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wobei k = 1, 2 . . . . .  p ist, m6glich sind. E ine  be- 
s t immte  I n t e r a k t i o n s k o m p o n e n t e  eines p2 faktoriel-  
len Versuchs, (A BP-1)g, wobei g = o, 1 . . . . .  p - -  1 
ist, wurde benu tz t ,  u m  diese par t ie l len  Wieder-  
ho lungen  aufzubauen ,  well die Se lbs tungen  die 
E lemen te  von  (A BP-1)0 sin& Eine  Liste unvol ls t / in-  
dig dialleler Kreuzungsversuche  (PDC) wird ffir ver- 
schiedene Wer te  von  x u n d  p gegeben. Zugleich wird 
ein Algor i thmus  ftir den Aufbau  yon  PDC-Anlagen  
des obigen Typs  mitgete i l t .  

Diallele Kreuzungspl / ine  u n d  ve rwand te  genetische 
Verfahren f inden auch auf vielen Gebie ten  aul3erhalb 
der Genet ik  direkte  u n d  indi rekte  Anwendung .  
Es wird eine Anzahl  spezifischer Beispiele diskut ier t ,  
u m  die Mannigfa l t igkei t  der A n w e n d u n g  yon  CDC- 
u n d  PDC-Verfahren  darzulegen.  Die besprochenen  
Beispiele umfassen  die K o n k u r r e n z  zwischen Weizen-  
sorten,  Berufsklassif iz ierungen,  Mi t te i lungen  zwi- 
schen Einzelpersonen,  Drogenanwendung ,  Lehr- 
methoden ,  Hahnenkf impfe  u n d  Turniere .  
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Genetic Variances in the Open-Pollinated 
Variety of Maize, Iowa Ideal .1 

ARNEL R. HALLAUER 

Summary. Iowa Ideal is a white, open-pollinated va- 
riety of corn that  has been under mass selection (or indi- 
vidual plant  selection) for the improvement of grain yield. 
In  order to make a comparison between the observed and 
predicted response to selection for increased grain yield, 
a mating design was imposed on the original Iowa Ideal 
variety. Ninety-six half-sib families containing 384 full-sib 
families were developed and evaluated in three environ- 
ments. Estimates of additive and total genetic variances 
were obtained for grain yield and eight other traits. 

For all traits, the estimates indicated that  the greatest 
proportion of the total genetic variance was due to addi- 
tive effects ; this was under the assumption of no epistasis. 
The estimates for yield indicated that  approximate 80% 
of the total  genetic variance was additive. This would 
indicate that  some form of intra-population selection 
should be effective, initially, for increasing the frequency 
of favorable factors determining yield. Additive genetic, 
genotypic, and phenotypic correlations showed that  ear 
length was the most important  component of yield in the 
Iowa Ideal variety. 

* Dedicated to Dr. GEORGE F. SPRAGUE on the occas- 
ion of his 65th birthday. 
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and JAMES A. WRIGHT~ 

The initial evaluation of the original and three recon- 
sti tuted populations, formed by compositing equal quan- 
tities of seed from individually selected ears, was made in 
1965. The observed progress for increased grain yield was 
less than the predicted on the basis of the variance com- 
ponent estimates. For a selection intensity of 7.5% in 
each cycle of selection, observed progress for increased 
grain yield was 1.5% per cycle or year. Either the esti- 
mates of additive genetic variance were over-estimated, 
or the individual plant  selection techniques were not  
precise enough to properly identify the higher-yielding 
genotypes in the selection program. 

Introduction 

The de t e r mi na t i on  of genet ic  va r i ab i l i ty  of a quan-  
t i t a t i ve  t r a i t  is based upon  the divis ion of the pheno-  
typ ic  va lue  in to  genetic and  e n v i r o n m e n t a l  effects. 
If the  observed pheno type  (P) of a q u a n t i t a t i v e l y  
inher i t ed  character  is de t e rmined  add i t ive ly  b y  gene- 
tic (G) and  e n v i r o n m e n t a l  (E) effects (i.e., _P = G + 
+ E), it  is i m p o r t a n t  to the p l a n t  breeder  to know 
how much  of the va r i a t ion  in  the  pheno typ ic  values  
can be a t t r i b u t e d  to genet ic  and  e n v i r o n m e n t a l  forces. 
A knowledge of the re la t ive  con t r ibu t ions  of the  
var ious types  of genet ic  effects present  for q u a n t i t a -  
t ive t ra i t s  in the popula t ions  undergo ing  selection is 
also basic to all p l an t -b reed ing  programs.  Es t ima tes  
of her i tab i l i ty ,  predic t ion  of response to selection, 
and  the designing of the most  effective breeding sche- 
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mes are dependent upon the relative proportions of 
additive and non-additive genetic effects and envi- 
ronmental  deviations. If the estimates of genetic 
variance indicate tha t  the additive genetic variance 
is of maj or importance, heritabili ty would be expected 
to be relatively high, and single plant selection (mass 
selection) or selection among progenies should initi- 
ally be effective in improving the trai t  under conside- 
ration. If a major portion of the genetic variation is 
non-additive, an inbreeding and hybridization pro- 
gram may be the most effective alternative breeding 
scheme. In either case, the most effective breeding 
scheme is determined by  the type of gene action 
present in the population under consideration; the 
lack of this basic information results in a breeding 
program that  is largely empirical. 

COMSTOCK and ROBINSON (1948) presented the 
theory and methods for s tudy of genetic variation for 
quant i ta t ive characters in maize (Zea mays L.). Since 
then, studies in maize have been reported tha t  esti- 
mated the relative portions of additive and non-addi- 
t ive genetic variance in F~ and advanced generation 
populations from two inbred lines, open-pollinated 
varieties, and synthetic varieties. With the exception 
of the studies reported by  WILLIAMS et al. (1965), 
CI~I (1965), EL-ROUBY (1965) and COMPTON etal.  
(1965), these have been summarized by  GARDNER 
(1963) and GOODMAN (1965). Generally, the mating 
designs used provided estimates of covariance half- 
sibs and full-sibs developed from non-inbred parents. 
Thus, only additive and dominance variances were 
estimable. 

