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Population Means and Genetic Variances in Selected and Unselected Iowa
Stiff Stalk Synthetic Maize Populations
Abstract

Recurrent selection is a cyclical breeding procedure that focuses on improving the mean performance of a
population by increasing the frequency of favorable alleles while maintaining adequate genetic variability for
continued selection response. Iowa Stiff Stalk Synthetic (BSSS) is a maize (Zea mays L.) population that has
undergone continuous recurrent selection for more than 50 yr as the base population for two independent
selection programs (intra- and inter-population). This study was designed to estimate the mean performance
and genetic variances in BSSS after seven cycles of half-sib (HS) progeny selection, six cycles of S2-progeny
selection, and 11 cycles of reciprocal recurrent selection (RRS). A Design II (factorial) mating design was
constructed to give direct estimates of additive and dominance variance in the individual populations.
Fourteen sets of four male × four female matings for each of the four populations were evaluated in a
randomized incomplete block experiment grown in six environments. Half-sib progeny and RRS methods
have produced the most effective mean performance responses for grain yield in the populations per se, 0.076
and 0.104 Mg ha−1 cycle−1, respectively. The S2-progeny selection procedure in BSSS, with a response of
0.052 Mg ha−1 cycle−1, has not performed up to theoretical expectations. Genetic variance component
estimates for grain yield supported the suggestion that dominance variance is important in BSSS germplasm.
Although additive variance decreased slightly, high heritability estimates suggest that further improvement in
population means should be achieved by each selection method. Mean performance and estimated genetic
variability for other important agronomic traits (grain moisture, root and stalk lodging, and ear height)
generally showed favorable response to selection.
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Population Means and Genetic Variances in Selected and Unselected Iowa Stiff Stalk
Synthetic Maize Populations
Joel F. Holthaus and Kendall R. Lamkey*
ABSTRACT
Recurrent selection is a cyclical breeding procedure that focuses
on improving the mean performance of a population by increasing
the frequency of favorable alleles while maintaining adequate genetic
variability for continued selection response. Iowa Stiff Stalk Synthetic
(BSSS) is a maize (Zea mays L.) population that has undergone continuous recurrent selection for more than 50 yr as the base population
for two independent selection programs (intra- and inter-population).
This study was designed to estimate the mean performance and genetic
variances in BSSS after seven cycles of half-sib (HS) progeny selection,
six cycles of Si-progeny selection, and 11 cycles of reciprocal recurrent
selection (RRS). A Design II (factorial) mating design was constructed
to give direct estimates of additive and dominance variance in the
individual populations. Fourteen sets of four male x four female
matings for each of the four populations were evaluated in a randomized incomplete block experiment grown in six environments. Half-sib
progeny and RRS methods have produced the most effective mean
performance responses for grain yield in the populations per se, 0.076
and 0.104 Mg ha"1 cycle"1, respectively. The Si-progeny selection
procedure in BSSS, with a response of 0.052 Mg ha"1 cycle"1, has not
performed up to theoretical expectations. Genetic variance component
estimates for grain yield supported the suggestion that dominance
variance is important in BSSS germplasm. Although additive variance
decreased slightly, high heritability estimates suggest that further
improvement in population means should be achieved by each selection
method. Mean performance and estimated genetic variability for other
important agronomic traits (grain moisture, root and stalk lodging,
and ear height) generally showed favorable response to selection.

R

ECURRENT SELECTION is a cyclical breeding procedure used widely in maize breeding programs to
enhance maize germplasm resources. Population improvement via recurrent selection methodology focuses
on two main objectives: improving the mean performance
of a population through an increase in the frequency
of favorable alleles and maintaining adequate genetic
J. F. Holthaus, Holden's Foundation Seeds, Inc., P. O. Box 839, Williamsburg, IA 52361; K. R. Lamkey, USDA-ARS, Dep. of Agronomy,
Iowa State Univ., Ames, IA 50011. Joint contribution from the Field
Crops Research Unit, USDA, Agricultural Research Service, Dept, of
Agronomy, Iowa State Univ. and Journal Paper No. J-16067 of the Iowa
Agric. and Home Economics Exp. Stn. Project No. 3082. Part of a
dissertation submitted by J. F. Holthaus in partial fulfillment of the
requirements for the Ph.D. degree. Received 30 Nov. 1994. '"Corresponding author (krlamkey@iastate.edu).
Published in Crop Sci. 35:1581-1589 (1995).

