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Abstract
For many crops, cytoplasmic male sterility (CMS) is a cornerstone of
hybrid production. Efficient conversion of elite lines to CMS by
marker-assisted backcrossing is therefore desirable. In contrast to gene
introgression, for which donor segments around target genes have to be
considered, background selection for CMS conversion focuses solely on
recovery of the recurrent parent genome. The optimal selection strategies
for CMS conversion will consequently differ from those for gene
introgression and have not yet been investigated. The objectives of our
study were to evaluate and optimize the resource requirements of CMS
conversion programmes and to determine the most cost-effective use of
single-marker (SM) and high-throughput (HT) assays for this purpose.
We conducted computer simulations for CMS conversion of genetic
models of sugar beet, rye, sunflower and rapeseed. CMS conversion
required fewer resources than gene introgression with respect to popula-
tion size, marker data points and number of backcross generations. Com-
bining HT assays in early backcross generations with SM assays in
advanced backcross generations further increased the cost-efficiency of
CMS conversion for a broad range of cost ratios.
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Cytoplasmic male sterility (CMS) in plants is a maternally inher-
ited condition, which inhibits the production of functional pollen.
It is mediated by plant mitochondrial genomes and the interac-
tion of mitochondrial and nuclear genes (Chase 2007). In seed
crops such as rye, sunflower, rice and rapeseed, CMS plus
nuclear restoration of male-fertility in F1 progeny is essential for
large-scale production of hybrid seeds. CMS is a mainstay for
hybrid breeding and seed production in sugar beet and rye
(Hagihara et al. 2005, Tomerius et al. 2008). For some crops
such as Brassica oleracea, where the use of CMS in hybrid
breeding is a comparatively new system, conversion of existing
elite lines to CMS is required. For rapeseed (Brassica napus), in
which the genetic basis of adapted germplasm is relatively nar-
row (Gehringer et al. 2007), CMS conversion of newly devel-
oped lines is used after the introduction of new genetic variation
into the breeding pool. Moreover, it has been recognized in
maize and rice that cytoplasmic uniformity can lead to vulnera-
bility to pathogens (Pring and Lonsdale 1989, Dalmacio et al.
1995). For such crops, it may be important to convert existing
lines to newly identified CMS systems to reduce maternally
inherited disease susceptibility.
New CMS donors used in early cycles of hybrid breeding pro-

grammes are often poorly adapted or wild relatives of cultivated

crops (Hanson and Bentolila 2004). Complete recovery of the
converted elite genotypes is therefore desirable. Typically, elite
lines are selected as fertile maintainers and converted to CMS by
backcrossing. As thousands of lines often are to be converted,
breeders will seek to devote as little resources as possible to the
conversion of a single line.
In commercial breeding programmes, dense marker maps are

available for major crops. In combination with high-throughput
(HT) marker systems based on single nucleotide polymorphisms
(SNPs), they can speed up the backcross process by marker-
assisted background selection (Gupta et al. 2010).
In the field of single-marker (SM) assays, the Competitive

Allele Specific PCR (KASPar) assay has quite recently emerged.
KASPar is a SNP detection system, which is cost-effective for
genotyping small subsets of SNP markers. It enables the com-
bined use of HT and SM assays for SNP genotyping at different
stages in marker-assisted breeding programmes, given that a
SNP set exists which is inter-convertible between KASPar and
HT marker platforms (Chen et al. 2010, Mammadov et al.
2012). An advantage of HT assays is fast and cost-effective
screening of large populations with a high number of marker
data points. However, while with HT assays such as SNP chips,
all markers need to be analysed in every backcross generation,
SM assays allow for analysing only those marker loci which are
not yet fixed for the desired alleles in advanced backcross
generations. A combination of HT assays in early backcross gen-
erations with SM assays in advanced backcross generations has
the potential to increase the cost-effectiveness of background
selection for gene introgression (Herzog and Frisch 2011).
For gene introgression, background selection focuses on both

reduction of donor segments around target genes and recurrent
parent genome recovery. In contrast, in CMS conversion pro-
grammes, background selection solely focuses on fast and com-
plete recurrent parent genome recovery. Moreover, as no
preselection for target genes is conducted, all individuals from a
backcross are subjected to background selection. This results in
higher selection intensity and hence a greater selection response
per backcross generation. However, it will also substantially
increase the number of required marker data points. The optimal
strategies for using molecular markers for CMS conversion will
consequently differ from those for gene introgression and have
not yet been investigated for major CMS crops. Depending on the
genome size of a crop species, population size, marker density
and use of HT and/or SM marker systems need to be optimized.
The goal of our study was to investigate, with computer simu-

lations, CMS conversion in sugar beet, rye, sunflower and rape-
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seed with two to four backcross generations. In particular, our
objectives were (i) to assess recurrent parent genome recovery
with different marker densities and to investigate the effect of
increasing population size per backcross generation, (ii) to evalu-
ate the resource requirements for recovering varying target levels
of recurrent parent genome while minimizing the number of
marker data points, and (iii) to determine the most efficient use
of SM and HT assays for different cost ratios of HT/SM.

