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Summary. In studies involving isozymes or restriction 
fragment length polymorphisms (RFLPs), correlations of 
parental molecular marker diversity with grain yield of 
maize (Zea mays L.) single-crosses have been too low to 
be of any predictive value. The relationship of molecular 
marker heterozygosity (Dij) with hybrid performance 
(#ij) and combining ability was examined. For a simple 
genetic model involving uncorrelated parental allele fre- 
quencies and complete coverage of quantitative trait loci 
(QTL) by molecular markers, the correlations between #ij 
and Dij were <0.25. #ij and Dij were partitioned into 
general and specific effects. The expected correlation be- 
tween specific combining ability and specific molecular 
marker heterozygosity is high. Expected correlations be- 
tween general combining ability and general molecular 
marker heterozygosity are either positive or negative, de- 
pending on allele frequencies in the tester lines. Computer 
simulation was used to investigate a more complex but 
more realistic genetic model involving incomplete cover- 
age of QTL by molecular markers. All of the following 
conditions are necessary for effective prediction of hybrid 
performance based on molecular marker heterozygosity: 
(1) dominance effects are strong; (2) alMe frequencies at 
individual loci in the parental inbreds are negatively cor- 
related; (3) trait heritability is high; (4) average parental 
alMe frequencies vary only within a narrow range; (5) at 
least 30-50% of the QTL are linked to molecular mark- 
ers; and (6) not more than 20-30% of the molecular 
markers are randomly dispersed or unlinked to QTL. 
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Introduction 

In maize (Zea mays L.) hybrid breeding programs, the 
identification of inbred lines with superior yield perfor- 
mance in single-cross combination is costly and time- 
consuming. Because of strong dominance effects for 
maize grain yield (Hallauer and Miranda 1981), hybrid 
performance cannot be predicted from inbred per se data 
(Smith 1986). Thus, it is necessary to make actual crosses 
between lines and evaluate the crosses in extensive yield 
trials. 

The use of line per se molecular marker data has been 
suggested as a means of predicting hybrid performance 
prior to making and evaluating the actual crosses them- 
selves. Considerable research is currently being conduct- 
ed to determine the relationship of molecular marker 
diversity with hybrid performance and heterosis. In 
studies using isozymes (Hunter and Kannenberg 1971; 
Heidrich-Sobrinho and Cordiero 1975; Gonella and Pe- 
terson 1978; Price et al. 1986; Frei et al. 1986; Lamkey 
et al. 1987) and restriction fragment length polymor- 
phisms or RFLPs (Lee et al. 1989; Godshalk et al. 1990; 
Melchinger et al. 1990; Dudley et al. 1991) the correla- 
tions of hybrid performance with molecular marker di- 
versity between parents have been too low to be of any 
predictive value. Inadequate genome coverage, randomly 
dispersed (unlinked to quantitative trait loci or QTL) 
molecular markers, and different levels of dominance 
among hybrids have been suggested as possible reasons 
for the low correlations obtained between hybrid perfor- 
mance and marker diversity. 

The objective of this study was to examine the theo- 
retical relationship of molecular marker heterozygosity 
with hybrid performance and general and specific 
combining abilities. The effects of the following factors on 
the correlation between hybrid performance and molecu- 



lar marker  heterozygosity were investigated: (1) level of 
dominance; (2) covariance of parental allele frequencies; 
(3) amount  of variation in parental allele frequencies; 
(4) proport ion of QTL linked to molecular marker  loci; 
and (5) propor t ion of randomly dispersed molecular 
marker  loci. 

Theory and computer simulation 

Assume that a series of homozygous lines in Set A is 
crossed to a series of homozygous lines in Set B in a 
factorial mating scheme. The Set A and Set B lines may  
originate from the same population, but in applied maize 
breeding programs, the Set A and Set B lines typically 
belong to different heterotic groups (e.g., Iowa Stiff Stalk 
Synthetic- and Lancaster Sure Crop-type lines). 