variability in the improved population for continued selection and genetic enhancement. Population improvement via recurrent selection increases the probability of
developing inbred lines with superior combining ability.
The BSSS maize population was developed in 1934
to 1935 by intermating 16 inbred lines possessing above
average stalk quality (Sprague, 1946). Since its development, BSSS has undergone continuous recurrent selection
for more than 50 yr as the base population in two independent selection programs (intra- and inter-population).
The intra-population program included seven cycles of
HS selection [BSSS(HT)Cn] with the double-cross tester
Iowa 13, followed by six cycles of S2-progeny selection
[BS13(S)Cn], which continues to date. The interpopulation program included 11 cycles of RRS using BSSS,
designated BSSS(R)Cn, and Iowa Corn Borer Synthetic
#1 [BSCBl(R)Cn] as base populations undergoing simultaneous improvement. As a consequence of these selection
programs, BSSS has contributed significantly to maize
inbred and hybrid development programs, as evidenced
by the production of several widely used inbred lines
(B14, B37, B73, and B84) (Hallauer et al., 1983).
Continued advancement in these selection programs
would be aided by a knowledge of how the genetic
structure of the BSSS populations per se have changed
over time. This study was designed to estimate the mean
performance and other genetic parameters (additive and
dominance variances and their interactions with environments, heritability, and phenotypic and additive genetic
correlations) of important agronomic traits in BSSS populations per se. Estimates for grain yield, grain moisture,
root and stalk lodging, and ear height were compared
following seven cycles of HS progeny selection, six
cycles of S2-progeny selection, and 11 cycles of RRS.
The objective was to determine if selection had changed
the population parameters.
MATERIALS AND METHODS
Genetic Materials Evaluated
In 1939, HS progeny recurrent selection with the doublecross tester Iowa 13 [(L317 x BL349) x (BL345 x MC410)]
Abbreviations: BSSS, Iowa Stiff Stalk Synthetic; HS, Half-sib; RRS,
Reciprocal recurrent selection; BSCB1, Iowa Corn Borer Synthetic #1.
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wasinitiated in BSSSC0.
The proceduresfor conductingseven
cycles of HSselection in this population were described by
Eberhartet al. (1973) and Lamkey
et al. (1991). After completing seven cycles of selection, the programwas changed to
S2-progenyrecurrent selection in the populationnowdesignated
BS13(S)C0.The BS13(S)C0populations was developed
rectly from the seventh cycle population of the HSprogram
by imposingminoragronomicselection as detailed by Lamkey
(1992). Six cycles of S2-progenyselection werecompleted,
summarizedby Helmset al. (1989a) and Lamkey(1992),
producing the advancedcycle population BS13(S)C6.
In 1949, RRSwas initiated in the BSSSand BSCB1
maize
populations. The base population, BSSSC0,used in this programis identical to the original BSSSpopulationused in the
intra-population selection program.Details of 11 cycles of
RRSwere outlined by Pennyand Eberhart (1971) and Keeratinijakal and Lamkey(1993a). The Cycle 11 population of BSSS
was designated BSSS(R)C11.
In all selection programs,grain yield wasthe primarytrait
underselection, with secondaryselection pressure to maintain
lowgrain moisture at harvest and increase resistance to root
and stalk lodging. Beginning with C9 of RRSand C3 of
S2-progeny
selection, progenieswereselected using a selection
indexweightedby the heritabilities of grain yield, grain moisture, root lodging, andstalk lodging.Theselection intensities
averaged9.7%for HSselection, 15.6%for S2-progenyselection, and 12.1%for RRS. The harmonicmeanof the number
of progenies recombinedin each selection programis 10 for
HSselection, 15 for S2-progenyselection, and 11.6 for RRS.
Assumingan effective population size of 2n, wheren is the
numberof progenies recombined, the estimated inbreeding
level of the four populationsdue to small effective population
size is 0% for BSSSC0, 29% for BS13(S)C0, 45% for
BS13(S)C6, and 37%for BSSS(R)C11.
The genetic materials evaluated in this study wereproduced
from BSSSC0
and three populations derived from BSSSC0
by
selection: BS13(S)C0,BSI3(S)C6,and BSSS(R)C11.
Starting
in the 1989 breeding nursery, a North Carolina Design II
(factorial) matingdesign was developedwithin each of the
four populations.Aseries of half- and full-sib progenieswere
developedwithin each population by crossing four males (So
plants) to each of four females(S~ progenies).TheS~progenies
weredevelopedin the 1988breedingnursery by selfing random
So plants from each population. Each male was crossed to
several plants within a S~ progenyand the resulting seed was
bulkedto obtain a representative sampleof the gameticarray
of the original So femaleplant (Hallauer and Miranda,1988).
The averagenumber,variance, and range of S~ plants sampled
per femalewithin each populationwere, respectively, 9, 11.1,
and 1 to 19 for BSSSC0;9, 8.4, and 4 to 19 for BS13(S)C0;
13, 7.8, and 4 to 20 for BS13(S)C6;and 13, 7.5, and 5
20 for BSSS(R)Cll.Thus, each set of four × four matings
producedprogenies from a sampling of eight randomplants
within each population. To achieve a reasonable sample of
individuals, 14 sets of four × four matingswere constructed
within each population, yielding a total samplingof 112random
So plants fromeachpopulation.Therefore,a total of 224full-sib
progenies(14 sets of 16 progenies) from each populationwere
producedfor field evaluation.
Experimental Design and Procedures
The 896 entries (full-sib progenies) were evaluated in
sets of a replications-within-sets randomizedincompleteblock
experiment (Comstockand Robinson, 1948). Because of insufficient seed supply, eight entries werereplacedwith hybrid
filler in all environments.Eachset consisted of 16 full-sib

progenies from each of the four individual populations completely randomized
within each of tworeplications. Theentries
were grown at Ames,Ankeny, and Crawfordsville, IA, in
1992 and Ames,Ankeny,and Martinsburg, IA, in 1993. Each
location × year combinationwasconsidereda different random
environment. A plot consisted of two machine-plantedrows
5.49 mlong with 0.76 mbetweenrows. Plots were overplanted
and thinned to a uniformplant density of approximately62 165
plants ha-~. All experimentswere machine-cultivatedand/or
hand weededas necessary for proper weedcontrol.
Data were collected for machine-harvestablegrain yield
(Mgha-~) adjusted to 155g kg-~grain moisture, grain moisture
(g kg-1) at harvest, stand (plant ha-~), root lodging (%
plants leaning morethan 30° fromvertical), stalk lodging (%
of plants broken at or below the primary ear node), and
ear height (cm). Ear heights were calculated as the average
measurementof 10 competitive plants per plot, measuredas
the distance fromthe soil surface to the highest ear-bearing
node. All traits wereevaluatedat each environment,except for
ear height, whichwas not recordedat Ankenyor Martinsburgin
1993. Becauseuniformplant stands were not achieved, grain
yield data were adjusted for plant population by covariance
analysis.
Statistical

