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Introduction

Hybrid breeding is a remarkable success story in several 
allogamous crop species. The main advantages of hybrid as 
compared to line varieties are increased trait values due to 
the exploitation of heterosis (Shull 1908), larger yield sta-
bility especially in marginal environments (Hallauer et al. 
1988), the ease of stacking dominant major genes (Edwards 
2001), and a larger return of investment for seed compa-
nies due to the built-in plant variety protection by inbreed-
ing depression (Edwards 2001). The decision to start a 
hybrid breeding program depends on the competitive-
ness of hybrid versus lines varieties (Oettler et  al. 2005). 
A major prerequisite is a stable yield surplus of hybrids to 
justify their higher seed production costs. Two recent stud-
ies based on a large number of hybrids evaluated across a 
high number of test locations reported a 1.00–1.86 t per ha 
yield advantage of the best hybrid compared to the high-
est yielding line variety (Gowda et al. 2012; Longin et al. 
2013). Thus, hybrids appear to be a competitive alternative 
to line varieties in wheat.

The long-term competitiveness of hybrid versus line 
breeding, however, depends largely on the expected selec-
tion gain of both methods (Longin et al. 2012). Selection 
gain is strongly affected by variance components and a 
prerequisite for the estimation of the selection gain are 
therefore robust estimates of the amount of variance due 
to genotype and genotype-by-location interaction for 
line as compared to hybrid breeding. Moreover, detailed 
knowledge of the correlation between line per se and 
hybrid performance is required to optimize hybrid breed-
ing schemes (Longin et  al. 2007). For wheat, valuable 
estimates of these parameters were recently published 
(Gowda et  al. 2012; Longin et  al. 2013). This motivated 
us to compare line versus hybrid breeding in wheat based 
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on a model study combining heterosis with the expected 
selection gain. Our objectives were to: (1) deliver a theo-
retical framework for the comparison of the selection gain 
of hybrid versus line breeding; (2) elaborate key param-
eters affecting selection gain in this comparison; (3) 
and evaluate the potential to modify these parameters in 
applied breeding programs.

Materials and methods

Line and hybrid breeding were compared assuming breed-
ing schemes based on doubled haploid (DH) lines, which 
were preselected for traits with high heritability, i.e., dis-
ease resistances, plant height, flowering time, but not for 
yield. A number of N1 DH lines are then evaluated for grain 
yield in yield trials in 2 years for line per se and hybrid per-
formance, respectively. We further assume that the produc-
tion of the DH lines requires 3 years and consequently the 
line breeding scheme has a total length of 5 years (YL) to 
finish one breeding cycle. In hybrid breeding, 1  year for 
testcross seed production by a chemical hybridization agent 
is required before yield testing extending the hybrid breed-
ing scheme to 6 years (YH).

For the comparison of breeding methods, Schnell and 
Utz (1975) developed the ‘usefulness’ concept (for details 
see Bernardo 2002). Briefly, the usefulness combines infor-
mation of the population mean and the genetic variance 
in that population both prerequisites to maximize the gain 
from selection. Adopting this usefulness concept, we com-
pared hybrid versus line breeding by the predicted future 
yield potential (PFYP), which for line breeding is

and for hybrid breeding

where µ is the respective mean of the breeding populations 
(Table  1), ΔG the respective selection gains, and Eff the 
relative efficiency of hybrid versus line breeding. Eff was 
defined based on the selection gain formula of Cochran 
(1951) as

where i is the selection intensity, h the square root of the 
heritability and σG the square root of the genetic variance 
in line and hybrid breeding, respectively. It must be noted, 
that in recurrent hybrid breeding only the variance due to 
general combining ability (GCA) can be exploited, while 
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the variance due to specific combining ability (SCA) acts as 
a masking variance (for details see Longin et al. 2007). The 
selection intensity is a function of α = (number of selected 
lines)/(number of tested lines) and the heritability was 

defined as h2
= σ 2

G/(σ 2
G +

σ 2
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+

σ 2
error

L
) (cf. Longin et al. 

2006), where σ 2
G×Loc and σ 2

error were the variances due to 
genotype × location interaction and residual error, respec-
tively, and L the number of test locations used to screen the 
N1 DH lines. We set the number of replications per location 
to one, which refers to their optimum allocation for fixed 
budgets (cf. Becker 1993). This is due to the much larger 
impact of increased L on the heritability compared with 
increased number of replications (cf. Becker 1993).

Variance components (Table 1) were taken from a vast 
experimental study comprising 1,604 hybrids and their 135 
parental lines phenotyped for grain yield in 11 German 
locations (for details see Longin et  al. 2013). With these 
estimates, Eq. 3 can be simplified to

indicating the superiority of line compared to hybrid breed-
ing as long as selection intensities and heritabilities are 
similar in both breeding schemes.

