
Hallauer (1974). For the present study, we used the data for grain yield 
(qha), kernel-row number, ear length (cm), ear diameter (cm), cob 
diameter (cm), kernel depth (cm), and silking date; i.e., number of days 
from planting to silk emergence by 50% of the plants in a plot. Data for 
silking date were collected from 2 experiments only. 



Using the variance-component and heritability estimates obtained by 
Obilana and Hallauer (1974), expected correlated responses (CR) and 
standardised correlated responses (CR') were computed from equations 
I' and 3: respectively. Additionally, the expected responses to three 
types of recurrent selection were computed with use of appropriate 
modifications of equation 5: These were half-sib selection, S testing, 
and mass selection (one parent selected). In each case, a selection 
intensity of 5% (i.e., k = 2.06) was used. 

In another study, the observed responses were compared with the 
expected correlated responses for seven cycles of reciprocal recurrent 
selection for grain yield in BSSS and BSCB1. BSSSCO x BSCBlCO and 
BSSSC7 x BSCBlC7 were grown along with 2 other hybrids in one loca- 
tion for 2 years (1975 and 1976) at 2 plant densities; 59,300 (low density) 
plantsfia. Each experiment was replicated thrice. Details of experi- 
mental procedure were described by Fakorede and Mock (1978). For the 
study reported herein, we obtained data on grain yield, plant and ear 
heights, and four yield components (ear length, ear diameter, cob 
diameter, and kernel depth). Observed correlated response was 
calculated as the difference between the performance of BSSSO x 
BSCBlC7 and BSSSCO x BSCBlCO. Predicted correlated response to 
selection for yield was calculated for each train (other than yield) with 
use of equation 1 : Hallauer (1971) obtained variance component, herita- 
bility, and genetic correlation estimates for BSSSCO x BSCBlCO and 
BSSSC4 x BSCBlC4. and these were used in the calculations. Selection 
intensity in the reciprocal recurrent selection programme was 10%. 

Results and diecuesku 

Genotypic correlations between grain yield and most yield compo- 
nents, and between yield and silking date were moderately high 
a l e  1 Except in a few instances, correlations among the yield 
components were low. Furthermore, correlations of silking date with 
yield and yield components were negative, indicating that delayed silk- 
ing affected these traits adversely. Several studies (Mock and Buren, 
1972; Buren et al., 1974; Fakorede and Mock, 1978) have shown consist- 
ently that delayed silking reduced grain yield in maize. 

TAB.~~. GENOTYPIC CORRELATIONS AMONG WELD AND YIELD COMPO- 
nents of247 rnes of maize. "3' 

lrcrnel 
k-m E u  Eu Cob Kern S i  
No. , Length di-r diameter depth date 

Yield (q/hr) .56 .58 .62 .M .76 .49 

Kernel row no. .35 .74 .44 .61 -.SS 
Ear length (em) .S6 .M 24 -20 

Ear diameter (em) .81 .76 -.I4 

Cob diameter (cm) .44 -.48 

K~rma. !  rlepth (<:,I) -.55 



TABLE2.  VARIANCE-COMPONENT AND HERITABILITY ESTlMATES FOR 

YIELD AND YIELD C O M P O N E N T S O F  247 "c LINESOF MAIZE. 

Kernel 

row Ear  Ear Cob Kernel Silking 

Component* Yield no. length diameter  diameter  depth da te  

42 03: is the uarialion .mongrhe l 6 liner . '  a d  is u p p i o r ~ a ~ e l y  2 6 ,  the uddirius genetic 4+% A 2' a 
uonance; s i s  the phenotypic uamnce  and is c a ~ d a t e d  as 64+ +& 
where r = 2 and m = 2 or 3 [no.  o / e n v i T o n m e n l s L j  is genolype x enoironmelfim 

i n t e m d i o n ; g i s  Po?led e x ~ e r i m e n ~ u i  enor;  and;'is narrow-sense heri lobii i t~ [ l ine-  

mean baris] .  