Material and Methods
Simulations were conducted assuming no interference in crossover for-
mation. Each simulation was replicated 10 000 times to reduce sampling
effects and to obtain results with high numerical accuracy and a small
standard error. The 10% quantile (Q10), the arithmetic mean and the
standard deviation of the probability distribution of the proportion of
recipient genome in the entire genome of selected individuals (in percent-
age) were determined in every backcross generation to measure recurrent
parent genome recovery.

Q10 values were included as they allow inferences about the probabil-
ity to reach a certain level of recurrent parent genome. For example, a
Q10 value of 96% can be interpreted as ‘with a probability of 0.9 a recur-
rent parent genome proportion >96% can be achieved’. The arithmetic
mean does not allow such probability inferences in advanced backcross
generations, when the distribution of recurrent parent genome is getting
more skewed.

We investigated four different genetic models that represent different
crop species for which CMS is used in hybrid seed production. Model 1
represented sugar beet (Beta vulgaris) and cabbage (B. oleracea) and had
n = 9 chromosomes of 100 cM length (cf. Weber et al. 1999, cf. Ini-
guez-Luy et al. 2009). Model 2 represented rye (Secale cereale) and had
n = 7 chromosomes of 100 cM length (cf. Gustafson et al. 2009).
Model 3 represented sunflower (Helianthus annuus) and had n = 17
chromosomes of 80 cM length (cf. Tang et al. 2002). Model 4 repre-
sented rapeseed (B. napus) and had n = 19 chromosomes of 140 cM
length (cf. Piquemal et al. 2005). These models are hereafter referred to
as sugar beet, rye, sunflower and rapeseed, respectively.

Markers for genome-wide background selection were assumed to be
equally spaced. We considered different marker densities: two markers
per chromosome (2M/chr), three markers per chromosome (3M/chr), as
well as marker distances between two adjacent loci of 20, 10, 5 and
2 cM. For 2M/chr and 3M/chr, markers divided the chromosomes in 3
or 4 equal parts, respectively. For marker densities of 20, 10, 5 and
2 cM, the first marker and last marker of each chromosome were placed
on the telomeres.

Each backcross scheme started by crossing two homozygous parents
(CMS donor and recipient), which were polymorphic at all loci. The
CMS recipient carried the desirable alleles at all loci of the genome,
while the donor carried no desirable alleles. The CMS recipient was
assumed to be a fertile maintainer. An F1 individual was created by
crossing CMS donor and recipient. This F1 individual was backcrossed
to the recipient to create n1 BC1 individuals. The n1 BC1 individuals
were subjected to genome-wide background selection. A selection index
i = Σm xm was constructed, where summation is over markers and xm is
the number of recurrent parent alleles at the mth marker. The plant with
the highest value of i was selected and backcrossed to the recipient. For
each of the four genetic models, we investigated two to four backcross
generations t and constant population sizes of nt ranging from 10 to 200
individuals.

For calculating the relative costs of different marker strategies, the
resource requirements for target Q10 values of 96% in generation BC2

and 99% in generation BC3 with a marker density of 10 cM were deter-
mined. One HT assay included genotyping one individual for all markers
on the linkage map. One SM assay corresponded to one locus and thus
one marker data point. For estimating the total number of required mar-
ker data points for SM assays, only marker loci not yet fixed for the reci-
pient allele were analysed in advanced backcross generations. We took

into account cost ratios of HT : SM of 200 : 1, 100 : 1, 50 : 1, 20 : 1
and 10 : 1. To give an example in absolute costs, a cost ratio of HT/SM
of 100 : 1 corresponded to costs of € 50 for analysing all SNP back-
ground marker loci with a SNP chip, and € 0.5 for analysing one SNP
marker locus with a KASPar assay. We compared the costs of using only
HT assays in all generations of the backcross conversion programme
(strategy HT) to the costs of using only SM assays in all generations of
the backcross conversion programme (strategy SM). In this case, the
costs for strategy SM were set to 1.

In addition, for two-generation programmes, we compared the costs of
a combined strategy that relied on HT assays in generation BC1 and SM
assays in generation BC2 (strategy Combined A) to the costs of strategy
SM and strategy HT. In this case, the costs of strategy SM and strategy
HT were set to 1, respectively. For three-generation programmes, we
compared the costs of a strategy using HT assays in generation BC1 and
SM assays in generations BC2 and BC3 (strategy Combined B) to the
costs of strategy HT. We also compared the costs of a strategy using HT
assays in generations BC1 and BC2, and SM assays in generation BC3

(strategy Combined C) to the costs of strategy HT. In both cases, the
costs for strategy HT were set to 1.

