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Abstract
Key message  Simulation planned pre-breeding can increase the efficiency of starting a hybrid breeding program.
Abstract  Starting a hybrid breeding program commonly comprises a grouping of the initial germplasm in two pools and 
subsequent selection on general combining ability. Investigations on pre-breeding steps before starting the selection on gen-
eral combining ability are not available. Our goals were (1) to use computer simulations on the basis of DNA markers and 
testcross data to plan crosses that separate genetically two initial germplasm pools of rapeseed, (2) to carry out the planned 
crosses, and (3) to verify experimentally the pool separation as well as the increase in testcross performance. We designed 
a crossing program consisting of four cycles of recombination. In each cycle, the experimentally generated material was 
used to plan the subsequent crossing cycle with computer simulations. After finishing the crossing program, the initially 
overlapping pools were clearly separated in principal coordinate plots. Doubled haploid lines derived from the material of 
crossing cycles 1 and 2 showed an increase in relative testcross performance for yield of about 5% per cycle. We conclude 
that simulation-designed pre-breeding crossing schemes, that were carried out before the general combining ability-based 
selection of a newly started hybrid breeding program, can save time and resources, and in addition conserve more of the 
initial genetic variation than a direct start of a hybrid breeding program with general combining ability-based selection.

Introduction

Reciprocal recurrent selection (RRS) is a selection scheme 
that uses two pools of breeding material to increase the per-
formance of inter-pool hybrids over breeding cycles (Melch-
inger and Gumber 1998). In each pool, genotypes that have 
the highest general combining ability (GCA, Comstock et al. 
1949) to the opposite pool are selected as parental lines of 
the crosses, from which the base population of the next 
breeding cycle is derived.

As a side effect of increasing the performance of inter-
pool hybrids, RRS has the consequence that the allele fre-
quencies in the two pools diverge, and the genetic distances 
between the lines of the pools are increasing. The increase 
in allelic divergence between the pools over breeding cycles 
can be visualized in principal coordinate plots obtained from 
genotyping the inbred lines of the germplasm pools. Such 
diverging pools were observed, for example, in the BSSS 
and BSCB1 heterotic pattern of the US maize (Hagdorn 
et al. 2003) and in European maize breeding programs (van 
Inghelandt et al. 2010).

The identification of heterotic patterns by assessing the 
heterosis and genetic distances between groups of breeding 
material is often the first step in starting hybrid breeding 
programs. Examples include major crops such as wheat 
(Zhao et al. 2015; Boeven et al. 2016), rice (Beukert et al. 
2017), sorghum (da Silva et al. 2020), Brassica species 
(Qian et al. 2007, 2009; Younas et al. 2012; Tian et al. 
2015), maize (Reif et al. 2003a, b; Bidhendi et al. 2012; 
Barata and Carena 2006; Suwarno et al. 2014), and less 
common crops such as guava (Campos et al. 2016), triti-
cale (Fischer et al. 2010), pearl millet (Singh and Gupta 
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2019; Sattler and Haussmann 2020), onions (de Souza 
Saraiva et al. 2022), or passion fruit (Silva et al. 2014).

Cress (1967) investigated RRS with computer simu-
lations and found that grouping the initial germplasm to 
pools based on genetic distances did not result in a greater 
long-term response to selection compared with random 
assignment of the initial germplasm to the pools. Butruille 
et al. (2004) confirmed the results of Cress (1967) experi-
mentally in maize. They showed that RRS for grain yield 
and moisture with two base populations to which the 
initial germplasm was randomly assigned resulted in an 
increase in yield and a decrease in grain moisture as well 
as a genetic divergence of the populations. Cowling et al. 
(2020) found in a simulation study on genomic selection in 
RRS that an initial grouping of germplasm is not required 
for reaching high heterosis. Summarizing, these results 
showed that in the long term, (a) the RRS procedure 
results in an increase in hybrid performance and a genetic 
separation of the two pools, and (b) this result is achieved 
independently of the initial grouping of the germplasm.

In applied breeding programs, however, not only the 
long-term response to selection is important, but also 
the fast development of experimental hybrids with high 
performance is essential for the economic success of the 
breeding program. The genetic divergence of pools that is 
observed in successful RRS programs suggests that there 
is a causal relationship between the genetic divergence and 
the increase in hybrid performance. For the present study, 
we hypothesize that such a relationship does exist. If this 
is the case, then pre-breeding efforts that separate breeding 
material genetically by planned crosses might be able to 
replace RRS cycles at the beginning of a hybrid breeding 
program. The time savings of replacing early RRS cycles 
by planned crosses could give the breeding program a head 
start and contribute to its success in providing competitive 
hybrids soon after the start of the breeding program. To 
our knowledge, there are no investigations on pre-breeding 
efforts that attempt to replace the first cycles of a RRS pro-
gram by planned crosses that induce a genetic divergence 
in two germplasm pools.

