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Summary. In hybrid breeding programs, testcross evalu- 
ation of lines can be done during the early stages of selfing 
(early testing) or delayed until the lines are near-homo- 
zygous. To evaluate the usefulness of early testing, the 
expected genetic and phenotypic correlations between 
testcross performance at different selfing generations 
were examined. The genetic correlation (rG.G.,) between 
testcross performance of S. and S., (n' > n) individuals or 
lines is equal to the square root of the ratio of their 
testcross genetic variances, and it is a function of the 
inbreeding coefficients (F) at the two selfing generations, 
i.e., rG,~,, =[(1 +F,)/(I +F,,)] ~ The genetic correlation 
between testcross performance of lines and their directly 
descended homozygous (n'= oo) lines is 0.71 for $1,0.87 
for $2,0.93 for $3,0.97 for S4, 0.98 for S 5, and 0.99 for 
86 lines. The effectiveness of early testing is limited mainly 
by nongenetic effects. The square root of testcross herita- 
bility at generation n sets the upper limit on the correla- 
tion between phenotypic value at generation n and geno- 
typic value at homozygosity. The probabilities of correctly 
retaining S, individuals or lines that have superior 
testcross performance at homozygosity (n'= ~ )  indicate 
that early testing should be effective in identifying lines 
with above- and below-average combining ability. How- 
ever, the risk of losing lines with superior combining 
ability is high if strong (best 10%) selection pressure is 
applied during early testing. If only a small proportion of 
lines is retained based on testcross performance and/or if 
the heritability of the trait is low, selfing for two or three 
generations prior to testcrossing may be desirable to in- 
crease the likelihood of retaining lines that perform well 
at homozygosity. The theoretical results in this study 
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support the testcross evaluation procedures for grain 
yield used by most maize (Zea mays L.) breeders. 
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Introduction 

In maize (Zea mays L.) hybrid breeding programs, inbred 
lines are developed from segregating base populations by 
self-pollination and testing for performance in hybrid 
combination (Hallauer 1990). During inbreeding, visual 
selection is done for plant and ear traits and disease 
resistance of the lines per se, while yield evaluation of the 
lines is based on their performance when crossed to elite 
inbred lines or single crosses (Bauman 1981). 

One system of maize inbred line development in- 
volves visual selection among and within ear-to-row pro- 
genies for several selfing generations. Testcross evalua- 
tion is delayed until the number of selections is greatly 
reduced and the lines are near-homozygous (Hallauer 
1990). A second system involves evaluation of testcrosses 
during the early generations of selfing (e.g., S o or $1). 
Lines that do not perform well are discarded early to 
allow expenditure of resources on the more promising 
lines. This procedure, called "early testing," relies on the 
assumption that the combining ability of a line is deter- 
mined during the early stages of selfing and does not 
change substantially with continued inbreeding (Jenkins 
1935; Sprague 1946). Most maize breeders use a compro- 
mise between early and late testing and evaluate test- 
crosses of lines intermediate generations of selfing (Bau- 
man 1981). 
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The usefulness of early test ing has been deba ted  ever 
since it was first p roposed  (Hal lauer  1990). Empir ica l  
da ta  that  suppor t  early genera t ion  test ing in maize were 
presented by Jenkins  (1935), Sprague (1946), L o n n q u i s t  

(1950), Ha l lauer  and  Lopez-Perez  (1979), an d  Jensen et al. 
(1983). However,  Richey (1945) a n d  Pa y n e  an d  Hayes  
(1949) presented a rgumen t s  against  early testing. Where-  
as Jenkins  conc luded  that  "the inbred  lines acquired  their 
ind iv idua l i ty  as paren ts  of top crosses very early in the 
inbreed ing  process a n d  r ema ined  relatively stable there- 
after," Richey conc luded  that  "the use of either selfed or 
crossed p rogeny  per formance  as a basis for selecting 
a m o n g  or  wi th in  families in the ini t ial  stages of a breeding 

p rog ram is no t  war ran ted ."  However ,  these conflict ing 
conclus ions  have n o t  been addressed on  the basis of the 
expected genetic an d  pheno typ ic  corre la t ions  between 
testcross per formance  at early a n d  late selfing genera-  
tions. 

The  objectives of this paper  are to:  (1) present  equa-  
t ions for the expected genetic an d  phenotyp ic  correla-  
t ions be tween testcross per formance  of lines at different 
selfing genera t ions ;  (2) calculate these corre la t ions  for 
different levels of her i tabi l i ty;  (3) calculate the probabi l i -  
ties of correctly re ta in ing  par t ia l ly  inbred  lines tha t  have 
super ior  testcross per formance  at homozygos i ty ;  and  (4) 
examine  the usefulness of early test ing given the values of 
these corre la t ions  and  probabil i t ies .  