Results
For a marker density of 20 cM and constant population sizes of
nt = 40, 80, 120, 160, 200 individuals per backcross generation,
the Q10 values recovered in generations BC1 and BC2 were
higher for genetic models with shorter genomes (Tables 1–4).
Q10 values for rye were 2.9–3.8% higher than for rapeseed,
while for sugar beet and sunflower, intermediate Q10 values
were recovered. The differences in Q10 values between the
genetic models that were observed in generation BC2 diminish
in advanced backcross generations.
Genetic models with shorter genomes had fewer and shorter

fragments of donor genome in generations BC1 and BC2

(Tables 1–4). In generations BC1 and BC2, the length of donor
fragments is decreasing to a greater extent with increasing nt in
genetic models with shorter genomes. The average length of
donor fragments is decreasing by about 39% in sugar beet, 30%
in rye, 28% in sunflower and 20% in rapeseed if nt is increased
from 40 to 200 individuals in generation BC2. The average
length of donor fragments ranged between 32% and 46% of
marker distance for rye and 88–110% for rapeseed in generation
BC2. In advanced backcross generations, the differences in the
length of donor fragments between population sizes and genetic
models diminish considerably.
Genetic models with shorter genomes required fewer marker

data points (Tables 1–4). For a population size of nt = 200,
rapeseed required about four times as many marker data points
as rye, about three times as many marker data points as sugar
beet, and about twice as many marker data points as sunflower.
For all genetic models, the major proportion of marker data
points had to be analysed in generations BC1 and BC2. For
example, for sugar beet, 98.2–99.8% of marker analyses had to
be conducted in generations BC1 and BC2. From generation BC3

–BC4, marker data points were no longer or only marginally
increasing, indicating complete fixation. This also held true for
higher marker densities of 10, 5 and 2 cM (data not shown).
For all four genetic models, Q10 values of >90% could be

recovered in generation BC2 with low marker densities of 2M/
chr or 3M/chr and nt = 10–20 individuals per backcross genera-
tion (Fig. 1). Q10 values increased considerably for all four
investigated genetic models when population size was increased
from nt = 10 to nt = 40–50 individuals per backcross generation,
irrespective of marker density.
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For all genetic models, Q10 values of � 96% could be
reached in generation BC2. Minimum required marker densities
for a Q10 value of 96% were 3M/chr for sugar beet and rye,
2M/chr for sunflower and 20 cM for rapeseed. For sugar beet
and rye, there was a limit of recurrent parent genome that could
be recovered, indicated by a plateau in the Q10 curves for mar-
ker densities of 2M/chr, 3M/chr and 20 cM. The population
sizes per backcross generation for which the limit was reached
depended on marker density and lay between nt = 70–200 for

sugar beet and between nt = 50–150 for rye. For sunflower and
rapeseed, the plateau was not reached with the highest investi-
gated population size of nt = 200.
The differences in Q10 values between marker densities were

bigger in sugar beet and rye than in sunflower and rapeseed
(Fig. 1). For example, for nt = 100 individuals per backcross
generation, the differences in Q10 values between a marker den-
sity of 3M/chr and 20 cM were 1.7% for sugar beet, 2.3% for
rye, 0.4% for sunflower and 1.0% for rapeseed. The maximum

Table 1: Sugar beet: recovered proportion of recurrent parent genome (Q10, �x, sx), required number of marker data points (MDP) for single-marker
assays, number of donor fragments (�x, sx) and length of donor fragments in cM (�x, sx) in generations BC1–BC4 with genome-wide background selec-
tion with constant population sizes nt = 40, 80, 120, 160, 200 and equally spaced markers (marker density 20 cM) (Note that the number of required
high-throughput assays can be easily obtained by multiplying nt by the number of backcross generations)

nt BCt

Recurrent parent genome (%)

MDP

No. of donor
fragments

Length of donor
fragments (cM)

Q10 �x sx �x sx �x sx

40 BC1 84.56 88.08 2.81 2160 6.48 1.71 33.10 28.16
BC2 97.23 98.71 1.07 2682 2.00 1.31 11.60 10.20
BC3 99.32 99.80 0.32 2732 0.59 0.78 6.01 4.49
BC4 99.57 99.90 0.23 2732 0.32 0.58 5.70 4.36

80 BC1 86.30 89.60 2.61 4320 6.06 1.68 30.90 26.79
BC2 98.19 99.27 0.75 5233 1.44 1.16 9.19 7.75
BC3 99.34 99.82 0.31 5276 0.54 0.74 6.08 4.56
BC4 99.62 99.91 0.22 5276 0.28 0.55 5.79 4.38

120 BC1 87.32 90.34 2.45 6480 5.86 1.65 29.65 25.95
BC2 98.58 99.46 0.62 7754 1.20 1.09 8.06 6.63
BC3 99.38 99.83 0.30 7790 0.50 0.72 6.02 4.55
BC4 99.65 99.92 0.21 7790 0.27 0.53 5.64 4.38

160 BC1 87.98 90.89 2.36 8640 5.71 1.64 28.71 25.25
BC2 98.81 99.55 0.55 10245 1.10 1.05 7.34 5.91
BC3 99.40 99.83 0.30 10273 0.51 0.73 5.89 4.42
BC4 99.65 99.91 0.21 10273 0.27 0.54 5.59 4.36

