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A b s t r a c t  Elite hybrids can be improved by the introgres- 
sion of  favorable alleles not already present in the hybrid. 
Our first objective was to evaluate several estimators de- 
rived from quantitative genetic theory that attempt to quan- 
tify the relative number  o f  useful alleles in potential donor  
populations. Secondly, we wanted to evaluate two pro- 
posed ways of  determining relatedness of  donor  popula- 
tions to the parents of  the elite hybrid. Two experiments, 
each consisting of  21 maize populations of  known pedi- 
gree, were grown at three and four environments in Min- 
nesota in 1991. Yield and plant height means were used to 
provide estimates of  each of  the fol lowing statistics: (1) 
LPLU,  a minimally biased statistic, (2) UBND,  the mini- 
mum estimate of  an upper bound, (3) NI, the net improve- 
ment, (4) PTC, the predicted three-way cross, and (5) 
TCSC, the testcross o f  the populations. These statistics are 
biased estimators of  the relative number  of  unique favor- 
able alleles contained within a population compared to a 
reference elite hybrid. Based on rank correlations, all sta- 
tistics except NI ranked populations similarly. The percent 
novel germplasm relative to the single cross to be improved 
was positively correlated with the estimates of  favorable 
alleles except when NI was used as the estimator. The re- 
lationship estimators agreed with the genetic constitution 
of  the donor  populations. Strong positive correlations ex- 
isted between diversity, based on the relationship rankings, 
and all the estimator rankings, except NI. Potential donor  
populations were effectively identified by LPLU,  UBND,  
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PTC, and TCSC. NI  was not a good estimator of  unique 
favorable alleles. 

Key  w o r d s  Testcross �9 Upper bound �9 Favorable alleles 
Populations 

Introduction 

Introgression of  new germplasm is a vital part of  plant 
breeding programs. While new germplasm can potentially 
contribute to a breeder 's  program, the identification of  ex- 
otic populations with useful and unique alleles can be a 
difficult task. Dudley (1984) proposed a method for iden- 
tifying populations that could contribute unique favorable 
alleles to a reference hybrid. Modifications were presented 
in a later paper (Dudley 1987). In these two papers, Dud- 
ley defined four classes o f  loci relative to a reference hy- 
brid: i, which is homozygous  favorable in the hybr id ; j  and 
k, which are heterozygous in the hybrid; and class g, which 
is homozygous  unfavorable. Expectations for various gen- 

Table 1 Expected genotypic means of the inbreds and their cross- 
e s  a. The genetic model consists of: N -- total number of loci, N = i + 
j + k + g, z = the value of the unfavorable homozygote, u = half the 
difference between the favorable homozygote and the unfavorable 
homozygote, a = the general level of dominance, and p = the favor- 
able gene frequency (Dudley, 1987) 

I I 
I2 
IlxI2 
I1XPy 

I2x Py 

=N(z+u) + ( i+ j -k -g )  u 
=N (z+u) + ( i - j+k-g)  u 
=N (z+u) + (i+ja+ka-g) u 
=N (z+u) + {i (pi+qia) + j  (pj+qja)+ k [Pk(1 +a) -  1] 

+ g [pe(l+a)-l]} u 
=N (z+u) + {i (pi+qia) + j  [py (l+a)-l]+ k (pk+qk a) 

+ g [pe(l+a)-l]} u 
PyX(I~xI2)=N (z+u) +{i (pi+qia)+j [pj+~ (a-l)] + k [pk+~ (a-l)] 

+g (Pc a -  qe) ) u 

a i1 and 12 a r e  the inbred parents of the reference single c r o s s  ( I i •  , 
Py is a donor population. I 1 has favorable alleles at i- and j-class 
loci and unfavorable at k- and g-class loci. 12 has favorable alleles at 
i and k and unfavorable at j- and g-class loci 
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Table 2 Formulas and expectations of the superiority measure estimators 

Case LPLU 

l=qjo, q~l �88 [(IlxPy) + (I2XPy) - (IlxIz) - II] 
~ g[pg(l+a)] u + ~ i (pi+qia-1) u -~jqju +~kp~ u 

2=qj0, qjl ~ (I2• - �88215 + I2] 
g [pe(l+a)] u + ~ i (pi+qia-1) u +�89 (l+a) (pj--72) u +X k [p~+qka-g2 l+a)] u 

3=qjl, qk0 g [(IIXPy) + (I2• - (IlxI2) - I2] 
g[pe(l+a)] u +/2 i (pi+qia-1) u +~jDu -~  kqku 

4=qkl, qk0 ~(IlxPv) - �88 [(IaXI2) + I1] 
g[pe(i+a)] u + g~ i (pi+q/a-t) u +~j  [pa+qja- ~ (l+a)] u +~ k (l+a) (p~-~) u 

Case decision (Dudley 1987): 

The difference between two crosses can be written as follows; 
(II•215 = [(I1xI2)-I2] q j -  [(I1xI2)-111 qk 

Solve for lower limits: if (I~• is positive, set q~=0, if negative set qj=0. No solution for q exists when the equation is positive 
and greater than ( I i •  2 or negative and greater than (I1• 

Solve for upper limits: if (Ii• + (I lxI2)-I  I is positive and less than ( I i •  set qk=l if not set qj=l. 

