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ABSTRACT Doubled haploids are routinely created and phenotypically selected in plant breeding programs to accelerate the breeding
cycle. Genomic selection, which makes use of both phenotypes and genotypes, has been shown to further improve genetic gain
through prediction of performance before or without phenotypic characterization of novel germplasm. Additional opportunities exist
to combine genomic prediction methods with the creation of doubled haploids. Here we propose an extension to genomic selection, optimal
haploid value (OHV) selection, which predicts the best doubled haploid that can be produced from a segregating plant. This method focuses
selection on the haplotype and optimizes the breeding program toward its end goal of generating an elite fixed line. We rigorously tested
OHYV selection breeding programs, using computer simulation, and show that it results in up to 0.6 standard deviations more genetic gain
than genomic selection. At the same time, OHV selection preserved a substantially greater amount of genetic diversity in the population than
genomic selection, which is important to achieve long-term genetic gain in breeding populations.
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HE creation of doubled haploids is an important compo-

nent of many plant breeding programs (Mohan Jain et al.
1996). It allows for the creation of completely homozygous
individuals from heterozygous plants and therefore can sub-
stantially shorten the time from variety development to
commercialization. Choosing the best doubled haploid for
inclusion in breeding programs or varietal development is
most commonly accomplished by phenotypic selection.

An alternative way to increase selection efficiency is
through the use of genomic selection. Genomic selection is
a statistical method of genetic evaluation that uses pheno-
typic (e.g., trait observations such as disease resistance and
quality attributes) and genomic data (Meuwissen et al.
2001). It results in trait effect estimates for all markers
and their sum produces a genomic estimated breeding value
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(GEBV) for an individual. The usual implementation of genomic
selection requires a reference population with phenotypes and
genotypes where marker effects are estimated, the so-called pre-
diction equation. This prediction equation can then be applied to
individuals with only genotypes to predict a GEBV. The main
advantage of genomic prediction is that an individual’s genomic
breeding values can be accurately predicted before it exhibits
a phenotype, such as the juvenile plant, embryo, or tissue. Such
early selection decisions could potentially increase genetic gain,
shorten breeding cycles, and reduce growing costs as inferior
individuals can be eliminated before expensive field trials.

An individual’s genomic breeding value is the sum of all
allele effects. However, the doubled haploids that could be pro-
duced from a heterozygous parent vary because different com-
binations of haplotypes can be inherited and then doubled.
Certain combinations of haplotypes would be vastly superior
to others because, by chance, they combine the best alleles. The
concept of the best combination of haplotypes has been dis-
cussed in terms of selection limits and selection for the ultimate
animal. In outbred species such as cattle, haplotype values were
calculated and the best possible bull was predicted (Cole and
Vanraden 2010, 2011). Similarly, in silico selection programs
made use of genetic algorithms to breed the ultimate cow that
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contained the best haplotypes (Kemper et al. 2012). In fish,
a simulation study exploited certain combinations of doubled
haploids in the genomic selection reference population to in-
crease genomic prediction accuracy (Nirea et al. 2012).
However, to the best of our knowledge, no study has
combined the selection of best haplotypes and the pro-
duction of elite doubled haploids. We propose the selection
of individuals for genomic optimal haploid value (OHV),
which is the best doubled haploid that could be produced
from an individual. We show with computer simulation that
this method of selection increases both genetic gain and
genetic diversity when compared to genomic selection.

Materials and Methods

An important step in a breeding program using genomic
selection is the estimation of marker effects. This is also true
in OHV selection. Any method that estimates marker effects
can be used, such as ridge regression BLUP, BayesA, BayesCrr,
or BayesR (Meuwissen et al. 2001; Habier et al. 2011; Erbe
et al. 2012), because the estimation step of the marker effects
is identical in genomic selection and OHV selection. The two
methods differ only in how they predict the genetic value of
individuals (potential doubled haploid individuals in the case
of OHV). As shown by Meuwissen et al. (2001), an individual’s
GEBYV is the sum of all marker effects across the entire genome,

1
GEBV = Y x8;
j=1

where [ is the number of loci genome-wide; x; is the individual’s
genotype at locus j taking values of 0, 1, or 2; and ; is the
marker allele substitution effect at locus j. As the name
implies, the calculation of OHV requires considerations re-
lating to the optimum and the haplotype. The key differ-
ence between GEBV and OHV is that GEBV is the realized
genetic value (after Mendelian sampling), while the OHV is
the best future predicted breeding value that can result from
an individual when doubled haploids are produced from it,
given Mendelian sampling is such that the best chromosome
segments are inherited and doubled at each position in the
genome. The ploidy level of an individual determines the
number of haplotypes it carries at any given position. In
the following we assume diploidy, but extension to polyploidy
is simple. In OHV selection, haplotype values (HV) are calcu-
lated for both haplotypes in a genomic segment,

