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Summary. Molecular markers can be used to detect alle- 
les in donor genetic material for improvement of existing 
cultivars or hybrids. DNA restriction fragment length 
polymorphisms (RFLPs) were used as markers to search 
for favorable alleles at quantitative trait loci in the maize 
(Zea mays L.) population BSI I(FR)C7 which were not in 
the hybrid 'FRB73xFRMo17 . '  Thirty-four RFLP 
markers were used to determine RFLP 'fingerprints' for 
220 [BSll(FR)C7 x FRMo17] F 2 individuals; multiple 
morphs (bands) were observed at most markers: Statisti- 
cal associations between RFLPs and trait expression in 
F 2 x FRB73 progeny were found for grain yield, stalk 
and root lodging, plant and ear height, maturity, and 
seven grain yield component traits. Associations were 
found using linear contrasts among RFLP marker classes 
to estimate trait effects. Estimated effects for grain yield 
ranged from 213 to 538 kg h a - l ,  3.0-7.5% of the exper- 
imental mean, respectively. RFLP markers with greatest 
probability of  association with grain yield were NPI234 
(short arm of chromosome 1) and UMC16 (long arm of 
chromosome 3). Digenic epistasis appeared to be impor- 
tant in grain yield expression, as indicated by a 12% 
increase in the proportion of genotypic variation ac- 
counted for when significant di-marker interactions were 
added to a linear model, including all markers individual- 
ly associated with grain yield. The majority of interac- 
tions associated with grain yield involved markers 
NPI234 and UMC21 (long arm of chromosome 6). Many 
RFLP markers were associated with multiple traits. At 
some markers, the same bands were associated with fa- 
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vorable effects for stalk lodging, grain yield, and yield 
components. RFLP bands unique to BS11 (FR)C7 showed 
associations favorable over those from FRMo17 for at 
least one marker in all but one trait. The results of this 
study will be useful in future RFLP marker-assisted se- 
lection programs aimed at developing lines for improved 
performance in combination with FRB73. 
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Introduction 

Molecular markers are being studied for their potential 
to enhance selection efficiency in plant breeding. With 
the development of molecular marker linkage maps, 
isozyme and restriction fragment length polymorphism 
(RFLP) markers have been used to locate and manipu- 
late loci affecting expression of simply and quantitatively 
inherited traits (Tanksley et al. 1989; Stuber 1992). Asso- 
ciations between molecular markers and quantiative trait 
loci (QTL) have been reported in a number of plant 
species (Stuber 1992). QTL detection is dependent upon 
disequilibrium in the genetic linkage between marker 
forms and alleles at a gene of interest. In order to maxi- 
mize such disequilibrium, F1 backcross or F 2 popula- 
tions from a cross of two inbred parents have commonly 
been used. Marker and agronomic data are collected on 
F 2 individuals or recombinant inbred lines derived from 
them. Genetic linkage is then inferred from statistical 
correlations between trait expression and segregation of 
marker forms among individuals or lines. 

Recurrent mating among random or selected individ- 
uals in a population over generations provides opportu- 
nity for genetic recombination. In such a population, the 
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ability for marker  detection of  QTL and est imation of  
their effects will be diminished as l inkage equil ibrium is 
approached.  However, crossing a popula t ion  with an 
inbred line will create a degree of  l inkage disequil ibrium 
in the F2, even if the popula t ion  is in l inkage equil ibrium 
(J. W. Dudley,  unpublished results). Any  disequil ibrium 
in the populat ion resulting from recurrent selection should 
enhance disequilibrium in the F 2 from a population x line 
cross, and thus detection of  marker -QTL associations. 
Also, disequilibrium in the popula t ion  would have been 
maintained where close marker-QTL linkages are present. 

In maize (Zea mays L.), marker  po lymorphism is 
common within populat ions  and among inbred lines 
(Stuber and G o o d m a n  1983; Helentjaris e ta l .  1985; 
Smith et al. 1985; Kahler  et al. 1986). Differences in mag- 
nitude, action, and genomic distr ibution of  QTL effects 
measured by marker  associations have been found in a 
number  of  F2 populat ions  (Kahler  and Wehrhan 1986; 
Stuber et al. 1987; Edwards et al. 1987; Abler  et al. 1991). 
Al though F2 individuals are useful for detecting marker-  
QTL associations, the goal in a commercial  maize breed- 
ing program is to maximize performance of  the cross 
between two inbred lines. Crosses of  F 2 individuals, or 
recombinant  inbred lines, with an unrelated tester can be 
used to evaluate effects related to the substi tution of  
marker  forms in an inbred tester background (Cowen 
1988). Previous studies have shown genomic locations of  
detected QTL for testcross performance to be different 
from those in F 2 individuals or lines per  se (Guffy et al. 
1989; Stuber 1992). 