Additive genetic variance has been shown to exist 
in moderate amounts in most maize populations; 
although, it was acknowledged that  dominance prob- 
ably exists at some or a majori ty of the loci involved. 
The initial estimates were obtained in F 2 populations 
developed from two inbred lines (ROBINSON et al., 
1949). Estimates of average degree of dominance 
were obtained that  indicated over-dominance was 
operative at some loci for some traits. They empha- 
sized, however, tha t  linkage may have biased the esti- 
mates of additive and dominance variances. Studies 
on advanced generations develope d by  random mat- 
ing the F~ and subsequent generations (GARDNER and 
LONNQUIST, 1959; ROBINSON et al., 1960 ) have indi- 
cated that  linkage was a factor in the estimates ob- 
tained in the F~ generation of a cross of two inbred 
lines. 

Very few data have been reported on the relative 
importance of epistatic variance in maize, although 
procedures have been presented by COCKERHAM (1956, 
1961 ) for the estimation of epistatic variance. A 
s tudy by  EBERHART et al. (1966) indicated that  the 
epistatic variance is relatively small compared with 
the total genetic variance in maize populations. How- 
ever, qualitative evidence for the presence of epista- 
tic effects in specific combinations of inbred lines of 
maize have been reported (BAUMAN, 1959; GORSLINE 
1961 ; GAMBLE, 1962 ; SPRAGUE et al., 1962 ; EBERHART 
et al., 1964). 

Materials and Methods 

Iowa Ideal is an open-pollinated variety that  has 
been under mass selection for the improvement of 
yield at Ames, Iowa. The variety is characterized by  

having a tall, vigorous plant type, tillers, and white 
seeds on long, cylindrical ears. Information was 
desired about the nature of the gene action involved 
in yield, primarily, and for eight other traits in the 
Iowa Ideal variety. 

The Design I experiment, described in detail by  
COMSTOCK and ROBINSON (1948), was the mating 
design used to develop the experimental material. To 
minimize the possible effects of assortative mating, 
the mating procedures suggested by  LINDSEY et al. 
(1962) were used. One hundred random plants (males) 
were each mated to six random plants designated as 
females. At harvest, ears were obtained from the first 
four plants for each particular male that  had suffi- 
cient viable seed for testing. Ninety-six male groups 
(half-sib families) were obtained, and resulted in 
384 full-sib families. The material was developed in 
1964 by  using seed from a bulk sample of the original 
Iowa Ideal stock used to initiate the mass selection 
experiment. 

The seed produced in 1964 was grown at three loca- 
tions (Kanawha, Ames, and Ankeny) in 1965. A 
randomized incomplete block design was used. Twel- 
ve male groups were randomly assigned to each set; 
thus, each set contained 48 full-sib families. The 
full-sib families were randomly assigned to each plot 
and replicated twice within the set to produce 96 
plots for each set. Eight such sets constituted an ex- 
periment at each location. Precision of comparison 
among progeny means was reduced by  this group- 
ing, but  the primary interest of the experiment 
was to obtain estimates of genetic variance for the 
Iowa Ideal population rather  than progeny mean 
performance. 

Each plot contained 17 hills spaced 25.4 cm apart  
within a single row. The distance between rows (or 
plots) was approximately 1 meter. Each plot was 
over-planted and later thinned (without selection) to 
one plant per hill. Final stands were excellent in 
each experiment. 

Data  were obtained for lo competitive plants 
within each plot, whenever possible. The characters 
measured were number of tillers, plant and ear height 
(cm), ear length and diameter (cm), kernel row num- 
ber, weight of 300 kernels (gms), and total yield (ex- 
pressed as gms per plant). Average silking date was 
obtained for the Ames location only. Number of 
tillers were determined by actual count for lO border- 
ed plants within each plot. Plant and ear height mea- 
surements were made after anthesis at each location. 

The ear measurements and yield were determi- 
ned from ears harvested from lO competitive plants 
and artificially dried to uniform moisture.  Ea r  
length and diameter  measurements and kernel row 
number counts were made on the top ears before 
shelling. The ears (including second ears, if pre- 
sent) for each plot were shelled in bulk and weighed 
to the nearest gram. Average yield per plant for 
each plot was calculated by dividing the weight of 
shelled grain by the number of bordered plants in 
each plot (a maximum of lO). A random sample was 
obtained from the bulk shelling of each plot to make 
the 3Do-kernel measurements. The 3Do-kernel samp- 
les were counted by an electronic seed counter and 
weighed to the nearest decigram. 
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The analyses of variance 
for each t rai t  were computed 
on plot means. Each set was 
analyzed and then pooled for 
all sets at each location for 
each trait .  The form of the 
analysis of variance for each 
set was presented by  Co~- 
STOCK and ROBINSON (1948), 
and an example was given 
by  ROBINSON et al. (1949) 
tha t  involved pooling for all 
sets in one environment.  The 
analysis of variance for one 
experiment is shown inTable 1. 
A combined analysis of the 

Table 1. Form o/ the analysis o/ var iance/or  ]ull-sib and hal/-sib progenies pooled 
over sets tested in one environment. 

Degrees of freedom Mean Expected 
Source of variation General Experiment* square mean square** 

s - - 1  7 
s ( r - -  1) 8 
S ( m  - -  2) 8 8  M I a 2 + 2a~[ m + 8a~,, 
sm (/ -- 2) 288 M z a ~ + 2a}l m 
s ( r -  1) (m]-- 1) 376 Ms az 
s r m / -  I 767 

* s, r, m, and l refer to sets, replications, males, and females, respectively. 
** a~ = variance due to genetic differences among males = eovarianee half-sibs. 

e~lm = variance due to genetic differences among females mated to the same male = covariance full-sibs - 
covariance hal f-sibs. 

o' = (@, w + a~ w)[lo + @ where a } W and a~ W are th . . . .  ironmental and genetic variance among plants in 
the same plots; @ is the variance among plots. 