We further investigated whether an increased 
budget for hybrid breeding can compensate for this 
lower efficiency. To this end, we defined a basic sce-
nario for line breeding with iL  =  2.67 resulting from an 
α = 10/1000 = 1/100, h2

L = 0.64 resulting from the vari-
ance components of Table 1, and L = 6, which is a number 
of locations often used in line breeding programs. Eff was 
then calculated by stepwise increasing L to twice the num-
ber of test locations by L = 6 + 0.4x and stepwise increas-
ing the selection intensity to twice the number of tested 
individuals, i.e., decreasing α by α = 1

/

(100 + 50y). Test-
cross seed production is one of the most expensive steps in 
hybrid wheat breeding. The production of enough seed for 
testing one hybrid combination in multi-location yield trials 
across 2 years costs about four times the costs for one yield 
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Table 1   Input variables underlying this study based on experimental 
data for grain yield (t per ha; Longin et al. 2013)

σ 2
G

, genetic variance; σ 2
G×Loc, variance due to genotype  ×  location 

interaction; σ 2
error, variance due to residual error; no. of years, number 
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σ 2
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0.141 0.057

σ 2
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0.223 0.119

σ 2
error

0.244 0.244

µ 9.70 10.70

No. of years 5 6
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plot (cost = 4; V. Lein, pers. Comm.). Thus, we adjusted α 
for the hybrids to α = cost

/

(100 + 50y).
Furthermore, we evaluated different scenarios for hybrid 

breeding. The standard scenario was defined using the vari-
ance components of Table 1, cost = 4, and YH = 6 (Effstand).  
Alternatively, we calculated Eff by assuming: (1) no extra 
costs for hybrid seed production with cost = 1 (Effcost); (2) 
the same length of the breeding scheme for line and hybrid 
breeding with YL = YH = 5 (Effrapid); (3) a doubled genetic 
variance for hybrids with σ 2

GH
 = 0.115 (Effhighvar); and (4) 

an optimistic scenario for hybrids combining cost  =  3, 
YH = 5 with σ 2

GH
 = 0.067 (Effopt). All analyses were per-

formed with the statistical software R (R Development 
Core Team 2011).

Results

The long-term competitiveness of hybrid versus line 
breeding was investigated in two steps. First, we evalu-
ated the efficiency of recurrent selection by comparing the 
expected selection gains in both breeding schemes. For the 

standard scenario based on the estimates given in Table 1 
and assuming a similar budget for both breeding methods, 
the efficiency of hybrid versus line breeding was low with 
Effstand =  32.5 % (Fig. 1a). This efficiency was increased 
by a stronger selection intensity, i.e., the use of additional 
DH lines (N1), or a higher number of test locations (L) in 
hybrid breeding. For instance, doubling the number of DH 
lines (N1 + 100 %) for a constant number of test locations 
L = 6 led to an Effstand = 46.6 %. Similarly, the use of eight 
additional test locations for screening the initial N1 = 1,000 
DH lines led to Effstand  =  49.4  %. The combination of 
N1 +  100 % and L +  8 led to Effstand =  63.9 %. Similar 
trends were observed for the other scenarios of hybrid 
breeding (Effcost, Effyear, Effhighvar, and Effopt; Fig. 1).

The number of years required to finish the hybrid breed-
ing cycle (YH), the testcross seed production costs (cost) 
as well as the genetic variance available for hybrid breed-
ing (σ 2

GH
) had a strong impact on the efficiency of hybrid 

versus line breeding (Fig.  1). Reducing the testcross seed 
production costs by factor four led to an increased effi-
ciency of Effcost ≥ 40 % (Fig. 1b). A similar effect on the 
efficiency was observed for the reduction of the length of 
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Fig. 1   a Efficiency of hybrid versus line breeding for similar budget 
(filled circle) and for a higher budget in hybrid breeding which is 
spent to increase the number of test locations L (increased heritabil-
ity) or the number of DH lines N1 (increased selection intensity). b 
Scenario assuming no costs for testcross seed production (Effcost). c 
Scenario assuming the same length of breeding scheme for lines and 

hybrids (Effrapid). d Scenario assuming a doubled genetic variance 
for hybrid breeding (Effhighvar). e Scenario assuming a genetic vari-
ance for hybrid breeding increased from 0.057 to 0.067. f Optimistic 
scenario for hybrids combining assumptions of c and e with testcross 
seed productions amounting to three yield plots (cost = 3; Effopt)
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the breeding cycle of hybrids to the same length as in line 
breeding YH = YL = 5 (Fig. 1c; Effrapid). The by far largest 
effect on the efficiency of hybrid versus line breeding was 
observed for the amount of genetic variance available for 
hybrid breeding (σ 2

GH
). A doubled σ 2

GH
 resulted in an Eff-

highvar which was about twice as high as Effstand, ranging 
61.8–107.0 % (Fig. 1d).

