
Theor Appl Genet (1990) 80:349-352 

�9 Springer-Verlag 1990 

Identifying populations useful for improving parents 
of a single cross based on net transfer of alleles* 

R. Bernardo 
Lifaco Genetics, RRt, Box 232A, Champaign, IL 61821, USA 

Received February 2, 1990; Accepted May 3, 1990 
Communicated by A. R. Hallauer 

Summary. Theory and methods for identifying popula-  
tions (Py) with the highest frequency of favorable domi- 
nant alleles not present in an elite single cross (I1 x 12) have 
been developed recently. During selection, new favorable 
alleles can be transferred from Py to either I 1 or  12 only at 
the risk of losing favorable alleles already present in the 
single cross. A "net improvement" (NI) statistic, which 
estimates the relative number of favorable alleles that 
can be gained from Py minus the relative number of 
favorable alleles that can be lost from I 1 o r  I 2 ,  is pre- 
sented. NI  is calculated as max imum [(I 1 x P y - I  1 x 12)/2 , 
(12 X Py--I  1 x I2)/2 ]. Because I 1 x / 2  is constant in an 
experiment, the method reduces to choosing Py popula-  
tions with the best mean performance in combinat ion 
with either 11 o r  12 . For  a set of maize (Zea mays L.) grain 
yield data, NI  was highly correlated to three other statis- 
tics proposed for choosing populations, namely: (1) 
minimally biased estimate (l i6 z #') of the relative number  
of favorable dominant  alleles present in Py but not in I1 
and 12 ; (2) minimum upper  bound on I i6~ #; and (3) pre- 
dicted performance of the three-way cross [Py (I1 x 12)]. 
While 1/5~ #' estimates potential improvement  likely to be 
achieved only through long-term recurrent selection, NI  
is probably  a better predictor of short- term improvement  
in single-cross performance. 
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Introduction 

The choice of parental germ plasm is crucial to the suc- 
cess of maize (Zea mays L.) pedigree breeding programs. 

* A contribution from Lifaco Genetics, a subsidiary of Groupe 
Limagrain 

Lines or populations (exotic, open-pollinated, synthetic, 
or improved populations) are potential sources of favor- 
able alleles not present in an elite single cross (I1 x 12). 
Dudley (1987a, b) developed theory and methods for 
ranking populations (Py) or lines (Iw) based on the rela- 
tive number  of favorable dominant  alleles found in the 
populat ion or line, but not in the single cross. But transfer 
of alleles from Py or I w to either I1 or 12 occurs only at the 
risk of losing favorable alleles already present in the sin- 
gle cross. Hence, Bernardo (1990) proposed choosing Iw 
lines based on a "net improvement"  (NI) statistic. NI  
estimates the number  of loci where favorable alleles can 
be gained from Iw minus the number  of loci where favor- 
able alleles can be lost from I1 or 12 . Based on computer  
simulation results and limited experimental data, NI  may  
be more useful in applied pedigree breeding programs 
than other statistics suggested for identifying Iw lines, 
such as Dudley's  (1987 b) #G', Gerloff and Smith's (1988) 
minimum upper bound, or the three-way cross. 

The objective of this paper  is to present a "net im- 
provement"  statistic for identifying populations (Py) use- 
ful for improving the parents of an elite single cross 
(I 1 x 12). 

Theory 

Assume + a n d -  are the favorable and less favorable alleles, 
respectively, affecting a quantitative trait. Four classes of loci 
exist for any single cross (I I x I2) (Table 1). Let i,j, k, and 1 be the 
numbers of loci in their respective classes. The average frequen- 
cies of + alleles in a population (Py) are /5 I,/Sj, Ok, and .0z at 
classes i, j, k, and l, respectively. The genotypic values of the three 
genotypes (+ +, + - ,  and - - )  at a single locus are z+2#,  
z+p+a #, and z, respectively, where # is half the difference 
between homozygote values and a is the degree of dominance. 
Assume complete dominance (a= 1), negligible epistasis, and 
that z,/~, and a are constant for N total loci. The genotypic values 
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Table 1. Frequencies of favorable alleles in the parents (11 and 
I2) of a single cross and a population (Pr) for each of four possible 
classes of loci (from Dudley 1987a) 

Locus class Frequencies in: 

I1 12 Pr 

i 1.0 1.0 fi 
j 1.0 0.0 f~ 
k 0.0 1.0 Pk 
l 0.0 0.0 ft 

Table 2. Expectations of genotypic means of 11, 12, Pr, and the 
crosses among them with a general genetic model a (from Dudley 
1987a) 

11 =N (z + #)+ #(i + j - k - l )  