Theory 

Assume that lines are developed by n and n' (n'> n) generations 
of selling from a large (conceptually infinite) population in 
Hardy-Weinberg and gametic equilibrium. Each S,, line is a 
descendant of an individual S, line and of an individual S O plant, 
and no selection occurs during selling (e.g., single-seed descent). 
S, and S n, individuals or lines are crossed to a common tester T. 
The tester is either an inbred line or a population of conceptually 
infinite size. The reference population is the gene-orthogonal 

population between T and the S o population (Melchinger 1988). 
Free recombination and negligible epistasis between loci are 
assumed. 

At a single locus, coded values of the + +,  + - ,  and - -  
genotypes are designated a, d, and - a, respectively. The frequen- 
cy of the + allele is p in the population undergoing selling and 
r in the tester. The corresponding frequencies of the - allele are 
q = ( 1 - p )  in the population and s = ( 1 - r )  in the tester. 

Let F. denote the coefficient of inbreeding of the S. individ- 
ual or line. If an individual plant in the S. generation is crossed 
to T, F. = 1 -(1/2) n. If several plants are used to represent the S n 
line in testcrosses, F. = 1 -(1/2)"-*. The genetic variance among 
S. testcrosses is (Rawlings and Thompson 1962) 

Var(WC.) = (1 +F.) �89 [ a + ( s - r )  d ]  2 . 

The genetic covariance between the testcross performance of 
S. and S., individuals or lines, can be obtained from the genetic 
structure of their testcrosses (Table 1). S. plants are either + +,  
+ - ,  or - -  with frequencies of p2+pqFn, 2pq(l--F.),  and 
q2 + pqF.,  respectively. The S., plants will be + + or - - if they 
are descendants of + + or - - S. plants, respectively. If a + -  
S. plant is selfed, the resulting S., plants are either + +,  + - ,  or 

- -  with conditional frequencies of �89 [(F.,- F.)/(1 --F.)], (1 --F.,)/ 
(1--F.), and �89 [(F.,--F.)/(1--F.)], respectively. In the absence of 
selection, the testcross means (/~) of S. and S.,, individuals or 
lines, are identical. Thus, the genetic covariance between 
testcrosses of S. and S., individuals or lines, is (from Table 1) 

Coy (TC., TC.,) 

= (pZ+pqF.)(ra+sd)2 

+ 2 p q (1 -- F,,) {12 [a (r-- s) + d]} {�89 [(F., - F.)/(1 - F.)] 

�9 ( ra+sd+rd-sa )+[ (1  - F.,)/(1 -F.)]  �89 [a(r-s)+d]} 
+(q2 + pqFn)(rd--sa)2 - !  ~2 

= (p2+pqF.)(ra+ sd) z 

+ 2 p q ( l  - F . )  {2*- [a(r-s)+d]} z 

+(q2 + pqF.) ( rd - sa )  2 -  #2 

= Var (TC.). 

Therefore, the genetic covariance between testcrosses of S. 
and S.,, individuals or lines, is equal to the genetic variance 
among S. testcrosses. This result is similar to that obtained by 
Melchinger (1988) who used a different approach. 

Table 1. Genetic structure of testcrosses at n and n' (n '> n) selfing generations a 

Generation n Generation n' 

Genotype Frequency Testcross mean Genotype Conditional frequency b Testcross mean 

+ + p2+pqF, r a + s d  + + 1 r a + s d  

+ + (F.,-F.)/2 (1--F.) r a + s d  
1 [a(r--s)+a] + - (1 --F.,)/(I - F . )  �89 [a(r-s)+d] + - 2pq( l  --F.) 

(F.,--F~)/2(1 --F~) r d - s a  

qZ + pqF. r d - s a  1 r d - s a  

p = frequency of the + allele in the population; r = frequency of the + allele in the tester; q = 1 - p ;  s=  1 -  r; F. = inbreeding 
coefficient at selfing generation n; a, d, and - a = c o d e d  values of + + ,  + - ,  and - - genotypes, respectively 
b Conditional frequency of a genotype in generation n' given the ancestral genotype in generation n 



The genetic correlation between testcrosses of S, and S,, 
individuals or lines is 

rG,G,, = C o v  (YC o, TC.,) [Var f iG,)  Var (TC,,)]- o. 5 

= ( l + F . ) � 8 9  d] z 

�9 {(1 + F.)(t +F, ,)[ �89 d]2] z} 0.5 

= [(t + Fo)/(t + F,,)I ~ . 