UBND 

min {[(IlXPy)-I1], [(I2• 

Minimum of: g [pe(l+a)] u + i (pi +q/a- l )  u + j (D+qja-1) u + k[pk(l+a)] u 
g [pe(l+a)] u + i (p/+qi a -  1) u + j  [pj(l+a)] u + k (p~+q~a- 1) u 

NI 

max { �89 [(IlXPy)- (I1• I2)], ~ [(I 2 • Py) - (I1x I2)] } 

Maximum of: gg [pe(l+a)] u + g {i (p,+qia-1) u + jD(1-a) u - kqk(l+a) u} 
�89 [pg(l+a)] u + �89 (pi+qia- 1) u - j q j  (l+a) u + kpk ( l - a )  u} 

PTC 

[(I1XPy) + (I2XPy)] 
g [pe(l+a)- 1] u + N (z+u) + (pi+qia) u + j  [pj-l/2(1-a)] u + k [pk-~A ( t - a ) ]  u 

TCSC 

Pyx (I1X I2) 
[pe(l+a)-  1] u + N (z+u) + (pi+qia) u +j[pa--g(1-a)] u + k [pk-~ ( l - a ) ]  u 

Therefore: 

PTCi- PTC/' = TCSC,- TCSCi '~ 

=1 [(Pc -Pe') (l+a)] u + i [ ( p i - p ' ) + ( q i - q ] ) a ]  u + j ( p j - p f )  u + k (Pk-P[) u 

a Empirical results failing to conform to this expectation could be due to sampling error, epistasis, or unequal genetic effects among loci 

o types  were  der ived  in terms of  these classes  and the ge- 
netic mode l  out l ined in Table 1. The re la t ive  number  of  fa- 
vorable  a l le les  in class g, (gpeu), wi l l  interest  the breeder  
most  s ince the hybr id  to be improved  has no favorable  al- 
leles at class-g loci.  This  parameter ,  gpeu, is what  Ger lo f f  
and Smith  (1988) dubbed  the super ior i ty  measure  o f  a pop-  
ulat ion.  It is the number  of  loci  in the g class,  ~, t imes  the 
favorable  gene f requency of  the g class,  pe, t imes  the ge- 
netic effect  of  the loci,  u. We wil l  use gpeu to des ignate  the 
true paramete r  value  and LPLU to des ignate  D u d l e y ' s  
(1987) es t imator  of  this parameter .  

Based  on the same genet ic  model ,  a re la tedness  meas-  
ure, also p roposed  by  Dud ley  (1987), quant i f ies  the degree  

of  re la t ionship  be tween  a popula t ion  and the parents  of  the 
reference  single cross. It is not, however ,  a measure  of  con- 
sanguini ty  (Pfarr  and L a m k e y  1992 b). 

Dud ley ' s  (1987) mod i f i ed  statist ic (LPLU),  the pre-  
d ic ted  th ree -way  cross (PTC) (Hal lauer  and Mi randa  
1988), the testcross o f  the popula t ion  to the s ingle-cross  
hybr id  (TCSC) (Kramer  and Ul ls t rup 1959; Stuber  1978), 
the min imum upper  bound  (UBND) (Ger lof f  and Smith  
1988), and the net improvemen t  stat ist ic (NI) (Bernardo 
1990 a), are all b iased  es t imates  of  the re la t ive  number  of  
favorable  al leles at the class-g loci,  i.e., gpeu. A bias exists  
because  there is a d i f ference be tween  the expecta t ions  of  
these stat ist ics and the true pa ramete r  value,  e.g., 
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E(UB ND )-2gp eu=gp eu( a-1)+i(pi  + q ia-1)u+j(pj + q j 
a -1 )u+k[px( l+a ) ]u .  Therefore  the bias  is caused by  par t ia l  
or ove rdominance  at the g, i and j loci  and effects at the 
k-class loci.  Expec ta t ions  for the stat ist ics are g iven  in Ta- 
ble  2. 

Recen t  eva lua t ions  of  LPLU,  U B N D ,  and TCSC (Ho- 
gan and Dudley  1991; Pfarr  and L a m k e y  1992 a,b) have 
used donor  popula t ions  with a def ined  percentage  of  new 
ge rmp la sm re la t ive  to the reference  single cross to be im- 
proved.  This genet ic  structure is used to study the effect  of  
novel  ge rmp la sm on the super io r i ty -measure  es t imates  
p rov ided  by  the statist ics.  In these studies,  the es t imates  
were  h igh ly  corre la ted  with the genet ic  structure of  the 
popula t ions .  

The abi l i ty  o f  the es t imates  to detect  d i f ferences  
be tween  popula t ions  has been ques t ioned due to bias ef- 
fects and s tandard  errors of  the est imators .  Misev ic  ( t989)  
c la imed  that the es t imators  could  detect  d i f ferences  
be tween  popula t ions ,  whi le  Pfarr  and L a m k e y  (1992 b) ob- 
served that L P L U  could  only d is t inguish  be tween  the most-  
d iverse  popula t ions .  

Severa l  s tudies have  also evalua ted  D u d l e y ' s  (1987) re- 
la tedness  statist ic.  Resul ts  indicate  that its pe r fo rmance  is 
consis tent  with pedigree  informat ion  (Dudley  1988; Za-  
noni  and Dud ley  1989; Hogan  and Dudley  1991; Pfarr  and 
L a m k e y  1992 b). 

The first  objec t ive  of  the present  s tudy was to evaluate  
stat ist ics for their  abi l i ty  to effect ively  ident i fy  popula t ions  
that contain  unique favorable  al leles re la t ive  to a reference 
maize  hybrid.  The second objec t ive  was to evaluate  the ef- 
fec t iveness  of  D u d l e y ' s  (1987) re la tedness  measure.  To do 
this, two series o f  donor  popula t ions  were created with 0, 
25, 50, 75, or 100% novel  ge rmplasm relat ive to the refer-  
ence s ingle cross to be improved;  one series of  donor  pop-  
ulat ions was evalua ted  for potent ia l  to improve  the single 
cross A679 xA682,  and the other to improve  FR902 xLH82 .  