Methods

Analysesfor all traits werecalculated on the basis of plot
meandata. The data for each trait were analyzed by pooling
over sets and combiningacross environmentsin the general
analyses, with all effects in the modelconsideredrandom.The
sumsof squares amongentries, amongentries by environments,
and pooled error were partitioned into sources of variation
amongand within populations. Becauseof the missingentries,
within population degrees of freedomwere adjusted appropriately. The variances of the populationmeanswere calculated
as the meansquare for genotypes within population within
sets for the appropriatepopulationdividedby the total number
of observations in the mean. The amongpopulation sums of
squareswerethen further partitioned into three contrasts (one
non-orthogonaland two orthogonal) to comparethe effect of
sevencycles of HSprogenyselection [BSSSC0
vs. BS13(S)C0],
six cycles of S~-progeny
selection [BS13(S)C0vs. BS13(S)C6],
and 11 cycles of RRS[BSSSC0vs. BSSS(R)Cll]. Contrast
meansquares were tested for significance by using the correspondinginteraction with environmentsmeansquares.
Analysesfor individual populations pooled over sets and
combinedacross environmentswerecalculated to partition the
within population variation for each population into male,
female, and male × female interaction sources of variation.
Becausethe missing entries caused someof the four × four
sets to be unbalanced, the appropriate male or female was
deleted, yielding somethree × four balanced sets. Because
the meansquares for the male and femalesources of variation
have the samegenetic expectation, their degrees of freedom
and sumsof squares werepooledto give moreprecise estimates
of the variation amonghalf-sib families. The within population
× environment interaction degrees of freedom and sums of
squares were partitioned similarly. Withinpopulation error
meansquares wereused to test the significance of the within
population × environmentinteraction sources of variation.
The appropriate interaction meansquare terms were then used
for testing the within population components.Becausedirect
tests of the male, female, and pooled componentswere not
available, Satterthwaite’s (1946) approximationwas used
construct the appropriateF-test.
The covariances of relatives, provided by the analysis of
variance, weretranslated into appropriate genetic components
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of variancegiventhe inbreedingcoefficient (F) of the parents
is zero (Comstockand Robinson(1948)). Additive genetic
(~), dominancegenetic (O2D),additive × environment(~E),
dominance× environment(OZDE),and error (~) variance
ponent estimates were calculated by equating the observed
meansquares to the expected meansquares and solving the
resulting systemof equations. Additiveand additive × environmentvariance componentsestimates were calculated using the
maleand femalepooled and its interaction with environments
meansquares, respectively. Approximate90%confidence intervals were calculated for each variance component
estimate
accordingto the proceduresof Burdickand Graybill (1992).
Variance componentestimates were declared significantly
different fromzero if the approximate90 %confidenceinterval
did not bracket zero. Comparisonsof variance component
estimatesbetweenpopulationsweredeclaredsignificant if their
confidenceintervals did not overlap. Heritabilities and their
exact 90%confidence intervals (Knappand Bridges, 1987)
wereestimatedon a half-sib progenymeanbasis for individual
traits within each population. Phenotypicand additive genetic
correlations amongtraits within populations were calculated
from the appropriate covariance components(Modeand Robinson, 1959).
RESULTS
The average grain yield across all environments was
4.56 Mgha- 1 with a meancoefficient of variation (CV)
-~
of 15.4%. Meangrain yields ranged from 2.18 Mgha
(Martinsburg, 1993) to 7.75 Mg-l (Ankeny, 19 92)
and mean CVs ranging from 9.2% (Ames, 1992)
22.3 %(Martinsburg, 1993). Meangrain moisture ranged
from 191 g kg-1 (Ames, 1992) to 283 g -1 (Ames,
1993) with CVs consistently below 7.0%. Because of
excessive rainfall and below normal temperatures at all
locations during the 1993 growing season, grain yields
were less than 50% of the 1992 averages and grain
moistures were approximately 25%higher at harvest.
The data were combined cross years, despite these
differences between years, because there was no indication that the data from 1 yr were superior to the data
from the other year. Root and stalk lodging averaged
2.5 and 10.5%, respectively, across all environments.
Meanear heights ranged from 90 cm (Crawfordsville,
1992) to 121 cm (Ankeny, 1992).
Among Population