I 2 = N ( z + # ) + # ( i - j + k - l )  
Py = N(z +#)+ #{i[l + 2 0 , ( a -  1 ) - - 2 ~  a] 

+j[1 + 2 ~ j ( a -  1)-2c7~ a] 
+ k[l  + 2 ~k(a-- 1)--2 c~ 2 a] 
+/[1 + 2 q ~ ( a - 1 ) - 2 ~  2 a]} 

11 x 12 = N ( z + # ) + # ( i + j a + k a - l )  
l ax  P, = N(z + #) + #  {i(f~+ qr a)+j(p~+qj a)+k [f~(l + a ) -  1] 

+/I/St(1 + a ) -  11} 

12 x Pr = N  (z +/z) + #  { i~+~]i  a) +j(f j (1 +a)--l]+k(~k+gt k a) 
+l[ft(1 +a ) - -  I]} 

N = t o t a l  number of loci; z=value  of the -homozygote;  
#=ha l f  the difference between homozygote values; i, j, k, and 
l=  number of loci in their respective classes; a = degree of dom- 
inance; /5=frequency of the+allele at a given locus class; 

of 11 , 12 , Pr, and the crosses among them can be expressed in 
terms of the above genetic parameters (Table 2). 

1~ and I 2 do not have the + alleles at class I loci. The 
product of the relative number of class 1 loci (l #) and the average 
frequency of the + alleles at class 1 loci (6~) estimates the number 
of + alleles that may be transferred from P~ to 11 or 12 to improve 
the single cross. Hence, Dudley (1987 a) proposed the minimally 
biased statistic I/st #' for identifying Pr populations with the 
highest concentration of new favorable alleles not found in 11 or 
12 �9 

Net improvement in single-cross performance results if a 
greater number of favorable alleles is gained than lost in 11 or 12 
during selection. If the probability of fixing the + allele is 1.0, the 
potential loss of + alleles already present in the single cross is 
irrelevant. But even with strong selection pressure and large 
locus effects, the probabilities of fixing the + allele are probably 
closer to 0.5 (probability of fixation in the absence of selection) 
than to 1.0 (Bernardo 1990). Thus, the potential loss of favorable 
alleles from 11 x I 2 also has to be considered when choosing Pr" 

If Pr is crossed to 12 , + alleles can be lost from 12 at class k 
loci. The potential loss of + alleles from 12 is proportional to 
k(1--/sk)P=kglk#, where qk is the average frequency of the 
--  allele at class k loci. If Pr is crossed to I~, + alleles can be lost 
from I~ at classj loci. The loss of + alleles from I x is proportional 

to j (1 - 6j) # = j  c]~ #. Net gain of favorable alleles is maximized 
if(l)  the chance of gaining + alleles at class I loci is largest, and 
(2) the chance of losing + alleles at class k o r j  locus is smallest. 
Therefore, a "net improvement" (NI) statistic for identifying 
populations is NI = maximum [(/61 - k qk) #,  (l/~l --J q j) #] 
= 1 ft #--  minimum (k Cik #, j q1 #)" This NI statistic for identify- 
ing populations is analogous to that for identifying lines (Berna- 
do 1990). (If~--kglk)# and (lfl--jcl~)# are estimated by 
(11 x P y - I  1 • 12)/2 and (12 x Pr- I1  x I2)/2, respectively. There- 
fore, NI =maximum [(11 x Pr - I1  x I2)/2, (I 2 x Pr-11 x 12)/2 ]. 
Because 11 x 12 is constant in an experiment, the method reduces 
to choosing Pr populations with the best mean performance in 
combination with either 11 or 12. If 11xPr>lzxPy, then 
j ~j > k g/k" The latter result implies that more + alleles can be lost 
from the single cross if Pr is crossed to 11 than if Pr is crossed to 
I 2. Therefore, if/1 x Py>l  2 • Py, Py is crosssed to 12 and 11 is used 
as the tester. Otherwise, Pr crossed to 11 . 

I ft #' is a slightly biased statistic (Dudley 1987 a), while NI 
is unbiased, l pit #' estimates potential improvement in the single 
cross likely to be achieved only through long-term recurrent 
selection. NI is probably a better predictor of short-term gain. 

If V~ and V r are the variances of hybrid (11 x Py, 12 • Py, or 
11 x 12) and inbred lines means, respectively, the variances of the 
estimators are (1) V(NI)=(1/2) V H and (2) V(I /5, #')=[(3/ 
16) VH+(I/16)VI] or [(5/16)V~+(1/16)V~], depending on the 
case used to estimate l/52 #' (Dudley 1987 a). Unless V I is substan- 
tially greater than Vn, V(l ft #') is expected to be smaller than 
V(NI). 