Methods 

Two sets of genetic material were used for evaluating the superior- 
ity measure estimators. Donor populations in Experiment 1 were 
evaluated for their ability to contribute favorable alleles to the sin- 
gle cross, A679xA682. In Experiment 2, FR902xLH82 was used as 
the reference single-cross. The donor populations are actually single 
cross and backcross populations as indicated by the pedigrees in Ta- 
ble 3. Each experiment consists of 21 donor populations. These pop- 
ulations have a certain percentage of novel germplasm relative to the 
single cross, 0.0, 25, 50, 75, or 100%. These may not be exact per- 
centages however, since some relationship may exist between in- 
breds, for example between A679 and FR902. A backcross (BC) se- 
ries will be defined as the single cross and each parental backcross, 
for a total of seven BC series. BC series 1 contains populations with 
0.0% novel germplasm, BC series 2-5 contain populations with 25, 
50, or 75% novel germplasm, and BC series 6 and 7 contain popu- 
lations that have 100% novel germplasm relative to the reference sin- 
gle cross. This structure allows comparisons of the estimators with 
the relative expectations based on pedigree. 

Except for P3 and D474, the genetic background of the inbreds 
in these experiments is known. Based on testcross evaluations at Min- 
nesota, D474 appears to be of stiff stalk (BSSS) origin, while P3 
crosses well with lines of BSSS and non-BSSS origin. Inbreds A679 

Table 3 Donor population pedigrees and the percent novel germ- 
ptasm they contain relative to the reference single cross. Reference 
single crosses are: A679 x A682 for Experiment 1 and FR902 • LH82 
for Experiment 2 

BC Novel a Do- Exp 1 Exp 2 
series (%) nor 

1 0 P1 (A679xA682) (FR902• 
1 0 Pa (A679xA682) A679 (FR902• FR902 
1 0 P3 (A679xA682) A682 (FR902xLH82) LH82 
2 50 P4 (A679• (FR902xD474) 
2 25 P5 (A679xFR902) A679 (FR902xD474) FR902 
2 75 P6 (A679xFR902) FR902 (FR902xD474) D474 
3 50 P7 (A679xP3) (FR902• 
3 25 Pa (A679• A679 (FR902xA679) FR902 
3 75 P9 (A679xP3) P3 (FR902• A679 
4 50 Plo (A682xP3) (LH82xP3) 
4 25 Pll (A682• A682 (LH82• LH82 
4 75 P12 (A682xP3)P3 (LH82• P3 
5 50 PI3 (A682• (LH82• 
5 25 PI4 (A682xLH82) A682 (LH82xA682) LH82 
5 75 P15 (A682xLH82) LH82 (LH82xA682) A682 
6 100 P16 (FR902xP3) (D474xA679) 
6 100 P17 (FR902xP3) FR902 (D474xA679) D474 
6 100 P18 (FR902xP3) P3 (D474xA679) A679 
7 100 Pt9 (P3• (P3xA682) 
7 100 P20 (P3• P3 (P3• P3 
7 100 P21 (P3xLH82) LH82 (P3xA682) A682 

a Relative to reference single cross 

and FR902 belong to the BSSS heterotic group. A679 is an early B73 
and FR902 is a B14 type. The other two inbreds, A682 and LH82, 
are not in the BSSS heterotic group. A682 is of C103 origin while 
LH82 is from the W153R family. 

The experiments were conducted during the summer of 1991. Ex- 
periment 1 was grown at four locations and Experiment 2 at three 
locations. The three locations in common were the Rosemount Ex- 
periment Station at Rosemount, Minnesota, the Southwest Experi- 
ment Station at Lamberton, Minnesota, and the Southern Experiment 
Station at Waseca, Minnesota. The fourth location used in Experi- 
ment 1 was Olivia, Minnesota in cooperation with DeKalb Plant Ge- 
netics. A randomized complete block design was used with three-to- 
five replications per location. Py refers to a donor population and 11 
and I; are the parent inbreds of the rel'erence hybrid to be improved. 
Each block included IlXPy, I2XPy (the inbred donor population test 
crosses), duplicate plots of the single cross to be improved (IlxI2), 
and duplicate plots of the inbred parents per se (I 1 and I2). The TCSC, 
(Py• (I~xI2)), was only evaluated for Experiment 1 populations. The 
TCSC progeny were grown in a separate trial at Rosemount, Lam- 
berton, and Waseca with either four or five replications. 

All trials consisted of two row plots 6.7 m long with 0.76 m 
between rows. A timely planting in early May was achieved for all 
locations. Plots were overplanted and thinned to 59 000 plants ha -~ 
at the 6-9 leaf stage. Standard management levels and cultural prac- 
tices were used for herbicides, cultivation, and fertilization. 

Entries were evaluated for plant height and grain yield. Plant 
height was recorded as the visual mean from the soil surface to the 
flag leaf of all the plants in the plot. Grain moisture at harvest was 
recorded and grain yield was adjusted to 155 g kg -1 moisture. All 
trials were machine harvested. 