Let n (k = 1 . . . . .  n) be the number  of quantitative trait 
loci (QTL) affecting a trait. When the ith Set A line (Ai) 
is crossed to the j th Set B line (B3), the mean of the A~ • Bj 
cross at the kth QTL is 

#ijk = ak (Pik + rjk - -  1) + d k (Pik + rjk - -  2 Pik r jk ) ,  

where: Pik = frequency (1 or 0) of the + allele at the kth 
locus in Ai; r jk=frequency (i or 0) of the + allele at the 
kth locus in Bj; ak=ha l f  the difference between coded 
values of the + + and - -  homozygotes at the kth 
locus; and d k = coded value of the + - genotype at the 
kth locus. In the absence of epistasis among QTL, the 
summed effect over n loci is 

#ij. = ( k~ P~k ak + k~ rjk ak-- k~ ak) 

+(~k Pik dk + ~  r3k d k - - 2 2  Pik rjk dk) 
k k 

If a k and d k are uncorrelated with parental allele fre- 
quencies or if a k and d k a r e  constant for each of n QTL, 
the average effect at a single QTL is obtained by dividing 
#ij. by n: 

Pij = a (Pl + r j -  1)+ d (Pi + r j -  2 ~2 Pik rjk/n),  
k 

where: p i=ave rage  frequency ( Z  k Plk/n) of the + allele 

over n loci in Ai; r j=ave rage  frequency ( ~  rjk/n ) of the 

+ allele over n loci in B~; a=52  ak/n and d = ~  d k / n .  
k k 

The term ~ P i k r j k / n  is equal to O'p i r j+Pl  r j ,  where 
k 

api~j is the covariance between frequencies of the + allele 
in Ai and Bj. If lines in Set A and B are chosen at random 
from the same random-mat ing  source population, zero 
values of apirj are expected. But if the Set A and Set B lines 
are from complementary heterotic groups, negative ~rp~ 
values are likely and Pik and r jk  a r e  negatively correlated; 
i.e., Set A lines tend to have the + allele .at loci where Set 
B lines have the -- allele and vice-versa. 
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Genetic model involving uncorrelated parental 
allele frequencies (apirj = O) 

With zero apirj values, the mean (expressed in terms of the 
average at one QTL) of the Ai • Bj cross is 

fiij = a  (pi+ r j - - l ) + d  ( p i + r j - 2  Pi rj) 

The effectiveness of molecular markers  in predicting 
hybrid performance should increase as the amount  of 
variation in quantitative trait values accounted for by 
molecular markers increases. For  the z e r o  O'pirj model, 
tight linkage (no recombination) between each QTL and 
a corresponding molecular marker  is assumed. Given this 
assumption, the results in this paper  for the zero ap~rj 
model reflect the maximum correlations possible between 
molecular marker  heterozygosity and hybrid perfor- 
mance. If  each QTL is linked to a single molecular mark-  
er, the average frequencies of molecular marker  alleles 
linked to + alleles at QTL are equal to Pi in A i and rj in 
Bj. The average molecular marker  heterozygosity expect- 
ed in the Ai • Bj cross is 

Dij = (pi + rj - 2 Pi rj) 

/~ij values can be parti t ioned into general and specific 
combining ability effects (Griffing 1956): 

#ij = # + GCA~ + GCAj + SCAij , 

where: # = populat ion mean;  GCA i = general combining 
ability effect of A i when crossed to a series of Set B lines; 
GCAj=gene ra l  combining ability effect of Bj when 
crossed to a series of Set A lines; and SCAij=specific 
combining ability effect of the A i • Bj cross. Similarly, D~j 
values can be parti t ioned into general (GDi and GDj)  
and specific distances (SDIj) (Melchinger et al. 1990): 

Dij = I)~j + G D  i + GD~ + SD~j 

Genetic model involving negatively correlated parental 
allele frequencies (crpi~j < O) 

The zero O-virj genetic model involves two simplifying 
assumptions which may be unrealistic: (1) heterozygosity 
in the Ai x Bj single-cross is determined solely by the 
average parental allele frequencies (Pi and rj, respective- 
ly), and (2) an exact, one-to-one correspondence exists 
between the QTL and molecular marker  loci. If  ap~rj is 
nonzero, single-cross performance is equal to 

#ij = a [p~ + r~ - 1] + d [p~ + rj - 2 (crplrj + Pl rj )] (1) 

The average heterozygosity at a QTL in the single- 
cross is equal to 

Hi j  = Pi + rj - 2 (O'pirj -~- Pi rj) 

Hij will be greater if QTL alMe frequencies in A i and Bj 
are negatively correlated (negative apirj values) than when 
parental allele frequencies are uncorrelated. Values of 
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O'plrj a re  unknown but the minimum (<  0) possible value 
of ap~rj can be derived, aplrj is equal to Y~ P~k rjk/n--pi rj. 

k 
For  specific values of p~ and r j, %irj is minimum if 
Z P~k rjk/n is minimum. Given a binomial distribution of 
k 
allele frequencies in homozygous lines, the smallest pos- 
sible value of Z Plk rjk/n is zero if (p~ + rj)_< 1. If 

k 

( p i + r j ) > l ,  some QTL in the single-cross will be ho- 
mozygous for the + allele such that ~2Pikrjk/n>0. 

k 
The smallest possible value of 52 Pik r~k/n is equal to 

k 
(p~+r j -1 )  if ( p ~ + q ) >  1. Thus, the minimum value of 
O'pirj is min (O'pirj) = - -  Pi rj if (p~ + r j)_< 1. If (p~ + rj ) > 1, the 
minimum value of api~j is min (ap~j) =p~ + ri -- 1 - P i  r~. 