Dudley (1988 a) developed quanti tat ive genetic theo- 
ry and methodology for identification of  donor  popula-  
tions containing favorable alleles not  already present in 
elite single-cross hybrids.  Dudley (1988 b) tested 19 maize 
populat ions  and identified BS11(FR)C7 as having the 
greatest relative number  of  favorable alleles for grain 
yield not  already present in the hybrid FRB73 x F R M o l  7. 
BSI1(FR)C7 also was found to contain relatively large 
numbers of  favorable alleles for early matur i ty  and root  
lodging, while having a heterotic pat tern more similar to 
F R M o 1 7  than FRB73. 

This study uses R F L P  markers  to: (1) search for 
QTL segregating among testcrosses to FRB73 of  F 2 
plants from the cross of  popula t ion  B S l l ( F R ) C 7  with 
inbred line FRMo17;  (2) identify useful alleles from 
B S l l ( F R ) C 7  that  could improve the agronomic perfor- 
mance of  F R M o 1 7  in combinat ion  with FRB73; (3) 
search for digenic epistasis among marker  pairs individu- 
ally determined to have possible QTL associations. 

Materials and methods 

Genetic material and field evaluation 

Population BSll(FR)C7 was used as a donor of alleles for 
improvement of hybrid FRB73 x FRMo 17. BS 11 (FR)C7 result- 

ed from seven cycles of full-sib reciprocal selection for grain 
yield in BS11, a synthetic of corn belt lines and southern prolific 
material developed at Pioneer Hi-Bred International, Inc. (Hal- 
lauer et al. 1974). FRB73 and FRMol7 are Illinois Foundation 
Seeds, Inc. backcross versions of inbred lines B73 and Mo17 
containing the Ht-i gene (Henderson 1976). 

To develop a segregating F 2 population for QTL mapping, 
FRMol7 individuals were crossed to 150 representative plants 
from BS11(FR)CT. One hundred fourty four F 1 progeny were 
then randomly mated (RM) by making plant-to-plant crosses, 
never using the same plant as both a male and female, and 
bulking all resulting seed. From this seed bulk, 220 F 2 individu- 
als were selected at random; each was self-pollinated and 
testcrossed to FRB73 for further evaluation. 

In the summer of 1988, the 220 F 2 testcross progeny plus the 
hybrid FRB73 x FRMol7 and three commercial hybrid checks 
were grown in generalized lattice designs with 32 blocks, seven 
entries each, in three replications at two Illinois locations (both 
at Urbana) and two Iowa locations (Slater and Dunlap). At the 
Illinois locations, single-row plots 5.33 m long with 0.76 m be- 
tween rows were over-planted and thinned to stands of 61,728 
plants ha - 1. Iowa locations were planted in two-row plots with 
5.33 m long rows, 0.76 m apart, and thinned to similar stands. 
Trait measurements were recorded on a per-plot basis and plots 
were machine harvested. Shelled grain yield, grain moisture at 
harvest, final stand, and number of stalk lodged plants (broken 
below the ear) were measured at all locations. Number of root- 
lodged plants (leaning more than 45 ~ from vertical), plant and 
ear height (visual estimate of the plot average) were measured at 
Illinois locations only. Maturity (days from planting to 50% 
pollen shed) was measured at one Illinois location. 

Trial entries also were grown separately in two replications 
at one Illinois (Urbana) and one Iowa (Slater) location for 
measurement of grain yield components. All plots consisted of 
single rows similar to those previously described. Plots were 
hand-harvested and the top ears from five competitive plants in 
each plot were sampled. Plot averages were calculated for the 
following traits: ear length, ear diameter, kernel depth, number 
of kernels and kernel rows per ear, total grain weight per ear, 
and 100-kernel weight. Ears were placed end-to-end and side- 
by-side to measure length and diameter. Kernel depth was calcu- 
lated as one-half the difference between average ear diameter 
and average cob diameter. Seed bulks from each plot were used 
to obtain weights tbr 100 kernel samples. 

Laboratory analysis 
Procedures for DNA extraction, restriction enzyme digestion, 
gel electrophoresis, Southern blotting, and hybridization were as 
described by Saghai Maroof et al. (1984); oligo-labelling of 
probes (Feinberg and Vogelstein 1984) was used in place of nick 
translation. In this paper, each DNA probe/restriction enzyme 
combination will be referred to as an RFLP marker, individual 
morphs at a marker as bands, and pair-wise banding combina- 
tions in F 2 individuals as marker classes. 