Separate analyses of variance for yield and plant height were com- 
puted for each experiment in each location and for the combined 
analysis across locations. Estimates of LPLU, and the j and k class 
relative number of allele estimates, jpju, jqju, kp~u, and kq~u, were 
calculated according to the method described by Dudley (1987). The 
UBND estimates were calculated according to Gerloff and Smith 
(1988), NI according to Bernardo (1990 b), and PTC according to 
Hallauer and Miranda (1988). 
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Table 4 Estimates of the relative number of alleles for yield at the j- and k-class loci 

Donor Experiment 1 a 

jpju jq)u kpku kqku Case c 

Experiment 2 b 

jpju jqju kp~u kq~u Case 

P1 1.16 1.84 1.11 1.11 4 
P2 2.22 0.78 0.78 1.43 1 
P3 0.54 2.46 1.68 0.54 3 
P4 2.68 0.32 0.32 1.89 1 
P5 2.70 0.30 0.30 1.91 1 
P6 2.32 0.68 0.68 1.53 1 
P7 2.47 0.53 0.53 1.69 1 
P8 2.55 0.45 0.45 1.76 1 
P9 2.00 1.00 1.00 1.22 1 
Pm 0.60 2.40 1.61 0.60 3 
Pll 0.30 2.70 1.92 0.30 3 
P12 0.88 2.12 1,34 0.88 3 
P13 0.43 2.57 1.79 0.43 3 
PI4 0.15 2.85 2.06 0.15 3 
P15 0.96 2.05 1.26 0.96 3 
P16 . . . . .  
PI7 . . . . .  
P18 1.91 1.09 1.09 1.12 1 
PI9 1.51 1.49 1.11 1.11 4 
P2o 1.65 1.35 1.11 1.11 4 
P21 1.23 1.77 l. 11 1.11 4 

SE 0.125 0.101 0.101 0.101 1 
- - - 2 

0.101 0.202 0.125 0.101 3 
0.196 0.202 0.051 0.051 4 

1.39 1.39 1.99 1.48 2 
1.93 0.86 0.86 2.62 1 
0.63 2.16 2.84 0.63 3 
2.27 0.52 0.52 2.95 1 
2.50 0.29 0.29 3.19 1 
1.93 0.86 0.86 2.62 1 
1.97 0.82 0.82 2.65 1 
2.49 0.29 0.29 3.18 1 
1.51 1.28 1.28 2.20 1 
0.46 2.33 3.02 0.46 3 
0.45 2.33 3.02 0.45 3 
1.03 1.76 2.44 1.03 3 
0.57 2.21 2.90 0.57 3 
0.22 2.56 3.25 0.22 3 
0.82 1.97 2.65 0.82 3 
1.64 1.15 1.15 2.33 1 
1.61 1.18 1.18 2.30 1 
1.47 1.32 1.32 2.16 1 
1.21 1.58 2.27 1.21 3 
1.24 1.55 2.24 1.24 3 
1.18 1.60 2.29 1.18 3 

0.132 0.108 0.108 0.108 1 
0.054 0.054 0.210 0.216 2 
0.108 0.216 0.132 0.108 3 
0.210 0.216 0.054 0.054 4 

a Based on combined means from Lamberton, Waseca, Rosemount, and Olivia 
b Based on combined means from Lamberton, and Rosemount 
c Case used to calculate the estimate: 1;qj0, qkl, 2=qj0, qjl, 3=qjl, qk0, 4=qkl, qk0 (Table 2) 

Each of the following statistics, LPLU, jpju, jqju, kpku, and kqku, 
can be calculated from four different equations. The choice of which 
equation to use is dependent upon the observed data. Different equa- 
tions are necessary such that an allele frequency value between ze- 
ro and one can be estimated. 

The statistics were compared to each other using Spearman's rank 
correlation coefficient (Conover 1971). The statistics were evaluat- 
ed by their ability to correctly rank populations with respect to per- 
cent novel germplasm in the donor populations. BC series 2-5 each 
have populations with 25, 50, and 75% novel germplasm; thus, in ef- 
fect, the BC series in conjunction with the percent novel germplasm 
creates a 4 x 3 factorial. Analysis of this factorial provided an F sta- 
tistic to test the significance of the linear effect of new germplasm 
on the superiority measure estimates within a BC series. The 21 pop- 
ulations were also divided into 0, 25, 50, 75, and 100% novel germ- 
plasm groups for an examination of the linear effect of new germ- 
plasm across a wider range of genetic diversity. 

Dudley's (1987) method for relatedness was calculated and the 
values were checked against pedigree background. Bernardo's 
(1990 b) method for determining the relationship of the population 
to 13 or I~ was evaluated, and discrepancies from Dudley's (1987) 
measure were noted.Diversity, according to Dudley's (1987) esti- 
mate, and estimates of the relative number of unique favorable al- 
leles, were also compared. 

Results and discussion 

Combin ing  data 

Experiment  2 and TCSC data at Waseca were extremely 
variable and were consequent ly  not used in the final anal- 

ysis. Bartlett 's  test for heterogeneity of error indicated that 
errors for yield (P< 0.001) and plant  height (P<.005) were 
non-homogeneous  across locations for these two trials. 
Heterogeneity of error was less s ignif icant  for Experi- 
ment  1. 

Signif icant  genotype-by- locat ion interact ion (GxL)  ex- 
isted for yield and plant  height in Exper iment  1 when all 
locations were used. When  only data from Lamber ton and 
Rosemount  were used, no plant  height G xL  was indicated. 
G xL  also was not s ignif icant  for Exper iment  2 plant  height. 
The G x L mean square was used for calculat ing the stan- 
dard errors of all statistics. When  the G x L mean  square 
was non-s igni f icant  (/)>0.20) it was pooled with the error 
variance and the pooled variance was used for calculating 
the standard errors. 