m
HV = Z thk?
k=1

where m is the total number of loci in the haplotype or OHV
segment, k is the locus within the segment, and h; is the indi-
vidual’s haplotype at locus k, taking values of 0 or 1. The length
of the haplotype considered can be varied and optimized to
maximize genetic gain. To calculate the OHV we gather the best
(optimal) HV in each segment and sum them over segments,
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n
OHV = 2 " max(HV,),

o=1

where n is the number of OHV segments, and o is the genomic
segment. Multiplication by 2 allows direct comparisons with the
GEBV and fully shows the genetic level of the potential doubled
haploid. Cole and Vanraden (2011) presented equations that
calculate selection limits at the population level. In contrast, our
equations compute the selection limit at the level of the indi-
vidual (i.e., OHV). The OHV of an individual is always equal or
greater than its GEBV. The OHV of a completely homozygous
(inbred) plant is equal to its GEBV, because the best doubled
haploid that can be produced will be constant regardless of
which haplotypes were chosen. Thus, OHV selection differen-
tiates itself from genomic selection only in segregating individ-
uals (crosses, Fy’s, etc.). Computation of OHV is applicable
wherever genomic selection was considered previously and
no extra genotyping or phenotyping is necessary. Figure 1 out-
lines how OHV selection could be applied in a breeding pro-
gram. First, outbred individuals are genotyped and their HV
and OHV are calculated. Second, the best OHV plants are se-
lected for doubled haploid production. Third, doubled haploid
seedlings are genotyped and their GEBVs are predicted. The
best will become the new elite variety and/or are used for
further breeding.

Breeding program simulation

Computer simulations were performed to compare genomic
selection and OHV selection in bread wheat. A key compo-
nent for genomic selection is the linkage disequilibrium (LD)
structure of the population. We used the empirical Illumina
iSelect Bead Chip 9K array genotypes (Cavanagh et al
2013) of 1110 wheat lines that are publicly available from
the Triticeae Coordinated Agriculture Project (TCAP 2014).
This ensured that the LD structure and allele frequency dis-
tribution in our base population closely matched those of
a contemporary wheat population. Removal of individuals
and SNPs with >10% missing data reduced the number of
subgenome-specific SNPs (e.g., A, B, and D genomes) to
4788. The SNPs were placed on 21 chromosomes (i.e., three
subgenomes, each with 7 chromosomes) and each chromo-
some measured 150 cM. Missing genotypes were not im-
puted. Crossovers were randomly placed on the genome at
a rate of 1/M during the creation of gametes, either in
conventional offspring or during creation of doubled hap-
loids. Various haplotype or OHV segment lengths were
investigated.

QTL were selected at random and marker effects were
sampled from a double exponential distribution. The marker
effects were assumed to be known without error, which is
valid for the main purpose of this study that compared
genomic and OHV selection. Inaccuracy in marker effect
estimation was assumed to affect both genomic selection
and OHYV selection equally. However, the total genetic gain
achieved in this study is higher than in actual genomic
selection-based breeding programs where inaccuracy of



y i
7

Haploid Genome Segments

i j
HV=1 HV -4 HV 2 HV=1 HV=3 HV=1
IS S E—
HV_5 HV 3 HV_4 HV=4 HV=1 HV=2
— R

Optimal haploid value = 24

Optimal haploid value = 18

\

a
~=‘/\
= #
Y
:\.l’
= §

|
Il
|

u
N —
N ——

'““
-
-
-

Elite Doubled Haploid

Figure 1 An example of applying optimal haplotype value (OHV) to develop
a new wheat variety. Two heterozygous parents are crossed, each offspring is
genotyped, and haplotype values (HV) and OHV are calculated in silico,
leading to selection of elite individuals from which to produce doubled hap-
loids. All doubled haploids are genotyped, their genomic breeding values are
predicted, and the doubled haploid with highest genetic value is the new elite
individual. Note that the line with the highest OHV may not be the plant with
the highest average genomic breeding value.

marker effects reduces genetic gain. Program executable
and example files are available on github (Daetwyler 2015).

Breeding program

Two breeding scenarios were simulated: genomic selection
(GS), where selection was based on GEBVs, and OHV, where
selection was based on optimal haploid values. All parameters,
such as selection intensity, were the same between GS and
OHV and the only difference was that selection was either on
GEBV or OHV.

The generic breeding program was as follows and specific
scenarios are described subsequently. Of the initial inbred
1110 lines, the best 30% were used as parents of the F
generation to achieve a population size of 55,000 individu-
als (Figure 1, Figure 2). Every selected inbred line was
crossed with all other selected lines. One progeny was then
genotyped per cross (as all were identical) and the top indi-
viduals were selected to produce the next generation (Fs).