200 BC1 88.46 91.30 2.29 10800 5.60 1.63 27.96 24.76
BC2 98.92 99.60 0.51 12723 1.01 1.01 7.07 5.58
BC3 99.40 99.84 0.29 12745 0.49 0.71 5.93 4.47
BC4 99.65 99.92 0.21 12745 0.27 0.53 5.65 4.35

Table 2: Rye: recovered proportion of recurrent parent genome (Q10, �x, sx), required number of marker data points (MDP), number of donor frag-
ments (�x, sx) and length of donor fragments (�x, sx) in generations BC1–BC4 with genome-wide background selection with constant population sizes
nt = 40, 80, 120, 160, 200 and equally spaced markers (marker density 20 cM) (Note that the number of required high-throughput assays can be easily
obtained by multiplying nt by the number of backcross generations)

nt BCt

Recurrent parent genome (%)

MDP

No. of donor
fragments

Length of donor
fragments (cM)

Q10 �x sx �x sx �x sx

40 BC1 85.75 89.73 3.15 1680 4.71 1.51 30.50 26.45
BC2 98.05 99.28 0.87 2031 1.11 1.04 9.11 7.80
BC3 99.31 99.82 0.35 2047 0.42 0.66 5.93 4.47
BC4 99.66 99.91 0.24 2047 0.22 0.48 5.46 4.31

80 BC1 87.79 91.35 2.85 3360 4.32 1.45 28.01 24.64
BC2 98.79 99.60 0.58 3953 0.78 0.89 7.23 5.79
BC3 99.35 99.84 0.33 3961 0.38 0.63 5.88 4.43
BC4 99.69 99.92 0.23 3961 0.20 0.46 5.57 4.34

120 BC1 88.82 92.21 2.67 5040 4.14 1.41 26.34 23.47
BC2 98.93 99.66 0.51 5844 0.72 0.87 6.59 4.99
BC3 99.38 99.85 0.33 5847 0.36 0.62 5.89 4.50
BC4 99.71 99.92 0.23 5847 0.20 0.46 5.53 4.37

160 BC1 89.55 92.78 2.56 6720 3.98 1.42 25.41 22.59
BC2 99.01 99.69 0.47 7715 0.68 0.83 6.40 4.72
BC3 99.39 99.85 0.32 7716 0.36 0.61 5.87 4.49
BC4 99.73 99.93 0.22 7716 0.18 0.45 5.60 4.31

200 BC1 90.14 93.18 2.44 8400 3.88 1.38 24.58 21.87
BC2 99.02 99.70 0.46 9576 0.65 0.82 6.39 4.67
BC3 99.37 99.85 0.32 9577 0.35 0.60 6.09 4.54
BC4 99.72 99.93 0.22 9577 0.18 0.43 5.76 4.38
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Q10 values recovered in generation BC2 depended on genome
length and were 99.60% for sugar beet, 99.99% for rye, 98.09%
for sunflower and 96.50% for rapeseed. Increasing marker den-
sity from 10 to 5 or 2 cM did not substantially increase Q10 val-
ues. This held true for all investigated genetic models.
Moreover, marker densities of 5 and 2 cM incurred very high
numbers of marker data points (data not shown).
The optimum designs that minimized the required number of

marker data points for target Q10 values of 96–99% in

generation BC2 employed marker densities of 2M/chr–10 cM for
sugar beet and rye (Table 5). For the sunflower model, a Q10
value of 98% could only be reached with a marker density of
5 cM and 68 000 marker data points. For rapeseed, a Q10 value
of 96% in generation BC2 could only be reached with a marker
density of 20 cM and about 33 000 marker data points. Higher
target Q10 values could not be reached in generation BC2 for
this model. For all four genetic models, two-generation pro-
grammes incurred substantially more marker data points than

Table 3: Sunflower: recovered proportion of recurrent parent genome (Q10, �x, sx), required number of marker data points (MDP), number of donor
fragments (�x, sx) and length of donor fragments (�x, sx) in generations BC1–BC4 with genome-wide background selection with constant population sizes
nt = 40, 80, 120, 160, 200 and equally spaced markers (marker density 20 cM) (Note that the number of required high-throughput assays can be easily
obtained by multiplying nt by the number of backcross generations)

nt BCt

Recurrent parent genome (%)

MDP

No. of donor
fragments

Length of donor
fragments (cM)

Q10 �x sx �x sx �x sx

40 BC1 82.19 85.06 2.31 3400 11.81 2.17 34.39 26.21
BC2 95.46 97.08 1.24 4424 4.94 1.83 16.11 14.47
BC3 99.20 99.69 0.36 4620 1.23 1.14 6.84 5.53
BC4 99.57 99.87 0.21 4626 0.59 0.80 5.75 4.42

80 BC1 83.61 86.23 2.12 6800 11.35 2.13 32.99 25.73
BC2 96.45 97.84 1.04 8692 4.17 1.69 14.12 12.53
BC3 99.37 99.77 0.29 8976 1.01 1.03 6.24 4.63
BC4 99.59 99.89 0.20 8976 0.53 0.75 5.82 4.41