Sets 
Replications in sets 
Males in sets 
Females in males in sets 
Pooled error 
Total 

three experiments provided estimates of the effects 
due to males and females by  location. The general 
form for the combined analysis of variance over ex- 
periments was given by  LINDSEY et al. (1962). 

Because of the mating design used, the components 
and 2 have genetic interpretations. of variance, ffm at/m, 

The component  of variance, a~, arises from the ge- 
netic differences among the male parents and is the 
covariance of half-sibs. The component  of variance, 
allm,~ is due to the genetic differences among female 
parents  mated  to the same male parent  and is the 
covariance of full-sibs minus the covariance of half- 
sibs. The assumptions made in deriving the mean 
squares were (1) parental  plants used in making the 
crosses are non-inbred members  of the variety,  (2) 
regular diploid behavior, (3) no maternal  effects, (4) 
equilibrium of repulsion and coupling phase linkages, 
(5) no selection of parental  plants, and (6) no epistasis. 
If  the assumptions are fulfilled, the genetic interpre- 
tat ions are as follows: 
a~ = covariance half-sibs = (1/4) a~ ; and 
a~/m = covariance full sibs minus covariance half- 

sibs = 0/4) a~i + (1/4) a~ .  
Then, 4 a~ is the additive genetic variance (a~i), and 
4 a~/m is the total  genetic variance (cr~ = a} + a~) 
under the assumption of no epistasis. If  an estimate 
of dominance variance (@) is desired, this may  be 
computed as 4 a ] t m - - 4  a~. Since the components 
of variance were est imated as linear combinations of 
independent mean squares, the variance of the com- 
ponents of variance [V( i)] was computed as follows: 

v ( , )  = O/c ~) X Y(MS,) = 
i 

= (2/C2) 2]  [ (MSd2/ (d . f . ,  + 2)],  
i 

where MS~ are the appropriate  mean squares in the 
analysis of variance. 

Additive genetic, total  genetic, and phenotypic 
correlations were obtained for all pairs of trai ts  ex- 
cept silking date. I t  has been shown tha t  the ex- 
pectations of the mean cross-products have the same 
form as the expected mean squares (MODE and RO- 
BINSON, 1959). Assuming absence of epistasis, the 
correlations among pairs of traits in one environment 
were computed as follows: 

additive genetic correlation = ~A = S,nm'  / ~ / ~ ' ;  

total  genetic correlation = ~ = S//mt,/m,/~/S~m. S}/m' ; 

and phenotypic correlation = 

~ = s.,  + 4 S,mr/m'#(s~ + 4 q/m) (S~, + 4 4'/"), 
where Smm', Sl/mf/m', and s , ,  are the est imated cova- 
fiance components for males, females in males, and 
plot effects, respectively, for a pair of traits. The 
phenotypic correlations computed from the combined 
analysis for the three environments also included an 
estimate of the genotype by  environment  effect, 
4 S~lmx,, 4 s}/m,×l, and 4 Sllmxt'lm'xl" 

R e s u l t s  

The mean performances for each t rai t  are shown in 
Table 2. Environmental  conditions varied for the 
thlee locations, as evidenced by  the differences in the 
means for each of the traits. Yield at the Ames loca- 
tion was depressed because of a stress period during 
Ju ly  and August. Very poor seed set was obtained on 
many  plants, and barrenness was common in some 
plots. All measurements  except number  of tillers and 
weight of 300 kernels were less than for the Kanawha  

Table 2. Mean  per/ormance (~) and standard errors (a) /or 9 traits obtained/rom 384/ul l -s ib  progenies grown in 3 ex- 
periments (Kanawha,  Ames,  and Ankeny )  in Iowa, 1965. 

Traits 

Experiment Height (em) Ear (cm) 

Kanawha 

Ames ~" 
cl 

Ankeny 
a 

Combined X, 

Date silk 

m 

30.4 
1.89 

Number 
of tillers 

1.5 
0.40 
0 . 9  
o.36 
0 . 6  

o.33 
1.O 

o.36 

Plant Ear 

255.1 134.1 
7.04 8.14 

240.2 123.8 
9.38 8.07 

258.6 139.3 
8.30 7.42 

251.3 132.4 
8.30 7.88 

Length Diameter 

18.3 4.7 
1.27 0.26 

17.o 4.5 
1.7 ° 0.28 

17.9 4.7 
1-55  0 . 2 6  

17.7 4.6 
2.51 0.27 

Kernel 
row no. 

1 7 . 1  
0.82 
16.8 
0.8 4 

17.1 
o.81 

17.o 
0.82 

Wt. 300 
kernels 
(gins) 

7 1 . 2  

7.04 

74.5 
6.79 

80.3 
7.78 

75.3 
7 . 2 1  

Avg. yield 
per plant 

(gms) 

147.4 
23.31 

12o.6 
31.49 

149.1 
29.46 

139.o 
28.29 
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Table 3. Estimates o~ additive genetic variance (a~), total genetic variance (ab), their interactions with locations (a~xL and 
Cr~xL), the ratio o[ additive and total genetic variance (a~/a~) /or 9 traits o/ the Iowa Ideal variety obtained in 3 experi- 

ments in 1965 . 