1110 Inbred
TCAP Lines

l Select best 30%

F1 Crosses

l Select best

Select best
- create DHs
Select best

F2 Crosses —>

l Select best

Select best

F3 Crosses ? - Create DHs

l Select best

Fn Crosses

Figure 2 Generic genomic breeding program design, where DH is dou-
bled haploid, and n is number of generations. Selection was on either
optimal haploid or genomic estimated breeding value. Elite doubled hap-
loids can be cycled back into the breeding population in the second
generation after creation.

In the outbred Fo-F;q generations it was assumed that each
individual could be mated only to only one other individual
due to limited seed. All mating was random. The number of
offspring per outbred cross was varied and the total breed-
ing population was kept constant at 55,000 individuals by
varying selection intensity. In each generation, the most elite
plants were selected for doubled haploid production and
a varied number of doubled haploids were produced. The
most elite doubled haploids could optionally be used for
breeding two generations later to account for the time lag
for creation and doubled haploid seed collection. This was
then repeated for several generations and in each genera-
tion OHV and GEBV were recalculated, which captured new
recombination events.

Investigated scenarios

In the DEFAULT scenario 100 offspring were produced per
outbred cross, 10 elite individuals were selected to create
100 doubled haploids each, and the best 50 doubled
haploids were cycled back into the breeding program.
Various scenarios investigated the number of offspring
produced per outbred cross (nOff), elite individuals selected
to produced doubled haploids (nEliteInd), doubled haploids
produced per elite individual (nDH), elite doubled haploids
cycled back into the breeding program two generations later
(nDHcycled), QTL simulated (nQTL), haplotype segments
per chromosome (nSeg), and the number of generations
(nGen). All scenario groups and levels within are listed in
Table 1. Each scenario was replicated 100 times and stan-
dard errors (SE) are given in figure legends. The results on
genetic gain focus on the difference between OHV and GS in
genetic standard deviations (SD) of the base generation (i.e.,
gain OHV — gain GS), where “gain” was defined as the mean
GEBV across 100 replicates of the best doubled haploid in
a generation for each method divided by the mean genetic
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Table 1 The scenario groups investigated with description and a list of levels

Scenario group Variation Levels

DEFAULT Default scenario nOff 100, nEliteind 10, nDH 100, nDHcycled 50, nQTL 500, nSeg 3, nGen 10
nOff No. offspring per outbred cross 10, 20, 50, 80, 100, 200, 500, 1000

nEliteind No. elite individuals chosen to produce DHs 1, 5, 10, 20, 50, 100

nDH No. DHs produced per elite individual 10, 20, 50, 80, 100, 200, 500, 1000

nDHcycled No. DHs cycled back into breeding program 0, 10, 20, 50, 80, 100, 200, 500

nQTL No. QTL simulated 100, 500, 1000

nSeg No. haplotype segments per chromosome 1,2,3,6,12

nGen No. generations 10, 20

Levels in boldface type relate to the DEFAULT scenario. Only one parameter was perturbed at a time.

base standard deviation across replicates. The proportion of
additional genetic gain from OHV selection was calculated for
one scenario ((gain OHV — gain GS)/gain GS). Genetic diver-
sity is reported as the true genetic variance, calculated as the
variance of all GEBVs in a generation.

Results

Selection on OHV resulted in increased genetic gain over
genomic selection in scenarios where sufficient recombina-
tion events were accumulated. In our simulated breeding
program recombination occurred in the creation of offspring
and doubled haploids. Thus, if we increase the opportu-
nity of recombination, by increasing either the number of
offspring or the number of doubled haploids, we can in-
crease the probability that good haplotypes are combined.
There was a clear and increasing advantage in genetic gain
of OHV as the number of offspring is increased (Figure 3A,
Supporting Information, Table S1). As the breeding pro-
grams progressed through generations, OHV increasingly
outcompeted GS to yield additional genetic gain, which fur-
ther underlined the need to accumulate and combine recom-
bination and selection events to maximize genetic gain. A
maximum difference of 0.6 genetic SD was observed with
1000 offspring in generation 10. As the number of doubled
haploids produced from the 10 best individuals was in-
creased, the difference between OHV and GS also increased
(Figure 3B, Table S2).

The number of elite individuals chosen for doubled
haploid production affected the superiority of OHV less
than the number of offspring per cross and it also depended
on the relative superiority of the selected top individuals to
the next group of top ranked individuals. We found an
increase in the difference between OHV and GS when the
number of elite plants was increased (Figure 3D, Table S4).
However, the difference was well within the SE once =10
individuals were selected. This result was in part due to our
program not producing vastly superior outliers (data not
shown), as we simulated a large number of QTL. Therefore,
the top group was similar in genetic merit and selecting
more of them will increase the probability (by chance) that
a doubled haploid will achieve a genetic value close to the
OHV of the elite individual. Eventually, when the group
selected was too large, it became unlikely that the doubled

1344 H. D. Daetwyler et al.

haploids from lower merit individuals exceeded the genetic
merit of doubled haploids from the most elite plant. This
diminished the return of selecting more individuals to take
forward to doubled haploid production.