120 BC1 84.37 86.88 2.03 10200 11.05 2.13 32.30 25.48
BC2 96.94 98.20 0.94 12904 3.76 1.64 13.01 11.44
BC3 99.40 99.78 0.28 13249 0.98 1.00 6.10 4.49
BC4 99.60 99.89 0.19 13249 0.52 0.75 5.63 4.35

160 BC1 84.93 87.36 1.98 13600 10.84 2.11 31.72 25.24
BC2 97.29 98.45 0.86 17076 3.47 1.60 12.15 10.65
BC3 99.41 99.79 0.27 17464 0.94 1.00 6.06 4.59
BC4 99.62 99.90 0.19 17464 0.49 0.71 5.75 4.45

200 BC1 85.30 87.68 1.95 17000 10.72 2.07 31.26 25.02
BC2 97.52 98.61 0.81 21244 3.24 1.55 11.64 10.04
BC3 99.41 99.79 0.27 21670 0.93 0.98 6.04 4.51
BC4 99.61 99.89 0.19 21670 0.49 0.72 5.81 4.45

Table 4: Rapeseed: recovered proportion of recurrent parent genome (Q10, �x, sx), required number of marker data points (MDP), number of donor
fragments (�x, sx) and length of donor fragments (�x, sx) in generations BC1–BC4 with genome-wide background selection with constant population sizes
nt = 40, 80, 120, 160, 200 and equally spaced markers (marker density 20 cM) (Note that the number of required high-throughput assays can be easily
obtained by multiplying nt by the number of backcross generations)

nt BCt

Recurrent parent genome (%)

MDP

No. of donor
fragments

Length of donor
fragments (cM)

Q10 �x sx �x sx �x sx

40 BC1 81.07 83.37 1.89 6080 19.60 2.87 45.13 38.58
BC2 94.19 95.65 1.11 8116 10.57 2.60 21.92 20.56
BC3 98.68 99.29 0.44 8644 3.69 1.86 10.27 9.21
BC4 99.64 99.86 0.16 8712 1.28 1.17 5.75 4.46

80 BC1 82.19 84.36 1.78 12160 19.16 2.86 43.45 37.65
BC2 95.12 96.39 0.99 15992 9.59 2.53 20.00 18.78
BC3 99.07 99.54 0.34 16861 2.88 1.71 8.42 7.34
BC4 99.66 99.87 0.15 16926 1.20 1.13 5.74 4.39

120 BC1 82.86 84.89 1.69 18240 18.87 2.87 42.59 37.14
BC2 95.62 96.79 0.91 23797 9.09 2.46 18.77 17.61
BC3 99.24 99.64 0.30 24955 2.53 1.64 7.47 6.38
BC4 99.67 99.88 0.15 25011 1.15 1.11 5.70 4.36

160 BC1 83.26 85.25 1.64 24320 18.71 2.84 41.93 36.68
BC2 95.91 97.04 0.86 31551 8.64 2.38 18.23 17.00
BC3 99.34 99.70 0.26 32970 2.29 1.55 6.96 5.68
BC4 99.68 99.88 0.15 33014 1.09 1.09 5.77 4.40

200 BC1 83.58 85.51 1.58 30400 18.58 2.84 41.50 36.50
BC2 96.16 97.22 0.82 39284 8.39 2.37 17.64 16.35
BC3 99.40 99.73 0.24 40941 2.18 1.53 6.63 5.33
BC4 99.68 99.88 0.14 40974 1.09 1.10 5.69 4.36
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three-generation programmes. The shorter genomes of sugar beet
and rye required 3.6–11.2 times as many marker data points for
two-generation programmes as for three-generation programmes.
For sunflower and rapeseed, two-generation programmes
required 28.8–60.2 times as many marker data points as three-
generation programmes.
For two-generation programmes, strategy HT was 0.05–4.10

times as expensive as strategy SM for recovering a target Q10
value of 96%, depending on genetic model and cost ratio of
HT : SM (Fig. 2a). Strategy Combined A was more cost-effec-
tive than strategy HT, indicated by the smaller range of rela-
tive costs and the smaller slopes of the cost curves (Fig. 2b).
Which marker strategy was cheapest depended on the cost
ratio of HT : SM and the genetic model. For sugar beet, strat-
egy HT was the cheapest strategy for cost ratios of HT : SM
of 10 : 1–35 : 1 (Fig. 2c). For cost ratios ranging between
35 : 1 and 100 : 1, strategy Combined A was cheapest
(Fig. 2b). For cost ratios of HT : SM >100 : 1, strategy SM
was cheapest. If the choice was between either strategy HT or
strategy SM, strategy HT should be used for cost ratios of
HT : SM of 10 : 1–60 : 1 (Fig. 2a). For longer genomes,
using HT assays became relatively cheaper compared with SM

assays. For rapeseed, strategy HT was the cheapest strategy
for recovering a target Q10 value of 96% for cost ratios of
HT : SM of up to 190 : 1 (Fig. 2a). For cost ratios >190 : 1,
strategy Combined A was cheapest (Fig. 2b). Strategy SM was
never cheaper than strategy Combined A.
For three-generation programmes with a target Q10 value of

99%, the use of HT assays became less efficient compared with
SM assays (Fig. 2d), indicated by steeper cost curves. Strategy
Combined C was equivalent to or cheaper than strategy HT for
nearly all investigated scenarios (Fig. 2f).