In order to evaluate the long-term effects of this effi-
ciency derived from the comparison of hybrid versus 
line breeding, we considered heterosis and projected the 
PFYP of varieties derived from line and hybrid breed-
ing over the next 30  years. PFYP was higher for hybrid 
than for line breeding in the near future (Fig. 2), but line 
breeding caught up with a speed depending strictly on 
the efficiency (Eff) described above. For instance, assum-
ing an Eff = 40 % and a heterosis of 10 %, i.e., µH = 10.7 
t per ha compared to µL  =  9.7 t per ha (Table  1), PFYP 
of line breeding became rapidly better than hybrid breed-
ing and the two projections intersected after 11  years. In 
contrast, PFYP of hybrids remained higher than PFYP of 
lines throughout the next 30 years assuming an Eff = 80 %. 
The advantage of hybrids over lines in PFYP was further 
increased assuming a heterosis of 15 %, i.e., µH =  11.2 t 
per ha compared to µL = 9.7 t per ha.

Discussion

One of the currently intensively discussed questions in 
wheat breeding companies is whether to invest in hybrid 
breeding. This is due to several reasons, mainly the low 
yield increase in the last years and the very high rate of 
farm-saved seed (Longin et al. 2012). Our aim was there-
fore to deliver a model framework to judge the long-term 
potential of hybrid versus line breeding in wheat. Breed-
ing companies largely vary in size (e.g., budget, lab facili-
ties, field trial management), status regarding hybrid breed-
ing technologies (e.g., seed production system, availability 
of males) and marketing structures across countries. To 
account for this diversity, we employed a simple one-stage 
selection model (Eq.  4) and present our results in a way 
enabling breeders to identify their scenario themselves.

Prediction model and economic framework

Based on the usefulness concept (Schnell and Utz 1975), 
we developed a prediction model for future yield potential 
(PFYP) in both breeding methods as the sum of the pop-
ulation mean and the expected selection gain. This selec-
tion gain defines the potential recurrent improvement of 
the new varieties. Moreover, as hybrids in wheat are cur-
rently developed by crossing the top inbred lines from line 

breeding, the average heterosis is reflected by the difference 
in population means between line and hybrid breeding.

We first determined PFYP for standard scenarios in 
hybrid and line breeding. For line breeding, we defined an 
overall scenario which is not modified anymore in order to 
standardize our approach. We assumed that in line breed-
ing approximately N1 =  1,000 DH lines are available for 
first yield testing and that the ten best performing of these 
lines will enter preregistration trials (E. Ebmeyer; V. Lein; 
pers. Comm.). Furthermore, we assumed that these lines 
are tested in six locations resulting in an h2 = 0.64 for grain 
yield based on the variance components of Table 1.

For the standard hybrid scheme, we assumed that one 
hybrid seed production by a chemical hybridization agent 
delivers enough seed for multi-location yield trials across 
2  years. Thus, the hybrid breeding scheme requires 1  year 
longer (YH = 6) than the line scheme (YL = 5) to finish one 
breeding cycle. This kind of breeding scheme is common 
practice in the current market leading companies for hybrid 
wheat with hybrid seed production costs amounting to four-
fold the cost of one yield plot (cost = 4; V. Lein; pers. Comm).

This standard hybrid breeding scheme was then modi-
fied in order to elaborate key parameters for the maximi-
zation of selection gain in hybrid breeding. These key 
parameters were: (1) the number of years required to finish 
a breeding cycle (Y); (2) the costs for hybrid seed produc-
tion (cost) and (3) the variance components in line versus 
hybrid breeding. Estimates of variance components were 
taken from the largest ever published hybrid wheat experi-
ment comprising 1,604 hybrids and their 135 parental elite 
lines tested for grain yield in field trials at 11 German loca-
tions (Table 1; Longin et al. 2013).
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Major factors affecting the efficiency of hybrid 
versus line breeding

Our results showed that hybrids have a currently pre-
dicted yield advantage of about 10  % over lines (Fig.  2). 
Although this seems quite high, the higher seed produc-
tion costs of hybrids diminish this yield advantage. Fur-
thermore, this advantage decreases constantly with a speed 
directly depending on the relative selection gain in both 
methods (Eff). For instance, assuming a low Eff = 40 %, 
line breeding will already outperform hybrid breeding in 
about 10 years. In contrast, assuming Eff = 80 %, lines will 
not reach the predicted yield potential of hybrids within 
the next 30  years. Consequently, factors influencing this 
efficiency are of utmost importance and warrant a closer 
examination.