Cycling elite doubled haploids back into the breeding
program had only a minor effect in terms of the difference
between OHV and GS (Figure 3C, Table S5). It also did not
affect overall genetic gain substantially. The main reason for
this was the time lag before doubled haploids could be in-
corporated back into the breeding program. As their pro-
duction cannot be completed quickly enough to include
them in the next generation of crosses, they can only be
incorporated two generations later. In the meantime, the
crossing population had gone through another round of se-
lection and its elite individuals were similar in genetic merit
to the doubled haploids from two generations ago, leading
to only a suggestive additional improvement trend for OHV.

The potential advantage of OHV over time was further
investigated in a scenario where selection was over 20
generations and it continued up to ~16 generations where it
appears to asymptote and remain relatively constant (Figure
4, Table S3). The proportional increase of OHV over GS is
also shown in Figure 4 and it ranged between —0.01 and
0.03. It is important to note that this proportion is affected
by the total magnitude of genetic gain in GS, and it may be
larger when less overall gain is achieved with GS, possibly
due to inaccuracy of marker effects.

A key advantage of OHV selection is its ability to maintain
more genetic variation or diversity in the population than
GS. This is strongly demonstrated in Figure 5 and Table S6.
The true genetic variance was highest in the unselected base
population. First, it declined sharply because only the top
30% of lines were used to generate a completely heterozy-
gous F; generation. Crossing the F; then released additional
genetic variation because homozygous genotypes were now
also observed. In generation 3, the true genetic variance of
OHV selection was almost twice that of GS. Furthermore,
OHYV selection reduced the genetic variance at a slower pace
than GS in subsequent generations and OHV diversity was
almost 200% greater by generation 10. Note that cycling
500 doubled haploids back into the breeding program reduced
the genetic variance substantially in generation 4, because seg-
regating individuals were replaced with doubled haploids gen-
erated from 10 heavily selected elites, resulting in a significant
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Figure 3 (A-D) Difference in genetic gain (Genetic_Gain) in base genetic SD between optimal haploid value (OHV) selection and genomic selection
(GS), when (A) varying the number of offspring per outbred cross (nOff, SE < 0.21), (B) varying the number of doubled haploids produced per elite plant
(nDH, SE < 0.08), (C) varying the number of elite doubled haploids cycled back into the breeding program (nDHcycled, SE < 0.15), and (D) varying the
number of elite individuals taken to doubled haploid production (nEliteind, SE < 0.23).

narrowing of the genetic base (Figure 4, Table S6). Inciden-
tally, this scenario also showed the smallest difference in ge-
netic gain between OHV and GS (Table S5).

To investigate the effect of genetic architecture on the
relative gain from OHV vs. GS, we simulated three different
genetic architectures of 100, 500, or 1000 QTL. Generally,
the use of OHV was advantageous regardless of the number
of QTL affecting the trait (Figure 6A, Table S7). The advan-
tage with OHV was small and consistent across generations
with 100 QTL. When 500 or 1000 QTL were simulated,
a slight depression of OHV vs. GS was observed, which
was overcome by generation 5, after which OHV again con-
sistently performed better than GS. The sustained gain in
performance was larger as the trait became more polygenic.

The sensitivity of the results to the length of the
haplotype or genome segment considered was tested by
testing each chromosome as its own separate segment or
dividing each into 2, 3, 6, or 12 segments. OHV selection
performed better than GS when the number of segments
was =3. The base scenario had 3 segments per chromosome
and showed a reduction in the difference between OHV and

GS in generations 3-5 (Figure 6B, Table S8). This reduction
was avoided when chromosomes were only divided in two
or left intact. GS performed better when the number of seg-
ments was increased to 6 or 12. This highlights that model
assumptions need to reflect biology or, in our case with
simulated data, the biological assumptions. We simulated
a mean recombination rate of 1/M. A large number of indi-
viduals will not have any or have very few recombinations
per chromosome and, therefore, a model with few segments
would be most similar. Increasing the number of segments
increases the OHV of a particular individual, because hap-
lotypes can be more finely combined in silico to create an
elite plant. However, this OHV cannot be achieved in one
generation of doubled haploidy. In essence, the 12-segment
OHV is the plant that may be achieved in excess of six or
more generations of accumulating recombinations. This
causes a drift away from the selection goal of picking the
plant that can achieve the best doubled haploid in one cycle
of selection to the plant that may produce the best doubled
haploid several generations later. This drift erodes the entire
benefit of OHV over GS.
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Discussion

We have described and extensively tested in silico a new
breeding framework that optimizes the selection of lines
that result in elite doubled haploids, OHV. OHV selection
results in more genetic gain than GS and this advantage
grows over time. The focus on haplotype selection allows
OHV selection to carry substantially more genetic diversity
in the breeding population.

