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Abstract Hybrid breeding in autogamous cereals has a
long history of attempts with moderate success. There is a
vast amount of literature investigating the potential prob-
lems and solutions, but until now, market share of hybrids
is still a niche compared to line varieties. Our aim was to
summarize the status quo of hybrid breeding efforts for
the autogamous cereals wheat, rice, barley, and triticale.
Furthermore, the research needs for a successful hybrid
breeding in autogamous cereals are intensively discussed.
To our opinion, the basic requirements for a successful
hybrid breeding in autogamous cereals are fulfilled.
Nevertheless, optimization of the existing hybridization
systems is urgently required and should be coupled with
the development of clear male and female pool concepts.
We present a quantitative genetic framework as a first step
to compare selection gain of hybrid versus line breeding.
The lack of precise empirical estimates of relevant quan-
titative genetic parameters, however, is currently the major
bottleneck for a robust evaluation of the potential of hybrid
breeding in autogamous cereals.
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Introduction

Hybrid breeding is a remarkable success story in several
allogamous species such as maize, sunflower, sorghum,
sugar beet, and rye (Coors and Pandey 1999). The main
advantages of hybrid versus line varieties are increased
trait values due to the exploitation of heterosis (Shull
1908), larger yield stability especially in marginal envi-
ronments (Hallauer et al. 1988), the ease of stacking
dominant major genes (Edwards 2001), and larger return of
investment for seed companies due to the built-in plant
variety protection by inbreeding depression (Edwards
2001). Hybrid breeding for autogamous cereals was less
successful because of the lower amount of heterosis, high
seed densities coupled with difficulties to implement a
cost-effective system for hybrid seed production, the lack
of high yielding heterotic patterns, and the lower selection
gain for hybrid compared to line breeding (Edwards 2001;
Oettler et al. 2005; Lu and Xu 2010; Singh et al. 2010).
Despite these drawbacks, major attempts have been
undertaken during the past decades in the public and pri-
vate domain to develop vital hybrid breeding programs in
autogamous cereals. These attempts were recently stimu-
lated by the demand of an increased agricultural produc-
tivity per area despite the increasing problems of abiotic
stresses caused by the climate change. Moreover, increas-
ing use of farm-saved seed caused a decreasing return in
investment of seed companies and led to the need to initiate
hybrid breeding programs in autogamous cereals due to the
lack of political solutions (Edwards 2001; Rajaram 2001).

In this review, we summarize the status quo of hybrid
breeding efforts for the autogamous cereals wheat, rice,
barley, and triticale. In addition, research areas to improve
the efficiency of hybrid breeding in autogamous cereals are
discussed. In particular, we (1) examine the biological
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drawbacks and research needed to improve the hybridiza-
tion systems, (2) study the current knowledge on the extent
of heterosis in these four crops, (3) investigate the imple-
mentation of the concept of heterotic groups and patterns
for autogamous cereals, and (4) elaborate a quantitative
genetic framework as a first step to evaluate the potential
selection gain of a hybrid versus a line breeding program.