Trait Experiment a~ a~ 

Tillers 

Plant height 

Kanawha 
Ames 
Ankeny 

Combined 
Kanawha 

0.44 4- 0.09 
0.32 4- 0.07 
0.26 + 0.06 
0.32 + 0.06 

244 4- 48 

Ear height 

Ear length 

Ear diameter 

Kernel row number 

Weight 300 kernels 

Yield per plant 

Date silk 

A m e s  
Ankeny 

Combined 
Kanawha 
Ames 
Ankeny 

Combined 
Kanawha 
Ames 
Ankeny 

Combined 
Kanawha 
Ames 
Ankeny 

Combined 
Kanawha 
Ames 
Ankeny 

Combined 
Kanawha 
Ames 
Ankeny 

Combined 
Kanawha 
Ames 
Ankeny 

Combined 
Ames 

219 
224 
224 
284 
268 
250 
261 

2.14 :~ 
3.81 4- 
3.31 4- 
2.55 4- 
0.02 4-  
0.04 4- 
0.04 4- 
0.03 4- 
2.98 -[- 
2.62 -[- 
2,85 ± 
2.724- 
28.4 4- 
60.7 4- 
75.2 4- 
41.7 4- 
361 4- 
995 -4- 

lO57 4- 
576 4- 

11.4 4- 

-t-45 
4-47 
4-43 
4-55 
4-52 
4-50 
q-48 

0.56 2.91 
o.88 2.19 
o.80 2.98 
0.56 2.23 
0.o5 o.04 
0.02 0.06 
O.O1 0.06 
O.O1 0.04 
0.59 2.54 
0.57 3.29 
0.57 2.55 
o.54 2.83 
11.6 81. 7 
15. 9 80.2 
19.8 95.7 
11.5 78.7 
122 599 
258 782 
269 12o7 
149 670 
2.4 9.6 

0.36 4- 0.06 
o.31 q- 0.06 
0.26 4- 0.04 
0.30 4- 0.03 

21o -b 27 
146 4- 3 ° 
2o7 4- 30 
19o 4- 21 
209 4- 3o 
192 4- 28 
227 4- 29 
195 4- 20 

4- 0.56 
4- 0.78 
4- o.73 
4- o.34 
4-  0 .02 
4- 0 .02  
4- 0 .02  
! O.Ol 

4- 0.34 
4- 0.40 
+ 0.34 
4- 0.27 
4- 16.6 
4- 15.8 
-q- 20 .0  
4- 9.9 

4- 16o 
4- 271 
4- 275 
4-  111 

-J[- 1. 5 

1.22 
1.o 4 
1.OO 
1.o 7 
1.16 
1.50 
1.08 
1.18 

1.36 
1.4 ° 
1.10 
1.34 
o.74 
1.74 
1.11 
1.14 
0.5 ° 
0.67 
0.67 
0.75 
1.17 
0.80 
1.12 
o.96 
0.35 
0.76 
0.79 
o.53 
0.6o 
1.27 
0.88 
0.86 
1.19 

o . 0 1 8 4 + o . 0 o 8 5  

5.284-4.60 

o.o152 4-o.o2ol 

-2.38 4- 9.84 

7.22 4-4.88 

0.53 4- 0.20 

0.00684-0.0054 

0.0896-[-0.0490 

13.o5 4-4.63 

2294-76 

14.12+9.67 

0.474-0.35 

0 . 0 1 6 8 4 - 0 . 0 1 1 0  

0.0336-4-0.0980 

7.27 4- 7.88 

1 9 3 - 1 - 1 2 5  

and Ankeny experiments. Because of the scattered 
seed set, kernel weight was not lower at Ames than 
at the other two locations. Except  for number of 
tillers and kernel weight, the mean perfolmances were 
similar for the Kanawha and Ankeny experiments. 

The standard errors for each of the traits were 
similar for all locations, except yield. As expected, 
the standard error for yield was highest at the Ames 
location; Ankeny also had a large standard error, 
probably due to the effects of severe lodging before 
harvest. No trend is apparent for the relative magni- 
tude of the standard errors for the other traits. 

The estimates of additive genetic variance (0`~), 
total  genetic variance (~), their interactions by 

0.2 2 locations ( ~×L and OGxL), and the ratio of addi- 
tive to total genetic variance 2 (0`A/~4) are shown in 
Table 3. Except  for ear diameter at Kanawha and 
Ames, the estimates of a~ were larger than twice 
their s tandard errors; the estimate at Ames was equal 
to twice its s tandard error. The estimates of aS were 
larger than twice their standard errors for all traits at 
all locations except for ear diameter at Kanawha, which 
was equal to twice its standard error. For all traits 
the estimates indicate that  the greatest proportion 
of the total genetic variance is due to additive effects ; 
this is under the assumption of no epistasis. The ratio, 

9 2 0`A/0`(;, indicates that  the estimate of 0`} was larger 
than the estimate of a~ in 18 of the 33 estimates. 
The estimate of 0`} was consistently larger than 0̀ ~ 
for tillers, plant and ear height, and ear length. In 2 
of the 4 estimates, the estimate of a~ was larger than 

a~ for kernel row number. Only one estimate was 
available for silking date, and a~ was 19% larger 
than a~. If an estimate of dominance variance (a~) 
had been calculated, negative estimates would have 
been obtained for the ratios that  are larger than 
unity. 

(~G×L) Estimates of the genotype × environment 2 
interactions indicated the genotypic effects were con- 
sistent for the three locations; there were no estimates 
that  were larger than twice their standard errors. 
Four estimates of a~ (tillers, ear length, kernel weight 
and yield) varied significantly among the three loca- 
tions, Except for number of tillers, the traits were 
associated with yield. 

Additive genetic, genotypic, and phenotypic corre- 
lations will be presented only from the combined 
variance and covariance analyses (Table 4). There 
was no indication that  tillers were corlelated with 
any of the other traits measured in these experiments. 
Plant height was highly correlated, as expected, with 
ear height. Except for the additive genetic correla- 
tions, plant height tended to have a positive correla- 
tion with ear length and yield. The largest and most 
consistent correlations for ear height were obtained 
with yield; however, these were also relatively low. 
Ear  length tended to have a negative association with 
ear diameter, kernel row number, and kernel weight 
but a relatively large, positive association with yield. 
The data  from this s tudy indicate that  ear length is 
the most important  component of yield. Ear  dia- 
meter had a positive association with kernel row hum- 
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Table 4. Additive genetic, genotypic, and phenotypic correlations among 8 traits o/ the variety, Iowa Ideal, obtained [rom 
the combined analysis of 3 experiments grown in Iowa, 1965. 