Discussion
Genetic models

Computer simulations and model calculations are considered
robust and useful tools for the optimization of breeding pro-
grammes (Prigge et al. 2008, Tomerius et al. 2008). However,
the validity of simulated results for real breeding applications is
influenced by the theoretical assumptions for the underlying
genetic model.
We used a Poisson procedure for modelling crossover formation

during meiosis, assuming no interference in crossover formation as
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Fig. 1: Q10 values recovered in generation BC2 with genome-wide background selection (marker densities 2M/chr, 3M/chr and 2, 5, 10, 20 cM) with
constant population sizes nt = 20–300 and equally spaced markers for four genetic models
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proposed by Haldane (1919). This approach has the advantage of
applicability for a broad range of scenarios, as has been discussed in
detail in the study by Frisch and Melchinger (2001). Further neces-
sary simplifications for the sake of generality include the assump-
tions of perfect fertility, no natural selection at gamete or zygote
level, unchanged recombination frequencies and Mendelian segre-
gation in any cross. This will not hold true in all cases, especially if
CMS donors are unadapted wild relatives. For such wide crosses,
the simulations might underestimate the actual resource require-
ments and/or overestimate recovered Q10 values. On the other
hand, in advanced cycles of hybrid breeding programmes, adapted
lines often are available as CMS donors, which might be similar to
the recipient lines. In these cases, complete recovery of an elite
genotype might be achieved with less resources or in shorter time.
The reader should be aware that the presented simulation

approach does not cover every detail of the complex biological pro-
cesses, which might underlie any specific cross. Conclusions drawn
from simulated data should therefore be interpreted as guidelines
and might require adjustment in specific breeding programmes.

Population size

In a simulation study on the introgression of one dominant target
gene, Prigge et al. (2009) employed the same genetic model for
sugar beet that was used in the present study. With a marker

density of 20 cM and nt = 40–200 individuals per backcross
generation, they recovered Q10 values in generation BC2 that
were approximately 3–4% lower than in the present study
(Table 1). The greater selection response in CMS conversion can
be explained by the lack of preselection for the target gene and
the lack of donor genome attached to the target gene. Conse-
quently, CMS conversion required considerably smaller popula-
tion sizes than gene introgression.
In generation BC2, Q10 values increased considerably for all

four genetic models when population size was increased from
nt = 10 to nt = 40–50 individuals (Fig. 1). For sugar beet and
rye, a plateau in the Q10 curves was observed. This limit of
recurrent parent genome recovery is caused by the limited esti-
mation accuracy of a given marker density. The wider adjacent
markers are spaced, the more likely it is that segments of recur-
rent parent genome between markers go unnoticed. Sugar beet
and rye had fewer and shorter donor fragments in generation
BC2, which were still considerably decreased with increasing
population size nt (Tables 1–4). For rye, for which the plateau is
reached at nt = 120 with a marker density of 20 cM, the average
length of donor fragments is only 6.59 cM and consequently
only about 33% of the distance between two adjacent markers
(Table 2). As a consequence, the plateau is reached with smaller
population sizes for lower marker densities. Increasing popula-
tion size beyond the number of individuals for which the plateau
is reached (Fig. 1) is not economic.
We conclude that recurrent parent genome recovery is maxi-

mized for all four genetic models with population sizes of
nt � 40–50 individuals per backcross generation. For rye and
sugar beet, population sizes should not exceed nt = 50–150 and
nt = 70–200 individuals, respectively, depending on marker den-
sity. For sunflower and rapeseed, population sizes of nt > 200
still have positive effects.

Marker density

It has been estimated for backcross programmes that a target
Q10 value of at least 96% should minimize the risk of undesir-
able effects from unadapted donor genome (Prigge et al. 2009).
For sugar beet and rye, a Q10 level of about 96% could be
recovered in generation BC2 with a marker density of 3M/chr
and nt = 40–60 individuals per backcross generation (Fig. 1).
For sunflower, the Q10 value of 96% could be reached with a
marker density of 2M/chr, indicating that two markers per chro-
mosome are sufficient for controlling short chromosomes
(Fig. 1). We therefore conclude that for CMS conversion, a
threshold Q10 value of 96% in generation BC2 can in most
cases be reached with 2–3 markers per chromosome.
The differences in Q10 values between marker densities were

bigger in sugar beet and rye than in sunflower and rapeseed
(Fig. 1). For example, for a population size per backcross gener-
ation of nt = 100, the differences in Q10 values between a mar-
ker density of 3M/chr and 20 cM were 1.7% for sugar beet,
2.3% for rye, 0.4% for sunflower and 1.0% for rapeseed. If mar-
ker density was increased from 3M/chr to 20 cM, the increase in
the number of markers per chromosome was greater in genetic
models with longer chromosomes, which partly accounts for the
big gap in Q10 values. Moreover, increasing marker density
shifted the frequency distribution of recurrent parent genome to
the right and decreased the variance of the distribution in all four
genetic models. The extent of these changes depended on chro-
mosome number and length. The differences between marker
densities were bigger for genetic models with a lower number of

