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Abstract

Recurrent selection (RS) schemes were introduced to increase the frequency of favorable alleles for quantitatively
inherited traits. The main goal of RS was to genetically improve germplasm resources for breeding programs.
Data were summarized for 14 intra-population and eight inter-population maize (Zea mays L) RS programs con-
ducted in 17 genetically broad-based populations. The intra-population programs included evaluation of half-sib
and full-sib families, either S, or S, inbred progenies, and a combination of S, and S, inbred progenies. The inter-
population reciprocal RS programs were restricted to either half-sib or full-sib family selection. Grain yield was the
primary trait considered in selection, but selection indices that include grain moisture at harvest and resistance to
root and stalk lodging also were considered in making the selections that were intermated to form the next cycle
population. Approximately, 10 to 20 selections were intermated for each cycle. Estimates of the genetic variation
among progenies tested ( g2), interactions of progenies with environments (o-ze), and experimental error ( 52%) were
obtained from the combined analyses of variance for each cycle of selection and then averaged across cycles
for each selection program. From the estimates of the components of variance, estimates of heritability (h?) on
a progeny mean basis , the genetic coefficient of variation among progenies tested relative to their mean, (GCV),
selection differentials (D), predicted genetic gains (AG), and least significant differences (LSD) were calculated
and averaged across cycles of selection. The average estimates of 0'; were largest for inbred progeny selection
and smallest for half-sib family selection as expected. Averaged expected genetic gain across all intra-population
selection programs was 3.17 g ha™ yr' vs 2.32 g ha™ yr for inter-population reciprocal recurrent selection, or 2.64
g hayr' across all methods. On a per cycle and per year basis the differences among types of progeny were rela-
tively small, ranging from (3.57 g ha' yr',1.78 g ha* cycle™) for half-sib family selection to (9.62 g ha' yr', 3.21 q
ha™ yr) for S, inbred progeny selection. Regression analyses of the square roots of with cycles of selection sug-
gested that genetic variation was not reduced significantly with selection. Even though RS was used to determine
the primary types of genetic effects that respond to selection and contribute the expression of heterosis and could
ideally support basic association and genome selection studies, the principle goal of RS is to adapt and improve
genetically broad-based germplasm sources for potential use in breeding programs. Few programs have inte-
grated RS programs with development programs to isolate unique inbred lines that have potential either as parents
of hybrids or use in elite line crosses to develop recycled lines. In the past 10 years North Dakota has released 18
(out of 28) derived from RS programs, six from the NDSU EarlyGEM program (also diverse), and four from elite x
elite combinations. Based on the number of progenies evaluated (25,692) in the RS programs presented and the
number of inbred lines (31) that met standards for a ‘B’ designation and release to other maize breeders, the fre-
quency of released lines was 0.12% or 1.2 lines per 1000 tested. However, the value of each line is different. B73
is a successful example of integrating recurrent and pedigree selection programs in order to develop outstanding
cultivars. These significant gains can be realized with long-term RS selection programs. National support for them
is encouraged in order to develop the next generation of maize products.

Keywords: frequency of inbred lines, genetic variation, genetic gain, germplasm enhancement, heritability, intra- and
inter-population selection, maize, recurrent selection

Introduction bred lines belonging to the same heterotic group. The
recycling of elite inbred lines has been used very ef-

Use of cyclical selection methods is prevalent in [ i ] i -
fectively in maize breeding to develop recovered elite

plant breeding. There are two general types of cy-

clical selection methods, depending upon the pri- lines (Mikel, 2006). Although formal data are not avail-
mary goals of the breeding program. For breeding able, it seems likely that more than 95% of the total
programs that emphasize development of improved maize breeding effort in the US is allocated to devel-
maize (Zea mays L) inbred lines for hybrids, cyclical oping recycled inbred lines, especially in the private

sector. The recent importance given to transgenic

selection includes primarily selection within F, popu-
events is directed primarily to the insertion of specific

lations from crosses of elite and normally related in-
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segments of DNA for specific herbicide or pest resis-
tance traits, but the breeding methods of recovering
the original inbred line with the inserted segment(s)
of DNA are also cyclical and they are dependent on
improved genetics by traditional breeding methods
(Hallauer and Carena, 2009; Hallauer et al, 2010).

The other type of cyclical selection includes the
genetic improvement or enhancement of genetically
broad-based populations; this is usually referred to
as recurrent selection (RS). Regardless of the types of
germplasm undergoing cyclical selection, the primary
goal, in all instances, is the same:

1) increase the frequency of all favorable alleles, es-
pecially the dominant ones;

2) maintain genetic variability.
Both types of cyclical selection methods are not
exclusive. In fact, the lowa State and North Dakota
State University maize breeding programs have in-
tegrated, for a long time, germplasm improvement
of genetically broad-based populations with inbred
line development (Carena and Cross, 2003; Hallauer
et al, 2010). In these cases, while recombination of
top progenies is conducted to form improved popu-
lations, early generation progenies are also self-polli-
nated and testcrossed to initiate inbred line develop-
ment of top progenies.

Cyclical selection methods were designed to en-
sure systematic, incremental genetic improvement
(e.g., increase the frequency of favorable alleles) for
important genetically complex traits, traits that are
controlled by an unknown number of genes, each
having a small effect that varies with environments.
The effectiveness of cyclical selection methods dif-
fers for the two types of populations that undergo
selection for either inbred lines or hybrids as their ul-
timate goal. Evidence of the effectiveness of cyclical
selection to improve inbred line performance is most-
ly indirect evidence because of importance of inbred
lines is their use as parents of hybrids. Genetic im-
provement of hybrid performance during the past 70
years has been reported in studies that made direct
comparisons of hybrids used by the producers during
the past decades in replicated yield trials conducted
across environments (Duvick, 1977; Russell, 1974,
1986; Duvick et al, 2004). In all instances, more than
60% of the greater yields of the newer hybrids were
because of the genetic improvements of the paren-
tal inbred lines and their hybrids. Duvick et al (2004)
also reported that the methods designed to produce
inbred lines improved the yield of the recycled inbred
lines at a greater rate than their respective hybrids.
Their data suggested that the level of heterosis was
decreasing in the successive decades of the newer
hybrids.

A greater number of direct estimates of response
to cyclical (recurrent) selection have been reported for
genetically broad-based populations (Hallauer and
Carena, 2009; Hallauer et al, 2010). Rates of genetic
gain for grain yield from RS usually ranged from 2 to
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5% per cycle of selection. The levels of heterosis also
increased at similar rates for populations undergoing
intra- and inter-population improvement (Carena and
Wicks Ill, 2006; Hallauer and Carena, 2009; Hallauer
et al, 2010). Duvick (1977) reported a study that com-
pared rates of genetic improvement for grain yield for
cyclical selection via pedigree selection vs RS with
populations; rates of genetic improvement on a per
year basis were similar for the two methods.

RS programs in the public sector were originally
initiated with different objectives: the concern for
developing and improving germplasm resources for
inbred line and hybrid development; the develop-
ment of selection procedures for the improvement of
quantitatively inherited traits; the comparison of the
relative efficiency of different types of progenies eval-
uated for genetic improvement of genetically broad-
based populations; and the relative importance of
different types of genetic effects important in selec-
tion and the expression of heterosis. RS studies were
actually initiated to determine what genetic effects
were of greater importance for the response to se-
lection, based on the suggestions by Jenkins (1940),
Hull (1945), and Comstock et al (1949). Preliminary
data and interpretations of RS programs have been
summarized, and in most instances, additive genetic
effects with partial to complete dominance were the
more important gene effects affecting response to
selection for grain yield (Hallauer et al, 2010). Most
of the RS studies, however, were of limited duration
because of limited resources to continue, change in
research emphasis due to new personnel and inter-
est, and greater emphasis on the potential benefits of
molecular genetics (e.g., study at the genotypic level
rather than at the phenotypic level).

The objective of this study is to summarize rates
of genetic gain for different RS programs relative to
responses to selection, genetic variations, heritability,
and predicted responses to selection.

Materials and Methods

Genetic Materials

Different lowa populations were used for differ-
ent RS schemes (Table 1). Three examples are given
below. lowa Stiff Stalk synthetic (BSSS) was devel-
oped by intermating 16 inbred lines with above aver-
age stalk strength (Sprague, 1946). The initial crosses
were made in 1932 at the US Department of Agri-
culture Research Farm at Arlington, VA. Intermatings
were made to form BSSS that GF Sprague used to
initiate half-sib selection in 1939. Similarly, when GF
Sprague initiated a reciprocal RS program in 1949,
BSSS and lowa Corn Borer Synthetic No 1 (BSCB1)
were his choice populations. BSCB1 was developed
by intermating 12 inbred lines with above average re-
sistance to first-generation feeding of the European
Corn Borer (ECB) (Ostrinia nubilalis Hibner). Because
improved stalk strength and increased resistance to
feeding by first-generation ECB were serious con-
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Table 1 — Brief description and selected references for the maize populations included in the RS studies.

Population

Description

Reference

BSSS

BSSS is the designation for the lowa Stiff Stalk Synthetic developed by intermating 16 inbred lines with above average stalk strength.
The initial crosses were made by G.F. Sprague at Arlington Farms, VA in 1932. BSSS is the base population for two long-term selection
programs: 1) BSSS(HT)Ci with la13 [(L317xBI349)(BI345xMc401)] double-cross as tester and BS13Ci with inbred selection; and 2)
BSSS(R)Ci of the reciprocal recurrent selection program with BSCB1(R)Ci as the tester. Inbred lines derived from BSSS have had a
significant impact in breeding programs for the development of lines used in proprietary hybrids.

Sprague (1946)

Hallauer et al (1983)
Stucker and Hallauer (1992)
Mikel and Dudley (2006)

BSSS(HT) Half-sib recurrent selection in BSSS with la13 as tester was initiated in 1939. Seven cycles of half-sib intra-population recurrent selection ~ Hallauer et al (1983)
was completed. BSSS(HT)Ci was the source population for B14 and B37 (cycle 0), B73 (cycle 5), B78 (cycle 6), and the progenitor Eberhart et al (1973)
population of BS13(S).

BS13(S) Following seven cycles of half-sib recurrent selection, BSSS(HT) was renamed BS13 and Inbred progeny recurrent selection was initiated. ~ Hallauer and Smith (1979)
Inbred lines B84, B104, B110, B119, B121, B127, and B128 were developed from BS13(S)Ci.

BSSS(R) Reciprocal half-sib recurrent selection was initiated in 1949 with BSCB1(R)Ci as the tester. After eight cycles of half-sib selection, full-sib Hallauer et al (1983)
selection was used in later cycles. Inbred lines B89, B105, and B111 were developed from BSSS(R)Ci. Keeratinijakal and Lamkey (1993)

BSSS2 BSSS2 was developed by intermating BSSS(HT)C6 and BSSS(R)C4. This population was used to determine the relative response to S, Russell et al (1971)
and S, recurrent selection on average yields and genetic variability.

BSCB1(R) lowa Corn Borer Synthetic No 1 was the original designation of BSCB1. This population was developed by intermating 12 inbred lines Hallauer et al (1974)
with above average resistance to feeding by the first generation European Corn Borer (ECB)(Ostrinia nubilalis Hiibner). Reciprocal Keeratinijakal and Lamkey (1993)
recurrent selection with BSSS(R)Ci as the tester was initiated in 1949. Inbred lines B54, B90, B95, B97, B99, and B120 were developed
from BSCB1(R)Ci.