Tillers 

Plant height 

Ear height 

Ear length 

Ear diameter 

Kernel row no. 

Wt. 3oo kernels 

Tillers 

Traits 

Plant height 

.137 ol 
--.o693 ~ 
--.o574 a 

Ear length 

'155 ° I --'o569 
• o758 j .o9o6 
• 0279 I .125 ° 
.789 ° .o851 
.6870 .3890 
.6614 .3032 

- -  . 1 0 o 0  

.1665 

.1836 

1, 2, and 3 refer to the additive genetic, genotypic, and phenotypic c o r r e l a t i o n s ,  

Ear diameter 

.o610 
--.1237 
--.0203 

--.0267 
--.oo31 

.O916 

--'1758 
.4043 
.2575 

--.3902 
--.3843 

.2o56 

Kernel row no. 

--.1777 
--.0258 
--.0023 
--.0628 
--.1834 
--.1266 

--.0372 
--.0433 
--.0536 
--.4613 
--.31o 4 
--.1768 

.6o04 

.3519 
, '2746 

Wt. 3oo 
kernels 

--.lO71 
--.1324 
--.0754 

.lO83 
--.oo82 

.o174 
--.1663 
--.0385 
--.o334 
- - . 1 2 4 8  
--.1582 

.o241 
--.0086 

.2005 

.1693 

--.5318 
--.5834 
--.4439 

respectively, for each pair of t ra i t s .  

Avg. yield 
per plant 

- . lO58 
.2308 
.1561 

.0465 

.2318 

.2512 

.1996 

.2166 

.1845 

.6898 

.5425 

.6024 

.2676 

.2751 

.4203 

- .1399 
--.1135 
--.o361 

--.1445 
--.0161 

,1449 

ber and yield; however, the correlations of yield and 
ear diameter  were not as large as those for ear length 
with yield. This is not in agreement with studies in 
the Reid Yellow Dent  var ie ty  (WILLIAMS et al., 1965 ; 
Cm, 1965) ; their studies indicated tha t  the genotypic 
correlation between yield and ear diameter  was larger 
than  between yield and ear length. Kernel row num- 
ber  had a relatively large, negative association with 
kernel weight. This relationship may  be expected 
because, as the number  of kernel rows increased, there 
would be a tendency to have smaller kernels. This is 
in agreement with the studies in Reid Yellow Dent  
var ie ty  (WILLIAMS et al., 1965; CHI, 1965). Kernel 
row number  and kernel weight had small, negative 
associations with yield. 

Discussion 
The assumptions used in the derivation and inter- 

pre ta t ion of t he  genetic variances derived for the 
mat ing design used in the present s tudy have been 
discussed by  several authors ( C o M S T O C K  and ROBIN- 
SON, 1948; LINDSEY et al., 1962; GOODMAN, 1965; 
WILLIAMS et al., 1965). Because more than half of the 
est imates of a~ were larger than aG (Table3), either the 
assumptions necessary to the analyses were not satis- 
fied, or the bias due to the inclusion of genotype × 
environment  interaction caused some of the inconsi- 
stencies. 

Since the experimental  material  was evaluated in 
three environments,  est imates of the additive genetic 

0 ,~ (a~×~) and total  genetic (~×L) interactions were 
available from the combined analyses. The est imate 
of a3 was larger than a~ for tillers, plant and ear 
height, and ear length. In all cases, the estimates of 
a~ and a~ were considerably larger than  their respec- 
t ive interaction components,  although a~A×L was 
larger than  twice its s tandard error for tillers and ear 
length. Although the dominance effects are included 
in the est imate of a~, the interactions of the domi- 

nance effects by  environment  were not proport ionately 
different than  those for the addit ive effects ; the esti- 
mates  of a~×L and a3×L are similar for the four 
traits.  The estimates of a,~ were smaller than  a~ in 
the combined analysis for ear diameter,  kernel row 
number,  kernel weight, and yield. The est imate of 

2 aGxL was larger than  aa~ xL for only ear diameter.  
The effects of the environment  do not appear  to have 
caused an overest imation of a~ and/or an underesti- 
mat ion of aS. 

In  considering the assumptions used in deriving 
the mean squares, only the assumption of no epistasis 
may  not be valid. Iowa Ideal  is an old, open-pollinat- 
ed var ie ty  tha t  was developed in the early 19oo's. 
Except  for the possible effects of drift during the 
growing and maintenance of the variety,  the parental  
plants would have been non-inbred. The exact 
history of the var ie tv  is unknown, but  the var ie ty  
should be in equilibrium for repulsion and coupling 
phase linkages because it has been grown in farmers '  
fields and maintained in the nursery for several gene- 
rations. The assumptions of no maternal  effects and 
regular diploid behavior  should not present any diffi- 
culties in maize. To minimize the possible effects of 
assortat ive matings,  the male plants were delayed 
approximate ly  one week and mated  to consecutive 
female plants. Precautions were taken to prevent  the 
selection of male and female plants in the production 
of the full-sib progenies on the basis of silking date. 

Is has been shown tha t  epistasis is included in the 
male (a~) and female within male (a~/~) components.  
For a random mat ing population with no linkage, the 
expectat ions of the covariance half-sibs and co- 
variance full-sibs for digenic epistasis are 
covariance ha l f - s ibs=  (1/4)a~ + (1/16)O'~a , and 
covariance full-sibs = (1/2) a~ + (1/4) az~ + (1/4) a~ a + 

+ (1/8) a ~  + (1/16) ~b~. 
Only the additive types are included in the covariance 
half-sibs and both addit ive and dominance types in 
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the covariance full-sibs. The estimate of a~ was 
obtained as 4 am, which would be a~ + (1/4) a~ a. The 
estimate of aS was calculated as 4 alim, which would 
be 4 {[(1/2) a~ + (1/4) a~ + (1/4) a ~  + (1/8) a~o + 
+ (1/16) a~D] -- [(1/4) a~ + (1/16) a~ a]}, and this would 
become a~ + a~ + (3/4) O'~A -~  ( 1 / 2 )  a~tD -J- ( 1 / 4 )  a ~ D .  
Therefore, both estimates are biased by epistasis; the 
bias in a~ is a function of additive types, and the 
bias in a~ is a function of all components of epistasis. 
I t  does not appear tha t  the epistatic effects are 
causing the inconsistencies in the estimates of a3 and 
a3 shown in Table 3. If epistasis were a serious bias 
in the estimates, it would have a greater effect on the 
estimates of a~ rather  than on the estimates of a~. 
The dominance-type epistatic effects are not present 
in the estimates of a~. Also, the effects of additive_ 
type epistasis would be greater in the estimates of a~. 