On the assumption that api,j is equal to some value 
between min (api~j) and 0, computer simulation was used 
to investigate the effects of the following factors on the 
correlation between hybrid performance and molecular 
marker heterozygosity: (1) level of dominance; (2) amount  
of variation in parental allele frequencies; (3) proport ion 
of QTL linked to molecular marker loci; and (4) propor- 
tion of randomly dispersed molecular marker loci. A sim- 
ulation program was written in advanced BASIC and run 
on a PC-compatible 80386 microcomputer. Partial (value 
of heterozygote = half the value of + + homozygote) and 
complete dominance were considered. The range in aver- 
age parental allele frequencies was either narrow [0.4_< 
(Pi, rj) < 0.6] or wide [0.2_< (Pi, rj)_< 0.8]. A uniform distri- 
bution of parental allele frequencies was assumed. Simi- 
larly, the simulated value of ~rpi~j for each A i • B~ cross 
was uniformly distributed and was equal to x [min (apl,j)], 
where x is a uniformly distributed random variable rang- 
ing from 0 to 1. 

A trait controlled by 100 QTL (n= 100) was consid- 
ered. Individual effects at the kth QTL (a k and d k) were 
assumed to be uncorrelated with parental allele frequen- 
cies. Given this assumption, no further assumption re- 
garding the distribution of QTL effects (i.e., equal or un- 
equal locus effects across n QTL) was necessary; #~ 
values were obtained using Eq. 1. 

The proport ion of QTL linked (no recombination) to 
molecular markers (c) varied from 0.1 to 1. The propor- 
tion of randomly dispersed (unlinked to QTL) molecular 
markers (y) varied from 0 to 0.8. Heterozygosity at molec- 
ular marker loci is a function of both heterozygosity at 
marker loci linked to QTL and heterozygosity at ran- 
domly dispersed marker loci. When a fixed number of 
QTL is sampled (through QTL-marker  linkage), the 
total number of heterozygous marker loci in the sample 
follows a hypergeometric distribution. Average hetero- 
zygosity at marker loci linked to QTL is denoted D~, and 
follows an approximate normal distribution with a mean 
equal to H~j (i.e., heterozygosity at QTL) and a variance 
o f  o ' 2 i j , = [ H i j  ( l - H i j ) ( l _ c ) ] / c ( n _ l )  ' If  all QTL are 

marked (c=l ) ,  agl j ,=0 and Dij ,=Hij .  On the assump- 
tion of random heterozygosity at marker loci unlinked to 
QTL, simulated values of average heterozygosity at 
molecular marker loci were calculated as 

D~j = Dij, (1 - y ) + x  y ,  

where x is a uniformly distributed random variable rang- 
ing from 0 to 1. Thus, D~j = D~j, if none of the markers is 
randomly dispersed (y = 0). 

Five thousand A~ x Bj crosses were simulated for each 
combination of level of dominance, range of parental 
allele frequencies, proport ion of marked QTL, and pro- 
portion of randomly dispersed markers. Correlations be- 
tween molecular marker heterozygosity and hybrid per- 
formance were calculated. 

Results and discussion 

Expectations of parameters for the zero apirj model 

The expectations for the zero %irj model of single-cross 
mean performance (#ij) and molecular marker hetero- 
zygosity (D~j) indicate that D o can account only for vari- 
ation in #ij due to dominance effects (Table 1). Both D~j 
and the portion of ~qj due to dominance effects (d) are 
functions of (Pi + rj - 2 p~ rj). If dominance is partial to 
complete (d <a), as accumulated data on maize grain 
yield indicate (Hallauer and Miranda 1981), #ij increases 
as both p~ and rj approach 1. But D~j is maximum when 
p~ approaches 1 and rj approaches 0, or vice-versa. Be- 
cause of the different combinations of parental allele fre- 
quencies required to attain maximum values of #ij and 

Table 1. Expectations of single-cross (A~ x Bj) performance and 
molecular marker (MM) heterozygosity and their components ~ 