Status quo of hybrid breeding in autogamous cereals
Hybrid wheat breeding

Efforts to establish hybrid wheat breeding have quite a long
history in the public and private domain (Pickett 1993). It
can be distinguished into two waves, between 1970s and
1990s and a revival starting in recent years (Keydel 1985;
Merfert et al. 1987; Koekemoer et al. 2011). Currently, less
than 1 % of the total world wheat area is planted with
hybrids. Central Europe plays a major role with about
200,000 ha representing more than half of the world’s
hybrid wheat production (http://www.ble-hybride.com).
The main hybrid wheat-growing countries are France
(160,000 ha) and Germany (25,000 ha) with the main
players in breeding being Saaten Union Recherche and
Nordsaat Saatzuchtgesellschaft mbH. All hybrids in Europe
are currently produced with chemical hybridization agents
(CHASs), most of them with Croisor®100 (sintofen; former
Dupont-Hybrinova, Saaten Union Recherche, France).
Until now, Croisor®100 has been licensed only for France,
but a wider license for several European countries is in
preparation (Volker Lein, pers. comm.). Hybrid wheat is
cultivated also in China at about 30,000 ha (Prof. Pingzhi
Zhang, pers. comm.) and in India at about 35,000 ha, where
DWR—Directorate of Wheat Research (http://www.dwr.in
)—is the main player in hybrid wheat research and breed-
ing. Currently, no wheat hybrid is grown anymore in South
Africa and Australia. More than 50 % of hybrid wheat
grown in China is produced based on photoperiodic sensi-
tivity, while the remaining ones and those in India are based
on cytoplasmic male sterility (CMS) systems from Triticum
timopheevii (Singh et al. 2010). Recently, new attempts
have been made based on novel sources of CMS and
complementary fertility restorer genes derived from the
wild barley species Hordeum chilense (msH1 CMS system;
Martin et al. 2009). In durum wheat, no hybrid is currently
marketed, but breeding companies have restarted develop-
ing hybrids using either CHAs or CMS from T. timopheevii.

Hybrid rice breeding

The first studies on the extent of heterosis in rice trace back
to work conducted already in the 1920s (Jones 1926).
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Extensive research on hybrid rice started in 1964 in China
(Yuan 1966) and the first commercial hybrid rice variety
was released in 1976 based on a stable CMS system (Yuan
and Virmani 1988; Virmani 1994; Yuan et al. 1994).
Hybrid rice is currently grown on more than 20 million ha
worldwide with a core area in China with an acreage of
17 million ha. Other countries with significant area culti-
vated with hybrid rice varieties are India with about
1.4 million ha and Vietnam and Bangladesh each with
about 0.7 million ha (http://irri.org/ricetoday).

Nearly 80-90 % of the commercial hybrid rice in China
is produced based on a CMS system mainly originating
from Oryza rufipogon. The remaining 10-20 % of hybrids
are produced based on thermo- or photoperiod-sensitive
male sterility system (Si et al. 2011). In other countries,
exclusively hybrids based on CMS are marketed. In total,
95 % of the hybrids are based on crosses between Oryza
indica lines and 5 % are based on crosses between Oryza
japonica lines, although hybrids between O. indica and
O. japonica show an average higher heterosis compared to
crosses within O. indica or O. japonica (cf. Ikehashi 1991).
A high degree of sterility in the F; generation is the major
obstacle hampering the use of O. indica and O. japonica
crosses (Ikehashi and Araki 1984; Ouyang et al. 2009).

Hybrid barley breeding

With the description of the first recessive nuclear male
sterility gene, Suneson (1940) awoke the interest in hybrid
barley. Then, public institutions conducted several surveys
on heterosis and seed production systems, which resulted in
a balanced tertiary trisomic hybridization system (Ramage
1965) and first hybrid cultivars. The hybrid varieties out-
yielded the best line cultivars by 15-20 % and were released
and grown commercially in Arizona on 12,000-20,000 ha
per year (Ramage 1983). With the introduction of short-
strawed lodging-resistant line cultivars from 1978 onward,
hybrids lost their yield advantage and disappeared from the
market. In addition to the balanced tertiary trisomic
hybridization, a CMS system with a reliable single dominant
restorer gene was described in 1979 (Ahokas 1979). Despite
the availability of a CMS system, public institutions did not
further emphasize on developing hybrid cultivars in barley
for the next few decades. In 1994, Paul Bury, barley breeder
at New Farm Crops, Ltd. (now Syngenta Seeds) started to
develop hybrid barley based on the above-mentioned CMS
system. In the year 2002, the first commercial hybrid variety
‘Colossus’ was released in the UK. Since then, Syngenta
released more than ten hybrid varieties, which are all six-
row winter barley varieties. The hybrids are currently grown
on more than 200,000 ha. The main growing countries are
Germany, France, and the UK (Gunther Stiewe, pers.
comm.). Barley hybrids for use in malting are not yet
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available. Owing to the use of the harvested F, generation,
segregation might influence the malting quality of germi-
nated seeds. No study was published, however, investigating
this issue in more detail.