Combined  location means for the reference hybrid, its 
parents, and all popula t ion-by- inbred  crosses were used in 
all calculations. Exper iment  1 TCSC data can only be com- 
pared to other Exper iment  1 data at two locations (Rose- 
mount  and Lamberton).  Data for populat ions 16 and 17 
were only available from these two locations. 

J- and k-class allele estimates 

The j -c lass  loci are defined by loci that contain favorable 
alleles in 11 and unfavorable  alleles in 12. The k-class loci 
are those loci that contain favorable alleles in 12 and unfa- 
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Table 5 Estimator values for Experiment 1 yield (mg/ha) and plant height (cm). Combined data from Lamberton and Rosemount 

Novel Donor LPLU UBND NI PTC 

(%) Yield Ht Yield Ht Yield Ht Yield 

TCSC 

Ht Yield Ht 

0 P1 -0.21 4.0 2.07 28.5 -1.45 -6.3 7.97 201 7.88 194 
0 P2 -0.34 2.8 1.16 27.0 -1.26 -8.0 8.36 203 8.14 200 
0 P3 -0.10 3.4 1.24 19.1 -0.81 -2.7 8.19 200 7.63 200 

25 P5 -0.15 3.8 0.90 22.6 -0.75 -3.8 8.74 205 9.25 210  b 
25 Ps -0.07 2.4 1.01 15.9 -0.65 -3.2 8.90 203 9.30 203 
25 Pll -0.03 3.3 0.57 16.3 - 0 . 3 5  b - 1 . 6  b 8.32 200 8.32 196 
25 P14 0.04 2.2 0.53 11.3 -0.18 b -1.3 b 8.47 198 7.80 191 

50 P4 0.09 8. l 1.01 34.8 - 0 . 3 2  b - t .3  b 9.23 214 9.56 2i 1 b 
50 P7 0.32 5.0 1.99 27.6 - 0 . 3 5  b -3.8 9.69 208 9.44 203 
50 Pro 0.46 5.6 2.32 24.1 -0.24 b -0.7 b 9.30 205 8.83 200 
50 PI3 0.42 3.6 1.84 20.7 - - 0 . 0 8  b -3.2 9.22 201 9.21 t99 

75 P6 0.55 7.8 2.59 38.7  b - 0 . 2 0  b -3.8 10.14 213 9.70 209  b 
75 P9 0.49 6.1 2.91 32.6 -0.47 -4.1 10.03 210 9.72 209  b 
75 P12 0.75 6.5 3.39 33.0 -0.20 b -3.5 9.87 206 9.41 206 
75 P15 0 .87  b 3.6 3.92 29.1 - 0 . 2 1  b -7.4 10.13 201 9.59 196 

100 P16 0.92u 10.1b 4.04b 40.9b --0.17b --0.2b 10.89b 218b 10.49b 212b 
100 P17 0.90 ab 8.3 a 4.29 b 40.4 b -0.35 b -3.5 10.53 211 10.64 b 207 b 
100 P~8 0.93 ab 9.2 ab 4.36 b 42.0 b - 0 . 3 2  b - 2 . 7  10.78 b 214  10.67 b 207  b 
100 Pr9 1.12 ab 4 .4  a 4 .73  b 32 .6  - 0 . 1 3  b -7.4 11.07 b 204  10.66 b 201 
100 P2o 1.12 ab 8.6 b 4.74 b 40.7 b - 0 . 1 3  b -3.2 10.89 b 211 t 0 . 6 2  b 207 b 
100 P21 1.10 ab 3.9 a 4.70 b 31.5 - 0 . 1 4  b - 8 . 0  10.80 b 202  10.70 b 199 

Standard errors 

0.124 0.87 0.352 2.47 0.176 1.24 0.215 1.5 0.302 2.8 
0.164 a 1.16 a 

a These estimations have the standard error with the same note 
u Within two standard errors of the best population 

vorable  a l le les  in 11. The j -  and k-class re la t ive  number  of  
a l le le  es t imates  fo l low expecta t ions  based  on pedigree .  An  
interes t ing compar i son  can be made  be tween  the re la t ive  
al lele  es t imates  in the j - c l a s s  loci  and those in the k class 
(Table 4). Based  on y ie ld  and plant  height  data  (only y ie ld  
is shown) in Exper imen t  1, jpju est imates  for P4-P9 were 
greater  than kpku es t imates  for  P10-P15. These  two esti-  
mates  can also be compared  to each other  in P16-P21 where  
once again jpju > kpku. This could  be due to c lass- j  loci  
ou tnumber ing  class-k loci,  favorable  gene f requency at the 
j - c l a s s  loci  be ing  greater  than at the k class,  or the equal  
genet ic  effects (u) assumpt ion  not  being correct,  i.e., class-  
j loci  have a greater  effect  on y ie ld  than class-k loci.  

For  the ge rmp la sm in Expe r imen t  2, kpku>jpju for both  
y ie ld  and plant  height  data. This  is the reverse  of  Exper i -  
ment  1 results.  Therefore  in this germplasm,  k-class loci  
ou tnumber  j - c l a s s  loci ,  Pk > Pj, or loci  in the k class have 
more  effect  on the traits than the loci  in the j -c lass .  A com-  
par ison of  es t imated  al le le  f requencies  (data not shown) 
indicates  that other  factors are invo lved  bes ides  a differ-  
ence be tween  Pk and pj. 