Our goal was to genetically separate two pools of rape-
seed germplasm, which overlap in principal coordinate plots, 
for their subsequent use as base pools in a hybrid breeding 
program. In particular, our objectives were to (1) simulate 
alternative crossing strategies in a three-generation crossing 
program for pool separation, (2) carry out the crosses that 
were identified as optimal for pool separation by the simula-
tions, (3) validate the genetic separation of the two pools, 
and (4) compare the testcross performance of lines derived 
from the crossing program with that of the parental lines.

Materials and methods

Crossing scheme

We started the crossing program with two sets of 50 parental 
inbred lines, which we call pool 1 and pool 2. The lines were 
elite lines originating from two commercial breeding pools. 
Both breeding pools were adapted to central Europe, and 
while being managed separately, historically some exchange 
of material took place. Earlier crosses of lines from the two 
pools supported the idea that lines from these pools might 
complement well as parents of hybrids.

Each of the parental lines was used in two crosses to gen-
erate 50 F1 genotypes in each pool. We called this recom-
bination step R1 (Fig. 1). Each F1 genotype was used in 
recombination step R2 as parent of two crosses. From each 
cross, a family of 10 progenies was generated. This resulted 
in 50 cycle 1 (C1) families of size 10. In recombination steps 
R3 and R4, two selected genotypes per family were crossed 
with the selected genotypes from two other families, and 10 
progenies per cross were generated. This resulted in 50 cycle 
2 (C2) and 50 cycle 3 (C3) families of size 10.

Crossing strategy for recombination R1

To determine which crosses of the parental lines should be 
carried out in recombination step R1, we investigated the 
target functions T and T ′ that assign large values to prefer-
able crosses. The crosses to be carried out for each of the 
two target functions T and T ′ were determined by building 
sequentially a list of crosses for each target function, starting 
with the most preferable cross. The lines that were used for 
the most preferable cross were chosen such that the respec-
tive target function had the maximum value among all pos-
sible crosses. To determine the parents of the second cross 
in the list, all possible crosses of the two lines used in the 
first cross with the remaining 48 lines of the pools were com-
pared using the respective target function. The cross with the 
largest value of the respective target function was added to 
the list of crosses. After these steps, we had identified the 
lines for the first cross, P11 × P21 , and for the second cross, 
P11 × P21 , where the second line of the first cross was used 
as the first line of the second cross. Without loss of general-
ity, we call that parent of the ith cross P2i , which is also used 
in the i + 1 th cross, i.e., the second crossing partner of the 
ith cross was used as the first crossing partner in the i + 1 th 
cross. Starting with the third cross ( i = 3 ), the parents P2i 
of the cross i were determined such that the target function 
took the maximum value among all crosses of P1i  with the 
remaining lines. The last cross ( i = 50 ) was carried out with 
the lines P250 and P11.
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The target function T ′ was defined such that a favorable 
cross was characterized by two parental lines having a large 
modified Roger’s distance (MRD, Wright 1978, Reif et al. 
2005) to the opposite pool and in addition a large MRD to 
each other. This is described by

where d(P1i, OP) is the average of the MRDs of the first par-
ent of the cross to all lines of the opposite pool, d(P2i, OP) 
is the average of the MRDs of the second parent of the cross 
to all lines of the opposite pool, and d(P1i, P2i) is the MRD 
between the two parental lines.

An extension of the target function T ′ included the MRD 
between the parental lines that are different in two subse-
quent crosses

Including d(P1i−1, P2i) avoids that the line P1i is crossed two 
times with two genetically similar lines with small MRD to 
each other. We determined the two sets of crosses that were 
defined by using T and T ′ and compared them with respect 
to the similarity of the combination of lines used for the 
crosses.

(1)T � = d(P1i, OP) + d(P2i, OP) + d(P1i, P2i),

(2)
T = d(P1

i
, OP) + d(P2

i
, OP) + d(P1

i
, P2

i
) + d(P1

i−1, P2i).

Crossing strategy for recombination R2

For planning the crosses of the F1 plants, we defined two 
types of crosses. Type I crosses were characterized by the 
fact that the parental lines had a large average MRD to the 
genotypes of the opposite pool and a large MRD to each 
other. Type I crosses can be regarded as “best × best” crosses 
with respect to MRD to the opposite pool. The target func-
tion for type I crosses was

In the target function Tb , the distance between the paren-
tal lines was given half the weight of the distances to the 
opposite pool. Each F1 genotype was used only in one cross 
of type I. The crosses were determined by evaluating Tb of 
all possible crosses. One-third of the crosses was of type I. 
(Choosing one-third of the crosses was, after due consid-
eration, suggested by the breeders responsible for the com-
mercial breeding program that provided the parent pools. 
We plan a systematic investigation of other ratios in a future 
simulation study.)

Type II crosses consisted of one parent that had a large 
average MRD to the genotypes of opposite pool and one par-
ent with a small distance to the opposite pool. The rationale 
for making type II crosses was to generate progenies that are 
more distant to the opposite pool than the parents that had a 

(3)Tb = d(P1, P2)∕2 + d(P1,OP) + d(P2,OP).