Hybrid triticale breeding

Fundamental research on hybrid triticale breeding was
initiated in several public institutes in the 1980s (Nalepa
1990). First large-scale studies on the potential of triticale
hybrids relied on CHAs (e.g., Oettler et al. 2003, 2005).
Despite the ease of using CHAs, their toxicity hampered
until now their successful registration (Oettler et al. 2005).
Alternatively, CMS systems based on T. timopheevii have
been evaluated and under huge efforts thousands of lines
have been tested for their suitability to serve as maintainer
or restorer line (Ralf Schachschneider, pers. comm.). A
limited set of restorer and maintainer lines have been
identified and are currently exploited in commercial and
public hybrid triticale breeding programs in Europe. In
2012, two hybrid varieties have been registered in France
and Germany by Saatzucht Dr. Hege GbR, a winter type
‘HYT Prime’ and a spring type ‘Kulula’. Further triticale
hybrids are in the official registration trials in Germany.

Constraints in hybridization systems for autogamous
cereals

The biological constraints of autogamous cereals hamper
the implementation of a cost-efficient hybrid seed pro-
duction (Pickett 1993). Selfing must be prevented by the
use of an easy and secure sterility system. Sterile females
must open their flowers at the time when the males release
plenty of viable pollen with good aerodynamics outside the
floret. For autogamous cereals, several sterility systems
exist with different pros and cons. The details have been
discussed recently (for review, see Oettler et al. 2005; Li
et al. 2007; Singh et al. 2010; Kempe and Gils 2011).
Briefly, the most promising hybridization systems for aut-
ogamous cereals are sterility by a CHA or CMS, sterility
caused by differences in day length and/or temperature, or
genetically modified hybridization systems. For all of the
four crops considered in our review, at least one hybrid-
ization system has already been applied as summarized in
the previous crop-specific chapters.

For wheat and barley and less pronounced for triticale
and rice, a major problem is the limited amount and spread
of pollen (Omarov 1976; Pickett 1993; Virmani 1994).
Therefore, large ratios of male versus female lines are
required for hybrid seed production resulting in high seed
costs (Pickett 1993; Kempe and Gils 2011). Genetic vari-
ation for amount and spread of pollen has been described in

the primary and secondary gene pool, and pollination traits
seem to have moderate to high heritabilities (e.g., Virmani
and Athwal 1972; Scholz and Kiinzel 1982; Pickett 1993).
An increase in the amount and spread of pollen would
enable the reduction of male lines in the hybrid seed pro-
duction fields and, thus, blends with small amount of males
like in allogamous rye can be managed (Geiger and
Miedaner 2009). This mixed planting, which is feasible for
all hybridization systems except CHAs (Pickett 1993;
Edwards 2001), is an effective strategy to tremendously
improve the economy of hybrid seed production for aut-
ogamous cereals (Maruyama et al. 1991; Kempe and Gils
2011).

Hybrid seed production in autogamous cereals is not
only limited by the amount and spread of pollen, but also
by reduced pollen viability (D’Souza 1970; Hammer 1977;
Yan et al. 2009). For instance, wheat pollen is viable for
about 0.5-3 h and rice pollen is viable for less than 5 h
compared with about 72 h for rye (D’Souza 1970; Yan and
Li 1987; Yan et al. 2009). Furthermore, the duration of
receptivity of female flowers is quite short. For instance in
wheat, opening of the female flower lasts only 2-3 days
(Pickett 1993). Consequently, a crucial step in hybrid
breeding is an optimized nick of parents for hybrid seed
production (Pickett 1993; Edwards 2001; Koekemoer et al.
2011) requiring very precise phenotyping on date of pollen
shedding of the males and date of floret opening of sterile
females. Knowledge on the genetic basis of pollen viability
and duration of female receptivity within crops are very
limited, but comparison across species revealed large
genetic variation (D’Souza 1970).