The extent of recombination was a major factor influenc-
ing the advantage of OHV over GS. The creation of elite
doubled haploids requires that good haplotypes are com-
bined in one individual. The accumulation of recombination,
through either crossing or doubled haploidy, increases the
number of different haplotype combinations, the best of
which can then be selected using genomic tools. The
breeding population described here is perhaps quite differ-
ent from that of current commercial practice. Here we
maintain a breeding population in the outbred state
indefinitely over potentially many generations. Recurrent
selection increases the frequency of favorable haplotype
combinations in this population. A line is “fixed” only if it
has potential to produce elite germplasm. There are consid-
erable costs involved in forcibly outbreeding a natural
inbreeder such as wheat. However, these costs can be offset
first by increased genetic gain and, second, by selecting for
multiple traits simultaneously via a multiple-trait selection
index approach. The second component will drastically
reduce the time spent in backcross and trait stacking
cycles. The maintenance of parallel outbred populations
in multiple field locations would be difficult as seed would
need to be bulked for each outbred plant. However, it is
necessary only to plant reference populations in multiple
locations that then can be used to predict potential perfor-
mance of outbreds for each location based on their DNA
(Cooper et al. 2014). Doubled haploids from elite outbreds
could be planted in all locations to update the reference
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population and guard against the decay of accuracy across
generations.

Relying on naturally occurring recombination may be
a limiting factor in areas of the genome that tend not to
recombine. There is some evidence that areas of low
recombination exist in wheat, for example near the Sr36
introgression (Cavanagh et al. 2013) or near telomeres. In
contrast, distal ends on chromosomes exhibit higher recom-
bination rates (Akhunov et al. 2003). These recombination
deserts are expected to affect each method equally. How-
ever, extension of OHV methodology with dynamic haplo-
type lengths to account for differential recombination rates
may further increase its performance.

Extensions of the OHV concept to polyploidy are simplest if
subgenome-specific SNPs are identified that can be treated as
de facto diploid. In autotetraploid species where subgenome-
specific SNPs do not exist, adaption of OHV would require
the number of potential haplotypes that are passed from par-
ent to offspring to increase. For example, in an autohexaploid
it would be three. Furthermore, phasing of haplotypes for
outbred allo- and autopolyploids would be required and is
not trivial. Here we assumed that we can track haplotypes
through the generations, starting from the inbred base
population.

The end goal in plant breeding is very often a superior
fixed line and this is currently accomplished largely with
doubled haploids. OHV selects explicitly on the potential
genetic value of such a line and more closely matches this
ultimate goal and, thus, performs better than GS. However,
OHV also needs to be finely tuned to what is achievable in
one cycle of recombination (i.e., doubled haploidy). Perfor-
mance of OHV will be reduced when haplotype lengths con-
sidered in the OHV steps are reduced substantially and the
plant’s potential is evaluated too far into the future (Figure
5B). A simple way to assess OHV is to calculate the efficiency
of attaining a parent plant’s OHV with a certain number of
doubled haploids. When segment length was decreased
from 3 to 6 or 12 segments per chromosome, the efficiency
of achieving the parent OHV decreased (data not shown).
This demonstrates the drift away from the goal of achieving
the best doubled haploid within one cycle.

A significant increase in genetic diversity was observed
with OHV selection when compared to GS. This increased
true genetic variance is likely due to a more explicit selection
of the haplotype with OHV. In GS, the GBV is the sum of all
allele effects, so if an individual carries unfavorable alleles,
it will reduce their GBV. Thus, GS will tend toward
increasing the total frequency of the haplotype in the
population (i.e., homozygosity). OHV sums only the best
haplotype value in each segment, and therefore it will ig-
nore low merit alleles if the other haplotype at the segment
is superior. There is no additional benefit to carrying two
favorable haplotypes, as the individual’s OHV will remain
the same. This maintains a more diverse set of haplotypes
in the breeding population and leads to a substantive and
striking increase in diversity from OHV selection. The
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haplotypes maintained may be inferior, because they carry
a number of unfavorable QTL alleles, but such haplotypes
can also include one or more favorable alleles. Over time
recombination can “release” such favorable alleles into an
average or favorable back ground, and then these haplo-
types can be increased in frequency by selection.
Population genetic diversity is particularly important for
long-term genetic gain. One disadvantage of strong selection
pressure without regard to diversity or inbreeding is that
low-frequency variants are lost (e.g., Jannink 2010). Main-
taining low-frequency alleles or haplotypes in the popula-
tion longer allows for selection to slowly increase their
frequency until they explain a larger proportion of the ge-
netic variance. OHV selection, through its selection on one
haplotype rather than on the sum of the two haplotypes, is
likely to maintain low-frequency variants longer. The in-
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creasing advantage of OHV at later generations is a manifes-
tation of increased long-term genetic gain that is expected to
be directly due to its greater genetic variance carried in the
breeding population. Our study demonstrates that a clear
breeding strategy that preserves genetic diversity results in
more long-term genetic gain.