Fig. 1   Crossing scheme for 
material development in one 
pool. Each parental line was 
used in two crosses, and 50 
F1 genotypes were generated 
(recombination R1). From the 
F1 genotypes, 50 cycle 1 (C1) 
families of size 10 were gener-
ated (recombination R2). Two 
genotypes of each family were 
selected and crossed with 
selected genotypes from other 
families (recombination R3). 
The procedure was repeated 
(recombination R4) resulting in 
50 C3 families of size 10
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small MRD to the opposite pool. The type II crosses can be 
regarded as “improve the worst” crosses. The target function 
for type II crosses was

The difference between the second and the third terms in 
Eq. 4 takes large values for crosses in which one parent has 
a large distance to the opposite pool, and the second has a 
small distance to the opposite pool. Two-thirds of the R2 
crosses were of type II.

Crossing strategy for recombinations R3 and R4

For the recombinations R3 and R4, we employed a two-
step procedure. In the first step, we used the 50 families as 
taxonomic units and estimated the MRD between families. 
Then, the families to be crossed were determined such that 
one-third of the crosses were of type I (“best × best,” Eq. 3), 
and two-thirds were of type II (“improve the worst,” Eq. 4).

After determining the families to be crossed, in the sec-
ond step, the genotypes within the families were selected. 
For this step, we used testcross data for yield obtained by 
crossing the parental lines with a tester from the opposite 
pool. The testcross performance for yield was assessed in 
trials of an ongoing commercial breeding program. From 
these data, we estimated the marker effects for testcross per-
formance using ridge-regression best linear unbiased predic-
tion (RR-BLUP). These marker effects were then used for 
predicting the testcross performance of the members of each 
family and ranking the genotypes within a family according 
to testcross performance. The two best genotypes according 
to the ranking on basis of the estimated testcross perfor-
mance were then used for crossing.

Genotyping and analysis of SNP data

The plant populations were genotpyed with a 15k SNP Bras-
sica napus Illumina array designed by SGS Trait Genetics 
(Gatersleben, Germany), containing a selection of SNPs 
from the 60k SNP Brassica Illumina array described by 
Clarke et  al. (2016). The genetic relationships between 
the genotypes of each cycle were assessed with the MRD 
(Wright 1978, Reif et al. 2005) and visualized with principal 
coordinate analyses (Gower 1966). The gene diversity (Nei 
1973) was determined to measure the diversity within the 
two populations in each cycle.

Simulations

In each generation of the crossing program (Fig. 1), we 
used the marker genotypes of the current generation for 

(4)T
w
= d(P1, P2)∕2 +max

[

d(P1,OP), d(P2,OP)
]

−min
[

d(P1,OP), d(P2,OP)
]

.

simulating the crosses and marker genotypes of the follow-
ing generation to visualize the consequences of alternative 
crossing decisions. The simulations were carried out step by 

step from one generation to the next. We compared the alter-
native target functions in Eqs. 1 and 2 with simulations using 
the marker genotypes of the 50 lines of the base pools. The 
split ratio of 1/3–2/3 of “best × best” (Eq. 3) and “improve 
the worst” (Eq. 4) was not systematically evaluated in this 
study, we plant further simulations on this topic.

We used our software package SelectionTools (http://​
popul​ation-​genet​ics.​uni-​giess​en.​de/​~softw​are/) for carry-
ing out the simulations.

Preliminary evaluation of testcross performance

For a preliminary evaluation of the success of our crossing 
program with respect to improving the testcross performance 
for yield, we sampled randomly four C1 and six C2 geno-
types from pool 1, as well as two C1 genotypes and six C2 
genotypes from pool 2. From these plants, 35 C1-DH lines 
(Weber et al. 2005) and 59 C2-DH lines were generated for 
pool 1 and 28 C1-DH and 54 C2-DH lines from pool 2. The 
DH lines were tested together with the parental lines and 
standards in the trials of an ongoing commercial breeding 
program for testcross performance using one tester from the 
opposite pool. The testers were lines that were used in the 
ongoing breeding program as testers.

The trial was carried out as a generalized lat-
tice with two replications at five locations in 1 year. 
The data were analyzed with the mixed linear model 
yijk = �0 + gi + uj + guij + rk(j) + bl(j) + eijk , where gi was 
the fixed effect of the hybrid. The random effects in the 
model were the environmental effect uj , the genotype by 
environment interaction effect guij , the replication effect 
nested within environment rk(j) , and the lattice block effect 
within environment bl(j) , eijk was the residual error. The rela-
tive yield with respect to the three standards Ludger, DK 
Excited, and LG Aviron was assessed.