Banding patterns were determined for FRB73, FRMo17, 
and 18 random individuals from BSlI(FR)CT, using 34 DNA 
probes and restriction digests of genomic DNA with four en- 
donucleases (EcoRI, EcoRV, HindIII, SstI). Not all probe/re- 
striction digest combinations were tried; enzymes most often 
used in defining markers were EcoRI and HindIII. A total of 34 
RFLP markers was selected, each based on maximum number 
of bands per probe among the inbred lines and population. 
Probes were obtained from Brookhaven National Laboratory 
(BNL), Native Plants, Inc. (NPI) and the University of Missouri 
at Columbia (UMC). Relative genomic locations are known (E. 
H. Coe, unpublished results, Maize Genet Coop Newsletter 
65:129 - 164) and represent 18 of 20 chromosome arms (Table 1). 
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Table 1. DNA probes, representation of chromosome arms, 
and number of bands (morphs) used in statistical analyses 

DNA probe" Chromosome No. of bands 
arm b used in analyses c 

NPI234 1-S 2 
BNL5.62 1-S 4 
NPI238 1-L 4 
UMC44-B 2-S 4 
NPI402 2-S 3 
NPI239 2-S 6 
NPI297 2-L 4 
UMC92 3-S 3 
UMC16 3-L 3 
UMC96 3-L 5 
UMC47 4-S 2 
UMC66 4-C 3 
BNL15.07 4-L 3 
NPI451 4-L 5 
UMC27 5-S 3 
UMC01 5-C 5 
BNL5.71 5-L 2 
UMCI04  5-L 4 
NPI373 6-L 3 
UMC21 6-L 3 
NPI223 6-L 2 
UMC38 6-L 2 
NPI391 7-S 2 
NPI455 7-L 2 
BNL16.06 7-L 3 
UMC80 7-L 3 
NPI114 8-S 3 
UMC12 8-L 2 
UMC30 8-L 3 
BZ-1 9-S 3 
NPI211 9-S 3 
UMC81 9-C 3 
NPI285 10-S 4 
UMC44-A I0-L 4 

" D N A  probes were obtained from Brookhaven National Lab- 
oratory (BNL), Native Plants, Inc. (NPI), and the University of 
Missouri at Columbia (UMC); BZ-I hybridizes at the bronze-1 
iocus 
b S = short arm, L = long arm, C = centromeric region 
c For most probes, all observed bands were used in statistical 
analyses; however, bands with frequency <0.02 in the F 2 popu- 
lation were treated as missing data 

Marker classes were determined for the 220 [FRMo17 x 
BS1 I(FR)C7]RM F 2 individuals used in testcrosses with FRB73. 
At each marker, individual bands were given letter designations. 
The number of bands across F 2 individuals ranged from two to 
six per marker (Table 1). Multiple bands were determined to be 
of a single marker by their pair-wise segregation among F 2 
individuals, and based on knowledge of probe hybridization 
from previous studies. 

Statistical analysis 

The INCANOV program (Carmer and Kratzke 1988) for anal- 
ysis of variance in a generalized lattice was used to obtain adjust- 
ed means for trait measurements of F z testcross and F1 hybrid 

, entries at each location. Adjusted entry means (except those of 
the three commercial hybrid checks) averaged over locations 

and the SAS procedure GLM (SAS Institute 1987) were then 
used in all subsequent analyses. 

The following approach was used to determine statistical 
associations between segregation among F z individuals at 
RFLP markers and quantitative trait expression in F 2 x 
FRB73 progeny. Multiple linear contrasts among marker class- 
es were calculated at each marker, each contrast indicating the 
presence or absence of a specific band (see Appendix). For each 
band, phenotypic ~)bservations in marker classes were given an 
indicator value of 1.0 if homozygous for the band, 0.5 if het- 
erozygous, and 0.0 if the band was not present. For markers 

:with multiple bands, this essentially pools bands into two cate- 
gories: e.g., A and K, where A is the band of interest and K is 
the pooling of all other bands at the marker. In an analysis of 
variance (ANOVA), variance among the resulting three marker 
classes was partitioned into effects due to linear regression and 
residual. A separate ANOVA was calculated for each band per 
marker. Marker classes involving bands with extremely low fre- 
quencies were treated as missing data because any related effects 
would be estimated with low precision. A cut-off point of fre- 
quency < 0.02 was suggested by the data; resulting contrasts had 
at least five observations per marker class after pooling of 
bands. For most probes, all observed bands were used in analy- 
ses. 

