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Performance and Genetic Variance among S, Lines and Testcrosses
of Towa Stiff Stalk Synthetic Maize

S. P. Walters, W. A. Russell,* and K. R. Lamkey

ABSTRACT

Iowa Stiff Stalk Synthetic (BSSSC0) maize (Zea mays L.) pop-
ulation has been used in two long-term recurrent selection programs:
reciprocal recurrent selection (R) and haif-sib followed by S,~-prog-
eny (S) recurrent selection. Advanced populations after nine cycles
of reciprocal recurrent selection [BSSS(R)C9] and seven cycles of
half-sib and three cycles of S, progeny selection [BS13(S)C3] were
evaluated. Objectives of this study were to compare performance and
amount of genetic variation present among S, lines from BSSSCJ,
BSSS(R)C9, BS13(S)C3, and BSSS(R)C9 X BS13(S)C3(C3 X C9)
and, also, to compare performance and genetic variation among test-
crosses of the S, lines by using two testers of different heterotic
background, B73 and Mo17. The S, lines from BSSS(R)C9 and
BS13(S)C3 showed significant increases in grain yield compared
with S, lines from BSSSC0. The C3 X C9 S, lines showed high-
parent heterosis for grain yield. Genetic variance component esti-
mates of S, lines were significant in all four populations, and C3 X
C9 reflected midparent estimates between the estimates for C3 and
C9. Mean grain yield for Mo17 testcrosses was significantly greater
than for B73 testcrosses within each of the four populations. Test-
crosses involving C3 and a related inbred, B73, showed a nonsig-
nificant grain yield variance estimate. The average yield for the
testcrosses of S, lines from C3 X C9 for both testers was inter-
mediate between the testcrosses of S, lines from C3 and C9; thus,
the high-parent heterosis observed for C3 X C9 S, lines was not
observed for the testcross means.

ECURRENT SELECTION, in the form of mass selec-
tion, has been used since maize was first do-
mesticated (Hallauer et al., 1988). Recurrent selection
can be described as a cyclical selection process because
it involves the development of progenies, evaluation
of progenies in replicated trials, and recombination of
superior progenies for the next cycle of selection (Hal-
lauer and Miranda, 1988). The source population used
in this study was Iowa Stiff Stalk Synthetic (BSSSCO0)
(Sprague, 1946). Half-sib recurrent selection in BSSS
with a double-cross tester, Iowa 13, was initiated in
1939. Seven cycles of half-sib selection were followed
by three cycles of S, progeny selection to create
BS13(S)C3. Reciprocal recurrent selection (RRS) was
initiated in BSSSCO in 1949, and nine cycles of selec-
tion were completed with BSCBI1 to create
BSSS(R)C9. Highly significant improvements for hy-
brid yields have been achieved in both recurrent se-
lection programs. Smith (1983) evaluated BS13
populations per se and calculated the response to se-
lection for the CO to C4 (0.08 + 0.02 Mg ha! cycle!)
and C4 to C7(0.25 = 0.04 Mg ha-! cycle™!). Total gain
from direct response in the BSSS(R)Cn X
BSCBI(R)Cn crosses ranged in separate evaluations
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from 7.0% (Penny and Eberhart, 1971) to 36.9%
(Stangland et al., 1983). Crosses of earlier cycles for
BS13(S) and BSSS(R) had shown significant heterotic
expression for grain yield (Russell and Eberhart, 1975;
Stangland et al., 1983; Smith, 1983), but there have
not been detailed evaluations of germplasm from such
crosses. Objectives of this study were to (i) evaluate
progress achieved in BSSS through cycles of recurrent
selection for quantitative traits; (i1) compare estimates
of genetic variation among S, lines from the original
BSSSCO0, BSSS(R)C9 and BS13(S)C3, and the popu-
lation cross of BSSS(R)C9 and BS13(S)C3; and (ii1)
compare genetic variation among testcrosses of S,
lines from these sources by testers of different heter-
otic background.