Results

The SNP data were pre-processed by removing markers 
with more than 10% missing values and a gene diversity 
(Nei 1973) of less than 0.01 in the base populations. After 
pre-processing the data set consisted of 12,537 mark-
ers, the chromosomes contained between 240 and 1140 
markers.

http://population-genetics.uni-giessen.de/%7esoftware/
http://population-genetics.uni-giessen.de/%7esoftware/
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The parental inbreds of pool 1 showed two major clusters 
in the hierarchical cluster analysis (Fig. 2). Within the first 
cluster, four genotypes were closely related. The remaining 

genotypes belonged to one largely related group. In pool 2, 
there was a more fine-grained structure with several smaller 
groups of related lines. In the principal coordinate plot, 

Fig. 2   Heatmaps of the MRD (red: MRD = 0 and white: MRD = 1 ) 
between the parental lines ordered by hierarchical clustering. The 
crosses in recombination step R1 identified as favorable by the target 

functions T ′ (top) and T (bottom) in pool 1 (left) and pool 2 (right) 
are marked by black dots in the heatmaps
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the two sets of parental lines were partially separated with 
respect to the first principal coordinate; however, consider-
able parts of the two pools were overlapping in the principal 
coordinate plot (Fig. 3), and a clear separation of the pools 
was not observed.

The crosses of parental lines identified as favorable by 
the target functions T and T ′ were determined (Fig. 2). The 
crosses identified by T were simulated and visualized in a 
principal coordinate plot (Fig. 3). These crosses were car-
ried out experimentally. Due to the homozygosity of the 

parental lines, the experimental F1 plants had the same 
genotype and visualizations in the principal coordinate 
plots as the simulated ones. In F1, the two pools were 
separated by the first principal coordinate (Fig. 3). The two 
pools were located side by side, but a clear gap between 
the two pools was not yet visible.

The simulation of the C1 genotypes resulted in a clear 
separation of the two pools and a gap between them with 
respect to the first principal coordinate (Fig. 3). The gap had 
roughly the same extension on the first principal coordinate 

Fig. 3   Principal coordinate 
plots of the two pools during 
the material development. In 
the first row, the parental lines 
and the F1 are shown. The latter 
three rows show cycles C1–C3. 
In the left column simulation, 
results were presented and, in 
the right column, the corre-
sponding experimental data. 
Red symbols in generations P 
and F1, and yellow/red/brown 
coloring in generation C1–C3 
were used for pool 1. Green 
symbols in generations P and 
F1, and green/blue color-
ing were used for pool 2. In 
generations C1–C3, different 
geometric shapes were used for 
genotypes that belong to differ-
ent families
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than the smaller of the two pools. The experimental C1 
genotypes showed a gap between the pools that were not as 
big as is the simulations; nevertheless, the two germplasm 
pools were now clearly separated. The shape of the cloud 
of points in the principal coordinate plot was in accordance 
with the simulations for one of the two pools. For the sec-
ond pool, the extension with respect to the second principal 
coordinate was smaller in the experimental data than in the 
simulated data.

Simulating the cycle C2 resulted in a clear separation of 
the two pools with a large gap between them with respect to 
the first principal coordinate (Fig. 3). The principal coordi-
nate plots of the experimental C2 and C3 pools resembled 
closely that of the simulated ones.

Due to the stochastic nature of simulating meiosis of 
heterozygous genotypes, the simulation results presented in 
Fig. 3 are the outcomes of particular simulation runs, and 
different simulation runs will result in different outcomes. 
However, replications of the simulations showed outcomes 
that were to a large extent similar to the presented ones 
(results not shown).

The gene diversity in each of the two parental populations 
was 0.26. The crossing steps did change the gene diversity 
only marginally, so that in C3, it was still 0.26 in both pop-
ulations. The average MRD between all genotypes of one 
pool with all genotypes of the other pool was 0.33, 0.32, 
0.19, 0.34, and 0.28 in generations P, F1, C1, C2, and C3, 
respectively.

The median of the testcross performance increased about 
10% relative to the standards in both pools from the paren-
tal lines to the C2-DH lines (Fig. 4). Hence, the employed 

crossing scheme increased the relative testcross performance 
on average about 5% per crossing cycle.

Discussion

Methodology

The selection of crossing partners for recombination steps 
R1–R4 (Fig. 1) was accomplished by using the marker 
genotypes of the material from the previous generation and 
simulating alternative crossing strategies. The effect of the 
alternative decisions was evaluated visually by assessing the 
divergence of the pools in principal coordinate plots. This 
procedure did result in the desired separation of the two 
pools (Fig. 3) and in an increase in testcross performance 
(Fig. 4). However, we did not carry out a systematic evalua-
tion of the effects of alternative selection strategies on pool 
separation and testcross performance.

We see the research need to do such a systematic evalu-
ation of the crossing strategies presented here and plan to 
carry out a simulation study on this topic. We expect that 
such a simulation study will result in general guidelines on 
pool separation, which the ad hoc decisions of the case study 
presented here cannot yet provide. Nevertheless, from the 
proof of concept presented here, we conclude that planned 
pool separation in a pre-breeding program can be accom-
plished and that it is accompanied by an increase in testcross 
performance.