Therefore, the genetic correlation between testcrosses of S, 
and So,, individuals or lines, is equal to the square root of the 
ratio of their testcross genetic variances and is a function of the 
inbreeding coefficients at the two selfing generations. 

The phenotypic correlation between testcrosses of S, and 
S.,, individuals or lines, is 

FPnPn, : rGnGn, hn ha,, 

where h, and h,, are the square roots of the heritabilities of S, 
and S,, testcrosses, respectively. If the amount of nongenetic 
variance is constant for generations n and n', 

r~op,, = r~o~,, {ha, (1 + F,,)/[(1 + r,,) + (1 + F,)(1/h~ - -  1)]} 0. s. 

The above equations for rp,p,, assume uncorrelated non- 
genetic effects on S o and S,, testcross performance, and the 
phenotypic covariance is equal to Cov(TC,, TC,,). In experi- 
ments grown in a single environment or in several environments 
that are considered fixed, this assumption is met by using proper 
randomization procedures (Cockerham 1961). If the testcrosses 
are evaluated at multiple random environments, random error 
effects should be uncorrelated, but covariances due to geno- 
type x environment interaction effects may exist. The latter may 
arise if the reactions to different environmental conditions (e.g., 
locations) of an S, individual or line and its directly descended 
S,, individual or line are similar. A nonzero covariance between 
genotype x environment interaction effects causes bias in the 
estimates of phenotypic correlation obtained using the above 
equations. 

Early testing will be effective if it allows identification of 
partially inbred lines that would eventually perform well in 
testcrosses at homozygosity. One measure of the effectiveness of 
early testing is the correlation between the phenotypic testcross 
value of an S o individual or line and the true genetic value (i.e., 
value in the absence of nongenetic effects) of the testcross of a 
directly descended individual or line at an advanced generation 
(e.g., n '=  ~). This correlation, denoted r,,~o,, is equal to 

rpnGn' = PGnGn' hn �9 

A second measure of the effectiveness of early testing is the 
probability of retaining S, lines that are genetically superior in 
testcrosses at homozygosity (n'= oo). Let tc, represent the stan- 
dardized testcross phenotypic value at generation n and tc~ 
represent the standardized testcross genetic value at n'= oc. As- 

Table 2. Expected genetic correlations between testcrosses at n and 
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sume tc n and tc~ have a bivariate normal distribution with a 
correlation equal to reoG~. With truncation selection at genera- 
tion n, lines with testcross performance greater than z,i are 
selected, where P ( t c , > z , 3 = c  h. In this paper, proportions 
selected (:q) equal to 50% and 10% are considered. The condi- 
tional probability that the genetic testcross value of an S~ line 
is in the upper c~ of the distribution, given that the phenotypic 
testcross value of its ancestral S n individual or line is in the upper 
:~ of the distribution, is equal to 

P(tc~ >z~il  tc,  > z~i) = P(tc~ >z~i, t c.>z~i, rp ,~) /c t  i . 

Values of P (t c ~ > z~ ~, t c, > z ,  ~, rp, c 0o) were obtained from bivari- 
ate normal distribution tables prepared by the U.S. National 
Bureau of Standards (1959). 

Results and discussion 

Usefu lness  o f  ear ly  tes t ing  

Expected genetic corre la t ions  be tween testcrosses of lines 
at different selfing genera t ions  range  from 0.71 to 1.00 
(Table 2). The genetic corre la t ion  be tween testcrosses at 
genera t ions  n and  n' (rG,G,,) increases as the difference 
between their inbreed ing  coefficients ( F , , -  F,) decreases. 
The genetic corre la t ion  between testcrosses of ind iv idua l  
S o p lants  or $1 lines and  their directly descended homo-  
zygous lines (S~) is (1/2)~ This result  suppor ts  
Jenkins '  (1935) conc lus ion  that  "the ind iv idua l i ty  as par-  

ents" of inbred  lines in testcrosses is established early 
dur ing  inbreeding.  The a m o u n t  of increase in ro ,  G~ di- 
minishes  with each addi t iona l  selfing generat ion,  rG, G~ is 
equal  to 0.87 for $2,0 .93 for S 3, 0.97 for $4 ,0 .98  for S 5, 
and  0.99 for S 6 lines. 