Quantitative trait MM heterozygosity 

#ij = a(pi + rj-- t) + d (Pi + r j -2pir j )  b Dij =(Pi+r j -2Pir j )  

GCA~ = (pi - 15) [a + d (l - 2 ~)] GDi = (Pi - 15) (1 - 2 r') 
GCAj = (rj - ~) [a + d (1 - 215)] GDj = (r j -  ~) (1 - 215) 

TCI=  Pi[a + d( l  - -2  rj)] + [a(r j--  l)-t- rjd] T D i = P i ( 1 - 2 r j ) + r  j 
TCj = rj [a + d (1 - 2 p~)] + [a (p~ - 1) + p~ d] TDj = rj (1 - 2 Pi) + Pi 

SCAtj = 2 d [(Pi - 15) (r - rj )] SDIj = 2 [(p~- 15) (~- r j)] 
= 2 d [(rj - f) (15 - Pi)] = 2 [(rj -~) (p - Pi)] 

a #ij, Performance of AixBj single-cross; Dij , MM het- 
erozygosity in A~ x Bj; GCA~0), general combining ability of Aj 
(Bj); GDI(j) , general MM heterozygosity of A i (Bj); TCI(j), 
testcross performance of A i (B j) lines when crossed to a single Bj 
(Ai) line; TD~0), testcross MM heterozygosity of A i (Bj); SCAij , 
specific combining ability of A~ • Bj; and SDij , specific MM 
heterozygosity of A i • Bj 
b p~ and rj, Frequencies of + allele in A i and Bj, respectively; 15 
and ~, average frequencies of + allele in a series of A i and Bj 
lines, respectively; a, half the difference between coded genetic 
values of + + and - -  homozygotes; d, coded value of het- 
erozygote 
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Dij , a strong linear relationship between hybrid perfor- 
mance and molecular marker heterozygosity is not ex- 
pected. 

Midparent heterosis in the A i x Bj cross is equal to d 
(pi+rj - 2  Pi rj), i.e., the portion of #ij due to dominance 
effects. Expectations indicate that both specific combining 
ability (SCAij) and specific molecular marker hetero- 
zygosity (SD~j) in the A~xB~ cross are functions of 
[(Pi--P) (~-rj)],  which is also equal to [(rj-~')(]3--pl)] 
(Table 1). Thus, a correlation of 1.0 is expected between 
midparent heterosis and D~j and between SCA~j and SDij 
regardless of the level of dominance (including overdom- 
inance). But hybrid combinations that exhibit large mid- 
parent heterosis or specific combining ability effects do 
not necessarily have the best hybrid performance, which 
is the breeder's main objective in varietal development. 
Also, it is assumed in the derivations for the zero apirj 
model that each QTL is tightly linked to a molecular 
marker. If some molecular markers are randomly dis- 
persed and are unlinked to QTL, the correlations of mid- 
parent heterosis with D~j and of SCA~j with SD~j will be 
less than 1.0. 

The expectation of general combining ability of A~ lines 
(GCAi) when crossed to Bj lines is (Pl-P) [ a + d ( 1 - 2  ~)], 
where ~ and ~ are the average frequencies of the + allele 
among the lines in Set A and Set B, respectively (Table 1). 
Regardless of the average frequency of the + allele (~) in 
the tester lines, the term [a + d (1 - 2 ~)] will be positive if 
dominance is partial or complete (d_<a). Thus, GCA i 
increases as the frequency of + alleles (Pi) in A i increases. 
The expectation of general molecular marker hetero- 
zygosity of A i lines (GDi) is (Pi -  P) (1 - 2  f'). GD i increas- 
es with larger Pi values only if ~ is less than 0.5. If ~" is 
greater than 0.5, GD~ decreases with larger p~ values. 
When Bj lines are crossed to A~ lines, similar relationships 
exist between general combining ability (GCAj) and gen- 
eral molecular marker distance (GDj). Hence, a positive 
relationship between general combining ability and gen- 
eral molecular marker heterozygosity is expected if tester 
frequencies for the + allele are less than 0.5. But if tester 
frequencies for the + allele are greater than 0.5, general 
combining ability increases as general marker hetero- 
zygosity decreases. 