We have assumed that marker effects were known
without error and that this assumption would affect both
methods equally. This study has shown that OHV selection
will result in more diverse breeding populations. Larger
reference populations may be needed to achieve the same
prediction accuracy as in less diverse GS schemes, poten-
tially leading to greater cost for OHV. Further investiga-
tion of OHV in fully stochastic simulations that include
estimation of marker effects is needed to fully explore this
aspect.
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Figure 6 (A and B) Difference in genetic gain (Genetic_Gain) between OHV and GS when (A) the number of QTL is varied (nQTL, SE < 0.21) or (B) the
number of haplotype segments per chromosome is varied (nSeg, SE < 0.17).
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Reducing the selection pressure away from the sum of the
haplotypes to individual haplotypes allows for more efficient
multitrait selection programs. It allows favorable haplotypes
to be maintained, even when they are in trans, thereby pro-
viding more opportunities for crop improvement. For exam-
ple, in GS an individual carrying a favorable disease
resistance allele in one haplotype and a favorable yield allele
in the other haplotype in the same genomic segment is likely
to result in the selection of only one haplotype due to the
two segments explicitly competing. In contrast, OHV allows
both haplotypes to be maintained more easily in the breed-
ing population, thus increasing the probability that in time
a recombination event will combine both favorable alleles in
the same haplotype. Of course, if a doubled haploid is cre-
ated before this recombination event, one of the favorable
alleles would be lost in OHV selection as well. However, the
increased diversity makes a desired recombination event
more likely in OHV than in GS.

We have demonstrated OHV selection in simulations
using bread wheat genotype data. The method is feasible in
any inbred or outbred species. Its advantages are most clear
when doubled haploids are produced and when the genetics
in production environments are separate but derived from
a breeding population. Increased diversity of OHV selection
means that, overall, the GEBV of the breeding population
will be slightly lower than with conventional GS. However,
its ability to produce elite doubled haploids is increased. Of
course homozygous plants can also be produced by selfing
for several generations, which may make OHV selection
relevant for plant systems without doubled haploid capabil-
ity. The effect on genetic gain of time spent in selfing cycles
would have to be explicitly modeled. Even without doubled
haploids or selfing, maintaining the diversity of chromosome
segments in the population can lead to increased long-term
genetic gains (e.g., Kemper et al. 2012). An OHV strategy is
one way to achieve this.

A breeding program applying OHV is expected to work
well in systems where elite varieties are commercialized to
growers such as most plant breeding programs. Application
in livestock, while principally possible, would require more
investigation, because there is significant overlap of pro-
duction and breeding individuals. The key question in those
systems is whether the increase in long-term genetic gain is
worth the short-term reduction in uniformity due to in-
creased genetic variance. Finally, it is important to note that
some of the OHV schemes proposed here would require
extra resources in the breeding program [for example, for

1348 H. D. Daetwyler et al.

large-scale doubled haploid (DH) creation]. A cost benefit
analysis of OHV schemes, together with the design of optimal
reference (training) sets for OHV-based breeding schemes, is
the subject of ongoing research.
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Table S1 Difference in genetic gain between OHV GS when varying the number of offspring produced per cross (nOff)

Gen Off10 SE Off10 0Off20 SE Off20 Off50 SE Off50 0Off80 SE Off80 0Off100 SE Off100 0Off200 SE Off200 Off500 SE Off500 Off1000 SE Off1000
2 -0.005 0.136 -0.022 0.128 0.092 0.134 0.048 0.132 0.059 0.131 0.051 0.154 0.059 0.134 0.036 0.134
3 -0.029 0.119 0.029 0.146 0.048 0.166 0.048 0.169 -0.001 0.131 0.066 0.127 -0.027 0.135 0.101 0.150
4 -0.041 0.140 -0.019 0.136 0.035 0.136 0.049 0.130 0.024 0.136 0.108 0.129 0.086 0.151 0.129 0.148
5 0.008 0.127 -0.021 0.121 0.026 0.149 0.106 0.127 0.039 0.138 0.185 0.128 0.105 0.131 0.138 0.152
6 0.025 0.122 0.127 0.115 0.099 0.117 0.078 0.142 0.125 0.127 0.211 0.140 0.258 0.162 0.320 0.168
7 0.044 0.148 0.095 0.120 0.154 0.129 0.183 0.117 0.222 0.125 0.281 0.167 0.242 0.142 0.331 0.170
8 0.067 0.125 0.112 0.114 0.208 0.119 0.239 0.119 0.228 0.124 0.350 0.148 0.329 0.159 0.396 0.185
9 0.086 0.143 0.164 0.131 0.198 0.117 0.297 0.126 0.328 0.117 0.329 0.143 0.364 0.165 0.503 0.194
10 0.051 0.123 0.188 0.116 0.274 0.105 0.363 0.130 0.374 0.126 0.382 0.118 0.451 0.173 0.592 0.218
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Table S2 Difference in genetic gain between OHV and GS when varying the number of doubled haploids produced per elite indiviudal (nDH)