In conclusion, although research efforts have been made
in the last 50 years, male and female traits relevant for a
successful hybridization system have been improved only
with moderate success (e.g., D’Souza 1970; Keydel 1972,
1977; Merfert et al. 1987). Thus, substantial research is
needed to better understand and manipulate the genetic
architecture of pollen traits (amount, spread, viability) and
female traits (opening of the glume, time of stigma
receptivity) in autogamous cereals. New precision pheno-
typing techniques (Montes et al. 2007) for traits related to
flowering biology coupled with advanced high-density
genomic tools offer promising possibilities to widen this
bottleneck.

Heterosis and its consequences for hybrid breeding
in autogamous cereals

If not stated otherwise, we will define heterosis as the dif-
ference between the hybrid and the mean of its two
homozygous parents (Schnell 1961). Experimental results
on the extent of heterosis in the literature differ largely for
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autogamous cereals. Due to constraints in hybrid seed
production, most published studies were based on a low
number of environments (<3 environments) with small plot
size and low seed density and must be handled with care.
We summarized experimental results of the last 20 years
focusing on studies with trials based on precise phenotyping
in yield plot (>5 m?) on at least three environments and
comparable agronomic conditions for lines and hybrids.

For wheat, durum, triticale, and barley, scientific litera-
ture fitting our phenotyping criteria was found with a
comparable magnitude of average heterosis for grain yield
being around 10 %, for plant height 7 %, and for heading
time and quality traits around O % (Table 1; Supplementary
Table S1). For rice, we have not found any published study
on the extent of heterosis based on phenotypic data in more
than two environments, although we intensively studied the
literature. Several studies were published on less than three
environments reporting extremely high variation in the
magnitude of heterosis (e.g., Virmani 1996). These findings
point to the lack of precise phenotyping of heterosis in rice.
Consequently, profound phenotypic evaluation of the extent
of heterosis in rice is needed.

The heterosis observed for the studied autogamous
species (Supplementary Table S1) is much lower than in
allogamous species. This can be explained by a lower
degree of dominance and/or a low genetic distance among
parental lines considering alleles at QTL underlying the
trait of interest (Falconer and Mackay 1996). A further
explanation of the low amount of heterosis is the presence
of epistasis. This also includes favorable interactions
between genes on homoeologous loci—a phenomenon
often referred to as fixed heterosis (Abel et al. 2005).
Considering only digenic epistasis and using the F, metric
(Cockerham 1954; Schnell and Geiger 1970; Yang 2004),
Melchinger et al. (2007a) derived the following quantita-
tive genetic formula for heterosis:

1
H:Z di_i Zaaij

ic0 J€0;

with Q; denoting the loci set Q segregating among the two
parents under consideration and underlying the agronomic
trait of interest excluding element i, d; being the dominance
effect of locus 7, and aa; referring to the additive x
additive epistatic effect between locus i and j. Therefore, a
low amount of heterosis can not only be explained by low
magnitude of dominance effects and genetic relatedness,
but can also be caused by positive additive x additive
epistatic effects.

The lack of quantitative genetic theory to investigate
heterosis using genomic tools hampered profound studies
on the role of dominance versus additive x additive epis-
tasis in crops (Melchinger et al. 2008). In the past few
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years, huge efforts have been made to bridge this gap, and
the necessary quantitative genetic theory and biometrical
models have been elaborated to analyze the genetic basis of
heterosis in more detail (e.g., Melchinger et al. 2007a,
2008; Garcia et al. 2008; He and Zhang 2011). Studies on
the autogamous model plant Arabidopsis thaliana sug-
gested the presence of positive additive x additive epi-
static effects (Kusterer et al. 2007; Melchinger et al. 2007b;
Reif et al. 2009). This is in agreement with a survey based
on the North Carolina design III in rice, pointing also to the
impact of epistatic effects contributing to heterosis (Garcia
et al. 2008). Consequently, the low level of heterosis
observed in experimental studies in wheat, rice, barley, and
triticale (Table 1) can also be explained by favorable
additive x additive epistatic effects and does not neces-
sarily preclude the presence of dominance effects sub-
stantially larger than zero.