Nongene t i c  effects decrease the effectiveness of early 
genera t ion  testing substant ial ly .  Specifically, the square 
root  of testcross her i tabi l i ty  at genera t ion  n (h,) sets the 

upper  l imit on  the cor re la t ion  be tween phenotyp ic  value 
at genera t ion  n and  genotypic  value at homozygos i ty  

(rpnGo~) (Table 3). Because rG,G~ is expected to be at least 
0.71, the effectiveness of early genera t ion  test ing (as indi-  

cated by rp,G~ ) is l imited pr imar i ly  by nongene t i c  effects. 
If S 1 lines are testcrossed, rmG~o values are 0.35 for 
hZ=0.25,  0.50 for h2=0.50,  and  0.61 for hZ=0.75.  In-  

creases in rp,G~ are small  beyond  the S 3 genera t ion  (or S 2 
genera t ion  if ind iv idua l  p lants  ra ther  t han  lines are test- 
crossed). 

n' selfing generations 

Generation n n' line 

Individual Line ~ S 2 S 3 S 4 S 5 S 6 S 7 S ~  

S O S 1 0 
S 1 S 2 0.5 
S 2 S 3 0.75 
S 3 S 4 0.875 
S 4 S 5 0.9375 
S 5 S 6 0.96875 

0.82 0.76 
0.92 

0.73 0.72 0.71 0.71 0.71 
0.89 0.88 0.87 0.87 0.87 
0.97 0.95 0.94 0.94 0.93 

0.98 0.98 0.97 0.97 
0.99 0.99 0.98 

t.00 0.99 
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Table 3. Expected correlation between testcross phenotypic 
value at generation n and true genetic value at homozygosity 
(re, G~ ) for different ratios of nongenetic variance [Var(E)] to 
testcross genetic variance among S o individuals [Var(TCo) ] 

Generation n 

Indi- Line 
vidual 

Var (E): Var (TCo) 

3:1 1:1 1:3 

S o S 1 0.35 0.25 0.50 0.50 0.61 0.75 
S 1 S 2 0.50 0.33 0.67 0.60 0.78 0.82 
S 2 S 3 0.57 0.37 0.75 0.64 0.86 0.84 
S 3 S 4 0.60 0.38 0.78 0.65 0.89 0.85 
S 4 S s 0.62 0.39 0.80 0.66 0.91 0.85 
S 5 S 6 0.62 0.40 0.81 0.66 0.92 0.86 

Table 4. Conditional probabilities that the testcross genetic 
value of a homozygous line (n' = co) is in the upper cr tail of the 
distribution, given that the testcross phenotypic value of the 
ancestral individual or line at generation n is in the upper e tail 
of the distribution. Probabilities are for different heritability 
values of S O testcrosses (ho 2) 

Generation n h2=0.25 h o 2 = 0 . 5 0  h~=0.75 

Indi- Line ~=0.5 e=0.1 c~=0.5 c~=0.1 e=0.5 e=0 . t  
vidual 

S 0 S 1 0.61 0.24 0.67 0.32 0.71 0.39 
S 1 S 2 0.67 0.32 0.73 0.44 0.79 0.54 
S 2 S 3 0.69 0.37 0.77 0.51 0.83 0.63 
S 3 S 4 0.70 0.39 0.79 0.54 0.85 0.67 
S~ S 5 0.71 0.40 0.80 0.56 0.86 0.70 
S 5 S 6 0.71 0.40 0.80 0.57 0.87 0.72 

The probabil i t ies  of correctly retaining S, lines that  
are genetically superior  in testcrosses at homozygosi ty  
(n'= c~) are higher at later than at earlier selfing genera- 
tions (Table4). As expected, P ( t c ~ > z ~ i [  t c , > z ~ )  in- 
creases as heri tabil i ty increases. F o r  the levels of herita- 
bility considered, the probabi l i ty  of retaining genetically 
superior  individuals is at least 0.61, even at early selfing 
generations (So individuals or S 1 lines), if half of the lines 
are selected (:~ = 50%). If the breeder  selects 50 out of 100 
S, lines based on testcross performance, at least 30 of the 
50 lines selected are expected to be superior  (i.e., in the 
top 50%) at homozygosity.  Thus, early testing should be 
effective in discriminating between lines with above- and 
below-average combining ability. P ( t c ~  > z ~ i l t c n > z ~  ) 
values at early generations are low if strong selection 
pressure is appl ied (c~ = 10%). If the breeder  selects 10 out  
of 100 S~ lines based on testcross performance,  only 3 out  
of the 10 lines selected are expected to be superior (i.e., in 
the top 10%) at homozygosi ty  if S O testcross heri tabil i ty 
is equal to 0.50. The probabil i t ies  of correctly retaining 
the best 50 and J0% of lines are not  directly comparable ,  

because the definition of "superior" is not  consistent in 
the two cases (i.e., above the popula t ion  mean versus in 
the top 10% of the population).  However,  regardless of 
the p ropor t ion  of lines selected based on testcross perfor- 
mance, increments in P ( t c ~  >z~i ] t c , > z ~ i  ) are small be- 
yond the S 3 generation (or S 2 generation if individuals 
instead of lines are testcrossed). 