BS10(FR) BS10 was originally released as lowa Two-Ear Synthetic, which was developed by intermating 10 inbred lines that had a tendency for Russell et al (1971)
prolificacy (two-ear expression) and above average combining ability for grain yield. BS10(FR)Ci was the tester for BS11(FR)Ci in the Eyherabide and Hallauer (1991)
reciprocal full-sib selection program initiated in 1964. B79 was developed from BS10(FR)Ci.

BS11(FR) BS11 was originally released as Pioneer Two-Ear Synthetic No 1, developed by WL Brown of Pioneer Hi-Bred Int by crossing southern Hallauer et al (1974)
prolific materials with US Corn Belt dent lines followed by selection for prolificacy and temperate area maturity. BS11(FR)Ci was the Eyherabide and Hallauer (1991)
tester for BS10(FR)Ci in the reciprocal full-sib selection program initiated in 1964. B77, B98, B113, and B115 were developed from Lamkey and Hallauer (1997)
BS11(FR)Ci. BS11 was also the source populations to evaluate response to evaluate the effects of population size on response to selection.  Weyhrich et al (1998a,b)

BS12(HI) BS12 is the designation for Alph, an open-pollinated cultivar grown by a farmer in southwest IA. The population has long ears, tendency to  Hallauer et al (1974)
barrenness under stress, very poor root and stalk strengths, and was considered to be included in the non-BSSS heterotic group. Half-sib
recurrent selection was initiated in 1950 with inbred B14 as the tester. Seven cycles were completed by 1975.

BS16(S-HT) ETO Composite was obtain from Medellin, Colombia in 1963. After six cycles of mass selection for earlier flowering, the populations was Hallauer and Sears (1972)
designated as BS16. Inbred and testcross hybrid selection were conducted to improve agronomic traits. BS16 includes 100% tropical Hallauer and Smith (1979)
germplasm that is adapted to the central US Corn Belt. Hallauer (1999)

BS21(R) BS21 was developed by intermating BS5 and BS20, two early maturity synthetic IA cultivars. BS21 was included in two reciprocal half-sib ~ Menz et al (1999)
recurrent selection programs: 1) half-sib inter-population selection with BS22(R)Ci as the tester; 2) half-sib intra-population selection with  Hallauer et al (2000)

A632 inbred line as the tester. BS21 is included in the non-BSSS heterotic group.

BS22(R) BS22 was developed by intermating 16 inbred lines of north-central lowa maturity. BS22 was included in two reciprocal half-sib recurrent ~ Menz et al (1999)
selection programs: 1) half-sib inter-population selection with BS21(R)Ci as the tester; 2) Half-sib intra-population selection with H99 Hallauer et al (2000)
inbred line as the tester. BS22 is included in the BSSS heterotic group.

BS26(S) BS26 is a synthetic cultivar developed by intermating Composite A and Composite B derived primarily from Lancaster Sure Crop germplasm. Hallauer (1986)

Three synthetic cultivars were crossed to 15 inbred lines and then intermated to form composite A. Composite B was formed by crossing  Clucas and Hallauer (1986)
six inbred lines with BS12(HI)C7, Nebraska Cattleman, and Composite A. Seed of Composites A and B were mixed, planted in isolation, and

permitted to random mate by open pollination. From seed of the isolation intermating, 1036 S, progenies were evaluated per se and in

testcrosses. Based on the overall evaluations, remnant seed of 50 S, early generation lines were intermated to form BS26. Inbred progeny

recurrent selection was conducted for improved agronomic traits.

BS28(R) Mass selection for earlier flowering was conducted within a composite of Tuxpefio germplasm to form BS28. Reciprocal half-sib recurrent  Hallauer (1994, 1999)
selection for improved grain yield and agronomic traits was conducted with BS29(R)Ci as the tester.

BS29(R) Mass selection for earlier flowering was conducted within Suwan-1(S)C6 germplasm to develop A strain of Suwan-1 designated as BS29.  Hallauer (1994, 1999)
Reciprocal half-sib recurrent selection for improved grain yield and agronomic traits was conducted with BS28(R)Ci as the tester.

BS33(S-HI) An accession of the Leaming open-pollinated cultivar was introduced to lowa from Ohio as a possible alternative heterotic group in 1983. Kaufmann et al (1982)
Three cycles of S-S, progeny selection and two cycles of testcross hybrid selection (A632 and LH227 inbred lines as testers) were Carena and Hallauer (2001)
conducted for improved grain yield and agronomic traits to form BS33.

BS34(S-HI) An accession of the Midland open-pollinated cultivar was introduced to lowa from Kansas as a possible alternative heterotic group forthe ~ Kaufmann et al (1982)

US Corn Beltin 1981. Four cycles of S.-S, progeny selection and one cycle of testcross hybrid selection (LH185 inbred line as tester) Carena and Hallauer (2001)
were conducted for improved grain yield and agronomic traits to form BS34.

BSK BSK is a strain of the Krug Yellow Dent open-pollinated cultivar designated as Krug High1 Syn3. Selection in BSK was initiated in 1953 to Lonnquist (1949)
compare relative rates of response to selection via half-sib and inbred progeny recurrent selection. The two selection studies were Tanner and Smith (1987)
conducted to obtain empirical information relative to the importance of over-dominance vs partial dominance effects in maize. If
over-dominance effects were of greater importance, response to half-sib selection would be expected to be greater than inbred selection,
which would be due primarily to additive effects with partial to complete dominance.

BSK(HI) Half-sib family selection in BSK involved a series of different testers: double-cross hybrid 1a4652 [(WF9xW22)(B14xM14)] was the tester  Tanner and Smith (1987)
for the first three cycles; the two parental single crosses of 1a4652 were testers for cycles four and five; low yielding inbred line Krug755
was tester for the sixth cycle; an inbred line B73 was tester for cycles seven and eight. The choice of testers was based on increasing
genetic variability among testcrosses. Reid Yellow Dent germplasm was included in BSK and the testers in varying amounts.

BSK(S) Inbred progeny selection in BSK involved S, progeny recurrent selection for cycles 0 through C5 and a combination of S, and S, inbred Tanner and Smith (1987)
progeny recurrent selection was used for later cycles.

BS2(S) BS2 was developed by crossing six early maturity inbred lines (A251, A554, A575, A619, Mt42, and ND203) with ETO Composite (see Eberhart (1971)

BS16 above). The six inbred-ETO composite crosses were intermated to form BS2. Inbred progeny S-S, recurrent selection was used to
select for earlier maturity and improved agronomic traits to develop germplasm resources with tropical germplasm.

BSTL(S) BSTL was derived by crossing Tuxpefio with Lancaster Sure Crop and backcrossing the cultivar cross to Lancaster Sure Crop. Therefore, Eberhart (1971)

BSTL includes 25% tropical germplasm. The backcross population was intermated before selection was initiated. A combination of S-S, Russell et al (1971)
progeny selection conducted for improved grain yield and agronomic traits. Comparisons were to be made among BSTL, BS2, and BS16
having, respectfully, 25, 50, and 100% tropical germplasm.
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cerns in the 1940s for developing improved paren-
tal lines for double-cross hybrids, BSSS and BSCB1
seemed logical choices as populations to test the ef-
fectiveness of reciprocal RS to improve germplasm
resources for breeding purposes. BSK is an improved
strain of the Krug open-pollinated cultivar that had
exhibit good grain yield potential (Lonnquist, 1949).
BSK, was considered a potentially useful source of
germplasm for breeding purposes as well as for ob-
taining basic genetic information on the relative im-
portance of genetic effects that respond to selection.
Response to selection for grain yield was significant
for both the testcross and inbred progeny RS (Tan-
ner and Smith, 1987). But inbred lines that justified
release have not been developed yet, perhaps, due to
poor root [BSK(S)] and stalk [BSK(HI)] strength.

The selection studies included 17 genetically
broad-based populations (Table 1), some with sever-
al RS programs. The BSSS germplasm, for instance,
was included in five selection programs and contrib-
uted more useful inbred lines than any of the popula-
tions and/or selection programs. BSSS was one of
the populations for two of the longer cycle RS pro-
grams conducted in the US: 1) the initial testcrosses
for BSSS(HT) were made in 1939, and 2) the initial
half-sib families for reciprocal recurrent selection
(RRS) were made in 1949.

Both selection programs have been continued to
the present time. Of the 17 populations included nine
were considered synthetic cultivars, using the broad
definition that synthetic cultivars are those formed
by intermating selected genetic materials for a spe-
cific goal, such as stalk strength and pest resistance.
Alph (BS12), Leaming (BS33), and Midland (BS34)
are three US Corn Belt open-pollinated cultivars that
have undergone selection in an effort to develop ma-
terials that could provide possible heterotic group
alternatives to the Reid Yellow Dent (represented by
BSSS) and Lancaster Sure Crop, which have been
extensively used in the US Corn Belt and other im-
portant temperate maize production areas. This was
an effort to broaden the US Corn Belt domestic germ-
plasm base.

Because of the concern that only three of the
approximately 250 races of maize have had sig-
nificant use in US maize breeding programs, acces-
sions of ETO composite, Tuxpefio composite, and
Suwan-1(S)C6 were introduced to the lowa breeding
program in an effort to broaden even more the US
germplasm base, following the suggestions of Brown
(1953, 1975). Mass selection for earlier flowering and
adaptation was practiced (Eno and Carena, 2008;
Hallauer and Carena, 2009), within large sample iso-
lation plantings, within each of the three tropical cul-
tivars. After five to seven cycles of mass selection,
ETO composite (BS16), Tuxpefio Composite (BS28),
and Suwan-1(S)C6 (BS29) were adapted to central
lowa environments. S, and testcross selection within
BS16 and RRS involving BS28 and BS29 were con-
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ducted to improve adaptation, grain yield, and root
and stalk strength. Two populations (BSTL and BS2)
that included 25 and 50% tropical germplasm were
also developed to determine if response to selection
would vary with different portions of tropical germ-
plasm. Hence, a total of five populations that includ-
ed different portions of tropical germplasm were in-
cluded. Because of limited cycles of selection none of
the five populations has provided any lines that have
justified release for commercial or breeding purposes
yet. Three of these populations have continued ad-
aptation and selection in North Dakota environments.
More details included in the recurrent selection stud-
ies are listed in Table 1.

Progeny production and recombination

The strategies used for conducting the different
RS studies were similar except for developing the
full-sib, half-sib, testcross, and inbred progenies
used in the evaluation trials. All populations chosen
for the selection studies had two or more generations
of intermating before selection was initiated. Hand
pollinations were used to produce all the progenies
included in the evaluation trials except in the later
cycles of the RRS programs conducted for BS21(R),
BS22(R), BS28(R), and BS29(R). Isolation plantings
of S, progenies were conducted for each population.
Progenies were planted ear-to-row and the ones act-
ing as females were detasseled while the opposing
population provided the pollen to produce the half-
sib families used in the evaluation trials. The number
of years and/or seasons varied during the cycles of
selections. In earlier cycles, it usually required three
years to complete each cycle. In later cycles, when
off-season nurseries were available, intermating and
production of S, progenies were usually done in the
off-season nurseries, which reduced the time-frame
for completion of each cycle from three to two years
per cycle. However, S, inbred-progeny selection re-
quired a minimum of three years per cycle in all in-
stances. It is encouraged to conduct progeny selec-
tion in one year per cycle if selection before flowering
is possible either genetically (Hallauer et al, 2010) or
phenotypically (Sezegen and Carena, 2009) or if win-
ter nurseries and short-season germplasm are avail-
able (Carena et al, 2009b). Controlled winter nursery
conditions for cold and drought tolerance allow four
seasons per year.