An economically successful implementation of hybrid
breeding in autogamous cereals depends besides heterosis
also on other factors such as costs of hybrid seed produc-
tion and expected selection gain of hybrid versus line
breeding (cf. Edwards 2001; Oettler et al. 2005). Therefore,
it is difficult to determine the amount of heterosis required
for an economically successful hybrid breeding program.
Often, commercial heterosis (Dhillon and Singh 1977), the
difference between the hybrids with the best available
commercial line, is considered to judge the prospects of
hybrid breeding (Pickett 1993; Edwards 2001). For
instance, Perenzin et al. (1998) estimated commercial
heterosis of wheat hybrids produced from the best available
line cultivars across 10 years. In the fourth cycle of
selection, >60 % of the produced hybrids had positive
commercial heterosis. In addition, a recent experimental
study based on germplasm from the current market leader
in hybrid wheat breeding showed up to 20 % commercial
heterosis (Gowda et al. 2012a). The authors highlighted
that commercial heterosis is often overestimated due to the
comparison of experimental hybrids with already regis-
tered line varieties. To solve this problem, Gowda et al.
(2012a) corrected the line values with the average annual
selection gain in registration trials and showed that even
under this strict scenario, positive commercial heterosis
was observed. These results suggest that successful hybrid
breeding in autogamous cereals seems feasible under the
constraint that selection gain per time unit is competitive.
The expected selection gain in hybrid versus line breeding
will be discussed in the next section.

Heterotic groups and patterns in autogamous cereals
Melchinger and Gumber (1998) defined a heterotic group

“as a group of related or unrelated genotypes from the
same or different populations, which display similar
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Table 1 Summary of most important facts for hybrid breeding in autogamous cereals

Wheat Rice Barley Triticale

World hybrid 0.2-0.3 17.0-20.0 0.2 ~0

production

area (in Mha)
Main countries France China Germany, France, UK Germany, France, Poland
Average yield 3.5-15 27 11.4 2-10

heterosis (%)
Heterotic groups Not existing Not existing No published study available Not existing

Main problems

Mostly used seed
production system

Main CMS source
Limitation to use CMS

Potential alternative
CMS sources

Other sterile systems

Biotech approach for
seed production

Pollen amount, spread,
and viability for seed
production

CHA

T. timopheevii

Efficient MAS for
introgression of CMS
and restorers

Ae. Kotschyii; Ae.
Variabilis; H. chilense

Photoperiod and
thermosensitive male
sterility, used only in
China

Project stopped

Rare CMS sources, rare
sources of restorers with
good heterosis

CMS

O. rufipogon (CMS-WA)
Lack of good restorers

cms-G; cms-ID; cms-DA;
cms-D; cms-HL; cms-K;
cms-BT

Photoperiod and
thermosensitive male

sterility, used in 20 % of

China’s hybrids

No CHA for experimental
hybrids

CMS

H. spontaneum

High selection intensity
for maintainer lines

CMS

T. timopheevii

Many restorer genes

Ae. ovata, Ae. Juvanalis,
Ae. heidreichl,
Ae. Sharonensis,
T. dicoccoides

CHA

? No scientific study on mid-parent heterosis in rice was found on investigating parents and hybrids in a minimum of three different envi-

ronments and plot sizes of >5 m?

combining ability and heterotic response when crossed
with genotypes from other genetically distinct germplasm
groups.” Heterotic patterns refer to a specific pair of two
heterotic groups, which express high heterosis and conse-
quently high hybrid performance in their cross. Current
surveys on heterosis and hybrid performance based on
diallel crosses are rare for autogamous cereals. The limited
number of reported studies often failed to identify groups
of genotypes with similar heterotic response or combining
ability (e.g., Fischer et al. 2010). This finding is not sur-
prising considering the intensive plant material exchange
for elite lines and the lack of long-term recurrent reciprocal
selection programs in the four crops.