LINDSEY et al. (1962) hypothesized that  assortative 
mating for date of flowering could bias the estimates 
of genetic variances. The hypothesized effect would 
lead to an overestimation of am and an underestima- 
tion of a~lm. Since the genetic components of variance 

0-~ are obtained as aJ = 4 a ~ ,  a ~ = 4  lira, and a 3 =  
= 4 (a~l,~ - -  am), this would bias the respective com- 
ponents of genetic variance for date of flowering. To 
the extent  other traits are correlated with date of 
flowering, variance estimates for other traits would 
be similarly affected. LINDSEY et at. (1962) found 
that  the forced mating procedures consistently re- 
duced the relative magnitude of the estimates of a~ 
and increased the estimates of ag. GOODMAN (1965) 
and EL-ROUBY (1965) used the mating procedures 
suggested by  LINDSEY et al. (1962) and obtained 
estimates of a~ that  were larger than a~ in 41% of 
the estimates; although the estimates of az~ were 
generally within the limits of two standard errors. 

Eighteen estimates of a~ were larger than a3 in the 
s tudy reported herein. Although procedures were 
used to minimize the effects of assortative mating due 
to flowering date, the estimate of a~ was 19% larger 
than the estimate of a3. The degree of association 
between date silk and tillers, plant and ear height, 
and ear length are not known for Iowa Ideal, but  the 
estimates of a,~ are consistently larger than those for 
a~ (Table 3). Ei ther  the variation among males was 
greater because of assortative mating, or the errors in 
the estimation of the male component,  a~, ~ were large. 

The variation among males due to genetic differ- 
ences, am, was determined by  crossing each male to 
four different plants designated as females. This is 
similar to a topcross test in a maize breeding program 
except tha t  the tester is the same for each male. In 
testcross seed production, various sample sizes have 
been proposed and used. Because of sampling varia- 
tion, larger samples are desirable to reduce the 
sampling variation, but  are difficult to use. Perhaps 
the estimates of am,2 and consequently a J, were over- 
estimated in the Iowa Ideal variety because of in- 
sufficient sampling. SPRAGUE (1939) concluded from 
a s tudy of the Reid Yellow Dent variety, tha t  for 
most experiments, a lo-plant sample should be 
adequate;  GENTER and ALEXANDER (1965) concluded 
that  there was a need for more uniform sampling 
when testcrossing to a heterogeneous tester;  and 
NOBLE and RvSSEI.L (personalcommunication) con- 

cluded that  5 to 7 plants were sufficient to reduce 
sampling variation to a satisfactory level. 

Yield data  for the Ankeny experiment were used to 
determine the relative information obtained when 
plants (designated as males) are crossed to a varying 
number of tester plants (designated as females). From 
the analysis of variance, the components of variance 
for error (a~), females within males (a~lm), and males 
(am) were calculated. These values were then used 
to reconstruct the analysis of variance for varying 
number of females (Table 5)- To use this procedure, 
it is important  to make the assumption that  the 
values of a 2, at/,,, and a~ remain unchanged, even 
though we change the number of females and/or 
replications. A constant number of males was assum- 
ed for the calculations shown in Table 5. Calculations 
had shown that  the amount  of information obtained 
by  varying males and females and holding number 
of plots constant was considerably less than assuming 
a constant number of males. 

Table 5. Relative in[ormation o/ the male component o/ 
variance, a~m, when a constant number o/males are mated to 
a varying number o] #males.  The comparisons are made 
relative to males mated to 4 ]emaIes and compared in 2 repli- 

cations. 

Number 

Replications Sets Males 
VemMes/ 

males Total plots 

2 

I 800 
] 1200 

8 I 16oo  
lO [ 2000  

2 800 
16oo 
2400 

8 320o 
1o 4000 

10 
10 
10 
10 
10 

lO 
lO 
lO 
lO 
lO 

100 
100 
100 
100 
100 

100 
I 0 0  
100 
100 
100 

Relative 
information 

% 

- 147 
O 

+28 
+39 
+46 
- 5 8  
+ 2 4  
+41 
+48 
+52 

Information was calculated as the inverse of the 
variance of the male component,  1/vain. Relative 
information was obtained by  comparing the informa- 
tion obtained by  using four females per male (as was 
done in the present study) with the information 
obtained by using more (or less) than four females per 
male. I t  is obvious that  each male should be mated 
to more than two females; four females per male 
provided 147 % more information. Increasing the 
number of females above four provides more infor- 
mation, but  the differences are not as great as in- 
creasing from 2 to 4- If each male is mated to six 
females and grown in two replications, 28% more 
information is obtained. 

An increase in the number of replications does not 
appear as effective as increasing the number of females 
per male. If the males mated to four females are 
evaluated in four replications, 24% more information 
will be obtained relative to using two replications. 
However, 4% (24 compared with 28) more infor- 
mation can be obtained by mating each male to six 
females and growing in two replications; there would 
also be 400 less plots using this approach. 

Increasing the number of tester or female plants for 
each male might have aided in reducing a~ in this 
study. This is based on the premise that  the number 
of female plants was not sufficient to identify ac- 
curately the male plant's genotype. If the errors in 
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Table 6. Per/ormance o/ the original and three reconstituted populations developed by mass selection in Iowa Ideal /or 
seven agronomic traits. 