Typically, elite inbred lines are available in applied 
hybrid development programs. A breeder may want to 
find an inbred line to complement an elite line in hybrid 
combination. Based on expectations (Table 1), the test- 
cross performance of A i lines (TCI) when crossed to a 
single B~ line increases as the frequency of the + allele in 
Ai (Pi) increases. Similar to GCAI, this positive relation- 
ship between p~ and TC~ holds true regardless of the 
frequency of the + allele in the fixed B~ tester (r~) if 
dominance is partial to complete. But the testcross 
molecular marker distance of A i lines (TDi) increases 
with larger p~ values only ifr~ is less than 0.5. TD i decreas- 

es with larger Pi values if rj is greater than 0.5, causing a 
negative relationship between TC~ and TD i. When Bj 
lines are crossed to a single A s line, the same results are 
obtained for testcross performance (TCj) and testcross 
molecular marker distance (TDj). Thus, for inbred testers 
with average (across QTL) frequencies of + alleles 
greater than 0.5, testcross performance is expected to 
increase as testcross molecular marker heterozygosity 
decreases. 

Numerical results for  the zero aplrj model 

On the assumption of uncorrelated parental alMe fre- 
quencies (aplrj=0), values of hybrid performance (#1j) 
and molecular marker heterozygosity (Dij) for the Ai • Bj 
cross were calculated assuming partial (d=a/2) or 
complete dominance and frequencies of the + allele of 
0.3_<p~<0.8 in A~ and 0.2_<rj_<0.7 in Bj. The numerical 
results illustrate the absence of a consistent relationship 
between #ij and Dij (Table 2). #~j was largest when fre- 
quencies of the + allele were closest to I (#is = 88 when 
pi=0.8 and rj =0.7). However, Dij was largest when the 
frequency of the + allele approached 1 in one parent and 
0 in the other parent (D~j = 0.68 when pi = 0.8 and rj = 0.2). 
Multiple #ij values were observed at a given level of 
molecular marker heterozygosity (Fig. 1). For example, 
#~j ranged from 20 to 80 when D~j = 50%. For the values 
of p~ and rj considered in this paper, the correlation be- 
tween #ij and Dij was r#ijDij =0.25. With partial domi- 
nance, the correlation between #~j and D~j decreased to 
ruijDij =0.13. In empirical studies on the relationship of 
grain yield performance of maize single-crosses with 
RFLP distances between parental lines, correlations of 
0.09, 0.14, 0.32, and 0.46 were obtained by Godshalk et al. 
(1990), Dudley et al. (1991), Melchinger et al. (1990), and 
Lee et al. (1989), respectively. These correlations between 
hybrid performance and molecular marker distance are 
too small to be of any predictive value. 

ru~jDij values were affected by different restrictions on 
parental allele frequencies. With complete dominance, 
ru~jD~j =0.95 when both Pi and rj ranged from 0.1 to 0.5. 
ru~jDij =0.41 when pi ranged from 0.1 to 0.5 and rj ranged 
from 0.5 to 0.9. However, a negative correlation of 
ruijD~j = --0.71 was obtained when both p~ and rj ranged 
from 0.5 to 0.9. Although these sets of restrictions on 
allele frequencies may be unrealistic, the results indicate 
that both the sign and size of the correlation between 
hybrid performance and molecular marker heterozygosi- 
ty are highly dependent on QTL allele frequencies in the 
material being tested. 

The relationship between general combining ability 
(GCA) and general molecular marker heterozygosity 
(GD) depends on average allele frequencies in the tester 
lines (Table 2). Average frequencies of the + allele were 

= 0.55 for the A~ lines and ? = 0.45 for Bj lines. GCAi and 
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Table 2. Single-cross (A i • B j) performance (#u) and molecular marker heterozygosity (Dij , in parentheses) with complete dominance 
and different allele frequencies" 

Pl rj rTCjTDj  GCA i GD i 

0.2 0.3 0.4 0.5 0.6 0.7 

0.3 - 1 2  b 2 16 30 44 58 1.0 -27 .5  
(0.38) (0.42) (0.46) (0.50) (0.54) (0.58) -0 .025 

0.4 4 16 28 40 52 64 1.0 - 16.5 
(0.44) (0.46) (0.48) (0.50) (0.52) (0.54) -0 .015 

0.5 20 30 40 50 60 70 - - 5.5 
(0.50) (0.50) (0.50) (0.50) (0.50) (0.50) -0 .005 

0.6 36 44 52 60 68 76 - 1.0 5.5 
(0.56) (0.54) (0.52) (0.50) (0.48) (0.46) 0.005 

0.7 52 58 64 70 76 82 - 1.0 16.5 
(0.62) (0.58) (0.54) (0.50) (0.46) (0.42) 0.015 