It is often claimed that for successful hybrid breeding in
autogamous cereals, heterosis must be enhanced by
increasing genetic divergence of the parents (Coors and
Pandey 1999). One approach to increase genetic diversity
is making hybrids between adapted and non-adapted lines,
e.g., winter by spring types (Koekemoer et al. 2011). This
leads to high mid-parent heterosis because of the low
performance of the non-adapted parent and in some cases
also to positive values of better-parent heterosis. However,
problems might arise due to different requirements

regarding vernalization, photoperiodic reaction, and frost
tolerance.

Genetically divergent heterotic groups are important as
they lead to a low ratio of variance due to specific (d3¢,)
versus general combining ability (O’%}C ») effects (Fischer
et al. 2008). The advantages of predominance of g5, are
high recurrent selection gain and the ease in identifying
promising hybrids based on GCA prediction (Reif et al.
2007). Our literature review revealed that aéc A Wwas less
pronounced compared to 6%, (Supplementary Table S1).
Nevertheless, several studies reported o3, values sub-
stantially larger than zero (e.g., Gowda et al. 2012a).
Consequently, it seems beneficial to develop genetically
distinct heterotic patterns with the aim of increasing the
relevance of 6%, through reciprocal recurrent selection
as it was done in commercial hybrid breeding programs
of the US corn belt (Duvick et al. 2004). Obviously, the
selection of suitable heterotic patterns through recurrent
reciprocal selection is a resource- and time-intensive
work. A joint effort guided by public breeding programs
seems to be a valuable approach to tackle this tedious
task.
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A clear two-pool concept possesses the further advan-
tage of an easy handling of the sterility system (e.g.,
introgression of CMS-plasma and restorers only in one
pool) and simplifies the handling of flowering biology of
females versus male lines. For instance, an optimized nick
requires taller males flowering later than females, proper-
ties which can be fixed through a two-pool concept. Fur-
thermore, a bottleneck due to selection for increased
pollination capability is then only a concern in the male
pool. Thus, for this pool, a long-term selection strategy
could aim at intensively selecting pollination capability at
the beginning of hybrid breeding in order to rapidly fix
good pollination capability facilitating future selection.

Finally, a clear two-pool concept also simplifies han-
dling of major dominant QTL. While in line breeding all
these major QTL have to be fixed in the new potential line,
complementary stacking of genes in hybrid breeding
requires fixation of the major QTL in only one out of two
parental lines. This point further underlines the advantages
to apply hybrid breeding with a two-pool concept. Never-
theless, this would require a shift from common breeding
practices to consider hybrid breeding in autogamous cere-
als simply as a spin-off from line breeding programs
toward the implementation of interpopulation selection
programs.

Quantitative genetic framework for the comparison
of hybrid versus line breeding

The effectiveness of hybrid versus line breeding can be
characterized based on the realized selection gain per year
assuming the same total budget. Selection gain is defined as
AG = (ihog)/y, where i is the selection intensity, & the
square root of the heritability, o5 the square root of the
genetic variance, and y the number of years required to finish
one breeding cycle (Cochran 1951). Among these four
parameters, the length of a selection cycle is very crucial
(Gordillo and Geiger 2008). Sticking to genetic systems
such as CMS to produce hybrids often causes an increase in
v, and, therefore, results in a severe loss of the competi-
tiveness of hybrid versus line breeding. In contrast, the use of
CHAs coupled with doubled haploid (DH) technology leads
to comparable length of selection cycles for hybrid and line
breeding (Pickett 1993; Oettler et al. 2005). For the fol-
lowing considerations, we assumed that CHAs are available
resulting in similar cycle length for hybrid and line breeding.
One further important question is the relative magnitude of
the genetic variance in line versus hybrid breeding.
Assume two different gene-orthogonal base populations
nl and 72, absence of epistasis, and two alleles per locus
with frequency of the favorable allele of p,; € [0, 1] and
P> € [0, 1]. For investigating the available genetic