Analysis

and Means

The differences among populations for grain yield,
grain moisture, root lodging, stalk lodging, and ear height
were all highly significant (P _< 0.01). Grain yield
comparisonsin the populations before and after selection
were highly significant for each of the selection programs: seven cycles of HS progeny selection [BSSSC0
vs. BS13(S)C0], six cycles of S2-progeny selection
[BS13(S)C0 vs. BS13(S)C6], and eleven cycles of
[BSSSC0vs. BSSS(R)Cll] (Table 1). Seven cycles
HS progeny selection in BSSSproduced a mean grain
yield increase of 0.53 Mgha-l or 1.9% cycle -l. Six
cycles of S2-progeny selection in the same program resuited in an additional meangrain yield increase of 0.31
Mgha-l or 1.2% cycle -r. Total grain yield gain in the
intra-population selection program was, therefore, 0.84
Mgha-l or 1.6% cycle -1. After 11 cycles of RRS, BSSS
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Table1. Means,errorvariances,andcoefficients of variation
fromthe combined
analysesof varianceacrosssix environments
of five traits measured
in fourBSSSpopulations.
Trait’t
PopulationMean+ SE t~2
CV(%)
Grain
yield (Mgha-t) BSSSC0
3.93+ 0.04 0.383 15.80
BS13(S)C0 4.46+ 0.03 0.411 14.40
BS13(S)C6 4.775:0.03 0.450 14.10
BSSS(R)Cll 5.07+ 0.03 0.384 12.20
Grainmoisture(g kg-1) BSSSC0
226+ 1
168.5
5.70
BS13(S)C0 225+ 1
185.2
6.00
BS13(S)C6 221+ 1
149.1
5.50
BSSS(R)Cll 234+ 1
166.3
5.50
Rootlodging(%)
BSSSC0
1.9 + 0.1
9.95 162.90
BS13(S)C0 4.5 + 0.2 25.20 112.70
BS13(S)C6 3.4 _+0.1 16.74 119.50
1.70 246.80
BSSS(R)Cll 0.5 + 0.0
Stalklodging(%)
BSSSC0
12.6+ 0.3 41.92 51.20
BS13(S)C0 9.8 + 0.2 31.81 57.30
BS13(S)C6 12.45:0.2 41.88 52.30
BSSS(R)CI1 7.1 + 0.1 17.93 59.80
Earheight(cm)
BSSSC0
5.20
118_+0.5 37.9
BS13(S)C0 111_+0.5 36.0
5.40
BS13(S)C6 105_+0.5 35.3
5.60
BSSS(R)Cll 98 + 0.4 32.4
5.80
Grainyield,grainmoisture,
rootlodging,
andstalklodging
were
measured
in six environments,
whereas
earheightwasmeasured
in onlyfour
environments.
population per se grain yield increased at a rate of 2.6%
cycle -l, for a total gain of 1.14 Mgha-~. Meangrain
yield increases of two-thirds to two phenotypic standard
deviations were accompaniedby a reduction in the range
of the distribution of approximatelytwo phenotypic standard deviations, while maintaining approximate normality (Fig. 1).
Althoughthe contrasts for each selection methodwere
highly significant for grain moisture, only the change
observed with RRSwas agronomically meaningful (Table
1). The average grain moisture remained relatively constant after 13 cycles of intra-population selection and
increased only slightly (8 g kg-l) with 11 cycles of RRS.
For root lodging, BSSSC0vs. BS13(S)C0 and BSSSC0
vs. BSSS(R)Cll comparisons were highly significant,
whereas the BS13(S)C0 vs. BS13(S)C6 comparison
significant (P < 0.05). Meanroot lodging increased with
HSprogeny selection, but decreased with S2-progeny and
RRS(Table 1). All population comparisons for stalk
lodging were highly significant, with meanstalk lodging
decreasing with HS progeny and RRS, and increasing
with S2-progenyselection. Althoughall population means
for root and stalk lodging were statistically different,
the magnitude of the differences was not agronomically
important. Population comparisons for ear height were
all highly significant, with the BSSSC0vs. BSSS(R)C11
comparison producing a mean square seven times greater
than the other comparisons. All three selection methods
resulted in decreasing meanear height, with decreases of
1.0 and 1.8 cmcycle-l for the intra- and inter-population
methods, respectively (Table 1).
Within Population Analysis and Estimated
Genetic Variances
For all traits, the within population meansquares for
male, female, male and female pooled, male × female,
and their interactions with environments were generally
significant or highly significant. The interactions with
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Fig. 1. Frequency distribution,
mean, and phenotypic standard deviation for grain yield of full-sib
progenies from BSSSC0, BS13(S)C0, BS13(S)C6,
and BSSS(R)C11 maize populations.
Distances between class intervals are one half of a phenotypic standard deviation of the BSSSC0population.
Vertical lines represent the population means.

environments were generally muchsmaller than the main
effects, however.The within population sources of variation suggested that significant genetic variation among
the half-sib and full-sib progenies was present in each
population for all traits.
Of 16 genetic variance component estimates for
grain yield in the four BSSSpopulations, only the estimate of the dominance × environment component in
BSSS(R)Cll was not significantly different from zero
(Table 2). In the original BSSSpopulation, additive
and dominancevariance contributed equally to the total
genetic variation. The only significant change in component estimates after seven cycles of HSprogeny selection
in BSSSwas a 91%increase in additive × environment
interaction variance. Additive and dominance variance
component estimates were reduced by a nonsignificant
32 and 50%, respectively, however. Six cycles of S2progeny selection produced no significant changes in
any of the variance component estimates. Dominance
variance increased by approximately 51%, however.
Although all variance componentestimates were reduced
after 11 cycles of RRS,the virtual depletion of dominance
and dominance × environment interaction variance (76
and 91%decreases, respectively) were the only significant changes.

The majority of the total genetic variance for grain
moisture in all four BSSSpopulations was additive with
all variance componentestimates significantly different
from zero, except for the estimate of dominance ×
environment variance in BSSSC0. Dominance, additive
× environment, and dominance × environment variance
componentestimates were of relatively unimportant’magnitude, however. The only significant change in variance
component estimates after seven cycles of HS progeny
selection was a 76%increase in additive × environment
interaction variance. Six cycles of S2-progeny selection
produced no significant changes in any of the variance
component estimates. Additive and dominance variance
component estimates were reduced by a nonsignificant
28 and 32%, respectively,
however. Eleven cycles of
RRSsignificantly increased the amount of additive and
dominance × environment interaction variance.
Six of 16 variance componentestimates for root lodging were not significantly different from zero. Total
genetic variance was composedof mainly additive variance, with dominancevariance virtually zero in all four
BSSSpopulations. Genetic variance × environment interactions were generally larger than their genetic variance counterparts. Additive, additive × environment,
and dominance × environment variance increased sig-
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Table 2. Estimates of genetic components of variance, their interactions with environments, and the ratio of additive and dominance
variances from the combined analyses of variance across six environments of five traits measured in four BSSS populations.
Geneticcomponentsof variance’~
#~