0.8 68 72 76 80 84 88 - 1.0 27.5 
(0.68) (0.62) (0.56) (0.50) (0.44) (0.38) 0.025 

rTCiTDi  1 . 0  1 . 0  1 . 0  --  - -  1 . 0  - -  1 . 0  

GCAj -22 .5  -13 .5  - 4 . 5  4.5 13.5 22.5 
GDj 0.025 0.015 0.005 -0 .005 -0 .015 -0 .025 

a Pi, Frequency of + allele in Ai; rj, frequency of + allele in Bj; rTCiTDi , correlation between testcross performance and molecular 
marker heterozygosity when A i lines are crossed to a single Bj line; rTCjTDj, correlation between testcross performance and molecular 
marker heterozygosity when Bj lines are crossed to a single A i line; GCA i 0), general combining ability of A i (B j) line; GD i 0), general 
molecular marker heterozygosity of A i (B j) line 
b #ij = a (Pi + rj - 1) + d (Pi + rj - 2 Pl rj), where a = d = 100; Dij = (Pi + rj - 2 Pl rj) 
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Fig. 1. Relationship between molecular marker (MM) hetero- 
zygosity and single-cross hybrid performance for a genetic 
model involving complete dominance and uncorrelated allele 
frequencies in the parental lines 

G D  i were posi t ively  cor re la ted  (rGCAiGDi = ~1.0) because  
the At lines were tested agains t  Bj lines where in  the 
average  f requency of the + allele was less thanO.5 .  In  
contras t ,  G C A j  and  G D j  were negat ive ly  cor re la ted  
(rGCmGDj = --  1.0) because  the Bj lines were tested aga ins t  
A i lines where in  the average  f requency of the + allele was 
greater  than  0.5. S imi lar  results  were o b t a i n e d  for 
tes tcross  pe r fo rmance  (TC) and  tes tcross  molecu la r  
m a r k e r  he te rozygos i ty  (TD) when A i or Bj lines were 

crossed  to a single Bj or A~ line, respectively,  rTCiTDi and  
rTCjTOj values were ei ther  1.0 or  - 1 . 0 ,  depend ing  on the 
average  frequency of + alleles in the inbred  tester  used. 
F o r  the zero apitj model ,  there  is no consis tent  re la t ion-  
ship be tween pe r fo rmance  and  molecu la r  m a r k e r  het-  
e rozygos i ty  of lines in tes tcross  combina t ion .  

As expected,  the co r re la t ion  be tween specific com-  
bining abi l i ty  (SCAIj) and  specific molecu la r  m a r k e r  het-  
e rozygos i ty  (SDij) in the A i x Bj crosses was equal  to  1.0 
regardless  of the level of dominance .  In  Lee et al. 's (1989) 
s tudy involv ing  an e igh t -pa ren t  diallel,  the cor re la t ion  
be tween SCAij and  SDIj for maize  gra in  yield was 
rSCAijSDi j =0.82.  However ,  this high co r re l a t ion  was ob-  
ta ined  for crosses wi th in  (wherein low SCA~j values were 
expected)  and  be tween (wherein high SCAIj values were 
expected)  he tero t ic  groups .  W h e n  the analysis  is res t r ic t -  
ed to crosses be tween he tero t ic  g roups  (Stiff Sta lk  x 
Lancas t e r  lines), rscA0sm j decreases f rom 0.82 to --  0.17. 

Simulation results for the genetic model involving 
negatively correlated parental allele frequencies (ap~j < O) 

With  negat ive ly  cor re la ted  Pik and  rjk values,  cor re la t ions  
be tween hyb r id  pe r fo rmance  (/~j)  and  molecu la r  m a r k e r  
he te rozygos i ty  (Dij) were la rger  with comple te  than  with 
pa r t i a l  dominance  (Table 3). F o r  values of Pl and  rj rang-  
ing f rom 0.4 to  0.6, the ruijDij values r anged  f rom <0 .10  
to 0.84 if d o m i n a n c e  was comple te  and  f rom <0 .10  to 
0.61 if d o m i n a n c e  was par t ia l .  S imi lar  to  the zero apirj 
model ,  the r,ijDij values were affected by the a m o u n t  of 
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variat ion in parenta l  allele frequencies. Compared  with 
r~jDij values obtained when p~ and rj ranged from 0.4 to 
0.6, the values of ru~jD~j were reduced by roughly 50% 
when pi and rj ranged from 0.2 to 0.8 (results not  shown). 
Variation in the amount  of heterozygosity among crosses 
is due to differences in both  %~rj and average parental  
allele frequencies. If average allele frequencies at QTL do 
not  vary within sets of A~ and Bj lines, variat ion in/~ij 
among A~ x Bj crosses is solely due to different O-plrj values 
for each crosses. In  this extreme situation, a high correla- 
t ion between #~j and D~j is expected because differences 
in hybr id  performance are due to dominance-associated 
effects only. Thus, higher ruijDij values are expected 
when variat ion in pi and rj among lines is small [0.4 < 
(Pl, r j )<0 .6]  than when variat ion in Pi and rj is large 