@ Springer

variance, we concentrate on a one-locus model and assume
the use of fully inbreds in line and hybrid breeding. For
hybrid breeding, the total genetic variance is then defined
as the sum of

aéCA/ = 031/ :pﬂl(l —pm)[a - (2pn2 - 1)d]27
o-éCA// = wa =pu(l —pmn)la— 2pu — 1)d]2»
and

O-§CA = GZD = 4d2pn1pn2(l _pnl)(l _pn2)7

where a and d denote the additive and dominance effect at
the locus under consideration, Gi, and O’i,, refer to the
additive variance of populations nl and #2, respectively,
and 7 is the dominance variance (Schnell 1965). For line
breeding, dominance variance cannot be exploited and the
total genetic variance is defined as o (line) = o3 =
4p(1 — p)a®. (Bernardo 2002). For absence of dominance
(d = 0), 6% (line) is twice as large as 0% (hybrid) (Fig. 1).
Most important agronomic traits, however, are quantitative
traits and, consequently, the assumption of d equal to zero
is unrealistic. This is reflected by significant ¢%,0bserved
in experimental studies (Supplementary Table Sl1).
Assuming values of d larger than zero leads to increased
values of o7 (hybrid) surpassing o%(line) when the fre-
quency of the favorable allele is rare in population n1 and
close to 0.5 in population n2, or vice versa (Fig. ).
Experimental comparing  o%(hybrid)
o2 (line) are rare and often based on small sets of parents.
The few experimental studies with sample sizes larger than
50 individuals, however, clearly suggested that the
assumption of ¢%(hybrid) = 0.5¢%(line) is unrealistic for
complex traits such as grain yield (e.g., Oettler et al. 2005).

In order to determine the recurrent selection gain of
hybrid breeding, precise estimates of d%., and 02, are
needed (Longin et al. 2007; Gordillo and Geiger 2008). In
addition, it has been hypothesized that hybrids possess
higher yield stability than lines and consequently also
lower variance due to genotype X environment interac-
tions. Experimental studies comparing hybrids and lines
showed higher (Jordaan 1996, Koekemoer et al. 2011) or
similar yield stability (Bruns and Peterson 1998; Koemel
et al. 2004). However, different statistical measures were
used and only very limited number of varieties were
compared. Furthermore, a precise evaluation of yield
stability requires a very large number of environments
(Piepho 1998). Thus, more research efforts are required to
investigate the variance due to genotypes and geno-
types x environment interactions for the four studied crops
based on current elite germplasm. Consequently, there is an
urgent need to determine relevant variance components for
hybrid breeding in extensive experimental studies.

studies versus
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Fig. 1 Genetic variance in

Line breeding

dependence of the frequency of
the favorable allele for line
breeding and hybrid breeding
regarding hybrids with

GCA + SCA (a), or recurrent
selection with GCA, where SCA

0.7 0.9 0.9 0.7

cannot be exploited (b), for 02

d =0 (Al, Bl),d = 0.5 (A2,
B2), and d = 1 (A3, B3). It is
important to note that in hybrid
breeding there are two base
populations, while in line
breeding there is only one
population

1.00 02 04 06 08 10

0.8

0.4 06 08 1.00 02 04 0.6

0.2

Favorable allele frequency (Pop2) Favorable allele frequency (Pop2) Favorable allele frequency (Pop2)

Hybrid breeding (02gcp + 025cp)

| |
0.4 0.6 0.8

Favorable allele frequency (Pop)

1.0

Hybrid breeding (02gcp)

02 04

Favorable allele frequency (Pop1)

Selection gain in hybrid versus line breeding

Because of the lack of precise estimates of the above
outlined relevant parameters to judge the prospects of
hybrid versus line breeding, we investigated the worst case
scenario for hybrid breeding assuming oZ%(hybrid) =