These  results  suggest  that, in Exper iment  1, A679 is a 
bet ter  inbred  than A682 and, in Exper imen t  2, LH82  is a 
bet ter  inbred than FR902.  These  results  conform to 
b reeders '  exper iences .  

Super ior i ty  measures  

Breeders  wil l  be most  interested in the re la t ive  number  of  
favorable  al le les  in class g, the class for which the refer-  
ence hybr id  has no favorable  alleles.  C l a s s j  and k are inter- 
est ing as a check for the theory or for de te rmining  to which 
parent,  11 or 12, the popula t ion  is more  related.  Each statis- 
tic presented  in Tables 5 and 6 was evalua ted  as an es t ima-  
tor of  the re la t ive  number  of  g-class favorable  al le les  (gpeu), 
i.e. the super ior i ty  measure  of  a popula t ion .  

Based  on y ie ld  data, the es t imators  ident i f ied  near ly  the 
same popula t ions  within two s tandard errors of  the best  
populat ion.  The net improvemen t  statist ic,  however ,  was 
unable  to separate  a smal l  group of  popula t ions  as the bes t  
due to its insensi t ivi ty,  i.e., its re la t ive ly- la rge  s tandard er- 
ror. The NI statist ic was unable  to p rov ide  es t imates  sig- 
n i f icant ly  greater  than zero due to lack  of  prec is ion  and its 
negat ive  bias. Plant  height  results  were  more  var iable ,  NI 
es t imates  were very different  f rom the other  statist ic est i-  
mates  for Exper iment  1 but  were  s imi lar  for Exper iment  2. 

Popula t ions  with 25% novel  ge rmplasm were not al- 
ways  ident i f ied  as having a s igni f icant  super ior i ty  meas -  
ure by LPLU and UBND.  However ,  it is not  the absolute  
values  of  the es t imates  that are of  use but  rather  the value  
of  a popula t ion  re la t ive  to other popula t ions  be ing  evalu-  
ated in the same exper iment .  The inabi l i ty  to detect  smal l  
es t imates  s igni f icant ly  different  f rom zero is not  a major  
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Table 6 Estimator values for Experiment 2 yield (mg/ha) and plant height (cm). Combined data from Lamberton and Rosemount 

Novel Donor LPLU UBND NI PTC 
(%) 

Yield Ht Yield Ht Yield Ht Yield Ht 

0 Pj -0.24 a 4.0 a 2.32 23.5 -1.63 -3.8 8.20 174 
0 P2 -0.04 4.3 a 1.64 24.0 -0.90 -3.5 8.00 184 
0 P3 -0.18 4.8 0.91 21.0 -0.81 -1.0 8.41 172 

25 P5 0.04 2.9 0.66 12.0 -0.25 -0.3 8.16 182 
25 Ps 0.37 6.6 1.33 23.0 0.08 b 1.8 8.82 189 
25 Pll -0.07 6.4 0.77 21.5 -0.53 2.0 8.62 175 
25 P14 0.14 6.6 0.72 21.0 - 0 , 09  b 2.8 9.04 176 

50 P4 0.19 5.0 1.42 21.0 -0.33 -0.5 8.46 186 
50 P7 0.69 7.3 3.03 29.0 -0.13 b 0.0 9.46 191 
50 P10 0.14 9.8 1.19 31.5 -0.32 3.8 9.05 182 
50 P13 0.42 11.8 2.00 36.5 -0.15 5.3 9.61 186 

75 P6 0.63 5.8 2.97 23.0 -0.23 0.0 9.33 188 
75 P9 0.98 12.8 a 4.52 41.0 -0.30 5.0 10.04 199 b 
75 P12 0.43 a 11.3 a 2.92 38.0 -0.60 3.5 9.62 187 
75 P15 0.72 a 15.0 ab 3.07 45.5 b -0.11 b 7.3 b 10.20 193 

100 P16 1.32 b 11.3 a 4.93 b 38.0 0.17 b 3.5 10.71 b 198 b 
I00 Pt7 0.95 9.3 a 4.25 34.0 -0.23 1.5 9.98 193 
100 Pla 1.36  b 12.3  a 5 . 3 7  b 40.0 0.04 b 4.5 10.81 b 198 b 
100 P19 0.88 a 13.8 a 4.17 43.0 -0.33 6.0 1 0 . 5 2  b 196 b 
100 P2o 0.79 a 14.0 a 4.06 4 3 . 5  b - 0 . 4 4  6 .3  b 1 0 . 3 6  198  b 
100 P2l 0.91 a 16.5 ab 4.20 48.5 b -0.27 8.8 b 10.59 b 198 b 

Standard errors 

0.108 0.94 0.306 2.66 0.153 1.33 0.188 1.6 
0.143 a 1.24 a 

a These have the standard error that is so marked 
b Within two standard errors of the best population 