Populations 
Yield (gins per plant) 

Iowa Ideal C O 
C1 
C~ 
C3 

* AO = 2 s ~ ( 1 . S 9 ) l V ~  + s~l,. + lo  s* 
** Number of days 50% silk from July L 

Observed Predicted* 

109 .1  
1 1 2 . 0  115 .1  
114.5 117.9 
114.o 12o. 5 

Stand 

97.1% 
96.6 
99.3 
98.5 

Grain moisture 

24.3% 
2 3 . 8  
24.4 
26.0 

Lodging 

Root 

15.6% 
16.8 
17.4 
23.6 

Stalk 

23.7% 
2L6 
22.8 
23.x 

(GOODMAN, 1965). 

Dropped ears 

3.9% 
4'7 
6 .0  
6.2 

Date silk 

33.7** 
34-4 
34.o 
34.o 

discriminating the genetic differences among males 
were large, it would have inflated the male component  
of variance. 

The estimates for grain yield per plant (Table 3) 
indicated tha t  the greatest  proportion of the total  
genetic variance was due to additive effects. This 
would indicate tha t  some form of intra-populat ion 
selection should be effective for increasing the fre- 
quency of factors determining yield. Three cycles of 
individual plant  selection (mass selection) have been 
completed in the Iowa Ideal variety.  Approximate ly  
0.4 hectare of the var ie ty  had been grown in isolation 
each year. A grid system (GARDNER, 1961 ) was 
imposed upon the experimental  area to reduce the 
confounding effects of environment on selection for 
yield. Each plot contained 4 ° competi t ive plants, and 
an equal volume of seed from the three highest 
yielding ears was saved and bulked to form the suc- 
ceeding population. Selection intensity was 7.5% 
in each cycle. Approximately lOO plots were harvested 
each year. 

The initial evaluations of the effectiveness of mass 
selection for yield were made in 1965 . The original 
and three reconsti tuted populations were grown in 
16 replications of 40 plant  plots at Ames. Measure- 
merits were made for yield (adjusted to 15.5% grain 
moisture), grain moisture, stand, root and stalk lodg- 
ing, dropped ears, and date silk (Table 6). Progress 
for increased yield, on the basis of this one test, has 
been disappointing. In each cycle, the observed yield 
is less than  the predicted on the basis of the variance 
component  estimates. Ei ther  the estimates of addi- 
t ive genetic variance have been overestimated,  or the 
plot techniques have not been precise enough to 
eliminate the effects of the environment.  On a per- 
centage basis, 4.5°/0 gain has been realized after three 
cycles of selection. The results are in close agreement 
with those reported by  LONNQUIST et al. (1966). They 
obtained 12.7% improvement  for yield after six cycles 
in Hays  Golden variety.  If the realized gains are 
expressed on a per-cycle basis, the rate of improve- 
ment  was 1.5°/0 in Iowa Ideal as compared to 2.1% in 
Hays  Golden (LoNNQUIST et al., 1966 ). 

Yield was the only trai t  under selection in Iowa 
Ideal. Grain moisture showed an increasing trend. 
This may  be expected, because high yield is generally 
associated with plants tha t  are later matur ing and 
which make max imum utilization Of the growing 
season. There was also an increasing trend observed 
for root lodging and ear droppage ; no significance can 
be a t tached to the trends for these two trai ts  at the 
present time. 

Z u s a m m e n f a s s u n g  
Iowa Ideal  ist eine weigk6rnige, frei-abbltihende 

Mais-Sorte, die zur Erh6hung des Kornert rages  der 

Massen- (oder Einzelpflanzen-) Selektion unterworfen 
war. Um Vergleiche zwischen dem tats~ichlichen und 
erwarteten Erfolg der Selektion auf h6heren Korn-  
ertrag anstellen zu k6nnen, wurde mit  der Original- 
sorte Iowa Ideal  ein Paarungsprogramm durchge- 
ftihrt. 96 Halbgeschwister-Familien mit  384 Voll- 
geschwister-Familien wurden hergestellt  und an 
3 0 r t e n  untersucht.  Ftir Korner t rag  und weitere 
8 Merkmale wurden Sch~itzungen der additiven und 
totalen genetischen Varianzen erhalten. 

Unter  der Annahme des Fehlens von Epistasie 
ergab sich fiir alle Merkmale, dab additive Wirkungen 
den gr6Bten Anteil an der genetischen Gesamtvar ianz  
hat ten.  Die Schtttzungen ftir den Er t rag  zeigten, 
dab etwa 80% der genetischen Gesamtvar ianz addit iv 
waren. Das wtirde bedeuten, dab jede Art von Selek- 
tion innerhalb der Populat ionen anf~inglich wirksam 
sein mtiBte, um die Frequenz giinstiger ertrags- 
bes t immender  Faktoren  zu erh6hen. An Hand  addi- 
t iv genetischer, genotypischer und ph~inotypischer 
Korrelat ionen wurde gezeigt, dab die Kolbenl~inge 
bei der Sorte Iowa Ideal  die wichtigste Ertrags-  
komponente  ist. 

Die erste Untersuchung der Ausgangspopulation 
und dreier rekonst i tuier ter  Populationen, die aus 
gleichen Samenmengen selektierter Einzelkolben ge- 
bildet wurden, erfolgte 1965. Die tats~ichliche Erh6- 
hung des Kornertrages war geringer als anhand der 
Sch~itzungen der Varianzkomponenten erwartet  wur- 
de. Bei einer Selektionsintensit~it von 7,5% in jedem 
Selektionszyklus betrug die tats~ichliche Ertrags-  
steigerung 1,4% je Zyklus oder Jahr.  Das bedeutet ,  
dab entweder die additive genetische Varianz iiber- 
bewertet  wurde oder die Technik der Einzelpflanzen- 
selektion nicht pdizis genug war, um die ertrag- 
reicheren Genotypen bei der Selektion einwandfrei 
herauszufinden. 
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Mass Selection for Prolificacy in Maize*l 
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Summary. Results of 5 generations of selection for im- 
proved product iv i ty  in corn by  selecting for prolificac.y, 
a correlated t ra i t ,  are reported.  The regression for gain 
in yield per cycle of selection relative to the parenta l  
variety,  Hays  Golden, was 6.28%. This compares fa- 
vorably  with a previously reported gain from mass selec- 
t ion in the same var ie ty  using weight of grain per p lant  
as the selection trai t .  The greater effectiveness of selec- 
t ion where prolificacy was the pr imary  t ra i t  is believed 
due to higher selection intensi ty used as well as higher 
heri tabi l i ty .  