A higher budget is available in hybrid than in line 
breeding

For the standard scenario of hybrid breeding, the relative 
selection gain of hybrids was low compared to lines with 
Effstand  =  32.5  % (Fig.  1a). However, this efficiency can 
be increased by investing a higher budget in hybrid than in 
line breeding. For instance, the use of additional DH lines 
or test locations in hybrid breeding increased the Effstand  
up to 63.9  % under the standard scenario. Although this 
represents a doubling of Eff, it must be noted that this 
increase in Eff is not linearly proportional to the increase in 
the required budget (Fig. 1). This can be explained by the 
asymptotic slope of the selection intensity and heritability  
with increasing number of test candidates and locations  
(cf. Becker 1993).

Nevertheless, using hybrids instead of lines, breeding 
companies would certainly ensure a higher return of invest-
ment due to a strong reduction of farm-saved seed. Con-
sequently, a higher budget would be available for research 
and development (R&D). By contrast, with the current rate 
of farm-saved seed it appears impossible to maintain the 
R&D budget currently available for line breeding. Thus, 
the standard scenario with Effstand = 32.5 % underestimates 
the potential of hybrid breeding. The above shown non-lin-
ear efficiency increase by investing in higher numbers of 
lines or test locations requires, however, the evaluation of 
alternative parameters to increase Eff.

Costs of hybrid seed production and breeding cycle 
duration

One major topic for R&D in hybrid wheat breeding is to 
improve the efficiency of hybrid seed production (for a 

detailed review see Kempe and Gils 2011; Longin et  al. 
2012). Currently, only one sterility system—chemical 
hybridization agent Croisor®100 (sintofen; former Dupont-
Hybrinova, Saaten Union Recherche, France)—is available 
in the market. Furthermore, the limited amount and spread 
of pollen of most elite lines complicates hybrid seed pro-
duction (Langer et al. 2014). Consequently, large amounts 
of male lines have to be planted per seed production area 
and a relative low yield of seeds is harvested on females 
maximizing costs of hybrid seed production.

The reduction of hybrid seed production costs had a 
large influence on Eff. Currently, the production of seed 
for one-test hybrid amounts to four times the costs of one 
yield plot. Assuming strongly reduced costs for hybrid seed 
of only a quarter, increased Eff to Effcost ≥ 40 % (Fig. 1b). 
Having reduced hybrid seed production costs, the saved 
money could be invested into increased numbers of lines 
and locations further increasing Effcost. While the reduc-
tion of seed production costs by four might be unrealistic 
for the near future, the current intensive and synergistic 
research approaches across public and private institutes 
bear the potential to substantially ameliorate this disadvan-
tage of hybrids.

A similar increase in Eff could be realized by shortening 
the hybrid breeding scheme to the same length as the line 
breeding scheme (YH = YL = 5, Effrapid ≥ 40 %; Fig. 1c). 
This is feasible by changing the hybrid breeding scheme 
towards a breeding scheme combining line per se with 
testcross performance. That means that the N1 lines are 
tested in year four for their line per se performance with 
parallel hybrid seed production. Only the hybrid combi-
nation of the best of these lines will then be tested in the 
fifth year. For maize, a combined scheme like this maxi-
mized the selection gain for GCA as long as the correlation 
of line per se and testcross performance was >0.7 (Longin 
et al. 2007). For wheat, this correlation was estimated to be 
0.77 (Longin et al. 2013), but as seed production costs are 
much higher in wheat than in maize the potential of this 
combined breeding scheme requires further research. Col-
lectively, our results underline the necessity to improve the 
efficiency of hybrid seed production in wheat.

Genetic variance in line versus hybrid breeding

The amount of genetic variance available for long-term 
hybrid breeding σ 2

GH
 was the most crucial factor in the com-

parison of line and hybrid breeding (Fig. 1d). Doubling σ 2
GH

 
approximately doubled the efficiency to Effhighvar ≥  62 % 
(Fig.  1d). Furthermore, an increase in the number of N1 
lines or L test locations led to a higher increase of Effhighvar 
compared to the other scenarios (Effstandard, Effcost, Effrapid; 
Fig.  1). This can be explained by the formula for the 
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selection gain (Eq.  3), where σ 2
GH

 enters as variable itself 
and additionally via the heritability.