Gen DH10 SE DH10 DH20 SEDH20 DH50 SEDH50 DH80 SE DH80 DH100 SE DH100 DH200 SE DH200 DH500 SE DH500 DH1000 SE DH1000

2 -0.029 0.079 -0.032 0.077 0.001 0.073 0.015 0.073 0.029 0.066 0.027 0.067 0.052 0.065 0.043 0.057
3 -0.026 0.082 0.013 0.073 -0.028 0.075 0.019 0.076 -0.001 0.066 0.004 0.074 0.063 0.068 0.059 0.075
4 -0.111 0.083 -0.050 0.073 -0.018 0.068 0.018 0.069 0.012 0.068 0.042 0.061 0.064 0.067 0.059 0.064
5 -0.008 0.079 0.014 0.071 -0.013 0.073 0.050 0.062 0.020 0.069 0.042 0.062 0.076 0.062 0.127 0.061
6 -0.033 0.069 0.018 0.076 0.026 0.072 0.060 0.066 0.063 0.064 0.113 0.069 0.159 0.071 0.133 0.056
7 0.033 0.075 0.037 0.068 0.095 0.066 0.076 0.070 0.111 0.063 0.131 0.066 0.158 0.063 0.175 0.058
8 -0.006 0.066 0.083 0.066 0.111 0.073 0.075 0.063 0.114 0.062 0.172 0.069 0.225 0.058 0.215 0.059
9 0.086 0.073 0.100 0.065 0.106 0.057 0.130 0.062 0.164 0.059 0.144 0.056 0.223 0.055 0.232 0.060
10 0.067 0.069 0.100 0.067 0.117 0.054 0.128 0.067 0.187 0.063 0.184 0.056 0.266 0.061 0.300 0.057
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Table S3 Difference in genetic gain between OHV and GS over 20 generations

Gen nGen20 SE nGen20
2 0.110 0.087
3 -0.052 0.095
4 -0.004 0.085
5 0.035 0.079
6 0.129 0.086
7 0.186 0.090
8 0.284 0.098
9 0.305 0.085
10 0.358 0.075
11 0.346 0.079
12 0.422 0.078
13 0.425 0.076
14 0.441 0.076
15 0.435 0.081
16 0.493 0.069
17 0.511 0.075
18 0.502 0.067
19 0.478 0.066
20 0.489 0.071
45|
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Table S4 Difference in genetic gain between OHV and GS when varying the number of elite individuals used for doubled haploid production (nElitelnd)

Gen nEliteindl  SE nEliteindl  nEliteInd5  SE nElitelnd5  nElitelnd10  SE nEliteInd10  nElitelnd20  SE nEliteind20  nEliteiInd50  SE nEliteInd50  nEliteInd100  SE nEliteInd100

2 -0.046 0.228 0.045 0.166 0.059 0.131 0.021 0.120 0.118 0.106 0.083 0.094
3 -0.242 0.211 -0.031 0.164 -0.001 0.131 0.049 0.155 0.091 0.132 -0.020 0.124
4 -0.236 0.215 -0.016 0.141 0.024 0.136 0.029 0.125 0.178 0.121 0.141 0.121
5 -0.244 0.206 0.075 0.141 0.039 0.138 0.105 0.130 0.174 0.119 0.218 0.101
6 -0.148 0.203 0.056 0.156 0.125 0.127 0.205 0.134 0.206 0.129 0.214 0.125
7 -0.126 0.184 0.161 0.145 0.222 0.125 0.181 0.119 0.244 0.115 0.313 0.115
8 -0.097 0.174 0.066 0.127 0.228 0.124 0.280 0.119 0.380 0.115 0.355 0.095
9 -0.099 0.199 0.209 0.131 0.328 0.117 0.366 0.114 0.408 0.107 0.418 0.103
10 -0.077 0.139 0.240 0.122 0.374 0.126 0.386 0.113 0.412 0.098 0.436 0.108
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Table S5 Difference in genetic gain between OHV and GS when varying the number of elite
doubled haploids cycled back into the breeding program (nDHcycled)