For a marker with n bands, significance tests for n linear 
contrasts were obtained. A marker was considered for associa- 
tion with a QTL if at least one of its linear contrasts was signif- 
icant. Linear regression coefficients were used to estimate rela- 
tive QTL effects. At each marker showing multiple bands and 
significant trait association, t-tests for differences between pairs 
of linear regression coefficients were calculated to determine 
which bands were associated with QTL alleles having similar 
effect. Individual linear regressions at a single marker are not 
independent (see Appendix). The formula given by Steel and 
Torrie (1980) for testing homogeneity of two independent re- 
gressions was expanded to account for covariance due to non-in- 
dependence. The t-statistic was calculated as follows: 

t=(bl-b2)/[S2p(1/ZX~ + I/ZX~-ZXJ(1X2/(~'Xzzx2))] ~ 

where b 1 - b  2 is the difference between regression coefficients, S~ 
is pooled error, and the sum of squares and cross products for 
independent variables, 35j and )(2, are corrected for their means. 

For those markers that showed significant linear effects, all 
possible pairs were evaluated for the presence of digenic epista- 
sis. The linear contrast with lowest probability of a greater 
F-value at each marker was chosen to represent the marker. 
These contrasts were then used in two-way ANOVAs to test for 
all-marker interactions. Interactions involving only linear effects 
were partitioned from those involving residuals. Only significant 
linear-by-linear interactions were accepted as indicating possible 
digenic epistasis. 

Results and discussion 

Detection of  RFLP-QTL associations and estimation of 
effects 

Marke r s  wi th  trait  associat ions  at ~_< 0.05 levels o f  signif- 
icance and  es t imated  effects are  listed in Tables 2 and 3. 

All  measu red  traits showed m a r k e r  associa t ion at these 

levels. The  l inear  con t ras t  wi th  lowest  p robab i l i ty  value  

(showing greatest  degree  o f  t rai t  associa t ion)  at each 

m a r k e r  was chosen to es t imate  the associa ted effect. F o r  
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Table 2. Estimated linear effects for substitution of bands at 
RFLP markers associated with grain yield at ~_ 0.05 

Chromo- RFLP Estimated SE Prob. 
some effect b > F c 
arm ~ Marker Band (kg ha- 1) 

1-S NPI234 B ae 332 
A - 332 

1-L NPI238 B d 373 
D a 237 
A ae 117 
C -231 

2-S UMC44-B C a 118 
B a 100 
A de 68 
D --305 

2-L NPI297 A a* 78 
B a 72 
D a 34 
C -426 

3-S UMC92 B a 360 
C e -236 
A - 342 

3-L UMC16 B a 483 
A ~ - 205 
C -319 

3-L UMC96 C a 360 
A ~ 26 
B - 60 
D -490 
E - 548 

4-L BNL15.07 C a 394 
A -- 44 
B e --114 

5-S UMC27 B a~ 102 
A a 76 
C - 461 

5-L UMC104 A ae 213 
B - 104 
C -239 
D -274 

6-L UMC21 A a 538 
C" 49 
B -252 

6-L UMC38 A ae 221 
B - -  2 2 1  

7-S NPI391 }]de 265 
A - 265 

8-S NPIlt4 A a 117 
B ae 80 
C -288 

9-C UMC81 C a~ 172 
A d 13 
B -- 364 

91 0.0003 

240 
231 
98 
99 0.0204 

119 
150 
95 

121 0.0127 

102 
159 
114 
179 0.0182 

110 0.0013 
106 
211 

119 0.0001 
105 
151 

130 0.0063 
101 
120 
279 
205 

171 0.0225 
113 
108 

110 
120 
181 0.0116 

89 0.0181 
95 

212 
170 

197 0.0068 
108 
118 

80 0.0066 

104 0.0117 

105 
99 

122 

106 
123 
148 

0.0196 

0.0147 

grain yield, 15 markers were associated at c~_< 0.05. Those 
with greatest degree of association were NPI234, on the 
short arm of chromosome 1 (1-S),  and UMC16, on the 
long arm of chromosome 3 (3 -L)  (Table 2). Estimates of 
associated effects for grain yield ranged from 213 kg 
ha -1 (UMC104) to 538kg ha -1 (UMC21), approxi- 
mately 3 .0-7 .5% of the experimental mean of 7220 kg 
ha -  1. 

The percentage of genotypic variation (R 2 x 100) for 

grain yield explained by the linear contrast with greatest 
degree of trait association at each marker ranged from 
2 .4-7 .1% (Table 4). Percentages were generally lower for 
markers associated with maturity and yield component  
traits, the exception being NPI391, which accounted for 
10.8 % of genotypic variation measured for ear diameter. 
Multiple regression models fitting the linear contrast rep- 
resenting each marker associated at a-< 0.05 explained 
30% of genotypic variation for grain yield and stalk 
lodging, and 40% for grain moisture at harvest. R 2 per- 

centages for multiple regression models were lower for 
other traits. 