Variance-component and narrow-sense heritability [line-mean basis] 
estimates indicated that most of the variation among the 247 S lines for 
each trait studied was additive genetic variance (Table 2). %his was 
expected (Obilana and Hallauer, 1977) because the lines were nearly 
homozygous at all loci, with inbreeding coefficient of approximately 
0.995. Considering the variance-component and heritability estimates, 
and the range in the means of these traits (Obilana and Hallauer, 1974), 
it would seem that recurrent selection would be effective in the desired 
direction in BSSS. Infact, BSSS has been the base population for several 
recurrent selection schemes in Iowa, U.S.A., and considerable grain- 
yield improvements have been reported (Eberhart et  al., 1973; Russel 
et al., 1973; Fakorede and Mock, 1978). 

Predicted advance from recurrent selection (Table 3) indicated that 
largest grains would occur with Ss testing, and the least from mass selec- 
tion. Predicted gains in grain yield were large, even for mass selection; 
a consequence of the high heritability value and high selection intensity 
for yield in this study. Significant yield improvements from half-sib 
selection with a broad-base tester (Eberhart et al., 1973) and from a reci- 
procal tester (Eberhart eta]., 1973; Fakorede and Mock, 1978) have been 
reported for BSSS. Grain yield was the selection criterion in these 
programmes; consequently, comparison of predicted and observed gains 
from recurrent selection for other traits could not be made. 

Predictions of corrclated rcr~Cns- !?!?) and stanclardised correlated 
responses (CR') are presented in Table 4. As expected, both CR and 



CR' were negative for silking date because the genotypic correlations 
between this and other traits were negative (Table 1). Generally, 
correlated responses and direct responses to selection showed poor 
agreement. For example, correlated response to selection for grain 
yield was 1.814 fat kernel row number, whereas direct responses to 
selection for kernel row number were 0.834, 1.520, and 0.418 for half-sib 
selection, % testing was mass selection, respectively. Our study tested 
the hypothesis that direct response to selection for a trait, x, would be 
equal to CR in that trait when selection is based on another trait, y. 
Results obtained for the predicted responses (Tables 3 and 4) did not 
substantiate this hypothesis. 

TABLE 5. PREDICIED GENEl'lC GAIN PERCYCLE FROM THREE 
MEIHODS OF RECURRENT SELECTION IN BSSS. 

Ssllarrimr d & n  HM-sib Selectiaa S. resting Mass Sslection 

C* r q ~  9.693 15.129 
Kerndmwno. 0.834 1.520 
Ear Ien&(cm) 0.630 1.262 
Ekr dm-r (cai) 1.183 1.982 
Cob di-r (cm) 0.748 1.287 
Kernel deph (cm) 0.622 1.090 
Sikintdace 2.485 -3.917 

TABLE 4. PREDICI'ED CORRELATED RESPONSES (CR) AND 
STANDARDlSED CORRELATED RESPONSES (CR') TO RECUR. 
REhT SELECnON IN BSSS 

Selection Kernel Ear Ear Cob 
miterion row no. length diameter diameter 

Yield Ut 
CR ' 

Kernel m w  no. CR 
CR ' 

E.r length CR 

c! 
lbdiameter CR 

CR ' 
Cdb diamc+er CR 

CR ' 
Kcrneldepth CR 

a'. 

S i g  
dace 



A closer look at Tables 3 and 4, however, revealed a rather consistent 
pattern. Predicted CR in trait x with selection for trait y, and direct 
response to SL testing for trait x agreed closelg. Similarly, predicted 
CR' in trait x with selection for trait y, and direct response to mass selec- 
tion for trait x showed a fairly close agreement. To illustrate, suppose 
selection is for grain yield (i.e., trait y is yield); CR values are 1.814, 
1.777cm, and -3.875 for kernel row number, ear length, and silking date, 
respectively. Direct responses to Sl testing for these traits were 1.520, 
1.262, and -3.917, respectively. Similarly, CR' values are 0.479, 
0.469cm, and -0.433 for the 'three traits, respectively; whereas direct 
responses to mass selection were 0.418, 0.363, and -1.024. Similar 
trends were observed for other traits. 