Empirical studies indicate partial to complete dominance 
for maize grain yield (Hallauer and Miranda 1981). If dominance 
is partial (a < 1), maximum performance is achieved if both 11 
and 12 carry the + allele. If Pr is crossed to 12 , potential gain of 
+ alleles is proportional to (l ft +J P j)#,  while loss of + alleles 
is proportional to (k qk + i g/t ) #' If Py is crossed to 11 , potential 
gain of + alleles is proportional to (l ft + k/5k) #, while loss of 
+ alleles is proportional to ( j~ j+ i~ t )# .  With arbitrary domi- 
nance, the expectation of NI is {[(/Pt - k qk) (1 + a) + ( j /~--  i qt) 
(1 -- a)] #/2, [(//st --J q j) (1 + a) + (k fk-- i c~) (1 -- a)] #/2}. The terms 
that determine gain of + alleles (l ft ,J/sj, and kfk) have a posi- 
tive contribution, while terms that determine loss of + alleles 
(i ~ ,  k qk, and j qk) have a negative contribution to the expecta- 
tion of NI. Because the expectation of NI reflects changes in the 
terms that determine net gain of favorable alleles as dominance 
decreases, NI is still useful for identifying Py populations, even 
with partial dominance. 

I l l u s t r a t i o n  and  a p p l i c a t i o n  

The m e t h o d  is i l lus t ra ted  using tes tcross  gra in  yields of 
19 p o p u l a t i o n s  used to  improve  FRB73  (11)x F R M o 1 7  
(I2). The  d a t a  and  a descr ip t ion  of the p o p u l a t i o n s  used 
are in Dud ley  (1988). Crosses  of the 19 Pr popu la t i ons  
wi th  FRB73  and  F R M o a 7  were eva lua ted  a long  with  
FRB73 • F R M o 1 7 ,  FRB73,  and  F R M o I 7  at  four  loca-  
t ions  in I l l inois  in 1985 and  1986. In add i t i on  to  N I  
and  I/5, #', two o ther  stat ist ics sugges ted  for choos ing  
p o p u l a t i o n s  were considered.  The  p red ic ted  th ree-way  
cross (PTC)  is ca lcu la ted  as [(11 x P y ) + ( I  2 x P r)]/2 and  
has  the expec ta t ion  Pr (11 x Iz) = N (z +/~) + # [i +j /Sj  + k/5, 
+ / ( 2 / ~ z -  1)]. A m i n i m u m  upper  b o u n d  ( U B N D )  on  1Pt/ t  
(Gerloff  and  Smi th  1988) is ca lcu la ted  as m i n i m u m  
[(11 x Pr- IO,  (I2 x P r - I z ) ] .  U B N D  has the expec ta t ion  
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to improve 

Population (Pr)" I p, #' b NI PTC UBND Cross to: c 

BS11 (FR)C7 1.02 0.28 10.10 3.54 FRMol7 
BSCB1 (R)CI0 0.76 -0.11 9.98 3.27 FRB73 
RBS10(R) C2 0.59 -0.28 9.23 2.90 FRMol7 
JF10 • BS13 (SI) C2 0.50 - 0.37 9.44 2.72 FRB73 
Caribbean Flint 0.49 -0.08 9.04 2.15 FRMol7 
BSTL ($2) C4 0.46 - 0.42 9.02 2.71 FRMot 7 
IF 10 0.44 - 0.46 9.26 2.65 FRMo 17 
RSSSC 0.40 -0.41 9.25 2.42 FRB73 
JF10 0.38 -0.51 9.14 2.54 FRMol7 
SA PICII(M)Ct 0.35 -0.54 8.76 2.47 FRMol7 
BS16($2)C3 0.32 -0.57 9.09 2.42 either line 
IFI 0 • BS13 (St) C2 0.27 - 0.57 8.99 2.22 FRB73 
BSI 8 0.27 - 0.58 8.98 2.24 FRB73 
Mexican Dent 0.26 -0.53 8.58 2.10 FRMol7 
Antigua (M) C6 0.23 - 0.66 8.70 2.24 FRMol 7 
BSI2 (HI) C6 0.20 - 0.46 8.46 1.72 FRMol 7 
BS16 x RSSSC 0.12 - 0.74 8.68 1.94 FRB73 
NHG (M)I14(E6 + 7)(S1) C1 - 0.02 - 1.06 8.10 1.43 either line 
Cateto - 0.06 - 0.95 8.06 1.66 FRMo 17 