Much discussion has taken place in the literature 
(Lander and Botstein 1989) and elsewhere as to accept- 
able Type I error rates (~) for declaring marker-trait  asso- 
ciations. The prevalent opinion has been that Type I 
errors (probability of falsely declaring an association) 
should be on a per genome (experiment-wise, ~e) rather 
than per marker or marker interval rate. This is intended 
to minimize mistaken associations in analyses over the 
entire genome. For the data in this paper, two to six 
linear contrasts were made per marker, across 34 mark- 
ers, 110 contrasts per trait (Table 1). Hypothesis tests 
were conducted using a per contrast Type I error rate of 
ac_<0-05. A rough adjustment of ~e = ~/110 = 0.0004 
could be made to account for contrasts both within and 
among markers. Even using this very conservative ao 
level, linear contrasts representing two of 15 markers at 
~o_< 0.05 for grain yield are interpreted as having QTL 
association (Table 2). However, this Type I error adjust- 
ment highly inflates the Type II error rate (probability of 
not detecting a true effect). The appropriate balance be- 
tween Type I and Type II error rates in corn breeding 

a S = short arm; L-- long arm; C = centromeric region 
b Vertical bars represent no significant difference between esti- 
mated effects by t-test (e<0.10). The experimental mean for 
grain yield was 7,220 kg ha- 1 
c Only the probability level for the linear contrast showing 
greatest grain yield association is presented at each marker. This 
degree of association and its corresponding estimated effect 
were chosen to represent the marker 
a RFLP band(s) to be favored in marker-assisted selection for 
increased grain yield 
e RFLP band in common with the FRMo17 parent; all other 
bands originated from the donor population BS1 I(FR)C7 
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Trait Markers associated at ranges of Prob. > F" Range for Experimental 
estimates of mean 
associated effects b 0.0500-0.0100 0.0090-0.0010 0.0009-0.0001 

Grain moisture BZ-1, B15.07, N297, U16, N114 N238, U92 0.6-1.7 19.9 
(g 100 g l) N373, N455, U44-A, 

U44-B, U80 

Stalk lodging B15.07, N373, N391, N238, N455, N297, U44-A 2.1-4.2 90.0 
(% standing plants) N451 U44-B 

Root lodging N238, N391, N402 U44-A, N223, N239 3.8-6.6 86.0 
(% standing plants) U16, U92 

Plant height BZ-1, N239, U01, U16 N238 2.9-5.8 170.7 
(cm) U27, U44-A, U47, 

U92 

Ear height U01, U47 U16, U21 N238, U92 2.3-4.1 82.8 
(cm) 

Maturity N238, N239, U0t, N373, U16, - 0.6-1.3 75.3 
(days to pollen) U12, U92 U80 

Ear length BZ-1, B5.62, N297, N239, U01, - 3.5-7.6 15.7 cm 
(ram) N373, N451, U44-A, U104 

U81 

Ear diameter Nl14, N223, N239, N34 N39t 0.9-2.3 4.2 cm 
(ram) N373, U27, U92 

Kernel depth N234, U80, U92 N223, N391 - 1.0-1.9 0.2 cm 
(ram) 
Kernel rows N297, N391 U66 - 0.5-0.6 15.8 
(number per ear) 

Kernel number N239, N297, U01, - - 35.5-49.4 532.7 
(per ear) U27 

Grain weight Nl14, N223, N234, U01 - 5.7-14.2 112.1 
(g per ear) N239, N297, N373, 

N391, U27, U92 

100-kernel weight N402, U44-A, U96 U01 - 0.8-2.5 21.4 
(g) 

Marker abbreviations are 'B' for BNL, 'N'  for NPI, and 'U' for UMC; BZ-1 hybridizes at the bronze-1 locus. Horizontal dashes 
indicate no marker associations at the level of significance 
b Estimates are for effects associated with a single marker 

programs where the goal  is to use marke r -QTL informa- 
tion for selection is not  clear. The stringent controls  on 
Type I error  necessary when the objective is to locate and 
clone a gene (such as in human genetics) may be unwar-  
ranted. The intent of  this study is to form a basis for 
marker-assisted selection of  a complex trait  such as grain 
yield, and the emphasis  is on detection and relative esti- 
mat ion  of  true effects, which may  be small. Consequent-  
ly, hypothesis tests at the ~ level are reported.  