[0.2 _< (Pi, r j)  < 0.8]. 
As expected, the correlat ion between hybrid perfor- 

mance and molecular  marker  heterozygosity increased as 
the p ropor t ion  of QTL linked to molecular  markers  (c) 
increased (Table 3). Regardless of the level of dominance,  
range of parenta l  allele frequencies, or p ropor t ion  of dis- 
persed (unlinked to QTL) molecular  markers,  a system of 
diminishing returns was associated with increases in c. 
Increments in ruijDij were small beyond 3 0 - 5 0 %  QTL 
coverage by marker  loci. Hence, not  all QTL need to be 
tagged with molecular  markers  to have good estimates of 
average QTL heterozygosity. Sampling (through linkage 

with molecular  markers)  3 0 - 5 0  out  of 100 QTL will 
provide adequate  estimates of average heterozygosity 
across all 100 QTL. 

Based on their effects on ruijDij values, the p ropor t ion  
of dispersed molecular  markers  (y) is more impor tan t  
than the propor t ion  of QTL linked to molecular  marker  
loci (c). Differences in r,ljDij values due to different values 
of c were most evident when y = 0. The effects of c were 
small if y was greater than 30%. When 80% of the molec- 
ular markers  were dispersed (y = 80%), ruijDij values were 
<0.10 and were not  affected by c. Thus, arbi trar i ly cho- 
sen molecular  marker  loci will not  provide good esti- 
mates of QTL heterozygosity. Rather, it is necessary to 
identify a set of molecular  markers  that  are mostly l inked 
to QTL. In determining QTL-marke r  linkage, a Type 1 
error  or false positive occurs if it is erroneously concluded 
that  a QTL-marke r  l inkage exists when in fact no such 
association exists. A Type 2 error occurs if it is erroneous- 
ly concluded that  no QTL-marke r  l inkage exists when in 
fact such association does exist. Because ruljDij values are 
affected to a greater extent by the propor t ion  of dispersed 
markers  than by the propor t ion  of QTL covered by 
markers,  Type 1 errors or false positives should be re- 
duced even at the risk of having more Type 2 errors. 

If the molecular  markers  used are mostly l inked to 
QTL, molecular  marker  heterozygosity may  not  be the 
most effective predictor  of hybr id  performance. Rather, 

Table 3. Correlation a between molecular marker heterozygosity and hybrid performance when parental allele frequencies (Pi and rj) 
are negatively correlated (%i~j < 0) and 0.4 < (Pi, rj) < 0.6 

Dominance % QTL 
coverage 

% Dispersed molecular marker loci c 

0 10 20 30 40 50 60 70 80 

Complete 

Partialb 

10 0.60 0.59 0.55 0.49 0.40 0.32 0.24 0,14 0.09 
20 0.70 0.69 0.64 0.54 0.44 0.34 0.22 0.18 0.10 
30 0.76 0.73 0.66 0.57 0.45 0.34 0.26 0.15 0.08 
40 0,79 0.76 0.70 0.58 0.47 0.33 0.24 0.16 0.09 
50 0,80 0.77 0.71 0.59 0.45 0.32 0.26 0.18 0.09 
60 0,81 0.79 0.71 0.60 0.45 0.33 0.23 0.16 0.10 
70 0.83 0.80 0.72 0.59 0.45 0.34 0.24 0.13 0.08 
80 0,83 0.81 0.73 0.60 0.46 0.35 0.23 0,16 0.09 
90 0.84 0.81 0.73 0.60 0.47 0.33 0.24 0,14 0.09 

100 0.84 0.82 0.74 0.59 0.49 0.34 0.25 0,14 0.08 

10 0,44 0.44 0.40 0.36 0.30 0.24 0.18 0.10 0.07 
20 0.51 0.51 0.47 0.39 0.32 0.25 0.16 0.14 0.07 
30 0.56 0.53 0.48 0.42 0.33 0.25 0.20 0.11 0.05 
40 0.59 0.57 0.52 0.41 0.35 0.24 0.18 0.12 0.08 
50 0.59 0.56 0.52 0.44 0.32 0.23 0.20 0.14 0.07 
60 0.60 0.58 0.52 0.44 0.33 0.24 0.16 0.12 0.08 
70 0.61 0.60 0.53 0.43 0.33 0.25 0.18 0.I0 0.06 
80 0.61 0.60 0.54 0.44 0.34 0.25 0.17 0.11 0.06 
90 0.61 0.60 0.54 0.44 0.34 0.24 0.18 0.10 0.07 