Trait~
Grain yield (Mgha-~)
BSSSC0
BS13(S)C0
BSI3(S)C6
BSSS(R)Cll
Grain moisture (g kg- 1)
BSSSC0
BS13(S)C0
BS13(S)C6
BSSS(R)Cll
Root lodging (%)
BSSSC0
BS13(S)C0
BS13(S)C6
BSSS(R)Cll
Stalk lodging (%)
BSSSC0
BS13(S)C0
BS13(S)C6
BSSS(R)Cll
Earheight (cm)
BSSSC0
BS13(S)C0
BS13(S)C6
BSSS(R)Cll

6~,

62~

620e

62A/6~

0.319 (0.208,0.479)§
0.218 (0.140,0.331)
0.228 (0.145,0.347)
0.247 (0.178,0.350)

0.334 (0.234,0.472)
0.166 (0.103,0.249)
0.251 (0.173,0.356)
0.080 (0.041,0.137)

0.154 (0.097, 0.217)
0.294 (0.232,0.366)
0.200 (0.145,0.261)
0.106 (0.067,0.148)

0.333 (0.217, 0.463)
0.198 (0.093,0.312)
0.144 (0.035,0.263)
0.029 (- 0.060,0.123)

1.05
0.76
1.10
0.33

354.2 (264.0,490.1)
403.9 (301.8,555.9)
291.7 (218.1,401.2)
670.0 (518.5,897.4)

118.3 (85.1,164.7)
135.7 (97.8,167.6)
92.6 (65.0,130.3)
62.7 (37.6,96.6)

81.5 (61.1,104.6)
143.1 (114.5,176.0)
96.2 (75.1,120.4)
64.7 (43.7,88.2)

0.0 (-38.9,42.9)
71.0 (25.1,120..7)
55.7 (18.8,95.6)
92.9 (49.0,140.8)

0.33
0.34
0.32
0.09

2.23 (1.29,3.60)
10.60 (6.67,16.31)
4.90 (3.02,7.61)
0.12 (0.04,0.22)

0.51 ( - 0.38,1.68)
2.72 (0.16,6.08)
1.16 (-0.42,3.20)
0.07 ( - 0.06,0.24)

3.98 (2.76,5.35)
22.88 (18.57,27.86)
8.49 (6.29,10.97)
0.09 ( - 0.05,0.23)

2.33 ( - 0.17, 5.03)
12.26 (5.82,19.25)
7.38 (3.16,11.97)
- 0.02 ( - 0.41,0.39)

0.23
0.26
0.24
0.62

25.30 (17.26,37.25)
18.84 (13.60,26.61)
22.17 (15.96,31.38)
2.36 (1.32,3.82)

10.37 (5.40,17.15)
1.72 (- 1.12,5.40)
- 0.34 ( - 3.59,3.78)
0.55 (-0.79,2.28)

.24.06 (18.44,30.48)
10.99 (7.36,15.04)
15.43 (10.65,20.78)
1.57 (0.11,3.14)

3.74 (- 6.42,14.65)
11.84 (3.97,20.34)
13.05 (2.88,24.02)
0.78 (- 3.27,5.09)

0.41
0.09
- 0.02
0.23

92.5 (68.7,128.2)
96.0 (73.1,130.1)
103.1 (79.1,138.9)
93.4 (71.6,126.1)

34.7 (24.2,49.3)
15.3 (8.2,24.5)
15.8 (9.3,24.4)
12.0 (6.4,19.3)

6.4 (1.8,11.6)
10.3 (5.3,15.9)
5.8 (1.8, 10.2)
7.6 (3.7,12.0)

3.1 (-8.3,15.7)
12.3 (1.3,24.7)
1.9 (-8.1,12.8)
1.0 (-8.2,11.0)

0.38
0.16
0.15
0.13

t" O~A,O~5,O~,E,and O~Eare the additive, dominance,
additive by environment
interaction, anddominance
by environment
interaction components
of variance,
respectively.
~tGrain yield, grain moisture,root lodging, andstalk lodgingweremeasured
in six environments,whereasear height was measuredin only four environments.
upperandlower 90%confidenceinterval bounds,respectively, for the variance components
estimates calculated
§ Valuesin parenthesesare the approximate
accordingto the proceduresof BurdickandGraybill (1992).

nificantly with HS progeny selection. The additive ×
environment variance decreased significantly after S2progeny selection. Additive and additive × environment
interaction variances were virtually depleted with RRS.
For stalk lodging, five of 16 variance componentestimates were not significantly different from zero. Additive
variance represented the largest portion of total genetic
variance in all four BSSSpopulations. Dominanceand
additive x environment variances were reduced significantly with HS selection. There were no significant
changes in variance component estimates with S2progeny selection. Eleven cycles of RRSsignificantly
decreased the additive, dominance, and additive × environment interaction variances.
Total genetic variance for ear height was represented
mainly by additive variance in all four BSSSpopulations,
with three of four dominance× environment interaction
component estimates not significantly different from
zero. Dominancevariance was reduced significantly with
HS progeny selection and RRS. Variance component
estimates were unchanged with S2-progeny selection.
Heritability

increased with RRS. However,only the increase in heritability after RRSwas significant. Heritability for both
root and stalk lodging decreased after 11 cycles of RRS,
although the differences were not significant. Heritability
estimates for ear height remainedconstant after all selection methods.
Phenotypic and Additive

Genetic Correlations

There were significant phenotypic correlations between grain yield and grain moisture in BSSS(R)Cll,
between grain yield and root and stalk lodging in
BS13(S)C6, and between grain yield and ear height
BS13(S)C0 and BSSS(R)Cll (Table 4). Root lodging
was correlated with stalk lodging in BSSSC0and ear
height in all four BSSSpopulations. The highly significant
phenotypic correlation between root lodging and ear
height was the only correlation to show a consistent
trend across populations. Genetic correlations generally
mirrored phenotypic correlation results with no obvious
trends or patterns developing across the three selection
methods.