MATERIALS AND METHODS

The details of the RRS program, initiated by G.F. Sprague
in 1949, were given by Penny and Eberhart (1971) and the
details of half-sib selection in BS13 [BSSS(HT)] were given
by Eberhart et al. (1973). The four populations used in this
study were BSSSCO (C0), BS13(S)C3 (C3), BSSS(R)C9 (C9),
and BS13(S)C3 X BSSS(R)C9 (C3 X C9). The C3 X C9
was random-mated one generation. The S, lines for Exp. 1
were produced in 1985 and increased by sib-mating each
line in 1986. All S, lines were random, with the only con-
straint being that there be enough seed for line increases and
for testcross seed production. One hundred S, lines from
each source were planted on an ear-to-row basis in a breed-
ing nursery and approximately five sib-matings (10 plants
sampled) were made. A total of 200 unselected S, lines (50
from each source) were used as entries in Exp. 1 in an in-
complete block design arranged as replicates in sets as de-
scribed by Hallauer and Miranda (1988). There were two
replicates within each of five sets; each set included 10 lines
from each of CO, C3, C9, and C3 X C9, for a total of 40
lines per set.

Experiment 2 included the same lines as for Exp. 1 in
testcrosses with B73 and Mol7. Inbred line B73 was derived
from BSSS(HT)C5 maize synthetic variety (Russell, 1972)
and is a Reid Yellow Dent-type line. The populations used
in this study are related to B73, with the closest relationship
being with BS13(S)C3. Inbred Mo17 was selected via pedi-
gree selection from the cross CI187-2 X C103 (Zuber, 1973)
and is a Lancaster Sure Crop-type line. Lines B73 and Mo17
represent two different heterotic groups in maize germplasm.

In 1986, 100 S, lines from each of the four sources were
planted in separate isolation blocks for making testcross seed
with B73 and Mol7. The S, lines were detasseled and, at
harvest, =~15 ears from each line were bulked to make test-
cross seed. Fifty lines from each of the eight source X tester
combinations were used as entries in Exp. 2. These 400 test-
crosses were included in an incomplete block design ar-
ranged as replicates in sets. There were two replicates within
each of 10 sets; each set included five crosses from CO X
B73, C3 X B73,C9 X B73, (C3 X C9) X B73, CO X Mol7,
C3 X Mol7, C9 X Mol7, and (C3 X C9) X Mol7, for a
total of 40 testcross entries per set.

The experiments were conducted in six environments
(Ames, Ankeny, and Martinsburg, IA, in 1987 and 1988).
All plots were machine planted in two-row plots, 1.52 m
wide by 5.09 m long. Plots were overplanted and thinned
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to 59 300 plant ha~'. Data were collected for grain yield (Mg
ha-') adjusted to 155 g kg~! of moisture, grain moisture, stalk
lodging (percentage of plants broken below the ear), root
lodging (percentage of plants inclined more than 30° from
the vertical), and dropped ears (percentage of ears on the
ground at harvest). All trials were machine harvested, with
no gleaning of ears.

Environments and S, progenies within each population
were considered as random effects in Exp. 1. In Exp. 2, en-
vironments and testcross lines within each source were con-
sidered random and sources and testers were considered
fixed effects. In both experiments, population means were
compared by using LSD (P = 0.05) calculated by using the
genotype X environment mean square. Estimates of genetic
variance for each trait were calculated from the combined
analysis of variance. Confidence intervals for variance com-
ponents were calculated by using the method of Knapp et
al. (1987). Heritabilities were estimated as the ratio of ge-
netic variance within a population to the phenotypic vari-
ance on a progeny-mean basis. Confidence intervals for
heritabilities were calculated using the method of Knapp et
al. (1985). For estimates of both genetic variances and her-
itabilities, if confidence intervals of two estimates did not
overlap, they were considered significantly different. The ge-
netic variance among S, progenies is an estimate of 0% +
(1/4)e} (Hallauer and Miranda, 1988).