The number of progenies evaluated and intermat-
ed for all intra-population selection programs were
similar. Evaluation trials were mostly conducted at
a minimum of three locations within one year, with
two replications at each location. There were some
variations, however, among cycles for the distribu-
tion of resources for data collection, which occurred
primarily in the earlier selection cycles. The selection
cycles C, and C, for BSK(S) and BSK(HI) included
two replications at two locations, whereas in the C,
and C, cycles data were obtained at four locations
with two replications per location. The earlier cycles
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Table 2 - Summary of the data averaged over selection cycles for each population included in the intra-population RS studies.

Estimates of
Components of Variance

Population Pro¥ Cyc¥ Env¥ Rep* Eval¥ Sel¥ G; O-gze 0-2 GCV h? D AG LSD

No. qha! - %--=- - q hat ------

BS13(HT)la13 HS 7 2.2' 2.8t 105' 10 6.88 7.16 35.58 4.24 58.2 6.83 3.97 6.5
(2.30)" (2.78) (2.59) [62.62-55.79] [3.98]*

BS13(S) S, 9 3.0 20 1177 20 4222 32.02 52.20 9.80 69.8 10.73 7.40 9.8
(9.87) (6.04) (3.86) [52.53-41.80] [7.49]*

BSK(HI) HS 7 3.0"20 97t 10 9.37 6.59 50.68 5.39 52.7 714 352 79
(3.05) (5.44) (4.26) [69.34-62.20] [3.76]*

BSK(S) S, 11 3.0 20 941 12t 37.88 13.92 41.93 15.68 77.9 10.10 7.86 8.9
(7.48) (4.21) (4.03) [53.00-43.90] [8.35]*

BS12(HI) HS 8 25'20 89" 10 15.46 13.08 69.02 6.28 59.6 8.05 464 7.8
(4.62) (5.48) (5.65) [70.53-62.48] [4.79]*

BS16(HI) HS 3 3.0 20 80" 16t 43.48 16.52 85.00 13.35 68.9 13.30 9.00 11.3
(7.78) (4.67) (5.88) [69.20-55.90] [9.30]*

BS16(S) S, 5 380 20 113" 23" 61.80 14.30 38.24 30.60 80.2 10.52 8.42 10.3
(9.83) (3.78) (3.96) [36.82-26.30] [8.43]*

BSTL(S) S, 6 30 20 112t 18" 53.42 15.67 55.01 27.00 72.7 11.85 8.52 12.0
(10.08) (4.73) (5.30) [40.35-28.50] [8.62]*

BS2(S) S, 5 380 20 115t 20 58.50 12.08 41.22 34.60 80.7 11.90 9.54 11.8
(9.72) (3.70) (3.86) [34.86-23.00] [9.60]*

BS26(S) S, 4 380 20 1301 25 68.46 17.35 52.35 16.62 81.9 7.28 3.92 11.3
(10.55) (4.38) (5.42) [60.48-53.20] [3.18]*

BS33(S) S, 5 30 15 78" 32t 39.67 7.24 73.08 16.84 58.7 5.42 3.92 11.3
(11.17) (4.13) (7.09) [563.82-48.40] [3.18]*

BS34(S) S, 5 22710f 1141 357 67.90 8.89 57.15 30.18 75.5 122 9.23 12.2
(14.28) (8.23) (7.88) [9.21]*

BS2(S) S, 3 3.0 20 1151 10 38.16 14.72 66.33 13.20 67.8 10.13 7.50 10.8
(7.27) (5.31) (5.66) [67.53-47.40] [6.80]*

BS2(S) S, 2 3.0 20 100 10 60.94 40.52 73.96 19.60 71.8 15.95 11.30 14.0
(12.52) (8.87) (8.78) [68.35-42.40] [11.45]*

YHS (4) 27 22 928 115 1880 10.82 60.07 7.32 59.8 8.83 5.28 8.4
(12.4) (4.44) (4.59) (4.60) [2.64]°

fs1 (3) 3.0 2.0 108.7 14.0 39.42 20.22 53.49 12.89 71.8 10.32 7.59 9.8
(12.9) (8.21) (5.19) (4.52) [3.79]°

XSLZ (6) 29 1.9 108.0 18.6 58.29 1259 52.84 25.97 75.0 9.87 7.58 11.3
(17.2) (10.93) (4.82) (5.58) [2.53]°

YSZ (1) 3.0 2.0 100 10 60.94 40.52 73.96 19.60 71.8 15.95 11.30 14.0
(10.0) (12.52) (8.87) (8.78) [38.77]¢

¥ Pro: types of progenies evaluated (HS for testcross and S, and S, for inbred progenies); Cyc: number of cycles; Env: num-
ber of environments; Rep; number of repeats; Eval: number of progenies evaluated; Sel: number of progenies intermated.
GCV: genetic coefficients of variation; h: estimate of heritability; D: selection differential; LSD: least significant differences for
the experimental trials. All estimates were obtained by the combined ANOVA.

tHarmonic means

fCalculated from average estimates of h? times average estimate of D
§ Average expected genetic gains per year

1 Standard errors
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of half-sib selection within BS13(HT) also included
ranges in testing with two locations and three replica-
tions for CO conducted in 1940, one location with six
replications in 1948, and two-to-four locations with
two-to-three replications for selection cycles C, to
C,. Similar allocation of resources were used for the
RRS program of BSSS(R) and BSCB1(R) in the earlier
cycles of selection. Part of the variation for the extent
of testing was because of the number of progenies
produced for testing and the availability of resources
to conduct the trials during the course of the selec-
tion programs.

A minimum of 100 progenies were evaluated with
a minimum effective population size of 10 early gen-
eration lines selected for intermating to form the next
cycle population (Tables 2 and 3). In earlier cycles of
selection, the diallel crossing scheme was used for
intermating. However, the bulk-entry method of inter-
mating was used in later cycles because a greater
number of progenies were evaluated and selected.
The bulk-entry method also reduced the number of
nursery rows required to produce the crosses. If se-
lecting before flowering an intra-diallel recombination
method can be utilized (Sezegen and Carena, 2009).
The number of ears pollinated by the bulk-entry meth-
od was counted and an equal number of kernels were
randomly selected from each ear to form the 500-ker-
nel bulk which represented the next cycle population.
Selection intensities varied among the different selec-
tion programs and cycles, they were 10% or greater
(Tables 2 and 3). For S,-S, inbred-progeny selection,
the number of S, progenies tested was a sample from
a larger sample of 200-300 S1 progenies (Table 2).
A single-replicate of S1 progenies was included in
the breeding and pest nurseries; drought and cold
screening and/or fast dry down nurseries can be
added (Carena et al, 2009a; Yang et al, 2010). Based
on ratings for insects and diseases in the pest nurs-
ery and agronomic traits and maturity in the breeding
nursery, individual S, plants were self-pollinated and
individual S, ears with adequate seed were harvested
to include in evaluation trials. Hence the selection in-
tensities for S,-S, inbred progeny selection programs
are relative to the number of S, progenies tested and
selected (Table 2).

The inter-population selection studies gener-
ally included a greater number of half-sib and full-sib
families for evaluation except for the RRS program
conducted for BSSS(R) and BSCB1(R) (Table 3). Av-
erage number of families evaluated was 163 for the
RRS programs with an average selection intensity
of 11.5%. Except for the RRS half-sib program for
BSSS(R) and BSCB1(R), the number of selections
intermated were usually 20. The same intermating
methods described for the intra-population selection
programs were used except there were two inter-
matings (one for each population) for each program.
There was a difference in the number of testing trials
between full-sib and half-sib RRS programs as full-
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sib RRS required one evaluation trial instead of two
which is a significant advantage.

Progeny testing

All evaluation trials for the 14 intra-population and
eight inter-population RS programs were conducted
at locations within lowa. The only location common
to all programs was the Agronomy Research Farm
located near Ames, IA. The other locations were de-
termined by the availability of land areas at either the
branch research stations or private farmer coopera-
tors. Husbandry practices conducted at each loca-
tion were based on recommendations for high grain
production for the specific location and, consequent-
ly, varied among locations within a year, among years
at the same location, and among cycles of selec-
tion. Agronomic practices have significantly changed
from the initial cycles of selection during the 1940s
to the recent cycles. Deep fall plowing followed by
spring disking was common until about 1970. In re-
cent cycles, the land preparation could include only
spring cultivation, minimum tillage, or no tillage.
Even though tillage by population interactions would
need to be tested, tillage by hybrid interactions were
shown to not be significant (Carena et al, 2009c).
Disease and insect pressures also changed among
years, locations, and cycles which impacted grain
yield levels and quality of data. Average fertilizer ap-
plication changed ranging from 100 to 120 kg ha in
early cycles to 180 kg ha' by the 1970s, decreasing
to 120 to 140 kg ha™ in more recent cycles.

Standard two-row plots that were 7.92 m long
were used for testing in all instances. Distance be-
tween rows varied from 101 cm in earlier cycles to
76 cm for selection conducted after 1970. Therefore,
the number of plots per hectare changed from 969 to
1,292, respectively, which is almost 30% more plots
per hectare. The changes in agronomic practices
during the different selection cycles were similar to
those recommended for commercial maize produc-
tion. With the changes in row widths, average plant
densities per hectare increased from approximately
39,000 plants ha* in 1950 to more than 69,000 plants
ha' in the past three decades, currently surpassing
80,000 plants ha™ increasing the selection pressure
on genotypes as well as emphasizing yield hectare-1
over yield plant™ (Carena and Cross, 2003; Hyrkas
and Carena, 2005). Weed control was done via cul-
tivation and hoeing before the development of com-
mercial herbicides. The herbicides used also varied
among locations within years, among years, and
among cycles based on the recommended weed
control for the specific locations.

Data were collected for all plots and included grain
yield (g ha'"), grain moisture at harvest (%), number of
plants root and stalk lodged relative to final stands
(%), number of ears detached from plants relative to
final stands (%), and final stand densities (thousands
ha™). Plant stands were recorded at flowering time.
The number of dropped ears as well as root and stalk
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Table 3 - Summary of the data averaged over selection cycles for each population included in the inter-population RS studies.