Estimates

Heritability estimates measuredin the four BSSSpopulations, on a half-sib progenymeanbasis, for grain yield,
grain moisture, root lodging, stalk lodging, and ear height
were all significantly different from zero (Table 3). Heritability estimates were a direct reflection of the importance of additive genetic variance for the trait and population of interest. Heritability estimates for grain yield
and moisture decreased with HS progeny selection and

DISCUSSION
Effects of Selection on Population
Mean Performance
Measurementof the average linear response to selection of the various traits was based on population per
se performance. Therefore, changes measured in HS
and RRSprograms are indirect responses to selection,

1586

CROPSCIENCE, VOL. 35, NOVEMBER-DECEMBER
1995

Table 3. Estimates of heritability (h 2) on a half-sib progenymean
basis from the combinedanalyses of variance across six environments of five traits measured in four BSSS populations.
90% Confidence
interval~t
Trait’t"
Grain yield
BSSSC0
BS13(S)C0
BS13(S)C6
BSSS(R)Cll
Grain moisture
BSSSC0
BS13(S)C0
BS13(S)C6
BSSS(R)Cll
Root lodging
BSSSC0
BS13(S)C0
BS13(S)C6
BSSS(R)Cll
Stalk lodging
BSSSC0
BSI3(S)C0
BS13(S)C6
BSSS(R)Cll
Ear height
BSSSC0
BS13(S)C0
BS13(S)C6
BSSS(R)C11

h2

Lower

Upper

0.664
0.621
0.621
0.775

0.537
0.495
0.489
0.694

0.760
0.722
0.724
0.837

0.857
0.841
0.844
0.938

0.805
0.788
0.791
0.916

0.897
0.884
0.886
0.955

0.559
0.599
0.590
0.399

0.398
0.469
0.450
0.153

0.683
0.704
0.701
0.576

0.705
0.777
0.773
0.550

0.602
0.698
0.692
0.370

0.787
0.838
0.835
0.681

0.854
0.892
0.912
0.912

0.796
0.852
0.879
0.878

0.897
0.922
0.937
0.937

Grainyield, grain moisture, root lodging, and stalk lodging weremeasured
in six environments, whereas ear height was measured in only four
environments.
Exact 90%confidence intervals were calculated according to the procedures of Knappand Bridges (1987).

whereas those measured in S2-progeny selection
grams are direct responses to selection.

pro-

ings are similar to the results of 0.074 Mgha-~ -l
cycle
reported by Eberhart et al. (1973) and 0.091 Mg-l
cycle -1 reported by Smith (1979). However, estimates
of 0.344 Mgha -l cycle -~ reported by Helms et al.
(1989a) and 0.164 Mgha- 1 cycle- 1 reported by Lamkey
(1992) do not agree particularly well with our results.
Differences amongstudies in the average linear rate of
response maybe a function of the environments in which
the materials were evaluated and differences in methods
of calculating response. Population per se performance
estimates in our study were confounded with the effects
of inbreeding because of small effective population size,
whereas the estimates provided by Helmset al. (1989a)
were adjusted for these effects. These findings support
the fact that HSselection in BSSShas effectively increased the frequencyof favorable alleles for grain yield.
Responses to HS selection of the agronomic traits
undergoing secondary selection pressure were generally
in a favorable direction. Grain moisture at harvest and
percentage stalk lodged plants remained relatively constant or decreased slightly with selection, which was
generally the trend with other evaluation studies (Eberhart et al., 1973; Helms et al., 1989a; and Lamkey,
1992). Percentage of root lodged plants increased slightly
as a consequenceof the direction of the selection differential as reported by Lamkey(1992), however. Average
ear height decreased significantly (1 cm cycle -1) with
HS selection, even though no selection pressure was
applied to the trait. The decrease in ear height could
have resulted as a correlated response to selection or
because of inbreeding due to small effective population
size.

Half-Sib Progeny Selection

$2 Progeny Selection

Half-sib progeny selection was effective for improving
the mean grain yield in the BSSS population per se.
Seven cycles of HS progeny selection resulted in an
indirect response of 0.076 Mgha-1 cycle -~. These find-

Average linear direct response to selection for grain
yield in BS13after six cycles of S2-progeny selection
was 0.052 Mg ha -l cycle -l, which was between the
estimates of 0.009 Mgha-1 cycle -I -l
and 0.226 Mgha

Table 4. Phenotypic (above diagonal) and additive genetic (below diagonal) correlations of half-sib
of variance across six environments among five traits measured in four BSSS populations.
TraitS"
Grainyield (Mgha- 1)

Grain moisture (g kg-~)

Root lodging (%)

Stalk lodging (%)

Ear height (cm)

Population
BSSSC0
BSI3(S)C0
BS13(S)C6
BSSS(R)Cll
BSSSC0
BS13(S)C0
BS13(S)C6
BSSS(R)C11
BSSSC0
BS13(S)C0
BS13(S)C6
BSSS(R)Cll
BSSSC0
BS13(S)C0
BS13(S)C6
BSSS(R)Cll
BSSSC0
BS13(S)C0
BS13(S)C6
BSSS(R)C11