RESULTS
S, Lines

Analyses of variance (not shown) combined across
six environments indicated significant differences
among entries for all traits. Although the genotype X
environment interaction mean square was significant
for all traits, the sums of squares were less than sums
of squares for entries. The interaction was caused by
large climatic differences in growing seasons between
1987 and 1988. The growing season of 1987 was good
for high productivity except near Martinsburg, where
rainfall was less than normal. The 1988 season was a
low productivity year at all locations because of high
temperatures during flowering and below average
rainfall,

The S, lines from the improved populations (C3,
C9, and C3 X C9) showed significant improvement
for grain yield compared with S, lines from BSSSCO
(Table 1). Average yields of S, lines from C3 and C9
were similar, and C3 X C9 showed significant high-
parent heterosis. The significant increase for grain
yield of C3 X C9 §, lines compared with S, lines from
C3 and C9 indicates that the two recurrent selection
programs have changed allelic frequencies at different
sets of loci. Means of S, lines from C3 X C9 were

Table 1. Means across 50 S, progenies for five traits for each of
four Jowa Stiff Stalk Synthetic populations evaluated in six en-
vironments.

Lodging .

——————————  Dropped Grain Grain

Population Root Stalk ears moisture yield
% gkg! Mg ha™!

BSSSCO 6.8 11.2 0.3 197 2.92
BS13(S)C3 5.5* 12.3* 0.1* 184* 3.92*
BSSS(R)C9 4.9* 6.7* 0.5* 189+ 3.91*
C3I XC9 7.1* 7.5*% 0.2* 185* 4.19*
LSD (0.05) 1.3 1.1 0.1 3.0 0.12

* Significantly different from BSSSCO at the 0.05 probability level.

similar to the midparent values for the other traits
except for percentage of root lodging, where C3 X C9
was significantly greater than the midparent means.
Means of S, lines decreased significantly from the CO
to the C9 for root and stalk lodging. The C3 showed
significantly less root lodging, but greater stalk lodging
than BSSSCO0. All improved populations except C9
showed decreases for percentage of dropped ears.
Grain moisture decreased significantly from CO in the
three improved populations.

The distributions of S, lines from each population
for grain yield are shown in Fig. 1. The distributions
show the significantly higher yield of the improved
populations, compared with the C0, and the high-par-
ent heterosis for C3 X C9. The distribution for C3
does not show some classes as high yielding as C9 and
C3 X (€9, probably because some S; lines were sus-
ceptible to Helminthosporium leaf spot [incited by
Race I Helminthosporium carbonum (Ullstrup) = Bi-
polaris zeicola (G.L. Stout) Shoemaker].

Genetic variation among S, lines for the improved
populations decreased compared with BSSSCO for all
traits except stalk lodging, where C3 showed an in-
crease (Table 2). Not all these decreases were signifi-
cant, as shown by the 90% confidence intervals. Data
for dropped ears are not shown because no 42 or A?
values were significant. Decreases in genetic variabil-
ity were expected, as some loci became fixed for fa-
vorable alleles and others increased in frequency with
effective selection. The S, lines from C3 X C9 showed
no general trend for genetic variation relative to the
variation of the S, lines of the parental populations.
Genetic variance component estimates among S, lines
were significantly greater than zero in all populations
for grain yield. Estimates of genetic variation for grain
yield of the C3 and C3 X C9 populations were similar,
while the estimate of genetic variation from C9 was
larger than the estimates observed from C3 or C3 X
C9. Because estimates of genetic variance for yield in
C3, C9, and C3 X C9 were significant, it seems that
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Fig. 1. Frequency distributions of 50 S, lines averaged across six
environments for yield for each of four Iowa Stiff Stalk Synthetic
populations (class interval = standard deviation, dashed vertical
line = mean value).