Experimental estimates of σ 2
GH

 in wheat are rare, but 
indicate roughly a halved genetic variance as compared 
to line breeding (Gowda et  al. 2012; Longin et  al. 2012). 
This is astonishing as the substantial magnitude of SCA 
variance observed in these studies points towards the pres-
ence of significant dominance effects for which a relative 
genetic variance compared to line breeding higher than 0.5 
is expected (Longin et al. 2012). The presence of epistasis 
which largely inflates the genetic variance of line breeding 
might be one theoretical explanation. In addition, prac-
tical reasons might also have contributed to the low σ 2

GH
. 

Compared to line breeding, very limited efforts have been 
made for hybrids in wheat. For instance, only few lines 
were yet screened for GCA performance. Furthermore, 
combination of lines into test hybrids and new crosses for 
systematic hybrid breeding was mainly driven by logisti-
cal constraints like open flowering males and not based on 
GCA estimates. With an improved hybrid seed production 
system, we can consequently expect an increase in σ 2

GH
 in 

the future by systematic hybrid breeding and selection for 
GCA but the extent of this increase cannot be predicted. 
Nevertheless, an increase of σ 2

GH
 from 0.057 (Table  1;  

Effstand) to 0.067 resulted in a curve similar to that of Effrapid 
(Fig. 1e) emphasizing that already a small increase of σ 2

GH
 

has a large impact on Eff.
In conclusion, there are several factors that can be 

manipulated by breeders which strongly influence Eff. 
While the amount of σ 2

GH
 has the by far largest effect on 

Eff, breeders can only partly influence it. By contrast, the 
hybrid seed production costs are a further important fac-
tor for Eff which deserves to be intensively improved by 
further research. While it currently seems unrealistic to 
improve Eff > 100 % a value considerably higher than Eff-

stand = 32.5 % should be feasible. For instance, the assump-
tion of σ 2

GH
 = 0.067, cost = 3 and YH = 5, resulted in an 

Effopt ~53  % (Fig.  1f). Taking the potential of a higher 
budget in hybrid than in line breeding into account as dis-
cussed above, an efficiency of about 70 % appears feasible.

The extent of heterosis

Owing to heterosis, the hybrids have a head start in PFYP 
which is systematically reduced by the higher Eff of line 
breeding (Fig.  2). For instance, assuming an Eff =  60  % 
and a heterosis of 10 %, the PFYP of lines reached that of 
hybrids after 16 years (Fig. 2). Even a moderate increase in 
heterosis from 10 to 15 % already delays this time point to 
25  years emphasizing the importance of heterosis for the 
comparison of hybrid versus line breeding.

The development of heterotic groups in wheat bears the 
potential to increase heterosis, but the required change in 
allele frequencies needs a long-term commitment (Longin 
et al. 2012). In maize and barley heterosis was considerably 
larger under stress conditions than under high-yielding con-
ditions (Hallauer et al. 1988; Duvick et al. 2004; Mühleisen 
et  al. 2013). Consequently, the predicted climate change 
and the increased necessity to grow wheat on poorer soils 
in more marginal environments may lead to a higher heter-
osis in wheat which would in turn benefit hybrid breeding.

Hybrid wheat: to breed or not to breed?

Based on current estimates regarding variance components 
and costs for hybrid seed production, line breeding seems 
to be a competitive method for future wheat breeding. 
However, improvements in hybrid seed production and a 
more intensive screening and selection for lines with high 
GCA holds the potential to improve the efficiency of hybrid 
breeding. In addition, several parameters with a large 
potential to increase the relative efficiency of hybrids are 
difficult to predict and were therefore not considered in this 
model framework. For instance, hybrids are known from 
other crops to be extremely high performing which can 
potentially facilitate the market launch of wheat hybrids. In 
addition, the use of specific traits in wheat (GM and non-
GM) will become more and more important in the future 
and hybrids present the perfect protection system against 
illegal dissemination. Finally, the development of heterotic 
groups will increase the competitiveness of hybrid breeding 
as: (1) the substantial amount of SCA variance detected in 
current elite material (Longin et al. 2013) will be reduced 
thereby improving the prediction accuracy of untested 
hybrids and (2) the stacking of major genes with dominant 
gene action is facilitated (Gowda et  al. 2013; Zhao et  al. 
2014; Miedaner et al. 2013). In conclusion, while hybrids 
currently outperform line varieties in wheat, the long-term 
success of a hybrid breeding program depends on a number 
of parameters. Consequently, the decision whether or not to 
embark on hybrid breeding cannot be answered in general 
but must be decided on a case-by-case basis for each indi-
vidual breeder.
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