" See Dudley (1988) for a description of the populations. Populations are documented in the following references: BSll (FR)C7 and 
BSCB(R)CI0, Hallauer etal. (1974); RBS10(R)C2, Lambert (1985); Caribbean Flint, Mexican Dent, and Cateto, Gerrish (1983); 
BSTL(S2)C4, Russell et al. (1971); IFI0 and JF10, Hanson and Moll (1986); RSSSC, Kauffmann and Dudley (1979); SA PICII(M)C1, 
Alexander and Spencer (1982); BS16($2)C3, Hallauer and Smith (1979); BSt8 and BS12(HI)C6, Hallauer and Russell (1986); and 
NHG(M)I14(E6+7)(S1)CI, Gardner (1977). 
b SE's of NI, PTC, and UBND are 0.26, 0.26, and 0.46, respectively. Average (over cases used to estimate l/~l #' (Dudley 1987a)) SE of 
l/~/z' is 0.20 
c Pr is crossed to FRMol7 if (FRB73 x Pr)>(FRMo17 x Py); otherwise, Pr is crossed to FRB73 

Table 4. Correlations a among estimates of NI, l/~t/s predicted 
three-way cross (PTC) mean, and upper bound (UBND) for 19 
populations used to improve FRB73 x FRMoI7 

1/51 #' PTC UBND 

NI 0.95 0.86 0.82 
l/~t #' 0.94 0.94 
PTC 0.94 

" All correlation coefficients are significantly greater than zero 
(e=0.05) 

2 [ l /5~#+min imum (k/~k#,j/~j#)]. Thus, both  PTC and 
U B N D / 2  are biased est imators of l/5, # and could seri- 
ously overestimate the value of Py for improving a single 
cross. 

BSI1 (FR) C7 had the largest estimates of NI, 1/~ l #', 
PTC, and U B N D  (Table 3). Gra in  yields (t ha - I )  of 
B S l l  (FR)C7  when crossed to FRB73 and F R M o l 7  
were 10.78 and 9.42, respectively (Dudley 1988). The 
average yield of F R B 7 3 x F R M o 1 7  was 10.23. 
F o r  B S I I ( F R )  C7, NI  was calculated as maxi- 
mum[(10.78-10.23)/2,  (9.42-10.23)/2] =0.28. Because 
11 x Py (10.78)>12 x Pr (9.42), B S l l  (FR) C7 should be 
crossed to F R M o 1 7  (Iz)- Other  populat ions  with large 

NI  values were Car ibbean Flint  ( - 0 . 08 )  and BSCB1 (R) 
C10( -0 .11) .  B S l l  (FR) C7 and BSCB1 (R) C10, but  not  
Car ibbean Flint, have undergone several cycles of selec- 
tion for combining abil i ty for grain yield (Hallauer et al. 
1974; Gerrish 1983). 

As expected, the s tandard  error  of l i0~ #' (0.20) was 
smaller than that  of NI  (0.26) (Table 3). Based on NI,  
1/5~ #', PTC, and UBND,  the popula t ion  B S l l  (FR) C7 
was identified as the best popula t ion  for improving the 
FRB73 x FRMo17,  al though the rankings of the 18 other 
populat ions  depended on which of the four est imators 
was used. Correlat ions among the four est imators were 
high (Table 4). The correlat ion with NI  was highest for 
l pg #' and lowest for UBND.  

To mainta in  the heterotic pat tern of the single cross, 
Dudley (1987 a) suggested crossing Pr to 11 or to I 2 if the 
term [(12 x Py) - (I 1 x Pr) + (11 - 12)/2] is positive or nega- 
tive, respectively. An alternative method is to cross Pr 
with 12 i f ( I  t x Pr )>  (I2 x Py); otherwise Py is crossed to 11 . 
These two methods for determining the parent  to cross 
with Pr showed agreement except for the unrelated (to 
FRB73 or F R M o l 7 )  popula t ions  IF10 and JF10 
(Table 3). IF10 and JF10 are cycle 10 populat ions  from 
full-sib selection in Indian Chief and Jarvis, respectively 
(Hanson and Moll  1986). Whereas IF10 and JF10 should 
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both be crossed to FRB73 based on Dudley's method, 
these two populations should be crossed to F R M o I 7  
based on the method suggested herein. 

Estimation of NI  requires similar testing resources as 
I i0~ #', PTC, and UBND.  With n Pr populations, estima- 
tion of all four statistics requires evaluating n I~ x Py and 
n I 2 • Py crosses in a sufficient number of environments. 
In addition, 11 x 12 is evaluated to estimate NI  and 1 p~ #', 
while I~ and I 2 are evaluated to estimate 1 p~ #' and 
UBND.  Estimation of the four statistics does not require 
evaluation of the population per se, which is difficult if the 
populations are exotic and/or unadapted. If three-way 
cross, i.e., Py(I 1 x Iz) (Gerloff and Smith 1988), data are 
used instead of PTC, half the amount  of testing resources 
is needed compared to NI. 
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