78 CROP SCIENCE, VOL. 31, JANUARY-FEBRUARY 1991

response to selection can be expected in subsequent
cycles. Also, the heritability (4#?) estimates for most
traits exceeded 0.50, except for dropped ears, indicat-
ing that further selection would be effective. For most
traits, the A#? estimates for S, line means for the im-
proved populations were smaller than for BSSSCO. No
trend was observed for 42 estimates from C3 X C9
relative to parental population estimates.

Testcrosses

Significant differences were observed among entries
within sets for all traits in the combined analyses of
variance (not shown) for Exp. 2. The entries source of
variation was subdivided into eight source X tester
components from which testcross genetic variance
components were calculated. Two improved-popula-
tion X B73 testcross means, C9 and C3 X C9, had
significantly less stalk lodging than did CO X B73, and
two improved-population X Mol7 testcross means,
C3 and C3 X (9, had significantly less stalk lodging
than did CO X Mol7 (Table 3). No differences were

Table 2. Estimates of genetic variance (57) among 50 S, progenies
and heritability estimates (5%) on a S, progeny-mean basis for four
traits from each of four Iowa Stiff Stalk Synthetic populations
evaluated in six environments.

Confidence Confidence
limitst limitst
Trait Population &2  Lower Upper &  Lower Upper
Root lodging,
% BSSSCO 3582 27.85 4501 073 059 0.81

BS13(S)C3 24.72 18.06 32.02 0.66 048 0.76

BSSS(R)C9 6.38 322 936 047 019 0.63

C3 X C9 30.27 2295 3853 070 0.54 0.79

Stalk lodging,
% BSSSCO 19.21 1441 2457 068 052 0.78
BS13(S)C3 25.32 19.19 3224 0.70 053 0.79
BSSS(R)C9 10.06 7.86 1263 0.73 0.60 0.81
CIxX QO 11.04 8.36 1407 0.69 053 0.79

Moisture,
g kgt BSSSCO 347 198 418 087 080 091
BS13(S)C3 189 156 230 083 0.75 088
BSSS(R)C9 260 216 314 086 0.79 0.90
C3I X C9 248 207 299 087 081 091
Grain yield,
Mg ha! BSSSCO 0.29 024 036 083 0.74 0.89

BS13(S)C3  0.18 014 023 068 051 078
BSSS(R)C9  0.23 019 029 0.77 0.64 0384
C3 X C9 0.17 012 022 066 047 0.77

t Confidence interval (1 — a = 0.90) for variance component estimates and
heritability estimates.

Table 3. Means across 50 testcrosses for five traits for each of four
Iowa Stff Stalk Synthetic populations crossed to two testers eval-
uated in six environments.

in

_ Lodging 1 pped Grain  Grain

Population Root Stalk ears moisture Yyield
% g kg' Mgha!

BSSSCO X B73 4.9 17.2 0.4 196 5.99
BS13(S)C3 X B73 4.7 16.2 0.2* 197 6.42*
BSSS(R)C9 X B73 4.8 14.0* 0.5 194* 7.24*
(C3 X C9) X B73 5.4 14.1* 0.3 196 6.69*

BSSSCO X Mol7 3.0 14.1 0.9 192 6.18
BS13(S)C3 X Mol7 2.1* 12.9 0.5* 190* 6.92*
BSSS(R)C9 X Mol7 1.5* 9.1* 1.1* 201* 7.46*
(C3 X C9) X Mol7 2.3 10.2* 0.8 192 7.02*

LSD (0.05) 0.8 14 0.2 20 0.11

* Significantly different from the respective BSSSCO X inbred line testcrosses
at the 0.05 probability level.