Observed and predicted CR to seven cycles of reciprocal .recurrent 
selection in BSSS and BSCBl are presented in Table 5. Predictions 
based on estimates of heritability and genotypic correlations between 
yield and several traits obtained from C& x C+agreed more closely with 
observed changes than similar estimates obta~ned from Cg x Co of these 
populations. Usually, observed and predicted values differed signifi- 
cantly (i.e., predicted values fell outside the ranges that resulted from 

TABLE 5. OBSERVED AND PREDICTED CORRELATED 
RESPONSES TO SEVEN CYCLES OF RECIPROCAL 
RECURRENT SELECIION FOR GRAIN YIELD IN BSSS x 
BSCB1. 

Total change after seven cycles 
Traits 

Observed Redicted 

( + S.E.) A B 

Raac height (cm) 7.6 f 2.83 -5X.19 -14.18 
Far h e i  (cm) 2.42 f 1.67 11.36 -0.57 
Ear length ( a )  0.94 * 0.26 10.57 0.47 
Eardiimaer(cm) 0.10 i 0.04 0.67 0.33 
CObdivncter(cm) 0.09 f 0.02 0.62 0.02 
Kcnnl depth (cm) 0.00 f 0.02 0.52 0.11 

bndicted values using estimates of herirabdity aid gemtyfiic 
cowehionsfrom A ]  Co x Q and B] C4x C4 [Hallauer; 19711. 

observed values +. twice their standard errors). Predicted changes 
based on the parameters from C4 x Cg, however, did not differ signifi- 
cantly from observed changes in ear height and ear length Table 5). 
Bohren et al. (1966) concluded from computer sirnilations that 
predictions of CR aeross several genecations were not as accurate as 
predictions made from one generation. Also, Moll and Robinson (1966) 
obtained poor agreement between observed and predicted CR to selec- 
tion for grain yield in four maize populations. Results presented herein 



agree with findings obtained by these workers. 
According to Fakorede (1977). studies of correlated responses are of 

interest for several reasons. They provide information on 1) the genetic 
relationship between traits, 2) the type of simultaneous change (negative 
ar positive) that selection for one trait could promote in anothet 
(unselected) trait, and 3) the relationship between a quantitative trait 
and fitness under natural selection. The first two reasons are important 
in the choice of traits that could be used to construct indices for simul- 
taneous improvement of two or more traits in a selection programme. 
Furthermore, results obtained in studies of correlated traits, often, can 
be related to cytogenetic studies. to determin whether two traits are 
associated through linkage or pleiotropism. 

In recent years, plant breeders and crop physiologists have been 
interested in identifying indirect selection criteria for yield improvement 
in grain and seed crops. Some favourable results have been obtained; 
for example, grain yield in a maize population increased at the rate of 
6.3% per cycle through selection for increased number of ears per plant 
(Lonnquist, 1967). Direct selection for grain yield in this population 
(Gardner, 1961) showed a gain of only 3.8% per cycle. In most cases, 
however, indirect selection for yield through selection for a correlated 
trait has been unsuccessful. Several researchers (Falconer, 1960b; 
Bohren et al. 1966) have shown that when correlated response is predict- 
ed over several generations, selection may change the values of the 
three parameter in equation /3/ in such a way that standardised 
responses are different from those predicted on the basis of the original 
values of the parameters. Therefore, changes that occur in the three 
parameters h.&~ , 6.. and tJ as a result of selection will determine the 
magnitude of correlated responses, and whether or not correlated 
responses will be symmetrical or asymmetrical. 

Evidently, correlated responses to selection for a particular trait 
cannot be generalised for populations of a crop species nor for all recur- 
rent selection methods. Therefore, it may not be advisable for a resear- 
cher to decide on indirect selection criteria for his programme on the 
basis of research findings elsewhere. It may be more profitable for 
the researcher to determine the pattern or correlation between yield and 
other traits in the population being improved before deciding on what 
traits to use either as indirect s e l d n  Ctiteria, or in an index for 
enhanced grain yield. 
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