Fig. 4   Relative testcross perfor-
mance for yield for the parental 
lines and doubled haploid lines 
derived from cycles C1 and C2 
(C1-DH and C2-DH).  100% is 
the mean performance of the 
three standards Ludger, DK 
Excited, and LG Aviron
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Recombination R1

Our algorithm to determine the crosses for recombination 
R1 starts with identifying the best cross according to a tar-
get function and then adds subsequently favorable crosses 
under the restriction that each parental line is exactly used 
in two crosses.

The target function T ′ (Eq. 1) favors crosses for which the 
distances of the two parental lines to the opposite pool are 
large, and in addition, the distance between the parental lines 
is large (Fig. 5A). If such a cross is considered stand-alone, 
then it might have optimum properties from a quantitative 
genetic point of view, as in such a cross, two favorable geno-
types that are genetically different are recombined. But as we 
determined the crosses to be carried out sequentially, and the 
first parent of a subsequent cross is always the second par-
ent of the previous cross, the target function T often added 
similar crosses to the list of crosses to be carried out. This 
is illustrated in Fig. 5A. The lines P1i−1 and P2i are similar, 
and therefore, the crosses i − 1 and i are similar. In Fig. 2, 
this property of T results in many pairs of crosses where one 
line is crossed with two other lines that are grouped together 
closely by the hierarchical clustering. Carrying out similar 
crosses for generating the next generation is not optimal with 
respect to generate a large segregation variance in subse-
quent generations.

The target function T extends the target function T ′ by 
the distance between the lines that are not common in two 
subsequent crosses P1i−1 and P2i . This ensures that a given 
line P1i is crossed with two lines P1i−1 and P2i , which are 
not closely related. The effect is illustrated in Fig. 5B and 
is verified in Fig. 2. We suppose that a considerable part of 
the success in pool separation and the increase in testcross 
performance of our crossing program is caused by the high 
segregation variance introduced by using the target func-
tion T.

Recombination R2

The target function T used in recombination R1 had the 
goal to preferably recombine lines that are distant from the 
opposite pool. When employed repeatedly in simulations 
(results not shown), the extremes of the pools separated 
quickly. However, crossing of genotypes that were close to 
the opposite pool resulted in progenies of which some were 
further away from the opposite pool than their parents, but 
still in close proximity to the opposite pool.

Starting with recombination R2, we switched from the 
“best × best” strategy of target function T to a strategy where 
only 1/3 of the crosses were “best × best” crosses. The target 
function Tb still identifies “best × best” but compared with T, 
the importance of the distances between the two parents was 
reduced, and moreover, a line was used at maximum in one 
“best × best” cross. The remaining two-thirds of the crosses 
were determined with the target function Tw that chooses 
one parental line that is far away from the opposite pool 
and one line that is close to the opposite pool. The effect of 
using Tb for one-third of the crosses and Tw for the remaining 
two-thirds to “improve the worst” is illustrated in Fig. 6. We 
attribute the observation that starting from cycle C1, there is 
a clear separation between the pools visible in the principal 
coordinate plot (Fig. 3) to the effect of target function Tw.

Recombinations R3 and R4

Starting with recombination R3, we integrated genomic pre-
dictions of testcross performance in planning the crosses 
as we had testcross data from the parental lines available. 
The focus of our material development was the pool separa-
tion under the side conditions to maintain genetic variety of 
the parental lines and improve the testcross performance. 
Therefore, we did not rely entirely on strong selection for 
the testcross performance, but instead combined it with our 

Fig. 5   Illustration of the target functions T ′ and T for selecting crosses 
in recombination R1. The lines of pool 1 are green, and the lines of 
pool 2 are red. P1

i−1 and P2
i−1 (light blue) are the parental lines of the 

i − 1 th cross. P1
i
 and P2

i
 (blue) are the parental lines of the ith cross, 

with P2
i−1 ≡ P1

i
 . This illustration is a simplification in two respects: 

(1) It is using a two-dimensional space with an euclidean distance, 
whereas for the actual calculations, the MRD in a multi-dimensional 
space was used. (2) The opposite pool is represented by its centroid, 
whereas for the actual calculations, the average distance of a line to 
all lines of the opposite pool was used
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strategy of using the target functions Tb and Tw . Our com-
bined strategy of employing Tb and Tw on the family level 
targeted at maintaining the pool separation and minimizing 
the loss of genetic variation, as each family is used for two 
crosses. The genomic predictions to determine which geno-
types of a family should be crossed targeted at making use 
of the within family variation for improving the testcross 
performance.

Application in breeding programs

The material that we developed in this project is ready to 
be used as the starting material for developing the heterotic 
pools of a hybrid breeding program. Compared with the 
parental lines, the C3 material showed a clear separation of 
the pools (Fig. 3), and the C1-DH and C2-DH lines showed 
an improved testcross performance (Fig. 4) of about 5% rela-
tive yield per crossing generation.

We consider it as a reasonable guess, that one cycle of 
RRS results in a yield increase of 5%, which is similar to 
the yield increase that we observed for one generation of 
planned crosses. However, employing a pre-breeding strat-
egy has several advantages compared to a direct start of test-
cross based selection: It is faster and cheaper, and it main-
tains a greater genetic diversity in the breeding material.