Mass se lec t ion  has  been  shown to be effect ive in 
m o d i f y i n g  h igh ly  he r i t ab l e  t r a i t s  in  ma ize  (SMITH 
1909). I n  t he  ea r ly  p a r t  of t he  p resen t  cen tu ry ,  i t  was 
conc luded  gene ra l ly  no t  to  be effect ive in the  impro-  
v e m e n t  of y ie ld  in a d a p t e d  va r ie t i e s  a l t hough  as 
p o i n t e d  ou t  b y  SPRAGUE (1955) , no cr i t ica l  e v a l u a t i o n  
of the  p rocedure  was ava i l ab le  f rom the  ea r ly  l i t e ra -  
ture .  Se lec t ion  effect iveness  for y ie ld  i m p r o v e m e n t  
in ma ize  popu la t i ons  is d e p e n d e n t  upon  the  presence  
of a d d i t i v e  genet ic  v a r i a t i o n  for yield .  HULL (1945) 
a t t r i b u t e d  the  fa i lure  of mass  and  ea r - to - row select ion 
for y ie ld  in ma ize  to  the  l ack  of a d d i t i v e  gene t ic  
v a r i a t i o n  in v a r i e t a l  popu la t ions .  He  conc luded  t h a t  
the  gene t ic  v a r i a t i o n  p resen t  was l a rge ly  n o n - a d d i t i v e  
and  there fore  no t  sub jec t  to  u t i l i za t ion  in mass  
se lec t ion  procedures .  Subsequen t ly ,  the  cha rac t e r -  
iz ing and  q u a n t i f y i n g  of r e l a t ive  a m o u n t s  of gene t ic  
v a r i a t i o n  in open -po l l i na t ed  va r ie t i e s  of ma ize  be-  
came  of u t m o s t  i m p o r t a n c e  in p rov id ing  guide l ines  
for mos t  eff icient  app roaches  in corn breeding .  

* Dedicated  to Dr. GEORGE V. SPRAGUE on the oc- 
casion of his 65th b i r thday .  

1 Published with the approval  of the Director as Paper  
No. 2043 Journal  Series of the Nebraska Agricultural  
Exper iment  Station. 

2 C. PETRUS PETERSON Professor of Agronomy, Uni- 
versi ty  of Nebraska.  

COMSTOCK and  ROBINSON (1948) ou t l ined  the  use 
of ce r ta in  m a t i n g  sys tems  in maize  for the  de r i va t i on  
of gene t ic  va r i ance  componen t s .  A n u m b e r  of s tud ies  
us ing  these  m a t i n g  sys tems  in ma ize  v a r i e t a l  popu-  
l a t ions  has  been  r e p o r t e d  in recen t  yea r s  (ROBINSON 
et  al. 1955, LINDSEY et al. 1962, LONNQUIST et  al. 
1966, WILLIAMS et  al. 1965, COMPTON et al. 1965, 
GOODMAN 1965 and  others) .  These  s tudies  gene ra l ly  
r evea l ed  the  presence  of a cons iderab le  a m o u n t  of 
a d d i t i v e  gene t ic  v a r i a t i o n  for yield .  Selec t ion  based  
upon  i n d i v i d u a l  p l a n t  or  among  var ious  t y p e s  of 
cross progenies  was therefore  expec ted  to  be success-  
ful in i m p r o v i n g  y ie ld ing  ab i l i t y  of maize  popu la t ions .  
R e c e n t  r epor t s  have  shown this  to be so. 

I m p r o v e m e n t  of ma ize  popu la t i ons  t h rough  selec- 
t ion of p a r e n t s  based  upon  tes tc ross  p rogeny  eva-  
l ua t ion  ( recur ren t  selection) has  shown s u b s t a n t i a l  
p rogress  (LONNQUIST 1961, PENNY et al. 1963). Mass 
se lect ion for y ie ld  unde r  cu l tu ra l  p rac t ices  p rov id ing  
reasonab le  con t ro l  over  e n v i r o n m e n t a l  va r i a t i on  has  
also been  successful  (GARDNER 1961, JOHNSON 1963, 
LONNQUIST 1966, LONNQUIST et  al. 1966 ). These 
resu l t s  have  s u b s t a n t i a t e d  r epor t s  of a cons iderab le  
a m o u n t  of a d d i t i v e  gene t ic  va r i ance  for y ie ld  in 
ma ize  popu la t i ons .  

Yie ld  i m p r o v e m e n t  in ma ize  popu la t ions  unde r -  
going var ious  t y p e s  of se lect ion a t  the  N e b r a s k a  
E x p e r i m e n t  S t a t i o n  has  r e su l t ed  in co r r e l a t ed  chan-  
ges inc lud ing  g rea t e r  height ,  inc reased  m a t u r i t y  and  
pro l i f icacy .  The  l a t t e r  obse rva t ion  resu l t ed  in an 
in t e re s t  in the  poss ib i l i t y  of u t i l i z ing  this  t r a i t  in 
se lec t ion  for inc reased  p r o d u c t i v i t y .  RICHLY (1922) 
r ev iewed  s tudies  of ea r ly  workers  who h a d  r e p o r t e d  
obse rva t ions  on the  va lue  of p ro l i f i cacy  for increas ing  
the  p r o d u c t i v e  p o t e n t i a l  in maize.  No repor t s  are  
ava i l ab le  however ,  of se lect ion e x p e r i m e n t s  car r ied  