Grain
yield

- 0.16
0.13
- 0.11
0.39
- 0.22
0.30
0.51
0.37
0.01
0.17
- 0.27
- 0.07
0.00
0.40
0.20
0.40

progeny from the combined analyses

Grain
moisture

Root
lodging

Stalk
lodging

- 0.10
0.13
0.01
0.34**

- 0.12
0.19
0.30*
0.22
0.09
0.10
0.01
- 0.07

- 0.07
0.03
- 0.31"
- 0.04
- 0.02
- 0.13
0.01
0.00
0.35**
0.22
- 0.07
0.12

0.13
0.15
0.03
- 0.13
-0.03
- 0.11
0.06
- 0.01
-0.01
0.19
- 0.05
0.16

0.48
0.27
- 0.09
0.23
0.67
0.57
0.39
0.71

Ear
height
0.02
0.32*
0.18
0.35**
- 0.01
0.19
- 0.04
0.15
0.54**
0.57**
0.35**
0.45**
0.25
0.11
- 0.03
0.19

0.30
0.11
- 0.07
0.24

*, ** Significant at the 0.05 and 0.01 probability levels, respectively.
Grain yield, grain moisture, root lodging, and stalk lodging were measuredin six environments,whereasear height wasmeasuredin only four environments.
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cycle -~ obtained by Lamkey(1992) and Helms et al.
(1989a), respectively. The response seen in our study and
that of Lamkey(1992) does not support the theoretical
superiority of S2-progeny selection method. As Lamkey
(1992) suggested, the lack of response in this selection
programcould be a result of randomgenetic drift because
the estimated level of inbreeding in BS 13(S)C6is approximately 45 %. The results of Helmset al. (1989a), which
were adjusted for the effects of inbreeding because of
small effective population size, show muchgreater response to selection.
The selection responses for grain moisture (-0.7
kg-~ cycle -l) and percentage of root lodging (-0.15%
cycle-~) were in the desired direction, a trend consistent
with the results of Helms et al. (1989a) and Lamkey
(1992). Percentage of stalk lodging, however, increased
with selection at a rate of 0.4% cycle-~, which was not
considered agronomically important. Ear height decreased with S2-progeny selection at the same rate as
was found in the HS selection program (1 cm cycle-~).
Reciprocal Recurrent Selection
Reciprocal recurrent selection was effective for improving the mean grain yield of the BSSSpopulation
per se. After 11 cycles of RRS,average indirect response
in the population per se was 0.104 Mgha-1 -~,
cycle
comparedwith 0.060 Mgha-~ cycle-~ reported by Keera-~ cycle
tinijakal and Lamkey(1993a) and 0.356 Mg-1
reported by Helmset al. (1989a). The expected response
to RRSin the populations per se is low for two reasons.
First, change in per se performanceof populations undergoing RRSmethodsis an indirect response to selection.
Second, BSSS(R)C11 is approximately 37 % inbred because of small effective population size. The estimate of
population per se performance is increased when response is adjusted for the effects of inbreeding (Smith,
1979; Helms et al., 1989a; Keeratinijakal and Larnkey,
1993b). Therefore, random genetic drift is largely responsible for the small response to selection observed
in the population per se. Our study, however, produced
a grain yield response that was more favorable than
previous studies in which response was not adjusted for
randomgenetic drift. Our results suggest that RRShas
been effective at increasing the frequency of favorable
alleles for grain yield in the population per se.
Grain moisture in the BSSSpopulation per se increased
significantly with RRS(0.7 g kg-1 cycle-~). Smith (1983)
and Keeratinijakal and Lamkey(1993a) reported little
or no effect of selection for grain moisture, whereas
Helms et al. (1989a) found an increase of 1.2 g -1
cycle-1. In agreement with the results of Keeratinijakal
and Lamkey(1993a), our study showed favorable response to selection for root and stalk lodging, -0.1%
cycle-~ and -0.5 % cycle -~, respectively. Decreasing
ear height in the population per se is also consistent with
the report of Keeratinijakal and Lamkey(1993a).
Effects