Estimates of

Components of Variance

: ¥ ¥ ¥ ¥ ¥ ¥ 2 2 2 2

Population Pro¥ Cyc¥ Env¥ Rep Eval Sel o, O o GCV h D AG LSD

No. qha! - %--=- - q hat ------

BSSS(R) HS 9 3.8t24t 100 10 1472 8.05 54.02 5.20 51.1 6.70 3.58 8.4
(3.79)§ (4.04) (4.04) [73.20-66.50] [3.42]*

BSCB1(R) HS 9 3.2t24t 1017 10 1424 851 55.62 481 54.8 745 431 79
(3.96) (4.33) (4.07) [73.22-65.77] [4.09]*

BSSS(R) x FS 6 40 20 146" 20 1254 7.34 62.40 481 55.9 572 33 7.7
BSCB1(R) (2.70) (3.90) (3.80) [79.26-73.54] [3.19]*

BS10(FR) x FS 18 3.0 2.0 170t 20 32.65 12.18 87.17 8.44 61.6 10.48 6.40 11.2
BS11(FR) (5.82) (5.39) (5.63) [78.18-67.70] [7.16]*

BS21(R) HS 10 3.0 2.0 197t 20 15.68 4.21 53.85 5.86 57.3 6.47 3.81 8.6
(2.55) (2.75) (3.28) [75.83-69.36] [3.70]*

BS22(R) HS 10 3.0 2.0 1911 20 19.21 6.43 50.60 6.31 61.1 6.45 4.05 8.2
(3.24) (2.69) (3.10) [75.95-69.50] [3.94]*

BS21(HT-A632) HS 6 3.0 2.0 21171 22 18.08 5.41 59.81 6.72 57.1 7.32 420 9.8
(3.07) (3.34) (6.20) [70.62-63.30] [4.17]*

BS22(HT-H99) HS 6 3.0 2.0 212t 22 1219 520 57.39 4.38 48.7 717 3.68 10.3

(3.35) (3.39) (3.49) [84.67-77.50]

BS28(R) HS 5 3.2t20 1651 18t 30.85 17.82 52.50 9.56 61.3 10.30 6.59 8.5
(4.82) (3.56) (3.12) [69.30-59.00] [6.31]*

BS29(R) HS 5 3.2t20 165" 18t 2156 11.49 55.94 8.38 58.6 8.42 498 8.6
(3.82) (3.42) (3.50) [66.69-58.27] [4.93]*

er 2) 35 20 158.0 20.0 22.60 9.76 74.78 6.62 58.8 8.10 4.87 9.4
(4.26) (4.64) (4.72) [2.44]

YHS (8) 32 21 168.0 175 18.32 8.39 5497 6.40 56.3 754 440 8.9
(3.58) (3.44) (3.85) [2.20]*

¥ Pro: types of progenies evaluated (HS - half-sibs and FS - full-sibs); Cyc: number of cycles; Env: number of environments;
Rep; number of repeats; Eval: number of progenies evaluated; Sel: number of progenies intermated. GCV: genetic coef-
ficients of variation; h: estimate of heritability; D: selection differential; LSD: least significant differences for the experimental

trials. All estimates were obtained by the combined ANOVA.
tHarmonic means

FAverage expected genetic gains per year

§Standard errors

lodging were recorded immediately before harvest.
Data collection for grain yield and grain moisture at
harvest changed during the mid-to late 1960s with
the development of planters and combines, adapted
to plant and harvest small experimental plots. Before
the mid-1960s all plots were hand planted and hand
harvested saving dropped ears and ears on lodged
plants. Ear weights were recorded and a sample
of kernels taken from 12 to 15 ears for determining
grain moisture in the laboratory. Final grain yield were
determined by adjustments for shelling percentage
and grain moistures. With the introduction of com-
bine harvesters, shelled grain weights and moisture
percentages were determined electronically on data
collectors on combines. Our definition for grain yield

gradually changed over selection cycles because
of the advancements in handling small experimen-
tal plots: from retrieval of all hand-harvested ears to
what the gathering chains of the combines pulled
in for shelling. The change in harvest methods was
more representative of those used by farmers. How-
ever, this change would impact the variation among
the progenies being evaluated. If extensive lodging
occurred because of local storm damage or suscep-
tibility to a serious local pest problem, there would be
differences in final yield for hand vs combine harvest-
ing.
Data analyses

Incomplete block experimental designs were used
in all instances. The arrangement of blocks within lat-
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tice designs also changed with type of harvesting.
Originally the blocks were arranged to account for
any differences in possible soil types. With the intro-
duction of mechanical harvesters, the blocks were
arranged in the direction the plots were harvested to
account for time of harvest, different operators, and
the severity of root and stalk lodging that may have
occurred.

Analyses of variance (ANOVA) of the lattice de-
signs were conducted for each location-year com-
bination (e.g., environment) and a combined ANOVA
across all environments. Random effects were as-
sumed for all sources of variation in the combined
ANOVA. Detailed agronomic data for each entry at
each environment and across environments were
listed for each trait. From the combined ANOVA, es-
timates of the variation among the progenies tested
( ng ), interaction of progenies by environment (G;e),
and experimental error (0'2) were estimated. Esti-
mates of the components of variance were used to
determine heritability (h?) on a plot mean basis [h?
= /( c’lre +0'§e/e +O'§ )], the genetic coefficient
of variation among progenies tested relative to their
mean [GCV = (\/G; / X *100 ), predicted genetic gain
expected in next cycle of selection ( A, =D * h?)
where D is the selection differential for the selection
means (YS ) minus the means of all progenies tested
(X), and the least significant difference (LSD) as dif-
ference between means for the combined ANOVA.
In most instances, the estimates of (G;) from com-
bined ANOVAs included data collected at three lo-
cations with two replications at each location. Har-
monic means of the number of progenies evaluated
and intermated for the environments and replications
are listed in Table 2 because there were some excep-
tions, primarily before 1965. Data used for making se-
lections was usually based on a total of six observa-
tions. There were a few instances where one location
was lost because of a local natural disaster. There
were some minor deviations among populations and
cycles depending on success rate of developing
progenies in off-season nurseries.

Increased grain yield was the primary trait consid-
ered in all of the RS studies. But grain yield is a com-
posite expression of all the traits that either directly
or indirectly affect harvested grain yield. These traits
include the number of ears, number of kernels per
ear, root and stalk quality, tolerance to heat, drought,
cold, salinity, and wind storms (e.g., lodging and
green snap), and tolerance to disease, insect, and
weed pressures during plant growth and develop-
ment. Our definition of grain yield also changed from
hand vs machine harvesting of the experimental plots.
In the earlier selection cycles a rank-summation index
was used which included grain yield, grain moisture
at harvest, and percentage of root and stalk lodging
primarily. But some adjustments were made, for ex-
ample, if a progeny had very good yield but greater
root lodging than the average as the increased lodg-
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ing may have occurred because of severe lodging
that occurred at one specific location. With hand-
harvesting the ears on lodged plants, these ears were
included in the yield measurements. These types of
exceptions were reduced with the introduction of
combine harvesting. Since 1976, selections were
determined by a selection index (Smith et al, 1981)
based on heritability estimates calculated from the
combined ANOVA. The heritability estimates of the
relative weights for grain yield (Y), grain moisture at
harvest (M), and root (RL) and stalk lodging (SL) were
used to construct the index [ | = h2(Yi) — h2(Mi) -
h,2(RLi) — h,2(SLi)]. Progenies selected included those
with greatest grain yield and the least grain moisture
at harvest and root and stalk lodging. The index re-
duced biases sometimes used in the past and the
estimates of heritability provided relative weights for
the four traits based on the actual variation among
progenies during evaluation. The selection of the 10-
20 progenies for intermating was based on the index
values.

Genetic variation among progenies is essential if
selection is to be effective during the course of the
selection studies. To determine if genetic variation
has either been maintained, reduced, or increased
with continuous selection, a regression analysis in-
cluding square roots of estimates of variation among
progenies (Gé), the dependent variable, on the differ-
ent cycles (Ci) of selection, the independent variable,
was conducted for longest selection programs. De-
viations from regression also were determined. The
regression analyses would provide estimates of the
trends of 0'2 with continuous selectizon and the rela-
tive changes in the estimates of o, among cycles.
Tests of significance were made for the estimates of
the regression coefficients (b) and deviations from re-
gression (Dev).

Comparing selection methods

Direct comparisons among the relative effective-
ness of the different methods of progeny evaluations
to increase expected genetic gain for grain yield are
limited, in most instances, because different source
populations were used to initiate selection. For intra-
population RS, half-sib and inbred progeny selection
in BSK provide the only direct comparisons for these
two selection methods (Tanner and Smith, 1987).
Half-sib and inbred progeny selection was conducted
in BS13 but BS13(S) was initiated in BS13(HT)C,; the
change in types of BS13 progenies evaluated was
made subjectively because it seemed genetic varia-
tion was not adequate to permit continuous genetic
progress. Inbred progeny selection was initiated in
BS16, BS2, and BSTL; but different sources of ex-
otic germplasm were used for the three populations.
Inter-population RS was limited to either half-sib of
full-sib family evaluation. Half-sib and full-sib family
selection was conducted for BSSS(R) and BSCB1(R),
but full-sib family selection was initiated after nine
cycles of RRS. There were four RRS programs based
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on half-sib family selection, but each program in-
cluded two separate sets of populations (Table 3). Di-
rect comparisons can be made for the two BS21 and
BS22 RRS programs that included either genetically
broad-based populations or inbred lines as testers
(Menz et al, 1999). BS28 and BS29 included 100 %
tropical germplasm previously selected for adapta-
tion to the US Corn Belt. The effectiveness of half-sib
family selection for expected genetic progress can
be made for the three RRS programs but the initial
source populations were different, consequently, the
initial allele frequencies could be different to permit
valid comparisons among the three RRS programs.

Weyhrich et al (1998a,b) reported on the respons-
es to selection for six different types of progeny
evaluations and four effective population sizes within
the BS11 population (Table 4). The study was con-
ducted for five or six cycles for all methods. S, inbred
progeny evaluations were used for the four different
population sizes (25, 50, 100, and 150) evaluated with
a selection intensity of 20% (5, 10, 20, and 30 selec-
tions intermated between selection cycles) used for
each group of progenies evaluated. The experimental
methods and ANOVA were similar to those described
for the other selection programs (Tables 2 and 3).

Results

Intra-population recurrent selection

Estimates for the components of variance calcu-
lated from the combined ANOVA for each cycle, were
averaged across cycles of selection (Table 2). BS13
estimates of 0'2 averaged across seven cycles of
half-sib family selection was 6.88 + 2.30 compared
with the average estimate of 42.22 + 9.87 after nine
cycles of S, progeny selection. The average esti-
mates of O'; for the two selection programs conduct-
ed in BSK were 9.37 + 3.05 for half-sib family selec-
tion vs 37.88 + 7.48 for S1 progeny selection (Table
2). There was significant variation among cycles of
selection for BS13 and BSK (data not shown). The
estimates of 0'2 among cycles of BS13(HT) ranged
from -1.60 + 2.30 for C, (there was a severe drought
in 1955) to 10.30 + 2.30 for C, (1962) and 12.90 + 3.30
for C,(1940). For BS13(S), the estimates ng of ranged
from 23.20 + 4.10 for C, (1990) to 80.20 + 12.20 fozr
C, (1975). Similar variations for the estimates of 0,
for individual cycles of selection were present for all
of the different RS programs for the different popula-
tions (data not shown).

Because of the nature of the RS systems, prog-
enies evaluated for each cycle of selection were ex-
posed to year-location environments (drought, heat,
pests, moisture, etc) that affect grain yields. Data for
individual selection cycles do not permit evidence of
the progress made in successive selection cycles,
unless checks common in all cycles of selection are
included which was not the case for any of the selec-
tion studies included in Table 2. It is only when all of
the successive cycles of selection are evaluated in
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the same replicated experiments that valid evidence
of the effectiveness of selection can be determined;
e.g. Smith (1983) for BSSS, Tanner and Smith (1987)
for BSK.