concern when the goal  is ident i f ica t ion  of  the best  popula-  
t ions in the exper iment .  The prob lems  that cause this are 
of  concern,  however .  The p r imary  p rob lem appears  to be 
insens i t iv i ty  o f  the statist ics.  Because  of  this, exot ic  pop-  
ulat ions that have litt le donor  value wil l  be diff icul t  to dis-  
t inguish f rom one another  i f  the popula t ions  are all s imi-  
lar. Ei ther  the bias  is mask ing  smal l  d i f ferences  or the stan- 
dard error  is too large.  The statist ics are s imi lar  in their  
sensi t iv i ty  based  on s tandard errors except  for  NI which 
has a larger  s tandard error and is less able to detect  differ-  
ences among popula t ions .  The mask ing  due to the bias wil l  
change  with the choice  o f  es t imator  and the genet ic  popu-  
lat ions be ing  evaluated.  L P L U  is min ima l ly  b iased  based  
on expec ta t ions  and should be less suscept ib le  to these 
changes;  however ,  NI seems to be espec ia l ly  suscept ib le  
to change  of  genet ic  background.  The corre la t ion  be tween  
es t imator  rankings  of  the popula t ions  are compared  in 
Tables 7 and 8. Note  the di f ference in corre la t ions  of  
NI  with the other  es t imators  for p lant  height  in Exper iment  
2 compared  to Exper iment  t.  In addit ion,  NI is h ighly  
var iable  in how it ranks popula t ions  with respect  to the 
other stat ist ics in different  environments .  For  example ,  its 
rank corre la t ion  with the other stat ist ics changes  depend-  
ing on the number  of  locat ions  be ing  analyzed.  The other  
es t imators  are more  consis tent  re la t ive  to each other. PTC, 
LPLU,  U B N D ,  and TCSC all rank  the popula t ions  s imi-  
larly. 

Two approaches  were used for compar ing  expec ted  sta- 
t ist ic rat ios with pedigrees .  The four different  series of  
backcross  popula t ions  (series 2 -5 )  at three levels  o f  per-  
cent  novel  ge rmplasm (25, 50, 75%) were ana lyzed  as a 
4x3 factorial .  The interact ion term was used as the error  
for test ing s igni f icance  of  the ind iv idua l  l inear  contrasts  
within a BC series. PTC, LPLU,  and U B N D  increased l in- 
ear ly with percent  novel  ge rmp la sm within a backcross  se- 
ries.  TCSC showed this re la t ionship  for only  one BC se- 
ries and NI did not  show this re la t ionship  at all for yield.  
Resul ts  based  on p lan t -he ight  analysis  were  s imi lar  but  less 
consistent ;  some BC series showed no l inear  effect  o f  per-  
cent  novel  ge rmp la sm on the super ior i ty  measure .  

The es t imates  were also evalua ted  by  compar ing  per-  
cent  novel  ge rmp la sm in the donor  popula t ion ,  0, 25, 50, 
7 5 , 1 0 0 % ,  with the mean  es t imates  of  each class (Table 9). 
A strong percent  ge rmp la sm l inear  effect  on the es t imates  
results  in high corre la t ion  coeff ic ient  values.  LPLU,  PTC, 
and TCSC values were  s ignif icant ,  and U B N D  approached  
s igni f icance  (P-va lue  approx ima te ly  0.09). The higher  P -  
value was due p r imar i ly  to the 0% novel  ge rmplasm group 
(PI-P3). These  popula t ions  are expec ted  to have a large bias 
for U B N D  est imates .  U B N D  for popula t ion  1 had an es- 
pec ia l ly  large bias due to pj and Pk, both at 0.5. To have 
less bias,  U B N D  needs one of  these to be closer  to zero. 
With  the except ion  of  NI effects based  on p lant  he ight  in 
Exper imen t  2, only  NI  had non-s igni f icant  l inear  effects.  
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Table 7 Superiority measure rank comparisons determined from 
yield data. Experiment 1 (17 df~), [Exp. t, 2 locations (19 dJ)] b, and 
Exp. 2 (19 dJ) 

Exp NI PTC LPLU TCSC 

1 2 1 2 1 2 1 

UBND 0.26 0.29 0.85** 0.85** 0.84** 0.90**- 
(0.47") b (0.86**) (0.89**) (0.81"*) 

NI 0.43 0.47* 0.65** 0.54* - 
(0.65**) (0.74**) (0.47*) 

PTC 0.91"* 0.92**- 
(0.95**) (0.93**) 

LPLU 
(0.87**) 

*,** Significant at P=0.05 and P=0.01 levels 
a Degrees of freedom 
b Determined from data at only Rosemount and Lamberton, Minne- 
sota 

Table 8 Superiority measure rank comparisons determined from 
plant height data. Experiment 1 (17 dfa), [Exp. 1, 2 locations (19 
de)] b, and Exp. 2 (19 de) 

Exp NI PTC LPLU TCSC 

1 2 1 2 1 2 1 

UBND -0.34 0.82** 0.80** 0.80** 0.87** 0.92** - 
(-0.05) b (0.84**) (0.92**) (0.63**) 

NI -0.10 0.66** 0.02 0.96** - 
(0.15) (0.20) (0.19) 

PTC 0.81"* 0.79**- 
(0.90**) (0.89**) 

LPLU 
(0.71"*) 

*,**Significant at P=0.05 and P=0.01 
a Degrees of freedom 
b Determined from data at only Rosemount and Lamberton, Minne- 
sota 

Table 9 Correlations determined by comparing percent novel 
germplasm with estimates of the superiority measure (SM), three de- 
grees of freedom 

SM Yield Plant height 

Exp 1 Exp 2 Exp 1 Exp 2 

All Two All Two 
locs a locs b locs a locs b 

LPLU 0.99** 0.99** 1.00"* 0.90* 0.94** 0.99** 
UBND 0.89* 0.90* 0.89* 0.81" 0.83* 0.93* 
NI 0.73 0.84* 0.70 0.28 0 . 0 8  0.95** 
PTC 1.00"* 1.00"* 1.00"* 0.88* 0.95** 1.00"* 
TCSC 0.99** 0.97** 

*,**Significant at P=0.05 and P=0.01 
a Includes Lamberton, Waseca, Rosemount, and Olivia (14 dJ) 
b Includes Lamberton, and Rosemount (16 df) 