Table 5: Optimum designs for recovering Q10 values of 96–99% [mar-
ker density, population size, no. of backcross generations, no. of marker
data points (MDP)] in two vs. three backcross generations with genome-
wide background selection if the number of MDP is minimized (Note
that the number of required high-throughput assays can be easily
obtained by multiplying nt by the number of backcross generations)

Genetic model Q10 (%) nt Marker density No. of MDP

No. of BC generations = 2
Sugar beet 96 40 3M/chr 1305
9 9 100 cM 97 40 20 cM 2684

98 70 20 cM 4600
99 120 10 cM 14 172

Rye 96 30 3M/chr 749
7 9 100 cM 97 30 20 cM 1541

98 40 20 cM 2030
99 60 10 cM 5475

Sunflower 96 120 2M/chr 5059
17 9 80 cM 97 130 20 cM 13 948

98 190 5 cM 68 411
99 – – –

Rapeseed 96 170 20 cM 33 476
19 9 140 cM 97 – – –

98 – – –
99 – – –

No. of BC generations = 3
Sugar beet 96 – – –
9 9 100 cM 97 10 2M/chr 240

98 10 20 cM 746
99 20 20 cM 1421

Rye 96 – – –
7 9 100 cM 97 10 2M/chr 181

98 10 20 cM 563
99 10 10 cM 1028

Sunflower 96 – – –
17 9 80 cM 97 10 2M/chr 485

98 20 3M/chr 1394
99 30 20 cM 3513

Rapeseed 96 10 2M/chr 556
19 9 140 cM 97 20 3M/chr 1618

98 20 20 cM 4448
99 80 20 cM 16 863
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chromosomes. If chromosome number was comparable, the dif-
ferences were bigger for genetic models with longer chromo-
somes. For sunflower, 2–3 equally spaced markers per
chromosome seemed sufficient to get acceptable genome cover-
age for recurrent parent genome recovery. For rapeseed, sugar
beet and rye, at least 6–8 equally spaced markers per chromo-
some, corresponding to a marker density of 20 cM, provide an
adequate selection response.
Given that differences in Q10 values between marker densities

were bigger (Fig. 1) and donor fragments on average shorter
(Tables 1–4) in genetic models with shorter genomes, we con-
clude that it pays off more to invest in higher marker densities
for sugar beet and rye than for sunflower and rapeseed.
For all four genetic models, hardly any differences in Q10 val-

ues could be observed between marker densities of 2, 5 and
10 cM (Fig. 1). However, marker densities of 5 and 2 cM
incurred very high numbers of marker data points (data not
shown). This was also observed in a previous simulation study

on gene introgression (Herzog and Frisch 2011). The reason is
that selection response is not limited by precise estimation of the
genetic contribution of the recurrent parent, but by the limited
number of recombination events that occur in two- or three-gen-
eration backcross programmes. We therefore conclude that it is
not efficient to increase effective marker density beyond 10 cM,
even though marker maps with higher density are available for
SNPs.

Marker fixation

For all four genetic models, the major proportion of marker data
points was incurred in generations BC1 and BC2. From
generation BC3–BC4, the number of required marker data points
is only marginally increasing (Tables 1–4). Accordingly, the
population sizes at which the plateau of recurrent parent genome
recovery is reached are diminishing in generations BC3 and BC4

due to marker fixation (data not shown). As a consequence, dif-
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Fig. 2: Relative cost of different strategies of marker analysis plotted against the cost ratio of one high-throughput assays to one single-marker assay
(Cost ratio HT : SM) for recovering Q10 values of 96% in generation BC2, and Q10 values of 99% in generation BC3 with a marker density of
10 cM HT, a strategy using only high-throughput assays in all backcross generations; SM, a strategy using only single-marker assays in all backcross
generations; Combined A, a strategy using HT assays in generation BC1 and SM assays in generation BC2; Combined B, a strategy using HT assays
in generation BC1 and SM assays in generations BC2 and BC3; Combined C, a strategy using HT assays in generations BC1 and BC2 and HT assays
in generation BC3. HT, high-throughput; SM, single-marker
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ferences in Q10 values and average length of donor fragments
between the four genetic models disappear in generation BC4.
This indicates that recurrent parent genome recovery was no
longer controlled for by markers and resulted in a reduction in
selection response.
For gene introgression, Prigge et al. (2009) reported that the

optimum backcross designs were characterized by increasing
marker densities and population sizes. Due to the faster rate of
marker fixation in CMS conversion programmes, we conclude
that keeping a constant population size in each backcross genera-
tion, or increasing population size in advanced backcross genera-
tions, is only efficient for CMS conversion if it is also
accompanied by an increase in marker density. Additional mark-
ers could be placed between the original markers analysed in
previous generations to increase the precision of selection. For
sugar beet, rye and sunflower, marker densities of 3M/chr in
generations BC1 and BC2, and 20 cM in advanced backcross
generations could decrease the loss of selection response. For
rapeseed, we suggest that CMS conversion programmes could
start with 20 cM in generations BC1 and BC2, followed by
10 cM in advanced backcross generations.