A cycle of an RRS program could consist, for example, of 
the following steps: (1) carrying out crosses, (2) generating 
DH lines, (3) generating testcross seeds, and (4) two selec-
tion steps for testcross performance. Then, step (1) of the 
next breeding cycle would follow. For these steps, a 5-year 
time span might be required. In contrast, for carrying out 
one generation of planned crosses, only 1 year is required. 
If we consider the improvement of the C2-DH lines that we 
experimentally observed, then this could be the result of 
two RRS cycles that take 10 years. In contrast, carrying out 
planned crosses takes only 2 years. From a breeder’s point 
of view, this is a tremendous advantage of the pre-breeding 
approach, that might even determine the competitiveness of 
the breeding program.

Further, the selection intensity in our program was much 
lower than in a testcross-based selection program where 
typical high selection intensities are employed. As a conse-
quence, our material in cycle C3 is assumed to cover much 
more of the genetic diversity of the founder lines, than after 
4 cycles of testcross-based selection. Hence, a larger long-
term selection response can be expected. We conclude that 
pre-breeding efforts like described in this study can help to 
efficiently start a hybrid breeding program.

Author contributions statement  Authors AA, EH, MF, and RS con-
ceived the study. CF and KB collected the experimental data. DK and 
TK analyzed the experimental data. DK and MF carried out the simu-
lations. DK, MF, and EH wrote the manuscript. All authors read and 
approved the final manuscript.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. The project was supported by funds of the German Federal 
Ministry of Education and Research (FKZ 031B0187A).

Data availability  The data are available from the authors on request.

Declarations 

Conflict of interest  Authors AA, CF, KB, and TK are employed by 
Norddeutsche Pflanzenzucht Hans-Georg Lembke, Hohenlieth Hof, 
Holtsee, Germany. The remaining authors declare that the research 
was conducted in the absence of any commercial or financial relation-
ships that could be construed as a potential conflict of interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Fig. 6   Crosses of the F1 genotypes. The black lines (top) connect F1 
genotypes that were selected as crossing partners of crosses of type I 
(“best x best”). The gray lines (bottom) connect genotypes selected as 
parents of crosses of type II (“improve the worst”)

http://creativecommons.org/licenses/by/4.0/


	 Theoretical and Applied Genetics (2024) 137:1616  Page 10 of 11

References

Barata C, Carena MJ (2006) Classification of North Dakota maize 
inbred lines into heterotic groups based on molecular and test-
cross data. Euphytica 151:339–349. https://​doi.​org/​10.​1007/​
s10681-​006-​9155-y

Beukert U, Li Z, Liu G, Zhao Y, Ramachandra N, Mirdita V, Pita F, 
Pillen K, Reif JC (2017) Genome-based identification of heterotic 
patterns in rice. Rice. https://​doi.​org/​10.​1186/​s12284-​017-​0163-4

Bidhendi MZ, Choukan R, Darvish F, Mostafavi K, Majidi E, Plant 
A (2012) Classifying of maize inbred lines into heterotic groups 
using diallel analysis Mozhgan. Int J Biol Biomol Agric Food 
Biotechnol Eng 6:556–559

Boeven PH, Longin CFH, Würschum T (2016) A unified framework 
for hybrid breeding and the establishment of heterotic groups in 
wheat. Theor Appl Genet 129:1231–1245. https://​doi.​org/​10.​1007/​
s00122-​016-​2699-x

Butruille DV, Silva HD, Kaeppler SM, Coors JG (2004) Response to 
selection and genetic drift in three populations derived from the 
golden glow maize population. Crop Sci 44:1527–1534. https://​
doi.​org/​10.​2135/​crops​ci2004.​1527

Campos BM, Viana AP, Quintal SSR, Barbosa CD, Daher RF (2016) 
Heterotic group formation in Psidium guajava L. by artificial neu-
ral network and discriminant analysis. Rev Bras Frutic 38:151–
157. https://​doi.​org/​10.​1590/​0100-​2945-​258/​14

Clarke WE, Higgins EE, Plieske J, Wieseke R, Sidebottom C, Khedikar 
Y, Batley J, Edwards D, Meng J, Li R, Lawley CT, Pauquet J, Laga 
B, Cheung W, Iniguez-Luy F, Dyrszka E, Rae S, Stich B, Snow-
don RJ, Sharpe AG, Ganal MW, Parkin IAP (2016) A high-density 
SNP genotyping array for Brassica napus and its ancestral diploid 
species based on optimised selection of single-locus markers in 
the allotetraploid genome. Theor Appl Genet 129:1432–2242. 
https://​doi.​org/​10.​1007/​s00122-​016-​2746-7

Comstock R, Robinson H, Harvey P (1949) A breeding procedure 
designed to make maximum use of both general and specific 
combining ability. Agron J 41:360–367

Cowling WA, Gaynor RC, Antolin R, Gorjanc G, Edwards SM, 
Powell O, Hickey JM (2020) In silico simulation of future 
hybrid performance to evaluate heterotic pool formation in a 
self-pollinating crop. Sci Rep 10:4037. https://​doi.​org/​10.​1038/​
s41598-​020-​61031-0