The heritability of maize grain yield is usually less than 
0.30 (Hallauer and Miranda  1981). For  such traits with low 
heritability, selfing for two or three generations pr ior  to 
testcrossing may  be desirable to increase the l ikel ihood of 
retaining lines that  perform well at complete homozygos-  
ity. Based on both re,G~ and P ( t c~  >z~/[ tc ,>z~/ )  values, 
there is little advantage in delaying testcross evaluat ion 
beyond the S 3 generat ion (or S 2 generation if individual  
plants rather  than lines are testcrossed). Bauman (1981) 
indicated that  22% of maize breeders surveyed delay 
testcrossing of lines beyond the S~ stage. Among the 
breeders surveyed, 18 % evaluated testcrosses of lines at 
the Sz stage, 33% at the S 2 stage, and 27% at the S 3 stage. 
The theoretical  results in this s tudy suppor t  the testcross 
evaluat ion procedures used by most  maize breeders. 

Comparison with other results 

Jensen et al. (1983) studied the phenotypic  correlat ion 
between testcross performance at different selfing genera- 
tions in maize. F o r  grain yield, the average phenotypic  
correlat ion between S 1 and S 4 performance when crossed 
to different testers was 0.67, with a heri tabil i ty of 0.80. 
The calculated phenotypic  correlat ion between S 1 and S 4 
testcross performance is 0.61, which is close to the value 
obtained by Jensen et al. (1983). 

In the BSSS maize populat ion,  Hal lauer  and Lopez- 
Perez (1979) repor ted an average (for five different testers) 
genetic correla t ion equal to 0.34 between grain yield test- 
cross performance of S 1 and S 8 lines. This value is lower 
than the expected correlat ion of 0.71. The reasons for this 
discrepancy are unclear. Genetic correlat ions est imated 
in experiments are subject to large s tandard  errors, and it 
is unclear whether the empirical  estimate of 0.34 is signif- 
icantly different from the expected value of 0.71. Aside 
from sampling error, other factors that  may contr ibute to 
discrepancies between est imated and expected genetic 
correlat ions include selection and/or  drift during in- 
breeding, linkage, and epistasis. 

1 In this paper, S O refers to the noninbred, segregating genera- 
tion, e.g., the F 2 following a cross between two homozygous lines. 
Responses to the questions in Bauman's (1981) study indicated 
that the breeders surveyed used S o to refer to the 171 of a bi- 
parental cross and S 1 to refer to the F 2 progeny produced by 
selfing the F~. This same notation was used by Jensen et al. 
(1983). Thus, the $1, $2 . . . . .  S 5 generations in Bauman's and 
Jensen et al.'s papers are referred to as S o, S~ . . . . .  S,~ in this 
paper. 
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Hallauer and Lopez-Perez (1979) reported significant 
changes in the average testcross performance of the $1 
and Ss lines studied. These differences may be partly due 
to natural selection and/or genetic drift. Because linkage 
and epistasis affect the variance among testcrosses 
(Melchinger 1988), the genetic correlation is also affected 
by these two factors. However, epistasis is relatively un- 
important  compared to additive and dominance effects in 
maize grain yield (Hallauer and Miranda 1981). In the 
absence of free rcombination, the covariance between 
average effects of a gene substitution at two linked loci 
contributes to the variance among testcrosses. This co- 
variance is positive with coupling phase and negative 
with repulsion phase linkages. The coefficient of this co- 
variance is larger in later than in earlier selfing genera- 
tions (Melchinger 1988). Compared to the expected ro,~,, 

values with unlinked loci, rG, o,, values will be larger with 
coupling phase linkages and smaller with repulsion phase 
linkages. However, the BSSS population studied by Hal- 
lauer and Lopez-Perez (1979) was formed by intermating 
16 inbred lines and was maintained for many generations 
by random mating. Thus, it is difficult to envision that 
linkage had substantial effects on the estimates of genetic 
correlation obtained. 
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