100 0.61 0.61 0.55 0.43 0.37 0.25 0.18 0.10 0.06 

" Correlations were calculated for a data set of 5,000 simulated A i • Bj crosses. All correlation coefficients were significant at c~=0.01 
b With partial dominance, the value of the heterozygote is half the value of the + + homozygote 
~ % Dispersed molecular marker loci = % of molecular marker loci unlinked to QTL; % QTL coverage = % of QTL loci linked to 
molecular markers 
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the particular isozyme or RFLP variant at a given locus 
that is linked to the favorable allele at a QTL may be 
determined as part of the QTL-tagging procedure. Cross- 
es can then be made between lines that are expected to 
result in the highest concentration of favorable alleles 
(either in homozygous and heterozygous state) in the 
single-cross. This approach might provide a better pre- 
diction of hybrid performance because, in contrast to 
molecular marker heterozygosity, variation in hybrid 
performance due to both homozygote- and dominance- 
associated effects is accounted for. 

Some of the rui~Dij values in Table 3 may be high 
enough to allow preliminary identification of superior 
A~ x Bj crosses, ruijD~j is roughly >_0.6 when dominance is 
complete, at least 30% of the QTL are linked to markers, 
and less than 30% of the markers are randomly dis- 
persed. But the results in this study assume a heritability 
(h 2) of 1 for the quantitative trait so that the observed 
phenotypic value of a hybrid is the same as its genotypic 
value, ruijo~j will be severely reduced if h 2 is low. With 
h 2 < 1, the ru~joij values will be reduced by a factor equal 
to the square root of h 2. The highest ruijv~j value in 
Table 3 is 0.84 (for complete dominance, 100% of the 
QTL linked to markers, and no randomly dispersed 
markers). This ruljolj value decreases from 0.84 to 0.59 if 
h 2 = 50%. 

Because empirical data indicate partial to complete 
dominance for maize grain yield (Hallauer and Miranda 
1981), the correlation between hybrid performance and 
molecular marker heterozygosity in the presence of over- 
dominance has not been addressed thus far. However, 
pseudo-overdominance may result if two QTL, each ex- 
hibiting partial to complete dominance, are linked in 
repulsion phase. Computer simulation was done to ob- 
tain r,~joij values with overdominance (value of hetero- 
zygote = 1.5 times the value of + + homozygote), r~ijo~j 
values with overdominance (results not shown) ranged 
from less than 0.10 when 80% of the markers are ran- 
domly dispersed to 0.92 when none of the markers is 
dispersed and all QTL are linked to markers. Compared 
to values obtained with complete dominance (from 
Table 3, in parentheses), r,ijD~j values with overdomi- 
nance ranged from 0.62 (0.57) to 0.87 (0.80) when 30-50% 
of the QTL are linked to markers and <30% of the 
markers are randomly dispersed. Thus, the association 
between hybrid performance and molecular marker het- 
erozygosity becomes stronger as the level of dominance 
increases. 

The results in this study indicate that the relationship 
between molecular marker heterozygosity and hybrid 
performance is highly dependent on the material being 
tested. Because a strong and/or consistent relationship 
does not exist, information on isozyme or RFLP het- 
erozygosity is of limited value in identifying inbred lines 
with superior performance in hybrid combination. Sever- 

al conditions are necessary for a high correlation between 
A i x Bj hybrid performance and molecular marker het- 
erozygosity. Molecular marker heterozygosity would be 
most useful for predicting hybrid performance in crop 
species wherein (1) dominance effects are strong (e.g., 
complete dominance or overdominance) and (2) heterotic 
groups are complementary and allele frequencies at indi- 
vidual loci in the parental inbreds are negatively correlat- 
ed. These two requirements are fulfilled in a crop species 
such as maize. Furthermore, (3) trait heritability must be 
high, (4) average parental allele frequencies must vary 
only within a narrow range, (5) at least 30-50% of the 
QTL must be linked to molecular markers, and (6) not 
more than 20-30% of the molecular markers must be 
randomly dispersed or unlinked to QTL. If any of these 
conditions are not met, small correlations between hy- 
brid performance and molecular marker heterozygosity 
are likely. 
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