Grain yield was the primary trait emphasized in the
RS studies. But the goal of them also was to develop
germplasm resources that could have potential value
for the isolation of genetically broad-based inbred
lines having potential use as parents (e.g., females
or males) to produce hybrids. Single-trait selection
has proven to be effective, but, in most instances,
the selected populations usually have not been ac-
ceptable as germplasm resources for the develop-
ment of useful inbred lines. The studies reported by
Devey and Russell (1983) for greater stalk strength,
Klenke et al (1986) for greater resistance to feeding
by the European corn borer, Carena et al (1998) for
greater prolificacy, and Hallauer et al (2004) for in-
creased ear lengths demonstrated the effectiveness
for the RS methods for the respective traits but in
each of the four reports grain yield often decreased.
Although selection for grain yield was emphasized in
the populations included in Table 2, it was appreci-
ated that perceptible levels of root and stalk strength
and grain moisture at harvest for intensive maize pro-
duction were necessary traits if the selected germ-
plasm was to have any potential use for increasing
the genetic base of breeding programs. The inclusion
of additional traits in the selection of progenies for
intermating does reduce the intensity of selection for
grain yield (Lerner, 1958). Across all studies (Table 2),
average selection intensity was 13.2%, but with the
inclusion of the other three traits, selection intensity
for grain yield per se may have exceeded 30%. Se-
lection based solely on grain yield in temperate areas
usually results in taller plants and later maturity with
greater incidence of lodging.

Intra-population RS emphasizes selection primar-
ily for additive effects. The relative magnitude of the
O'; estimates averaged across cycles of selection
tends to agree with the expected coefficient of the
additive genetic variance component O'j for the dif-
ferent types of progenies evaluated. The coefficients
of O'j for half-sibs, S, progenies, and S, progenies
are 0.25, 1.00, and 1.50, respectively. Therefore, the
variance among S, progenies would theoretically be
four times greater than the variance among half-sib
families. The only direct comparison available for
these two types of progenies was for BSK; the aver-
age estimate of 0'§ for S, progeny selection (37.88 +
7.48) was 4.04 times greater than the average esti-
mate of O'; for half-sib family selection (9.37 + 3.05);
which agrees with the theoretical expectations. An-
other possible comparison is between the average
estimates of aé for seven cycles of half-sib selection
and nine cycles of S, progeny selection within BS13.
Average estimate of O'; across seven cycles of half-
sib family selection was 6.88 + 2.30 vs 42.22 + 9.87
across nine cycles of S, progeny selection (Table 2).
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The average estimate of 0'2 for S, progeny selection
was 6.14 times greater than the average estimate of
0'; for half-sib family selection. S, progeny selection,
however, was initiated in BS13(HT)C, population. The
type of progeny used in selection within BS13(HT)
was changed because it seemed genetic variation
was not adequate to permit continued effective se-
lection based on half-sib family selection. The seven
cycles of half-sib family selection, with la13 double-
cross the common tester, may have altered the ge-
netic architecture of BSSS by increasing the level of
heterogeneity at some important loci for grain yield.
Self-pollination would increase the genetic variance
expressed among S, progenies. Estimates of O'gz
among S, progenies decreased significantly in con—
tinued S, progeny selection. The estimate of o- for
BSH1 3(S)C was 58.9 + 10.4 vs 27.1 + 4.20, the aver—
age for the last three cycles of S, progeny selection
(data not shown). The only direct comparison for esti-
mates of cré for S, and S, progeny selections was for
BSSS2 (Table 2). Only three cycles of S, progeny and
two cycles of S, progeny selectlon were completed:
the average estlmate of 0' for S, progeny selection
(60.94 + 12.52) was 1.6 tlmes greater than the aver-
age estimate of ag for S, progeny selection, which
is similar to the theoretical expectation of 1.5. Most
of the evidence for intra-population RS suggests that
they were effective for additive genetic effects.

Inbred progeny selection was conducted sequen-
tially at the S, and S, generations of inbreeding for
six populations (Table 2). Three populations (BSTL,
BS2, and BS16) included different portions of tropi-
cal germplasm and three populations (BS26, BS33,
and BS34) were representative of open-pollinated
cultivars of the US Corn Belt that were unrelated to
BSSS (Table 1). The primary goal of selection was to
reduce the frequency of deleterious alleles for agro-
nomic and pest traits. The averages of the 0'§ esti-
mates for the six populations that included S, and S,
selection (58.29) was greater than the average esti-
mate of 0'2 for 8, (39.42) selection and similar to the
one estlmate for S, (60.94) selectlon which should
be expected because estimates of 0' were obtained
from the S, progeny trials. The screenlng among the
200-300 S1 progenies in the pest and breeding nurs-
eries did not include any yield measurements, which
were made only in the S, replicated trials. The aver-
age estimates of O'g for the three populations (BSTL,
BS2, and BS16) with 25, 50, and 100 % tropical
germplasm were not significantly different, based on
their respective standard errors.

As stated before, the estimates of 0'§ have a di-
rect effect of the estimates of genetic coefficient of
variation (GCV) as well as on other important genetic
parameters. GCVs were all greater for inbred progeny
testing because, however, of lower grain yields. The
estimates of heritability are also greater when inbred
progenies are evaluated and were similar to those
reported by Lamkey and Hallauer (1987). Expected
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genetic gain per cycle of selection also was greater
with inbred progeny selection. On a per year basis
average expected genetic gains for S, (3.72 g ha™
yr')y and S, (8.77 q ha™ yr') progeny selection were
similar and greater than half-sib family (2.64 g ha™ yr
) and S,-S, progeny (2.54 g ha yr) selection (Table
2). Average expected genetic gain across all selection
methods and all populations was 3.17 g ha™ yr.

Inter-population recurrent selection

Four pairs of populations have been included in
RRS programs (Table 3). BS21 and BS22 were in-
cluded in two separate programs. The one set was
not technically a RRS by its usual definition because
an inbred parent was used as the tester rather than
the opposite population. It was included in Table 3
because the two selection programs provide informa-
tion relative to Comstock’s (1979) discussion on use
of inbred lines vs. populations as testers in RRS.

RRS procedures were designed to select for both
additive and non-additive genetic effects. Two popu-
lations that are considered representative of impor-
tant heterotic groups are usually the choices to in-
clude in RRS. Because the progenies evaluated are
crosses of individuals between two populations, the
types of progenies evaluated are restricted to half-
sib and full-sib families. It is often assumed that RRS
methods are more complex than intra-population RS
methods, but RRS are similar to half-sib family and
testcross methods of intra-population recurrent se-
lection, except two populations rather than one are
included in selection. The four pairs of populations
included in this RRS summary are considered to be
either in the BSSS (BS10, BS22, and BS28) or in the
non-BSSS (BSCB1, BS11, BS21, and BS29) heterot-
ic groups. Estimates of 0'; averaged across cycles
of selection for each population were similar even
across methods (Table 3) except for full-sib family
selection for BS10(FR) and BS11(FR) (32.65 + 5.82)
and for half-sib family selection for BS28(R) (30.85 +
4.82). The average estimates of 0, were very simi-
lar for BSSS(R) (14.72 + 3.79), BSCB1(R) (14.24 +
3.96), and BSSS(R) x BSCB1(R) (12.54 + 2.70). The
change from half-sib to full-sib family selection did
not increase 0;, although a greater number of full-
sib families were evaluated.

The BS10(FR) x BS11(FR) RRS program has been
under continuous full-sib family selection for 18 cy-
cles, and the average estimate of O'; (32.65 + 5.82)
was significantly greater than for six cycles of full-sib
family selection for BSSS(R) x BSCB1(R). The nine
cycles of half-sib family selection within BSSS(R) and
BSCB1(R) had similar estimates of 0'2 for each pop-
ulation and previous selection with the use of full-sib
family selection. For both half-sib and full-sib selec-
tion programs in BSSS(R) and BSCB1(R), there were
no trends in the estimates of 0'§ for individual cycles
(data not shown). For BS10(FR) x BS11(FR), there
also was not a significant trend that the estimates of
o, had changed significantly from C, (35.3 = 5.18)
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Table 4 — Summary of the data averaged over selection cycles for six methods of progeny evaluation and four effective popula-
tion sizes conducted in BS11 by the Cooperative Federal-State Maize Breeding Program, Ames, IA.

Estimates of
Components of Variance

Population Pro¥ Cyc¥ Env* Rep¥ Eval* Sel* GCV h? D LSD

No. qha' - %---- - q hat ------

BS11(FS) FS 5 3.0 20 100 20 26.60 22.90 48.20 7.80 62.9 5.90 3.71 11.0
(6.30) (5.20) (4.00) [71.60-65.70] [38.71]*

BS11(HT)-B79 HS 5 3.0 2.0 100 20 19.46 17.38 68.70 6.34 51.1 6.46 3.35 10.2
(6.08) (7.44) (6.24) [75.00-68.54]  [3.30]*

BS11(MER) HS 7 3.0 20 100 20 2146 9.36 73.30 8.10 55.9 6.76 3.78 10.0
(5.78) (6.95) (6.36) [64.08-57.32]  [3.78]*

BS11(FR) FS 6 30 20 178" 20 34.48 11.58 95.88 10.47 63.2 10.82 6.60 12.2
(6.00) (6.02) (6.07) [73.84-63.02]  [6.84]*

BS11(5-S1) S, 6 2620 25 5 50.82 14.82 51.70 22.10 75.3 9.78 7.24 113
(12.93) (7.12) (6.37) [44.26-34.48]  [7.37]*

BS11(10-S1) S, 6 26"20 50 10 40.55 9.16 52.05 16.28 68.9 7.87 5.58 10.8
(7.95) (5.66) (5.23) [44.67-36.80] [5.42]*

BS11(20-S1) S, 6 3.0 20 100 20 28.58 10.35 46.85 15.88 70.4 717 521 838
(5.83) (4.20) (3.97) [43.84-36.67] [5.05]*

BS11(30-S1) S, 6 26'20 150 30 41.70 16.81 57.03 16.22 67.6 8.55 5.78 115
(6.18) (4.16) (4.33) [47.02-38.46] [5.78]*

BS11(S) S, 5 8.0 20 100 20 81.48 15.10 38.50 29.42 84.7 11.30 9.62 9.2
(13.80) (4.74) (3.60) [42.76-31.46] [9.57]*

Ks 2 30.54 17.24 72.04 9.14 63.0 8.36 5.20 11.6
(6.15) (5.61) (5.04) [2.60]*

X,s (2) 2046 13.37 71.00 7.22 53.5 6.61 3.57 10.1
(5.93) (7.20) (6.30) [1.78]*

X, (4) 4041 1278 51.91 17.62 70.6 8.34 5.95 10.6
(8.22) (5.28) (4.98) [2.98]*

X, (1) 81.48 15.10 38.50 29.42 847  11.30 9.62 9.2
(13.80) (4.74) (3.60) [3.21]*

¥ Pro: types of progenies evaluated (HS - half-sibs, FS - full-sibs, and S, - inbreds); Cyc: number of cycles; Env: number of
environments; Rep; number of repeats; Eval: number of progenies evaluated; Sel: number of progenies intermated. GCV:
genetic coefficients of variation; h: estimate of heritability; D: selection differential; LSD: least significant differences for the
experimental trials. All estimates were obtained by the combined ANOVA.

tHarmonic means
}Average expected genetic gains per year

to the average of the last three cycles (51.4 + 9.34).
The two parallel selection programs conducted
with BS21 and BS22 were conducted in order to
obtain information on the relative efficacy of the use
of either the populations as testers or an elite inbred
line from the opposing population heterotic group as
tester. The estimates of 0'; averaged across selec-
tion cycles do not provide any clear evidence for the
choice of testers to produce half-sib families. Com-
stock (1979) emphasized that the choice of either in-
bred lines or populations depended on the relative
allele frequencies of the respective testers and that
the use of populations as testers was a safer option.