Relationship 

Dudley (1987) also proposed a statistic that indicates to 
which parent of the reference hybrid the population is more 
related. T h e j  and k-classes are related to the reference hy- 
brid parents I s and 12. I f  a population has more j-class fa- 
vorable alleles than k, we should expect the population to 
be more related to I~, and vice versa. The number of  unfa- 
vorable alleles at each class should also be considered. Ac- 
cording to Dudley (1987): 

relationship=(jpju + kqkU ) -  (jqju + kpkU ) 

=(I2XPy)-(IlXPy)+0.5(Ii-I2) (1) 

This equation indicates a relatedness to I 1 when positive 
and to 12 when negative. Intermediate values, closer to zero, 
represent populations related to neither inbred more 
strongly than the other. The signs and relative values of 
Dudley's  (1987) relationship estimates conform to expec- 
tations based on pedigrees, for both yield and plant height 
in the two experiments (Figs. 1 and 2). 

Bernardo's method (1990 b) to determine to which par- 
ent the population is most related differs from Dudley's 
(1987) relationship measure by a constant. Dudley (1987) 
includes half the difference of the measured parental traits 
in his algorithm (equation 1). Bernardo (1990 b) simply 
states that if I~• > I2XPy the population is more related to 
12. In our experiments the two methods were in agreement 
for all but a few populations. It appears that the two meth- 
ods can differ for populations that are not related to either 
inbred more strongly than the other. Dudley's (1987) 
method agreed more with pedigree information, especially 
when the trait value differed greatly between the two par- 
ents. For example, plant height differs greatly between 
FR902 (161 cm) and LH82 (133 cm), the parents in Experi- 
ment 2. Consequently Bernardo's (1990b) method agreed 
less with Dudley's (1987) method in Experiment 2. Dudley's 
(1987) relatedness measure showed better agreement with 
pedigree information. P2 is an example of this when Experi- 
ment 2 plant height data was used. P2 contains mostly FR902 
germplasm yet Bernardo's (1990 b) method indicates that 
this population is more related to LH82 than FR902. 

Populations 4-21 were ranked, based on the absolute 
value of their relatedness measure. Relationship to either 
parent gives large values. We expected greater superiority- 
measure estimates for populations less related to the par- 
ents of the hybrid to be improved. LPLU, UBND, PTC, 
and TCSC conformed with this expectation. NI estimates 
had no correlation with relatedness based on yield, a neg- 
ative correlation based on Experiment 1 plant height, and 
a positive correlation based on Experiment 2 plant height. 
Also, TCSC based on plant height was not correlated with 
relatedness in Experiment 1. 

Implications 

Estimates based on plant-height data were highly variable 
and differed more from expectations than did estimates 
based on yield. Probably fewer loci control plant height 
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Fig. 1 Dudley's relationship estimates based on yield data. Positive 
values indicate the population is more related to 11 and negative vaI- 
ues indicate more relationship to 12 
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loci in order for a net gain to occur. Examination of the ex- 
pectations (Table 2) can provide a probable reason for such 
different results for NI estimates. 

NI is the only estimator we evaluated that had a nega- 
tive bias due to j-  and k-class loci effects. All the other es- 
timators are biased positively by these effects. In addition, 
bias due to partially-dominant alleles in the j and k-class 
is a positive effect for NI and a negative one for the other 
estimators. NI is truly estimating the net good of a popu- 
lation and not necessarily the unique alleles available at 
class-g loci. If  not for its inability to detect differences 
between populations, NI could be a useful statistic for eval- 
uating populations for immediate improvement of a hybrid 
considering all loci classes, not just class-g loci. 

For estimating the superiority measure, the statistics 
LPLU, UBND, PTC, and TCSC all appear to give similar 
results, with similar ability to detect differences among 
populations. The estimator to use depends upon the re- 
sources available and the goal of the donor evaluation, e.g., 
identifying populations to use in parent building, or for di- 
rect improvement of the hybrid. Less expensive mass test- 
ing of populations could be best done with TCSC since it 
requires approximately half the resources of the other es- 
timators. 

The effectiveness of LPLU was as great as, or greater 
than, that of the other estimators. If  the most accurate meas- 
ure of a population is needed, it should be used. It could 
effectively identify the best and worst donor populations, 
and it is minimally effected by the other loci classes. Also, 
since the relative number of j-  and k-class allele estimates 
are provided from the same data, Dudley's  theory (1987) 
provides more information than the other methods. This 
information is important in deciding relationship to the in- 
breds, and potential gain from using a population. 

Acknewledgements We thank Dekalb Plant Genetics and Dr. Marv 
Boerboom at Olivia, Minnesota for their cooperation in this study. 

Fig. 2 Dudley's relationship estimates based on plant height data. 
Positive values indicate the population is more related to 11 and neg- 
ative values indicate more relationship to I2 

than yield. Because of this, several alleles may have a large 
genetic effect (u) on plant height. Because yield may be 
controlled by more loci the assumption of equal genetic ef- 
fects among loci is most likely closer to being true than is 
the case for plant height. 

Of the estimators we evaluated, NI is the only one that 
can be readily discarded as an estimator of gpeu. It gave 
different results from the other estimators for yield in both 
experiments and for plant height in Experiment 1. Sec- 
ondly, it seemed to be more influenced by environments 
and genetic background. The net improvement statistic 
(NI) was proposed to identify populations that could pro- 
vide an immediate contribution to a reference hybrid. This 
is based on the idea that favorable alleles gained at class g 
must contribute more than alleles lost at the j-  or k-class 
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