Reduced linkage disequil ibrium in the F 2 of  
B S l l ( F R ) C 7  x F R M o I 7 ,  caused by the failure of  
BSI I (FR)C7  to be homozygous,  increases the difficulty 
of  detecting strong marker -QTL associations. If, for ex- 
ample, F R M o I 7  has the genotype M ~ M l t l t  1 where M1 
is a band at marker  1 and t I is an unfavorable  allele at 

QTL locus 1, then maximum disequil ibrium in the F 2 
would occur when B S I I ( F R ) C 7  is mlmlT1T1 and re- 
combinat ion  between M and T is low. I f  BS1 I (FR)C7  is 
segregating, then the degree of  F 2 disequil ibrium is a 
function of  the recombinat ion value and product  of  the 
frequencies of  m 1 and T a (J.W Dudley,  unpublished re- 
sults). Therefore, detection of  strong marker- t ra i t  associ- 
at ions implies close marker -QTL linkages and a high 
frequency of  both  marker  bands and QTL alleles in 
BSI I (FR)C7 .  Weaker linkages and lower frequencies 
would result in reduction of  the levels of  significance of  
association and estimates of  true effects, or an inabil i ty to 
detect any statistical associations. The fact that  a rela- 
tively high percentage of  markers  showed significant as- 
sociations, and as much as 47% of  the variat ion was 
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Table 4. Percentage of genotypic variation (R 2 • 100) explained 
by RFLP markers and di-marker interactions with trait associa- 
tions at e<0.05 

Trait Number R 2 ( x 100) for linear effect models 
of 
markers a Range for All All markers 

individual markers c with 
markers b di-marker 

interactions a 

Grain yield 15 2.4- 7.1 30.0 42.3 
Grain moisture 13 2.3- 7.4 40.3 47.4 
Stalk lodging 9 1.9 7.9 30,4 30.5 
Root lodging 8 1.9- 7.3 18.5 - 
Plant height 9 1.9- 7.0 25,3 - 
Ear height 6 2.1- 7.1 20,5 - 
Maturity 8 2.0- 4.3 17.4 - 
Ear length 10 1.9- 4.6 22.3 30.9 
Ear diameter 8 2.0 10.8 18.7 20.7 
Kernel depth 5 1.9- 6.4 13.9 - 
Kernel rows 3 1.9- 4.1 8.4 9.2 
Kernel number 4 1.9- 2.7 8.8 - 
Grain weight 10 2.2- 4,2 17.9 18.0 
100 kernel 4 2.1- 3.8 11.0 - 

weight 

a Number of RFLP markers associated at ~_<0.05 
b The linear contrast representing each marker 

Multiple linear regression model including the contrast for 
each marker 
d Multiple linear regression model including the contrast for 
each marker plus di-marker interactions (~_< 0.05) among them. 
Numbers of interactions included in the model were eight for 
grain yield, three for grain moisture, two for stalk lodging, five 
for ear length, and one each for ear diameter, kernel rows, and 
grain weight. Horizontal dashes indicate that no interactions 
were detected at ~_<0.05 

accounted for by markers with significant effects (Table 4), 
suggests a relatively high degree of  disequil ibrium in the 

F 2 . 
The presence of  multiple bands at  a marker  presents 

new problems in statistical analyses aimed at identifying 
R F L P - Q T L  associations, Mult iple  bands do not  neces- 
sarily mark  multiple QTL alleles. I f  an R F L P  marker  
contains n bands and n-1 are l inked to the same QTL 
allele, then n (n-1)/2 marker  classes are expected to be 
associated with similar phenotypic  expression. In a single 
factor ANOVA, this would reduce both variabil i ty 
among marker  classes and the power  of  an F-test for 
significance. Analyses using linear contrasts  among 
marker  classes address this problem by testing effects 
associated with substi tution of  each marker  band and 
pooling those that  are similar. 

Analysis  of  linear effects associated with changes in 
marker  band representat ion is appropr ia te  from a genetic 
standpoint .  Al though R F L P  data  were collected from F 2 
individuals, measurements of  agronomic traits were 
made in F2 x FRB73 testcross progeny. Therefore, at a 
single marker ,  changes in phenotypic  expression from 

one homozygous F 2 marker  class to another  are mea- 
sures of  the effect associated with substi tution of  bands 
in a common genetic background (FRB73). This is twice 
the average effect of  a gene, as defined by Falconer  
(1981). Fo r  example, an R F L P  marker  with two bands 
would have three marker  classes among F 2 individuals: 
AA,  AB, BB. However,  actual  marker  classes in testcross 
progeny are AH,  V2 A H  + V2 BH, and BH, where H = 
the FRB73 band. Any  change in phenotypic  expression 
from A H  to BH should be additive only, regardless of  the 
dominance relationship of  H with A or B. Because A and 
B are expected to have equal representat ion in testcross 
progeny derived from F z individiduals of  marker  class 
AB, phenotypic  informat ion from this class should also 
be used when estimating linear effects. The same princi- 
ples apply for a marker  with multiple bands,  except that  
sequential l inear contrasts  can be made testing the substi- 
tut ion of  each band for all others, pooled as a group. 
Because a computer  simulation showed that  pooling 
marker  classes of  unequal  size in a completely linear 
model  can result in significant quadrat ic  effects (data  not  
shown), significant non-l inear  effects in ANOVAs were 
disregarded as artifacts. Linear contrasts  were weighted 
by number  of  observations to account for unequal  size 
among pooled marker  classes. 