The average estimates of for the four populations
utilized were not significantly different for the limited
number of cycles completed (Table 3).

RRS was initiated in two strains of tropical germ-
plasm that had previously been selected for adap-
tation to temperate environments (Hallauer, 1994).
BS28 (a selected strain of Tuxpefio) and BS29 [a se-
lected strain of Suwan-1(S)C,] represent a heterotic
pattern for the tropical maize growing areas. Because
BS28 and BS29 were adapted to the central US Corn
Belt, the decision was made to conduct RRS in order
to develop an alternative heterotic pattern to increase
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the germplasm base of breeding programs. The aver-
age estimates of 0, across five cycles of RRS for
BS28 (30.85 + 4.82) and BS29 (21.56 + 3.86) do not
differ significantly from the estimates for half-sib fam-
ily selection.

The average estimate of GCV for BS10(FR) x
BS11(FR), BS28(R), and BS29(R) tend to be greater
than the other populations. The estimate was larger
for BS10(FR) x BS11(FR) because of a larger estimate
of O'é. For BS28(R) and BS29(R), the GCVs were
larger because of not only larger estimates of Gz but
also due to lower grain yields. Similar estimates of
heritability were obtained in all selection experiments,
averaging 58.8 and 56.3% for full-sib and half-sib se-
lection, respectively. Average predicted genetic gain
was greatest for BS10(R) x BS11(R) (6.40 q ha™) and
BS28(R) (6.59 g ha') (Table 3). Average predicted
gain across all populations on a per year basis was
2.44 q ha for full-sib family selection vs 2.20 q ha™'
for half-sib family selection. The un-weighted average
predicted genetic gain (2.32 g ha™' yr) for inter-popu-
lation recurrent selection was 0.85 g ha™' yr less than
the un-weighted average for intra-population recur-
rent selection (3.17 g ha™ yr).

One of the major concerns of conducting RS pro-
grams is the expected short- and long-term response
to selection. Rawlings (1970) addressed some of
the issues related to RS, and one important aspect
was the number of individuals that are intermated to
maintain genetic variation for continued response to
selection. The data for six types of progenies eval-
uating four different effective population sizes are
summarized in Table 4. Selection intensity was 20%
for all selection programs except for the reciprocal
full-sib RS program for BS10(FR) x BS11(FR) which
averaged 11.8%. The data for the first six cycles of
BS10(FR) x BS11(FR) were used for comparison, us-
ing the same data included in Table 3. The number
of individuals intermated (5, 10, 20, and 30) was only
for the S, progeny selection program. The experimen-
tal procedures and analyses of data were similar to
those used for the populations included in Tables 2
and 3. The average parameter estimates were again
aczross cycles of selection. The average estimates of
O, ranged from 19.46 + 6.08 for BS11(HT-B79) to
81.48 + 13.80 for S, progeny selection. B79 was a
released line developed from BS10C, and may have
masked the genetic variation among the testcrosses.
The two smallest average estimates of O ; were for
the two half-sib selection methods. The two aver-
age estimates of G; for full-sib family selection were
intermediate to the estimates for half-sib family and
inbred progeny selection. The average of the four
estimates for S, progeny selection was 40.41 + 8.22
vs 81.48 + 6.18 for S, progeny selection. BS11 is
a heterogeneous population that included southern
US and US Corn Belt germplasms (Hallauer, 1973).
Consequently, inbreeding exposed deleterious alleles
that affected grain yield. Average yield of the four half-
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sib and full-sib selection programs was 71.10 g ha™’
vs 40.10 g ha for the five inbred progeny selection
programs, 37% lower yield for the inbred progenies.
Among the four S, progeny selection programs, inter-
mating of 20 individuals had the lowest average esti-
mate of O'g (28.258 + 5.83), but based on the standard
errors of the O, , estimates were not significantly dif-
ferent. The estimates of other parameters were simi-
lar to the estimates reported in Tables 2 and 3. The
GCVs ranged from 6.34 for BS11(HT-B79) to 29.42 for
BS11(S,) from a lower estimate 01; O'; for BS11(HT-
B79) to the largest estimate of 0, for BS11(S,). The
average heritability estimates and predicted genetic
gain from selection also was a reflection of the ge-
netic variability among progenies and their respec-
tive heritability estimates. Average expected genetic
gain was greatest for S2 progeny selection (9.62 q
ha™ cycle™) and the least for half-sib family selection
(8.57 g ha cycle™). On a per year basis, the average
expected genetic gain across all methods and cycles
was 2.64 g ha' yr', which was intermediate to the
expected gains for intra-population (3.17 g ha yr)
and inter-population (2.32 g ha'yr') RS, on average.

To avoid tests for heterogeneity of variance com-
ponents (e.g., large and not very meaningful variances
of variances) regressions of the square roots of esti-
mates of variation among progenies for each cycle as
the dependable variable on cycles of selection were
calculated to determine if any significant changes of
genetic variance were present among cycles of se-
lection for longest RS programs (Table 5). A positive
trend was present for BSK(HI) while a negative trend
was shown for BS21(R). BS13 showed a negative
trend after changing from half-sib selection to inbred
progeny selection. Average across intra-population
RS programs was 0.09 while average across inter-
population RS programs was 0.01.

Discussion

A major transition in maize breeding and selection
occurred when Shull (1910) and others introduced the
use of hybridization methods and the inbred-hybrid
concept in maize. The transition from mass selection
within open-pollinated cultivars to the isolation of in-
bred lines from open-pollinating cultivars for use as
parents of hybrids had a profound effect on the future
of maize breeding. Initially, the inbred-hybrid concept
had limited acceptance, but during the following 30
years, breeding, selection, and production were de-
veloped to provide double-cross hybrid seed for the
producers. By 1950, nearly 100% of the US central
Corn Belt maize production area was planted with
seed of double-cross hybrids. Although the concept
had become a reality, there were concerns relative to
the germplasm resources needed to sustain progress
made in maize yields and the genetic basis for het-
erosis expressed in hybrids. The development and
use of hybrids had significantly increased grain yields
since their introduction in the 1930s (see Table 12.1,
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Table 5 — Estimates of linear regression and deviations from regression for selection programs with seven or more cycles of
selection determined by the regression of the square roots of estimates of genetic variation among progenies ( O';) for each
cycle as the dependent variable on cycles of selection (Ci) as the independent variable to determine if any significant changes

of O, were obtained with cycles of selection.

Populations
improved

Cycles of
selection (n°)

regression (q ha)

Deviations from
regression (q ha™)

Estimates of

Intra-population selection

BS13(HT) -BS13(S) 16

BSK(HI)* 7

BSK(S) 11

BS12(HI) 8
Average

Inter-population selection

BSSS((R) 9

BSCB1(R) 9

BS10(FR) x BS11(FR) 18

BS21(R) 10

BS22(R) 10
Average

-0.33 0.18
0.11* 0.03
0.28 0.15
0.30 0.21
0.09 0.14
0.10 0.09
0.02 0.07
0.01 0.05
-0.24* 0.06
0.07 0.11
0.01 0.08

'This population had the only quadratic significant coefficient.

Hallauer et al, 2010). During the 70 years from 1865
to 1935, average US maize yields were less than 18.8
g ha', using open-pollinated cultivars developed with
mass selection methods. Grain yield of maize has al-
ways been the primary economic trait in maize pro-
duction. Research during the 1920s and 1930s had
shown that grain yield was a complex trait whose ex-
pression was affected by several plant and ear traits,
each with relative low associations with yield; also
that grain yield was affected by the environmental ef-
fects experienced across space and time; and that
the grain yields of inbred lines was not a good predic-
tion of their hybrid yields (Hallauer et al, 2010). Breed-
ing and selection methods, therefore, were needed
that were amenable for the improvement of quanti-
tatively inherited traits, such as grain yield. RS meth-
ods seemed appropriate for the systematic genetic
improvement of germplasm resources in order to sig-
nificantly sustain significant yield improvements.

The original intent of RS was directed at improv-
ing grain yields relative to the hypotheses proposed
for the expression of heterosis and the primary gene
effects affected by selection. Jenkins (1940) sug-
gested a method that emphasized selection of addi-
tive gene effects for improvement of cultivars for use
in marginal production environments where use of
hybrids may not be justified. The method proposed
by Jenkins (1940) is usually referred to as selection
for general combining ability (GCA). Hull (1945) sup-
ported the hypothesis that over-dominant gene ef-
fects were of primary importance for the expression
of heterosis, and that selection for non-additive ef-
fects should be emphasized. Hull (1945) proposed
that RS with an inbred line as tester, and inbred prog-
eny RS be conducted in parallel fashion for the same
population to obtain empirical evidence of the rela-
tive importance of additive and non-additive effects

in response to selection. The proposal of Hull (1945)
is usually referred to as selection for specific combin-
ing ability (SCA) when an inbred tester is used. Be-
cause there was no general consensus among maize
breeders and geneticists on the predominant type(s)
of genetic effects important in selection and hetero-
sis, Comstock et al (1949) proposed a scheme they
designated RRS that would capitalize both GCA (pri-
marily additive effects) and SCA (primarily non-addi-
tive genetic effects). The proposal of Comstock et al
(1949) also had the advantage that selection between
two populations that represented popular heterotic
patterns would enhance the heterosis of the popula-
tion cross if RRS was effective for non-additive ge-
netic effects.

The concerns, discussions, suggestions, and pro-
posals put forth during the 1940s for the systematic
improvement of maize germplasm for grain yields
stimulated the initiation of RS programs nationwide,
especially the ones conducted by the Cooperative
Federal-State Corn Breeding Project, Ames, IA. The
major goals of the programs were to determine their
relative efficiencies to enhance grain yields. An impor-
tant corollary of the selection programs was to gain
knowledge of the types of genetic effects of greater
importance in selection for increased grain yields.
Later, exotic germplasm sources were introduced,
adapted, and selected in an attempt to broaden the
genetic base of US maize breeding programs (Anony-
mous, 1972; Brown, 1975; Goodman, 1999; Hallauer
and Carena, 2009; Sharma and Carena, 2012).

The summaries in Tables 2, 3, and 4 are the ex-
pected genetic gains averaged across cycles of se-
lection. Realized gains from the selection programs
at various stages of selection were reported for most
studies (e.g., Smith, 1983; Tanner and Smith, 1987;
Eyherabide and Hallauer, 1991; Keeratinijakal and
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Table 6 — Summary of average expected gain per cycle and per year for grain yield (q ha') for intra-population RS, inter-
population reciprocal RS, and different RS programs conducted within BS11.