observed among means of B73 testcrosses for root
lodging, and only C3 X Mol7 and C9 X Mol7
showed significant decreases from C0 X Mol17. C3 X
B73 testcrosses showed a significant decrease from CO0
X B73 for dropped ears. Similarly, C3 X Mol7 had
fewer dropped ears than CO X Mol7, and C9 X Mol7
had significantly more dropped ears. (C3 X C9) X
B73 and Mo17 testcrosses were intermediate between
parental population testcrosses for dropped ears.
Grain moisture decreased significantly for C9 X B73
compared with CO X B73, but the other B73 test-
crosses were not significantly different. The testcross
C3 X Mol7 showed a significant decrease, while C9
X Mol7 showed a significant increase in grain mois-
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Fig. 2. Frequency distributions of 50 B73 testcrosses of S, lines from
each of four Towa Stiff Stalk Synthetic populations for yield av-
eraged across six environments (class interval = standard devia-
tion, dashed vertical line = mean value).
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Fig. 3. Frequency distributions of 50 Mo17 testcrosses of S, lines
from each of four Iowa Stiff Stalk Synthetic populations for yield
averaged across six environments (class interval = standard de-
viation, dashed vertical line = mean value).
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ture from CO X Mo17. The C3 X C9 testcrosses were
similar to C3 testcrosses for grain moisture in both
B73 and Mol7 testcrosses. For grain yield, significant
increases were observed for all improved-population
testcrosses compared with CO testcrosses; C9 test-
crosses showed the greatest average yield when
crossed to either tester. The C3 X C9 testcrosses with
both testers were between parental testcross mean val-
ues for most traits, including grain yield.

Frequency distributions are shown for B73 test-
crosses in Fig. 2 and for Mol7 testcrosses in Fig. 3.
In both instances, the significantly higher mean yields
are evident for the improved populations compared
with CO and for C9 compared with C3 and C3 X C9.
Higher mean yields were obtained for the improved
populations because of fewer low-yielding testcrosses
and more high-yielding testcrosses. In general, more
classes and greater yields were observed for Mo17 test-
crosses compared with B73 testcrosses, probably be-
cause Mo17 is an unrelated heterotic group tester.

Table 4. Estimates of genetic variance (¢2) and heritability estimates
(A?) on a testcross line-mean basis among 50 testcrosses for four
traits for each of four Iowa Stiff Stalk Synthetic populations
crossed to two testers evaluated in six environments.

Confidence Confidence
limitst limitst
Trait Population 42 Lower Upper h* Lower Upper
Root

lodging, % CO X B73 228 160 3.04 0.65 045 0.76
C3IXB73 208 133 287 059 035 071
C9 X B73 209 127 294 056 031 0.69

(C3 X ©9) X
B73 303 213 403 065 045 0.76
CO X Mol7 108 066 152 056 031 0.69
C3X Mol7 0.09 —007 021 020 000 045
C9 X Mol7 012 004 019 042 009 0.60

(C3 X C9) X
Mo17 045 024 066 050 021 0.65

Stalk

lodging, % CO X B73 461 3.14 620 0.63 041 074
C3XB73 217 L19 314 052 024 067
C9XB73 042 —060 121 016 0.00 0.42

(C3 X C9) X
B73 260 160 364 056 032 070
CO X Mol7 460 294 634 059 035 071
C3 X Mol7 147 039 242 038 004 057
C9 X Mol7 055 —0.18 114 025 0.00 0.9

(C3 X9 X
Mol7 190 124 259 060 037 0.72
Moisture,
g kg! C0 X B73 23 18 29 080 0.69 0.86
C3 X B73 6 1 10 0.72 056 081
C9 X B73 17 13 22 0.68 051 0.78
(C3 X C9) X
B73 32 26 39 085 077 090
CO0 X Mol17 23 19 29 080 0.68 0.86
C3 X Mol17 14 1 18 0.73 059 0.82
C9 X Mol7 17 13 22 0.71 055 080
(C3 X C9) X
Mol7 26 21 32 0.82 072 0.88
Grain yield,
Mgha' CO0 X B73 038 027 050 0.66 047 0.77

C3 X B73 007 001 0.14 034 0.00 0.54
C9 X B73 017 0.08 025 047 017 0.64
(C3 X C9) X

B73 024 016 033 059 036 0.72
CO X Mol17 038 027 051 066 047 0.77
C3 X Mol7 058 045 073 078 0.65 0.85
C9 X Mol7 027 017 037 059 035 0.71
(C3 X C9) X

Mol7 035 024 047 064 044 075

t Confidence interval (1 — a = 0.90) for variance component estimates and
heritability estimates.