of Selection

on Genetic Parameters

Favorable changes in the mean performance of the
populations with selection suggest an increase in the
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frequency of favorable alleles. Under a model of complete dominance, increasing the frequency of the favorable allele through selection to a level greater than 0.25
wouldlead to a decrease in additive variance (Falconer,
1989). Dominancevariance decreases gradually at allelic
frequencies greater than 0.5. In addition, additive and
dominancevariance can only be equal whenallelic frequency is greater than 0.5. The changes in additive and
dominancevariance for grain yield found in our study
tend to support this theory. Additive and dominance
variance for grain yield in BSSSwere generally of equal
importance. For other agronomictraits in BSSS,additive
genetic variance seemed to be much more important
than dominance variance. Additive × environment and
dominance × environment interaction
variancecomponentestimates were generally of little importance.
Half-Sib Progeny Selection
Half-sib progeny selection produced changes in the
genetic variance components for grain yield that were
consistent with the results reported by Stucker and Hallauer (1992). Additive variance was reduced slightly,
whereas additive × environment interaction variance
increased significantly.
Dominance and dominance ×
environment interaction variances tended to decrease at
a greater rate than the additive variance. Helmset al.
(1989b) reported a small decrease in the total genetic
variance among $2 progenies after HS selection and
attributed the reduction to the increased level of inbreeding because of small effective population size. This may
also explain the decrease in total genetic variance that
was observed in our study. Half-sib selection has been
effective at increasing the frequencyof favorable alleles,
as determined by significant increases in population per
se performance, which may also contribute to a loss in
genetic variation.
Additive and dominance variance estimates for grain
moisture remained unchanged with HS selection,
whereas their interactions with environments increased
slightly in magnitude. Stucker and Hallauer (1992) reported a significant decrease in both additive and dominance variance for grain moisture. Helmset al. (1989b)
showeda nonsignificant decrease in total genetic variance
after HS selection. All variance component estimates
for root lodging were very small, although significant
increases in additive, additive × environment, and dominance × environment components were found in our
study. A significant increase in total genetic variation
for root lodging was also reported by Helms et al.
(1989b). Dominanceand additive × environment interaction componentsof variance for stalk lodging decreased
significantly in our study. A decreasing trend was reported by Stucker and Hallauer (1992) for all variance
componentestimates. Nosignificant changes in variance
componentestimates for ear height were detected; however, a decrease in dominancevariance approached significance.
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S2-Progeny Selection
S~-progeny selection produced unexpected changes in
the genetic variance componentestimates for grain yield.
Additive variance remained unchanged whereas dominance variance increased with selection. Helmset al.
(198919)reported a nonsignificant increase in total genetic
variance for grain yield after three cycles of selection.
In an evaluation of cycles zero through five of the S~progeny selection program, Lamkey(1992) found that
the estimates of genetic variance for each cycle were
significantly different from zero. The changes in genetic
variance and observed response to selection suggest that
S2-progeny selection has not been able to capitalize on
the additive genetic variance in BS13. Iowa Stiff Stalk
Synthetic is unique relative to other maize populations
because the additive and dominancevariance contribute
equally to the total genetic variance (Hallauer and Miranda, 1988). It is not clear if this unique variance
componentstructure is responsible for the lack of progress from S:-progeny selection. Inbreeding because of
small effective size has increased from 29 % in B S 13(S)C0
to 45%in BS13(S)C6, but the expected reductions
the genetic variance componentsdue to inbreeding were
not observed.
All variance component estimates for grain moisture
showeda declining trend with S2-progeny selection, but
none of the changes were significant. Total genetic variance in the study of Helms et al. (1989b) also showed
a slight decrease over selection cycles. A decrease in
additive × environment interaction variance was the
only significant change in variance componentestimates
for root lodging in our study. Helms et al. (1989b)
reported a near significant decrease in genetic variance
for this trait. Nosignificant changes were detected with
the estimated variance components for stalk lodging,
although no dominancevariance remained for this trait
after selection. A slight increase in genetic variance was
found by Helms et al. (1989b). Variance component
estimates for ear height showed no significant changes
over cycles of S~-progeny selection.
Reciprocal Recurrent Selection
All variance component estimates for grain yield in
the BSSSpopulation per se were reduced after 11 cycles
of RRS. Dominanceand dominance × environment interaction variances were reduced significantly. The estimate
of dominance variance was near zero and the dominance
× environment interaction variance was not significantly
different from zero. Hallauer (1971) found similar trends
after four cycles of selection. Helmset al. (1989b) reported a near significant decrease in total genetic variance
in BSSSafter nine cycles of selection. A rather large
decrease in total genetic variance (approximately50 %)
the population per se was accompaniedby only moderate
meanperformanceincreases. A significant loss of heterozygotes in the population per se because of the effects
of random genetic drift was reported by Keeratinijakal
and Larnkey (1993b) as an explanation for limited im-

provementof grain yield in the population per se. They
also reported that RRSincreased the level ofheterozygosity in the population cross by selection for complementary
loci with alleles in the partial to complete dominance
range. Selection for complementary sets of loci and
randomgenetic drift wouldresult in an increase in heterozygosity of the population cross and a decrease in heterozygosity of the population per se, as has been observed
by Keeratinijakal and Lamkey(1993a,b). The decrease
we observed in dominance variance in BSSS after 11
cycles of RRSis in agreement with these findings.
Additive genetic variance for grain moisture increased
significantly with selection. The additive variance was
at least seven times greater than any of the other variance
component estimates.
Keeratinijakal
and Lamkey
(1993b) also reported that grain moisture was mainly
controlled by additive effects. Reciprocal recurrent selection, however, has not been effective at improving the
mean performance of the population per se for grain
moisture. Helmset al. (1989b) reported an overall reduction in the total genetic variance for grain moisture
after nine cycles of selection. All variance component
estimates for root and stalk lodging in the BSSS(R)C11
population per se were either near or not significantly
different from zero. A significant decrease in dominance
variance was the only change observed for variance
component estimates of ear height. Additive variance
seems to be the most important source of variation for
ear height, a result consistent with those of Keeratinijakal
and Lamkey (1993b).
Implications
The results from our study showedthat HSprogeny and
RRSmethods have been more effective than S~-progeny
selection for improving the mean performance for grain
yield of the BSSSpopulations per se. Genetic theory
suggests that per se selection methods, such as S~-progeny
selection, should be more effective than other methods
of recurrent selection in populations where overdominant
gene action is not important for the traits of interest.
Overdominant loci have not been found to contribute
significantly to grain yield in maizepopulations (Hallauer
and Miranda, 1988). Response of grain yield in BSSS
populations to S2-progeny selection in our study and
Lamkey(1992) has not followed theoretical expectations.
Our study supports the results of other researchers that
in BSSS dominance variance plays a more important
role in grain yield than in other maize populations (Hallauer and Miranda, 1988), however. The importance of
dominancevariance in BSSSprovides for more effective
response from selection with testcross selection methods
that can take advantage of dominance genetic effects.
Half-sib progeny and RRS methods were found to be
more effective in improving the mean performance in
BSSS populations. However, Helms et al. (1989) reported that whenselection responses were adjusted for the
level of inbreeding, all three selection methodsproduced
similar grain yield responses.
Withadequate levels of available additive genetic variance remaining and high heritability estimates for all
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traits, future response from selection should be achieved
from each selection method. However, HS progeny and
RRS methods have the ability to take advantage of dominance genetic effects and may be more appropriate in
BSSS maize populations. Secondary selection pressure
on important agronomic traits, when the primary trait
under selection is grain yield, was effective for maintaining or improving their level in the advanced populations.
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