Progeny types Intra-population Inter-population BS11 Average
(a ha?)

Half-sibs

Per cycle 5.28 4.40 3.57 4.42

Per year 2.64 2.20 1.78 2.21
Full-sibs

Per cycle - 4.87 5.20 5.04

Per year - 2.44 2.60 2.52
S1s

Per cycle 7.59 5.95 6.77

Per year 3.79 2.98 3.38
81'st

Per cycle 7.58 -— 7.58

Per year 2.53 -—- 2.53
SZs

Per cycle 11.30 9.62 10.46

Per year 3.77 3.21 3.49
Average

Per cycle 7.93 4.64 6.08 6.22

Per year 3.18 2.32 2.64 2.71

Lamkey, 1993; Menz et al, 1999; Carena and Hallau-
er, 2001; Hallauer et al, 2010, etc). The realized gains
were, in most instaces, similar to the expected gains
when averaged across cycles. The average expected
and realized responses suggest that the additive ge-
netic effects had a greater effect on selection than
non-additive genetic effects (Hallauer and Carena,
2009; Hallauer et al, 2010). For the inter-population
RS, the expected genetic gain averaged less than
for intra-population RS. However, estimates of the
components of variance for inbred progeny selection
may be biased upward based on a prediction model
on three populations (Wardyn et al, 2009). Perhaps,
inter-population RS requires more cycles of selec-
tion to increase the divergence of allele frequencies
of populations under selection. Eyherabide and Hal-
lauer (1991) and Keeratinijakal and Lamkey (1993) did
report that heterosis had increased from the C; to
later cycles of selection for BS10(FR) x BS11(FR) and
BSSS(R) x BSCB1(R).

A brief summary of the un-weighted average ex-
pected gains for the different RS methods are listed
in Table 6. Average expected genetic gain per year
across methods was 3.18, 2.32, 2.64 g ha™ for intra-
population, inter-population, and BS11, respectively
or 2.71 g ha™ for all populations and progeny types.
RRS had the least expected genetic gain of 2.32 q
ha' yr'. The average expected genetic gains for the
different selection programs with a common source
population were similar to those involving different
source populations. On a per year basis the expected
genetic gain for BS11 (2.64 q ha™ yr') was similar to
the average for intra- and inter-population RS pro-
grams (2.75 g ha™ yr).

RS programs are a minor importance to maize

breeding programs dedicated to developing im-
proved inbred lines to produce and sell competitive
hybrids in the marketplace. Major emphasis is given
to pedigree selection within F, populations of elite
and related inbred line crosses. Although the meth-
ods used in pedigree breeding are not commonly
referred as RS, the same principles (e.g., develop
progenies, evaluate progenies in replicated trials, and
intermate or cross newer lines to create genetic vari-
ability for future selection) are similar to those used
in RS (Weatherspoon, 1973; Hallauer, 1992; Carena
and Wicks lll, 2006). One major distinction between
the RS studies listed in Tables 2, 3, and 4 was they
were closed populations; i.e., no new germplasm was
introduced during selection, whereas newer lines are
introduced as they become available in breeding em-
phasizing pedigree selection within F, populations
(e.g., see Figure 1.6, Hallauer et al, 2010).

The significance of RS programs can only be real-
ized if the selected populations can contribute useful
germplasm to the cultivar development. In the lowa
RS programs, the 10 to 20 progenies intermated to
form the next cycle population also were included
in the breeding and testcross nurseries for further
inbreeding, evaluation of testcrosses in replicated
trials, and continued selection for other agronomic
traits. Nearly 100% of the selections were discarded.
The estimates included in Tables 2, 3, and 4 were
derived from data collected for an estimated 25,692
progenies evaluated in 168,797 test plots in replicat-
ed trials conducted across lowa environments.

There were 31 inbred lines that were given a ‘B’
designation and released for used either directly or
indirectly in either public or private breeding pro-
grams. The two RS programs in BSSS [BS13(HT),
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BS13(S), and BSSS(R)] were the germplasm sources
for 17 of the 31 released lines. BSSS seems unique
relative to the other populations because the total ge-
netic variance O'g2 within BSSS has equal portions
of additive genetic (o‘j) and variance due to domi-
nant deviations (Gé) compared with other popula-
tions having two to four times greater estimates of
O'j compared with the estimates of 0'[2) (Silva and
Hallauer, 1975; Stucker and Hallauer, 1992; Hallauer
et al, 2010). BSSS also was the source population for
B67 and B69 developed by Chase (1952) for doubled
haploids, and B101 with above average methionine
content (Hallauer and Wright, 1995). Inbred lines
originating from BSSS have had persistent use in re-
cycling programs via pedigree selection; Mikel and
Dudley (2006) concluded that BSSS germplasm was
included in the lineage of 63% of the proprietary in-
bred lines protected either by the US patent or US
Plant Variety Protection Act (PVPA). BSCB1 was the
source of seven inbred lines released; BS11 was the
sources of four released lines; and one line was re-
leased each from BS10, BS22, and BS26. Relative to
the number of progenies (25,692) tested for only one
year at two to four locations, the success rate for in-
bred lines that merited release on the basis of further
inbreeding, testing, and selection, was 0.121% of the
original progenies tested, or 1.21 per 1,000 original
progenies tested. This seems a low success rate, but
inbred lines developed from genetically broad-based
populations would be unique genetically and have
potential value as new sources of genetic variation if
used as one of the parents to produce F, populations
for recycling widely used elite inbred lines (Hallauer
and Carena, 2009; Carena et al, 2010). Except for Lin-
strom’s (1939) survey, no known information is avail-
able on the relative frequencies of success in pedi-
gree selection programs. It seems logical to assume
the success rate would be greater within F, popula-
tions derived from planned crosses with known diver-
sity estimates. Lindstrom (1939) concluded that only
2.4% useful lines were identified, presumably from
open-pollinated varieties. Nevertheless, even within
those percentages certain lines (e.g., B73) have been
extremely successful and have been an example to
using genetically broad-based germplasm sources
in order to achieve significant genetic gains (Carena,
2011).

RS programs are long-term breeding programs
with no definitive end-point. Intermating between
cycles of selection is a unique feature to RS and gen-
erates genetic variation. For most cases, it seems ge-
netic variation is persistent over cycles of selection
even though only one cycle of recombination was of-
ten conducted (Table 5) which agrees with the chang-
es seen in the molecular studies done in populations
improved by RS. Moreover, SEs decreased with se-
lection. The decrease in the SEs for GXE was prob-
ably because of improved adaptation over cycles of
selection. However, it may have occurred because
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of improved experimental methods, choice of envi-
ronments, and more consistent husbandry practices
across locations. Producing more seed per progeny
for multi-location testing of populations can lower
SEs and further intermating between cycles of selec-
tion may be preferable, especially for BS21(R), but
this would reduce genetic progress on a yearly basis
(Eberhart, 1970). It seems more cycles of selection
were preferable to more generations of intermating
between cycles.

RS programs should be an integral part of maize
breeding rather than a separate entity. Ideally, breed-
ers should have germplasm enhancement programs
linked to product development. If the RS programs
are an integral part of the mainstream breeding for
inbred line development, the breeder will have first-
hand knowledge of what is required in the popula-
tions under selection. The populations could be
open-ended with newer materials added to maintain
genetic variability with better man performance. Lim-
ited success can be made if wrong choices of germ-
plasm are made to initiate selection. BS12(HT) is an
example (Table 1). BS12 was an open-pollinated vari-
ety with good ear length but very weak root and stalk
strength. Expected response to selection for greater
grain yield (4.64 q ha") was similar to other programs
but continued poor root and stalk lodging continued
to be a problem. Selection was discontinued after
eight cycles of half-sib family selection because it
seemed BS12(HI) would not become a likely source
of germplasm useful to breeders. What the future of
the populations that include adapted tropical germ-
plasm (BS16, BS2, BSTL, BS28, and BS29) may be
is not clear. ETO composite (BS16), Tuxpefio (BS28),
and Suwan-1 (BS29) were considered important
germplasm sources in tropical breeding programs.
But additional selection pressures for better root
and stalk strength, lower grain moisture at harvest,
and greater grain yields for temperate environments
are needed to meet current standards in temperate
breeding programs. A complementary strategy could
be to continue inbreeding and selection of selected
progenies from the latest cycles that could be used
in pedigree selection from F, populations of tropical
by temperate or early by late maturing inbred lines,
following the breeding methods used by Goodman
(1999) and Sharma and Carena (2012).

Genetic responses within all the populations in-
cluded in Tables 2, 3, and 4 can be expected. The
choices of populations to include and the progenies
tested are dependent on the goals of individual
breeding programs. Response to inbred progeny se-
lection in maize, has seemed to plateau after two to
four cycles of selection [e.g., Tanner and Smith (1987)
for BSK and BS13(S)] but Weyhrich et al (1998a,b)
reported that inbred progeny selection was as effec-
tive as the other methods in BS11. Perhaps, previous
selection in the development of Krug open-pollinated
variety and the genetic variability within BSSS (Silva
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and Hallauer, 1975) were affected in the response to
inbred progeny selection. Depending on the goals
of the maize breeder, it seems progress can be ex-
pected with any of the RS methods. If one particular
type of progeny selection does not seem effective,
changes can be made either for the types of prog-
enies being evaluated or additional carefully selected
germplasm can be intermated with the latest cycle
population. One does not desire to lose the progress
previously made. RS methods will never replace the
pedigree selection methods often used in cultivar de-
velopment programs. But RS programs do have the
potential to develop alternative germplasm sources
and, unique, unrelated inbred lines that could pro-
vide additional useful alleles in pedigree selection
program increasing their potential to provide unique
genetic products (Carena, 2012a,b) or create alter-
native heterotic patterns (Carena, 2005; Carena and
Wicks Ill, 2006; Jumbo and Carena, 2007; Hallauer
and Carena, 2009; Hallauer et al, 2010).

If RS is to have relevance we should emphasize
they should be included as a component of breeding
programs. In the past, many RS programs were seen
as isolated projects that were expensive and time
consuming, with no contribution to maize breeding.
lowa and North Dakota were and still are few of the
programs still combining RS with applied breeding
developing inbred lines with value for either hybrids
or to use in pedigree breeding (Hallauer and Carena,
2009; Hallauer et al, 2010).