Variance component estimates among testcrosses
were significant for most traits, except for dropped
ears, for which most testcross estimates were not sig-
nificantly different from zero (Table 4). Data for
dropped ears are not shown because only one 52 value
was significant. Generally, the variance component es-
timates for improved populations were smaller than
those for CO for both B73 and Mo17 testcrosses, par-
ticularly for grain yield. Genetic variance component
estimates for C3 X C9 testcrosses were generally larg-
er than estimates for the parental testcrosses; however,
not all were significantly greater. The estimates of ge-
netic variance for (C3 X C9) X B73 testcrosses were
similar to the estimate for C9 X B73 testcrosses for
grain yield and the estimates of genetic variance for
(C3 X C9) X Mol7 testcrosses were similar to the
estimates for the CO and C9 X Mol7 testcrosses. The
estimates of genetic variance for C3 and C9 X B73
testcrosses were significantly different from each
other, as were the estimates of genetic variance for C3
and C9 X Mol7 testcrosses for grain yield. The C3
X Mol17 testcrosses had 62 and h? values for yield that
were significantly greater than those for the other
group of testcrosses, whereas C3 X B73 testcrosses
had 62 and h? values significantly lower than for the
other group of testcrosses.

DISCUSSION

The C3 X C9 S, lines had an average yield that
gave significant high-parent heterosis of 7.0% (Table
1). These results indicate that the two recurrent selec-
tion programs have increased the frequencies of dif-
ferent dominant favorable alleles in BSSS. Heterosis
in F, = 2dy?, where d is the level of dominance and
y is the difference in allelic frequency between the par-
ents (Falconer, 1981). It seems possible, also, that fa-
vorable interactions between loci in C3 X C9 may be
present such that favorable types of epistasis contrib-
uted to the yield increase. When testcrosses of S, lines
with B73 and Mol7 were made, genetic recombina-
tion in the parental S, lines could disperse favorable
epistatic effects such that they would not function in
the testcross progenies (Table 3). Consequently, the
average testcross performance of S, lines from C3 X
C9 would be expected to be similar to midparent val-
ues for testcrosses of S, lines from C3 and C9 insofar
as epistasis is concerned. It can also be shown that cer-
tain assumed gene frequencies and levels of dominance
will give significant heterosis in C3 X C9 vs. C3 and
C9 S, lines, but it will not be expressed in testcrosses
(O.S. Smith, 1989, personal communication).

As a source of inbred lines, C3 showed poor resist-
ance to stalk lodging (Exp. 1) and some susceptibility
to helminthosporium leaf spot. Improvement of these
traits should permit C3 to become a source of good
inbred lines. No new lines have been released from
this program since B84 from BSSS(HT)C3 was re-
leased (Russell, 1979) because of continued problems
with lodging and hybrid yield performance no better
than B84. The 57 for C3 X Mol7 testcrosses was sig-
nificantly greater than for CO X Mo17 for yield, which
indicates that predicted gains should be greater for C3
than for CO in testcrosses with Mol7. S, lines from
C9 showed little lodging and had excellent yields. In
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testcrosses, C9 consistently produced higher yields
than did other populations when crossed to B73 or
Mol7. Consequently, successful inbred lines should
not be difficult to obtain from this population. The
population cross may also be a good source of inbred
lines. The S, lines per se from C3 X C9 showed the
greatest average grain yield in Exp. 1, which indicates
that this should be the best source for high yielding
inbred lines per se; however, these lines showed only
average yield performance in testcross and had above
average root lodging. Some additional cycles of selec-
tion in C3 X C9 may be necessary to increase yields
and resistance to root lodging.
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