0.2 0.4 0.6 0.8
Favorable allele frequency (Pop1)

06 08 100 1.0

0.50%(line), but also a favorable scenario assuming
oz (hybrid) = 0.96%(line). In addition, we assumed that the
variance due to genotype X environment interactions and
the variance of the residuals were the same for hybrid
compared to line breeding (for further details, see
“Appendix”).
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Fig. 2 Selection gain for line o
breeding (solid line), reciprocal
recurrent selection (exploitation <
of GCA in hybrid breeding; -
dashed line), and hybrid 'g

. . @ -
breeding exploiting c
GCA + SCA from factorials -8 o~ 4
(dotted line) across the time for §
o2 (hybrid) = 0.50%(line) (a), B _
and 0% (hybrid) = 0.90%(line)
(b) °

Selection gain

1 2

Selection cycle

In reciprocal recurrent selection programs, we expect a
steady increase in the mean of the hybrid population due to
the exploitation of o%, + oﬁ,,. In contrast, selection gain due
to o7, cannot be exploited in a recurrent sense. It can be
exploited, however, during the selection among the total set
of factorial crosses Thus, to determine the selection gain
per time unit, we have to add a constant increase due to o%
(Fig. 2) as long as the magnitude of ¢ does not change
across different cycles of selection.

Assuming ¢ (hybrid) = 0.50%(line), recurrent selection
gain is much higher for line than hybrid breeding across
years (Fig. 2a). This higher recurrent selection gain, which
is reflected by the slope of the regression line, cannot be
counterbalanced by the additional exploitation of 63,,
which is reflected by a higher intercept. In contrast,
assuming 0% (hybrid) = 0.90%(line) yields comparable
recurrent selection gain for hybrid and line breeding
resulting in larger selection gain in hybrid breeding due to
the additional exploitation of 63, in the factorials.

Besides these theoretical considerations, one study
compared hybrid versus line breeding using experimental
data of official variety tests in hard winter wheat across
20 years in the USA (Koemel et al. 2004). The authors
observed a higher selection gain across time for hybrids
compared to line breeding. A further experimental study
based on germplasm from the current market leader in
hybrid wheat breeding, revealed that most of the hybrids
showed positive commercial heterosis pointing toward a
competitive selection gain of hybrid versus line breeding
(Gowda et al. 2012a). These findings are very stimulating,
but further experimental data are needed to substantiate the
long-term selection gain for hybrid versus line breeding in
autogamous cereals.

Conclusions

The basic requirements for hybrid breeding in autogamous
cereals are fulfilled and hybrid varieties are an attractive
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niche market for wheat, barley, and triticale. Rice hybrids
show the highest market penetration. Further research to
optimize the existing hybridization systems is urgently
required and should be coupled with the development of a
clear male and female pool concept. In order to judge
whether hybrid varieties in autogamous cereals can gain a
larger market share than currently, further experimental
studies are urgently needed to investigate relevant quanti-
tative genetic parameters such as variance components to
calculate the expected selection gain of hybrid versus line
breeding.
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Appendix

Selection gain was calculated based on the formula of
Cochran (1951). There is a lack of robust information on
variance components, correlations, and other parameters
relevant to the calculation of selection gain. As our aim
was to roughly investigate trends in hybrid and line
breeding, we assumed a selection intensity (i) and square
root of heritability (h) of i = h = I and modified only
the genetic variance by assuming azG(line) =1, while
oz (hybrid) was either 0.50%(line) or 0.9¢%(line). For the
factorial crosses, we assumed that the budget was 20 % of
that of a line breeding program (Longin et al. 2007) and
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that 03, amounted to 20 % of the total genetic variance
and calculated it as an additional one-stage selection gain.
Selection gain across time was calculated as the sum of the
single selection cycles, assuming that all variances were
constant across years. The selection gain of the factorials,
however, was only added once after each selection cycle.
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