CMS conversion designs for different genetic models

In the present study, Q10 values of 96–98% could be reached in
generation BC2 for sugar beet and rye with a marker density of
20 cM and nt = 30–70 individuals (Table 5). We therefore con-
clude that for these crops, two-generation programmes are suit-
able for CMS conversion.
If Q10 values >96% were aimed for in generation BC2, sun-

flower required nt = 130–190 individuals per backcross genera-
tion and marker densities of 20–5 cM. Moreover, a target Q10
value of 98% in generation BC2 required about 68 000 marker
data points (Table 5). For rapeseed, a Q10 value of 96% in gen-
eration BC2 could only be reached with nt = 170 individuals per
backcross generation, a marker density of 20 cM, and about
33 000 marker data points. We conclude that for target Q10 val-
ues of 96–99%, three-generation conversion programmes are
required for the longer genomes of sunflower and rapeseed.
With the exception of a Q10 value of 98% for sunflower, all

Q10 levels could be reached with marker densities of 2M/chr–
10 cM. Increasing marker density beyond 10 cM incurs high
numbers of marker data points, but will not help to save addi-
tional backcross generations (cf. Fig. 1). This confirms that a
marker density of 10 cM is sufficient for almost all backcross
designs, as has also been previously observed (Herzog and Fris-
ch 2011).
For all four genetic models, two-generation programmes

required considerably more marker data points than the three-
generation programmes (Table 5). We therefore conclude that
three-generation CMS conversion programmes are also advanta-
geous for shorter genomes if the focus of cost reduction is on
the cost of marker analysis.

Relative costs of HT and SM assays

Different strategies of using HT and SM assays for CMS conver-
sion with a marker density of 10 cM were compared by calculat-
ing their relative costs for cost ratios of HT/SM ranging from
200 : 1 to 10 : 1 (Fig. 2). For a Q10 value of 96% in generation
BC2, the relative costs of strategy HT compared with strategy
SM ranged from 0.10 to 2.02 for sunflower (Fig. 2a). In a gene
introgression study on maize with the same parameters, the rela-

tive costs ranged from 0.09 to 1.85 (Herzog and Frisch 2011).
These genetic models are comparable with respect to genome
length (1360 vs. 1600 cM) and number of background markers.
For a given population size, the number of SM and HT assays
are approximately in the same ratio for gene introgression and
CMS conversion in generations BC1 and BC2. It can therefore
be assumed that the relative costs we determined in the present
study are to a certain extent also valid for background selection
in gene introgression programmes.
For sugar beet and a target Q10 value of 96% in generation

BC2, strategy HT was cheapest up to a cost ratio of HT/SM of
35 : 1 (Fig. 2c). From a cost ratio of HT/SM of 35 : 1–100 : 1,
strategy Combined A was cheapest (Fig. 2b). For higher cost
ratios of HT/SM, strategy SM was the cheapest option. If the
choice is between either strategy HT or strategy SM, strategy
HT should be used up to a cost ratio of HT/SM of 60 : 1
(Fig. 2a). For sunflower and rapeseed, strategies involving HT
assays became relatively cheaper. We therefore conclude that the
use of HT assays for background selection is cost-efficient for
two-generation CMS conversion programmes and crops with
long genomes such as sunflower and rapeseed.
For three-generation programmes, strategy HT became less

efficient compared with strategy SM, indicated by steeper cost
curves (Fig. 2d). For sugar beet and a target Q10 value of 99%
in generation BC3, strategy HT was only cheaper than strategy
SM up to a cost ratio of HT/SM of 45 : 1. This can be
explained by the fact that for sugar beet, 98–99% of marker data
points are incurred in generations BC1 and BC2 and most mark-
ers are already fixed in generation BC3 (Tables 1–4).
For three-generation programmes, strategy Combined C was

equivalent to or cheaper than strategy HT for nearly all investi-
gated scenarios (Fig. 2f). Combining HT and SM assays in one
backcross programme can pose a challenge as HT and SM plat-
forms often require different types of markers. Recently, KASPar
assays have become available, which allow for inexpensive anal-
ysis of small sets of SNPs (Chen et al. 2010). It has been shown
that SNP markers can be inter-converted between KASPar and
HT assays (Mammadov et al. 2012). Combinations of HT and
SM thus have the potential to make marker-assisted background
selection more cost-effective. We conclude that for three-genera-
tion CMS conversion programmes, HT assays should be used in
generations BC1 and BC2, and SM assays in generation BC3 for
all investigated genetic models.
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