Cress CE (1967) Reciprocal recurrent selection and modifications in 
simulated populations1. Crop Sci 7:561–567

da Silva KJ, Pastina MM, Guimarães CT, Magalhães JV, Pimentel LD, 
Schaffert RE, Pinto MdO, de Souza VF, Bernardino KdC, da Silva 
MJ, Borém A, de Menezes CB (2020) Genetic diversity and het-
erotic grouping of sorghum lines using SNP markers. Scientia 
Agricola 78:1–9. https://​doi.​org/​10.​1590/​1678-​992x-​2020-​0039

de Souza Saraiva FR, Melo RCDE, Cerutti PH, Luís J, Coimbra M, 
Alves DP, Guidolin AF (2022) Heterotic groups of onions (Allium 
cepa L.) for the development of low-pungency hybrids Grupos 
heteróticos en cebolla ( Allium cepa L.) para el desarrollo de 
híbridos con baja pungencia. Revista Colombiana Ciencias Hor-
ticolas 16:e13,584-e13,584

Fischer S, Maurer HP, Würschum T, Möhring J, Piepho HP, Schön CC, 
Thiemt EM, Dhillon BS, Weissmann EA, Melchinger AE, Reif 
JC (2010) Development of heterotic groups in triticale. Crop Sci 
50:584–590. https://​doi.​org/​10.​2135/​crops​ci2009.​04.​0225

Gower JC (1966) Some distance properties of latent root and vector 
methods used in multivariate analysis. Biometrika 53:325–338

Hagdorn S, Lamkey KR, Frisch M, Guimarães PEO, Melchinger 
AE (2003) Molecular genetic diversity among progenitors and 
derived elite lines of BSSS and BSCB1 maize populations. Crop 
Sci 43:474–482. https://​doi.​org/​10.​2135/​crops​ci2003.​4740

Melchinger AE, Gumber RK (1998) Overview of heterosis and heter-
otic groups in agronomic crops. In: Lamkey KR, Staub JE (eds) 
Concepts and Breeding of Heterosis in Crop Plants. Crop Science 
Society of America, Madison, pp 29–44

Nei M (1973) Analysis of gene diversity in subdivided populations. 
Proc Nat Acad Sci USA 70:3321–3323. https://​doi.​org/​10.​1073/​
pnas.​70.​12.​3321

Qian W, Sass O, Meng J, Li M, Frauen M, Jung C (2007) Heterotic 
patterns in rapeseed (Brassica napus L): I. Crosses between spring 
and Chinese semi-winter lines. Theor Appl Genet 115:27–34. 
https://​doi.​org/​10.​1007/​s00122-​007-​0537-x

Qian W, Li Q, Noack J, Sass O, Meng J, Frauen M, Jung C (2009) 
Heterotic patterns in rapeseed (Brassica napus L): II. Crosses 
between European winter and Chinese semi-winter lines. Plant 
Breed 128:466–470. https://​doi.​org/​10.​1111/j.​1439-​0523.​2008.​
01597.x

Reif JC, Melchinger AE, Xia XC, Warburton ML, Hoisington DA, 
Vasal SK, Beck D, Bohn M, Frisch M (2003a) Use of SSRs for 
establishing heterotic groups in subtropical maize. Theor Appl 
Genet 107:947–957. https://​doi.​org/​10.​1007/​s00122-​003-​1333-x

Reif JC, Melchinger AE, Xia XC, Warburton ML, Hoisington DA, 
Vasal SK, Srinivasan G, Bohn M, Frisch M (2003b) Genetic dis-
tance based on simple sequence repeats and heterosis in tropical 
maize populations. Crop Sci 43:1275–1282. https://​doi.​org/​10.​
2135/​crops​ci2003.​1275

Reif JC, Melchinger AE, Frisch M (2005) Genetical and mathemati-
cal properties of similarity and dissimilarity coefficients applied 
in plant breeding and seed bank management. Crop Sci 45:1–7. 
https://​doi.​org/​10.​2135/​crops​ci2005.​0001

Sattler FT, Haussmann BI (2020) A unified strategy for West African 
pearl millet hybrid and heterotic group development. Crop Sci 
60:1–13. https://​doi.​org/​10.​1002/​csc2.​20033

Silva FH, Viana AP, Ferreira RT, Freitas JCdO, Santos JO, Rodrigues 
DL (2014) Measurement of genetic diversity in progenies of sour 
passion fruit by Ward-MLM methodology: a strategy for heterotic 
group formation. Ciência e Agrotecnologia 38:240–246. https://​
doi.​org/​10.​1590/​s1413-​70542​01400​03000​03

Singh S, Gupta SK (2019) Formation of heterotic pools and under-
standing relationship between molecular divergence and hetero-
sis in pearl millet [Pennisetum glaucum (L.) R. Br.]. PLoS ONE 
14:1–18. https://​doi.​org/​10.​1371/​JOURN​AL.​PONE.​02074​63