Favorable bands at R F L P  markers 
and multiple trait associations 

Est imat ion of  linear effects at a marker  with mult iple 
bands allows for grouping of  bands associated with sim- 
ilar QTL effects. Because each band is contrasted against  
the grouping of  all others at a marker ,  those associated 
with similar trait  effects will have statistically similar 
linear regression coefficients (see Appendix) .  Table 2 
shows linear substi tution effects of  all bands at each 
marker  associated with grain yield at c~ < 0.05. Fo r  mark-  
ers with multiple bands,  vertical bars indicate regression 
coefficients for specific bands not  significantly different 
by t-test at  c~ < 0.10. Marker  bands in the same t-group 
were interpreted as being associated with QTL alleles 
having similar effects. No  t-groupings are necessary for 
markers  with two bands. 

Grouping  of  similar linear effects also has implica- 
tions for marker-assisted selection. When bands associat- 
ed with the most  favorable effects have statistically simi- 
lar regression coefficients, then selection should be 
against bands not  in the t-group. F o r  example, selection 
for increased grain yield at  marker  NPI238 should be 
against band C and for any of  the other three bands  
(Table 2). When  the most  favorable band is not  in a 
group, then selection should be for that  band only. Use 
of  a less stringent Type I error  rate (~ <0.10) for accep- 
tance of  pair-wise differences among regression coeffi- 
cients is conservative from a selection standpoint .  Asso- 



ciated effects of  bands are not as likely to be declared 
statistically similar and grouped together as favorable. 
Therefore, selection based on marker bands is less likely 
to be affected by mistaken groupings of  unequal effects. 

Markers associated with expression of  multiple traits 
can be seen among Tables 2 and 3. At c~<0.05, marker 
NPI297 was associated with grain yield, four of  seven 
grain yield component  traits, and stalk lodging. Favor- 
able band designations were: A, B, and D for increased 
grain yield; B and/or  D for increased yield component  
values; A for reduced stalk lodging. These data suggest 
that QTL alleles for component  traits and standability 
combine to influence the expression of  machine-har- 
vestable grain yield. Other markers associated with both 
grain yield and several component  traits were NPI114, 
NPI234, NPI391, UMC27,  UMC81,  UMC92,  and 
UMC96.  In most cases, the same bands detected favor- 
able effects for all associated traits. Common favorable 
marker bands also were seen across other traits. At  
NPI238, the same bands were favorable for decrease in 
lodging (stalk and root), height (plant and ear), grain 
moisture at harvest, and early maturity. This type of  
information will be useful in marker-directed selection 
for improvement of  multiple traits. 

Bands unique to BSl l (FR)C7  and associated with 
favorable effects were found at markers for all traits 
except ear diameter (Table 5). For  grain yield, favorable 
bands at UMC92 (3-S), U M C I 6  (3-L), UMC96 (3-L), 
BNLI5.07 (4-L), and UMC21 (6-L) were from 
BSI I (FR)C7  only; UMC16 had the highest degree of  
grain yield association and one of  the largest estimated 
effects (Table 2). For  the other ten markers associated 
with grain yield at c~_< 0.05, at least one favorable band 
was representative of  the F R M o l  7 parent. Markers iden- 
tifying favorable QTL alleles f rom BSla(FR)C7 may be 
useful in selecting Fz-derived lines or backcross progeny 
with increased grain yield over FRMo17  in crosses to 
FRB73. More data will be needed to determine whether 
or not associated effects are consistent for other inbred 
testers. 

Digenic epistasis 

Significant (c~<0.05) interactions between linear con- 
trasts representing pairs of  markers were detected for 
grain yield, grain moisture, stalk lodging, and four grain 
yield components.  For  most traits, the number of  interac- 
tions compared to the total number possible was less 
than expected by chance. However, epistasis associated 
with marker pairs appeared to be important  in the ex- 
pression of  grain yield and ear length. The total number 
of  interactions for both traits was slightly more than 
expected by chance (8 of  105 for grain yield, 5 of  45 for 
ear length). For  grain yield, genotypic variation ex- 
plained by the genetic model increased 12% when di- 
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Table 5. RFLP markers with trait-associated bands (ct_<0.05) 
unique to BS 11 (FR)C7 and favorable over those from FRMol 7 
in combination with FRB73 ~ 