References

Anonymous, 1972. Genetic vulnerability of major
crops. NRC-NAS. Washington, DC

Brown WL, 1953. Sources of germplasm for hybrid
corn. Proc Annu Corn Ind Res Conf 8: 11-16

Brown WL, 1975. A broader germplasm base in corn
and sorghum. Proc Annu corn Ind Res Conf 30:
81-89

Carena MJ, 2005. Maize commercial hybrids com-
pared to improved population hybrids for grain
yield and agronomic performance. Euphytica 141:
201-208

Carena MJ, 2011. Germplasm enhancement for ad-
aptation to climate changes. Crop Breed & Appl
Biotech S1: 56-65

Carena MJ, 2012a. Challenges and opportunities for
developing maize cultivars in the public sector.
Euphytica (in press)

Carena MJ, 2012b. Developing the next generation
of diverse and healthier maize cultivars tolerant to
climate changes. Euphytica (in press)

Carena MJ, Cross HZ, 2003. Plant density and maize
germplasm improvement in the northern Corn
Belt. Maydica 48: 105-111

Carena MJ, Hallauer AR, 2001. Response to inbred
progeny selection in Leaming and Midland Yellow
Dent maize populations. Maydica 46:1-10

Carena MJ, Wicks Il ZW, 2006. Maize early maturing

281

hybrids: An exploitation of U.S. temperate public
genetic diversity in reserve. Maydica 51: 201-208

Carena MJ, Santiago |, and Ordas A, 1998. Direct and
correlated response to selection for prolificacy in
maize at two planting densities. Maydica 43: 95-
102

Carena MJ, Wanner DW, Yang J, 2010. Linking pre-
breeding for local germplasm improvement with
cultivar development in maize breeding for short-
season (85-95RM) hybrids. J Plant Reg 4: 86-92

Carena MJ, Bergman G, Riveland N, Eriksmoen E,
Halvorson M, 2009a. Breeding maize for higher
yield and quality under drought stress. Maydica
54: 287-296

Carena MJ, Pollak L, Salhuana W, Denuc M, 2009b.
Development of unique lines for early-maturing
hybrids: Moving GEM germplasm northward and
westward. Euphytica 170: 87-97

Carena MJ, Yang J, Caffarel JC, Mergoum M, Hal-
lauer AR, 2009c. Do different production environ-
ments justify separate maize breeding programs?
Euphytica 169: 141-150

Chase SS, 1952. Production of homozygous diploids
of maize from monoploids. Agron J 44: 263-267

Clucas CP, Hallauer AR, 1986. Effects of visual selec-
tion among and within S1 lines of maize on S2
line and heterosis performance. J lowa Acad Sci
93: 178-183

Comstock RE, 1979. Inbred lines vs. the populations
as testers in reciprocal recurrent selection. Crop
Sci 19:881-886.

Comstock RE, Robinson HF, Harvey PH, 1949. A
breeding procedure designed to make maximum
use of both general and specific combining abil-
ity. Agron J 41: 360-367

Devey ME, Russell WA, 1983. Evaluation of recurrent
selection for stalk quality in a maize cultivar and
effects of other agronomic traits. lowa State J Res
58: 207-219

Duvick DN, 1977. Genetic rates of if grain in hybrid
maize yields during the past 40 years. Maydica
22:187-196

Duvick DN, Smith JSC, Cooper M, 2004. Changes in
performance, parentage, and genetic diversity of
successful corn hybrids, 1930-2000, pp. 65-97.
In: Smith CW, Betran J, Runge CA eds. Corn: Ori-
gin, history, and production. Wiley, Hoboken, NJ

Eberhart SA, 1970. Factors affecting efficiencies of
breeding methods. African Soils 15: 669-680

Eberhart SA, 1971. Regional maize diallels with U.S.
and semi-exotic varieties. Crop Sci 11: 911-914

Eberhart SA, Debela S, Hallauer AR, 1973. Reciprocal
recurrent selection in the BSSS and BSCB1 maize
populations and half-sib selection in the BSSS.
Crop Sci 13:451-456.

Eno C, Carena MJ, 2008. Adaptation of elite temper-
ate and tropical maize populations to North Da-
kota. Maydica 53: 217-226

Eyherabide GH, Hallauer AR, 1991. Reciprocal full-

57 ~ 266-283

Maydica electronic publication - 2012



recurrent selection methods in maize

sib selection in maize. |. Direct and indirect re-
sponses. Crop Sci 31: 952-959

Goodman MM, 1999. Developing temperate inbreds
from tropical germplasm: Rationale, results, and
conclusions. lllinois Corn Breeders’ School 35:
1-19

Hallauer AR, 1973. Hybrid development and popula-
tion improvement in maize by reciprocal full-sib
selections. Egipcian J Genet Cytol 2: 84-101

Hallauer AR, 1986. Registration of BS26 maize germ-
plasm. Crop Sci 26: 838-839

Hallauer AR, 1992. Recurrent selection in maize, pp.
115-179. In: Plant Breeding Rev Vol 9. Janick J
ed. John Wiley & Sons, Inc, New York

Hallauer AR, 1994. Registration of BS28 and BS29
maize germplasm. Crop Sci 34: 544-545

Hallauer AR, 1999. Conversion of tropical germplasm
for temperate area use. lllinois Corn Breeders’
School 35: 2036

Hallauer AR, Carena MJ, 2009. Maize breeding, pp.
3-98. In: Handbook of plant breeding: Cereals.
Carena MJ ed. Springer, New York, NY

Hallauer AR, Sears JH, 1972. Integrating exotic germ-
plasm into Corn Belt maize breeding programs.
Crop Sci 12: 203-206

Hallauer AR, Smith OS, 1979. Registration of BS13(S)
C, and BS16 maize germplasm. Crop Sci 19: 755

Hallauer AR, Wright AD, 1995. Registration of B101
maize germplasm. Crop Sci 35: 1238-1239

Hallauer AR, Eberhart SA, Russell WA, 1974. Regis-
tration of maize germplasm. Crop Sci 14: 340-341

Hallauer AR, Miranda Fo JB, Carena MJ, 2010. Quan-
titative genetics in maize breeding. 3™ ed, Spring-
er, NewYork, NY

Hallauer AR, Ross AJ, Lee M, 2004. Long-term di-
vergent selection for ear length in maize, pp. 153-
168. In: Plant Breeding Rev Vol 24, Part 2. Janick
J ed. John Wiley & Sons, Inc, New Jersey

Hallauer AR, Russell WA, Smith OS, 1983. Quantita-
tive analysis of lowa Stiff Stalk Synthetic, pp. 105-
118. In: 15" Stadler Genet Sym. Gustafson JP ed.
Columbia, MO

Hallauer AR, Russell WA, White PR, 2000. Registra-
tion of BS21(R)C, and BS22(R)C,. Crop Sci 40:
1517

Hull FH, 1945. Recurrent selection and specific com-
bining ability in corn. J Am Soc Agron 37: 134-145

Hyrkas A, Carena MJ, 2005. Response to long-term
selection in early maturing maize synthetic variet-
ies. Euphytica 143: 43-49

Jenkins MT, 1940. The segregation of genes affecting
yield of grain in maize. J Am Soc Agron 32: 55-63

Jumbo MB, Carena MJ, 2008. Combining ability,
maternal, and reciprocal effects of elite early-ma-
turing maize population hybrids. Euphytica 162:
325-333

Kaufmann KD, Crum CW, Lindsey MF, 1982. Exotic
germplasm in a corn breeding program. lllinois
Corn Breeders’ School 18: 6-39

282

Keeratinijakal V, Lamkey KR, 1993. Responses to re-
ciprocal recurrent selection in BSSS and BSCB1
maize populations. Crop Sci 33: 73-77

Klenke JR, Russell WA, Guthrie WD, 1986. Recurrent
selection for resistance to European corn borer in
a corn synthetic and correlated effects on agro-
nomic traits. Crop Sci 26: 864-868

Lamkey KR, Hallauer AR,1987. Heritability estimated
from recurrent selection experiments in maize.
Maydica 32: 61-78

Lamkey KR, Hallauer AR, 1997. Registration of eight
selected BS11 maize germplasm populations.
Crop Sci 37: 1992-1993

Lerner I, 1958. The genetic basis of selection. John
Wiley & Sons. New York

Lindstrom EW, 1939. Analysis of modern maize
breeding principles and procedures. Proc 7% Intl
Genet Congress 7: 191-196

Lonnquist JH, 1949. The development and perfor-
mance of synthetic varieties of corn. Agron J 41:
153-156

Mikel MA, 2006. Availability and analysis of propri-
etary dent corn inbred lines with expired US Plant
Variety Protection. Crop Sci 46: 2555-2560

Mikel MA, Dudley JW, 2006. Evolution of North Amer-
ican dent corn from public to proprietary germ-
plasm. Crop Sci 43: 1193-1206

Menz MAR, Hallauer AR, Russell WA, 1999. Compar-
ative response of two reciprocal recurrent selec-
tion methods in BS21 and BS22 maize popula-
tions. Crop Sci 39: 89-97

Rawlings JO, 1970. Present status of research on
long- and short-term recurrent selection in finite
populations-Choice of population size, pp. 1-15.
In: Proc and Meet. Work Group Quant Genet, Sec
22, IUFRO Raleigh, NC

Russell WA, 1974. Comparative performance of
maize hybrids representing different eras of maize
breeding. Annu Corn Sorghum Res Conf Proc 29:
81-101

Russell WA. 1986. Contribution of breeding to maize
improvement in the United States, 1920’s -
1980’s. lowa State J Res 61:5-34.

Russell WA, Penny LH, Hallauer AR, Eberhart SA,
Scott GE, Guthrie WD, Dicke FF, 1971. Registra-
tion of maize germplasm synthetics. Crop Sci 11:
140-141

Sezegen B, Carena MJ, 2009. Divergent recurrent se-
lection for cold tolerance in two improved maize
populations. Euphytica 167: 237-244

Sharma S, Carena MJ, 2012. NDSU EarlyGEM: In-
creasing the genetic diversity of northern US hy-
brids through the development of unique exotic
elite lines. Maydica (in press)

Shull GH, 1910. Hybridization methods in corn breed-
ing. Am Breed Mag 1: 98-107

Silva JC, Hallauer AR, 1975. Estimation of epistatic
variance in lowa Stiff Stalk Synthetic maize. J
Hered 66: 290-296

57 ~ 266-283

Maydica electronic publication - 2012



Hallauer and Carena

Smith OS, 1983. Evaluation of recurrent selection
in BSSS, BSCB1, and BS13 maize populations.
Crop Sci 23: 35-40

Smith OS, Hallauer AR, Russell WA, 1981. Use of in-
dex selection in recurrent selection programs in
maize. Euphytica 30: 611-618

Sprague GF, 1946. Early testing of inbred lines. J Am
Soc Agron 38: 108-117

Stucker DS, Hallauer AR, 1992. Genetic variability as
affected by selection in lowa Stiff Stalk synthetic
maize. J Heredity 83: 410-418

Tanner AH, Smith OS, 1987. Comparison of half-sib
and S1 recurrent selection in the Krug Yellow
Dent maize populations. Crop Sci 27: 509-513

Wardyn BM, Edwards J, Lamkey KR, 2009. Inbred-
progeny selection is predicted to be inferior to
half-sib selection for three maize populations.
Crop Sci 49: 443-450

283

Weatherspoon JH, 1970. Comparative vyields of
single, three-way, and double crosses of maize.
Crop Sci 10: 157-159

Weyhrich RA, Lamkey KR, Hallauer AR, 1998a. Re-
sponses to seven methods of recurrent selection
in the BS11 maize population. Crop Sci 38: 308-
321

Weyhrich RA, Lamkey KR, Hallauer AR, 1998b. Effec-
tive population size and response to S, progeny
selection in the BS11 maize population. Crop Sci
38: 1149-1158

Yang J, Carena MJ, Uphaus J, 2010. AUDDC: A
method to evaluate rate of dry down in maize.
Crop Sci 50: 1-8

57 ~ 266-283

Maydica electronic publication - 2012