Suwarno WB, Pixley KV, Palacios-Rojas N, Kaeppler SM, Babu R 
(2014) Formation of heterotic groups and understanding genetic 
effects in a provitamin a biofortified maize breeding program. 
Crop Sci 54:14–24. https://​doi.​org/​10.​2135/​crops​ci2013.​02.​0096

Tian HY, Channa SA, Hu SW (2015) Heterotic grouping and the het-
erotic pattern among chinese rapeseed (Brassica napus L) acces-
sions. Agron J 107:1321–1330. https://​doi.​org/​10.​2134/​agron​j14.​
0557

van Inghelandt D, Melchinger A, Lebreton C, Stich B (2010) Popula-
tion structure and genetic diversity in a commercial maize breed-
ing program assessed with ssr and snp markers. Theor Appl Genet 
120:1289–99. https://​doi.​org/​10.​1007/​s00122-​009-​1256-2

Weber S, Ünker F, Friedt W (2005) Improved doubled haploid pro-
duction protocol for Brassica napus using microspore colchicine 
treatment in vitro and ploidy determination by flow cytometry. 
Plant Breed 124:511–513. https://​doi.​org/​10.​1111/j.​1439-​0523.​
2005.​01114.x

Wright S (1978) Evolution and genetics of populations vol IV. The 
Univ. of Chicago Press

Younas M, Xiao Y, Cai D, Yang W, Ye W, Wu J, Liu K (2012) Molec-
ular characterization of oilseed rape accessions collected from 
multi continents for exploitation of potential heterotic group 
through SSR markers. Mol Biol Rep 39:5105–5113. https://​doi.​
org/​10.​1007/​s11033-​011-​1306-0

https://doi.org/10.1007/s10681-006-9155-y
https://doi.org/10.1007/s10681-006-9155-y
https://doi.org/10.1186/s12284-017-0163-4
https://doi.org/10.1007/s00122-016-2699-x
https://doi.org/10.1007/s00122-016-2699-x
https://doi.org/10.2135/cropsci2004.1527
https://doi.org/10.2135/cropsci2004.1527
https://doi.org/10.1590/0100-2945-258/14
https://doi.org/10.1007/s00122-016-2746-7
https://doi.org/10.1038/s41598-020-61031-0
https://doi.org/10.1038/s41598-020-61031-0
https://doi.org/10.1590/1678-992x-2020-0039
https://doi.org/10.2135/cropsci2009.04.0225
https://doi.org/10.2135/cropsci2003.4740
https://doi.org/10.1073/pnas.70.12.3321
https://doi.org/10.1073/pnas.70.12.3321
https://doi.org/10.1007/s00122-007-0537-x
https://doi.org/10.1111/j.1439-0523.2008.01597.x
https://doi.org/10.1111/j.1439-0523.2008.01597.x
https://doi.org/10.1007/s00122-003-1333-x
https://doi.org/10.2135/cropsci2003.1275
https://doi.org/10.2135/cropsci2003.1275
https://doi.org/10.2135/cropsci2005.0001
https://doi.org/10.1002/csc2.20033
https://doi.org/10.1590/s1413-70542014000300003
https://doi.org/10.1590/s1413-70542014000300003
https://doi.org/10.1371/JOURNAL.PONE.0207463
https://doi.org/10.2135/cropsci2013.02.0096
https://doi.org/10.2134/agronj14.0557
https://doi.org/10.2134/agronj14.0557
https://doi.org/10.1007/s00122-009-1256-2
https://doi.org/10.1111/j.1439-0523.2005.01114.x
https://doi.org/10.1111/j.1439-0523.2005.01114.x
https://doi.org/10.1007/s11033-011-1306-0
https://doi.org/10.1007/s11033-011-1306-0


Theoretical and Applied Genetics (2024) 137:16	 Page 11 of 11  16

Zhao Y, Li Z, Liu G, Jiang Y, Maurer HP, Würschum T, Mock HP, 
Matros A, Ebmeyer E, Schachschneider R, Kazman E, Schacht J, 
Gowda M, Longin CFH, Reif JC (2015) Genome-based establish-
ment of a high-yielding heterotic pattern for hybrid wheat breed-
ing. Proc Nat Acad Sci USA 112:15,624-15,629. https://​doi.​org/​
10.​1073/​pnas.​15145​47112

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1073/pnas.1514547112
https://doi.org/10.1073/pnas.1514547112

	Simulation-based establishment of base pools for a hybrid breeding program in winter rapeseed
	Abstract
	Key message 
	Abstract 

	Introduction
	Materials and methods
	Crossing scheme
	Crossing strategy for recombination R1
	Crossing strategy for recombination R2
	Crossing strategy for recombinations R3 and R4
	Genotyping and analysis of SNP data
	Simulations
	Preliminary evaluation of testcross performance


	Results
	Discussion
	Methodology
	Recombination R1
	Recombination R2
	Recombinations R3 and R4
	Application in breeding programs

	References