Trait Markers b 

Grain yield BNL15.07, UMCI6, UMC21, UMC92, 
UMC96 

Grain moisture NPI114, NPI238, NPI297, UMC44-A, 
UMC44-B 

Stalk lodging BNLI5.07, NPI238, NPI373, NPI451, 
NPI455 

Root lodging NPI223, NPI238, NPI239, NPI391 
Plant height NPI238, NPI239, UMC01, UMC27 
Ear height NPI238, UMC01, UMC21 
Maturity NPI238, NPI239, UMC0t, UMC80 
Ear length NPI297, NPI451, UMC44-A, UMC81 
Ear diameter 
Kernel depth UMC80 
Kernel rows NPI297, UMC66 
Kernel number NPI297 
Grain weight NPI297 
100-kernel weight NPI402, UMC44-A 

a BSll(FR)C7-derived bands showed associations favorable 
for increase in grain yield and value of component traits; de- 
crease in grain moisture at harvest, lodging and height; and early 
maturity 
b NO markers associated with ear diameter showed favorable 
bands unique to BS/I(FR)C7 

marker interactions were added to a multiple linear mod- 
el containing all markers individually associated at 

_< 0.05 (Table 4); the increase was more than 8% for ear 
length. Representation of  markers in the eight significant 
interactions for grain yield appeared to be nonrandom; 
NPI234 (l-S) and UMC21 (6-L) were each involved in 
four interactions, once with each other. Only two mark- 
ers (UMC81, UMC104) showed significant interactions 
for both grain yield and ear length. 
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Appendix 

The association of RFLP marker UMC16 with grain yield can 
be used as an example for calculating linear contrasts among 
marker classes, to estimate effects and test for bands associated 
with similar effects. For each of the three bands (A, B, C) at 
UMC16, indicator values were given to testcross observations in 
F 2 marker classes according to the presence or absence of the 
band. 
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F 2 Marker bands 
marker 
classes A B C 

N Average grain yield 
of F 2 testcross 
progeny (kg ha -  1) 

AA 1.0 0.0 0.0 116 7187 
AB 0.5 0.5 0.0 50 7374 
AC 0.5 0.0 0.5 36 6953 
BB 0.0 1.0 0.0 9 7589 
BC 0.0 0.5 0.5 6 7521 
CC 0.0 0.0 1.0 3 7358 

Regressions of grain yield on their corresponding indicator val- 
ues were calculated, measured in testcross progeny from F 2 indi- 
viduals. Regressions were weighted by the number of observa- 
tions (N) per indicator value (pooled marker class). The 
ANOVA for each linear contrast using Mg ha-  l of grain yield 
in sum of squares calculations was: 

ANOVA for UMCI6  - band A 

Source of Degrees Sum of Mean F- Prob. 
variation of squares square value > F 

freedom 

Marker classes 2 1.87 
(pooled) 

linear 1 0.95 0.95 3.85 NS 
residual 1 0.92 0.92 3.74 NS 

Error 217 53.44 0.25 

ANOVA for UMC16 - band B 

Marker classes 2 3.92 
(pooled) 

linear 1 3.91 3.91 
residual 1 0.01 0.01 

Error 217 51.38 0.24 

A N O V A f o r U M C 1 6  - band C 

16.51 0.0001 
0.07 NS 

Marker classes 2 1.81 
(pooled) 

linear 1 1.11 1.11 
residual 1 0.70 0.70 

Error 217 53.50 0.25 

4.49 0.0353 
2.84 NS 

Hypothesis test were conducted at :~ _< 0.05 in each ANOVA. The 
linear contrast for band B was chosen to represent UMC16 
because it had the lowest probability value. A linear regression 
coefficient was calculated in each contrast to estimate the grain 
yield effect associated with substitution of the corresponding 
band. Significant differences between pairs of coefficients were 
determined by t-test (c~_< 0.10), taking into account the variance 
of coefficient estimates as well as eovariances among them. Es- 
timated effects associated with substitution at bands A and C 
were not significantly different (NS). 

UMC16 Estimate of SE Prob. > F  
band associated effect 

(kg ha-  1) 

B +483 119 0.0001 
A - 2 0 5  105 NS 
C - 3 1 9  NS 151 0.0353 

The estimated effect associated with substituting band B for the 
others was favorable for increased grain yield (+  483 kg ha-J) ,  
and B was unique to the donor population BSll(FR)C7. 

One possible interpretation of the behavior of grain yield 
expression associated with substitution of bands at marker 
UMC16 is as follows: bands A and C may be linked to QTL 
allele(s) with similar unfavorable effects, while band B is linked 
to different QTL allele(s) having a relatively favorable effect. 
When B is contrasted against A and C, a strong linear effect 
associated with substituting B for the other bands is detected. 
When either band A is contrasted against C and B, or band C 
is contrasted against A and B, the effect of substition is reduced 
because bands associated with similar QTL effects are being 
contrasted against each other. The linear coefficients calculated 
for bands A and C are statistically similar because effects of 
alleles associated with A and C are common in their relationship 
to effect(s) of allele(s) associated with B. 
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