SE SE SE SE SE SE SE SE

nDHcyc nDHcyc  nDHcycl nDHcycl nDHcycl nDHcycl nDHcycl nDHcycl nDHcycl nDHcycl  nDHcycl nDHcycl nDHcycl nDHcycl nDHcycl nDHcycl
Gen led0 led0 ed10 ed10 ed20 ed20 ed50 ed50 ed80 ed80 ed100 ed100 ed200 ed200 ed500 ed500
2 0.059 0.131 0.059 0.131 0.059 0.131 0.059 0.131 0.059 0.131 0.059 0.131 0.059 0.131 0.059 0.131
3 -0.001 0.131 -0.001 0.131 -0.001 0.131 -0.001 0.131 -0.001 0.131 -0.001 0.131 -0.001 0.131 -0.001 0.131
4 0.050 0.132 0.018 0.136 0.079 0.132 0.024 0.136 0.057 0.138 0.038 0.131 0.014 0.126 0.009 0.138
5 0.129 0.132 0.009 0.126 0.064 0.125 0.039 0.138 0.085 0.154 0.069 0.134 0.079 0.129 0.037 0.128
6 0.076 0.130 0.174 0.122 0.093 0.134 0.125 0.127 0.138 0.146 0.130 0.133 0.091 0.150 0.102 0.127
7 0.158 0.121 0.239 0.126 0.165 0.122 0.222 0.125 0.181 0.136 0.182 0.122 0.186 0.145 0.140 0.127
8 0.218 0.125 0.169 0.116 0.173 0.123 0.228 0.124 0.206 0.120 0.279 0.138 0.177 0.137 0.169 0.128
9 0.231 0.134 0.296 0.134 0.293 0.135 0.328 0.117 0.298 0.134 0.248 0.112 0.306 0.123 0.187 0.134
10 0.266 0.119 0.333 0.136 0.349 0.118 0.374 0.126 0.316 0.112 0.317 0.109 0.301 0.117 0.224 0.111
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Table S6 True breeding value variance per generation in GS or OHV breeding programs

Gen  GS DEFAULT GS DEFAULT ~ OHV DEFAULT SE OHV DEFAULT GSnDHO  SE GSnDHO OHV nDHO SEOHVnDHO  OHV nDH500 SE nDH500
1 175.690 0.366 175.690 3.639 175.690 0.366 175.690 0.366 175.690 3.639
2 23.246 0.073 29.741 0.800 23.246 0.073 29.741 0.080 29.741 0.800
3 42.556 0.078 74.094 1.102 42.556 0.078 74.094 0.111 74.094 1.102
4 40.526 0.066 79.042 1.013 38.585 0.061 75.451 0.094 54.978 0.699
5 37.736 0.059 78.516 0.964 35.699 0.056 75.086 0.091 55.451 0.734
6 35.212 0.052 76.654 0.906 32.393 0.049 73.701 0.090 54.751 0.712
7 32.654 0.050 74.392 0.905 29.172 0.045 71.530 0.089 54.213 0.750
8 30.344 0.044 71.949 0.880 26.015 0.041 68.097 0.086 52.197 0.739
9 28.294 0.042 68.766 0.872 23.066 0.037 64.525 0.080 50.611 0.743
10 26.654 0.041 64.877 0.784 20.323 0.033 60.321 0.077 49.130 0.663
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Table S7 Difference in genetic gain between OHV and GS when varying the number of QTL (nQTL)

Gen nQTL100 SE nQTL100 nQTL500 SE nQTL500 nQTL1000 SE nQTL1000
2 0.056 0.058 0.059 0.131 0.065 0.211
3 0.042 0.049 -0.001 0.131 -0.031 0.184
4 0.036 0.043 0.024 0.136 -0.061 0.191
5 0.046 0.036 0.039 0.138 0.035 0.191
6 0.053 0.035 0.125 0.127 0.230 0.208
7 0.045 0.034 0.222 0.125 0.286 0.206
8 0.045 0.026 0.228 0.124 0.394 0.190
9 0.038 0.023 0.328 0.117 0.474 0.215
10 0.035 0.023 0.374 0.126 0.453 0.174
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Table S8 Difference in genetic gain between OHV and GS when varying the number of segments (nSeg)

Gen nSegl SE nSegl nSeg2 SE nSeg?2 nSeg3 SE nSeg3 nSegb SE nSegb nSegl2 SE nSeg12
2 0.125 0.138 0.077 0.135 0.059 0.131 -0.046 0.136 -0.130 0.166
3 0.136 0.154 0.067 0.142 -0.001 0.131 -0.115 0.145 -0.201 0.155
4 0.141 0.124 0.108 0.144 0.024 0.136 -0.085 0.133 -0.359 0.141
5 0.175 0.122 0.169 0.142 0.039 0.138 -0.073 0.147 -0.375 0.150
6 0.274 0.122 0.246 0.125 0.125 0.127 -0.078 0.132 -0.324 0.133
7 0.349 0.116 0.274 0.148 0.222 0.125 -0.038 0.155 -0.280 0.144
8 0.345 0.126 0.345 0.129 0.228 0.124 0.068 0.137 -0.310 0.129
9 0.352 0.129 0.369 0.110 0.328 0.117 0.070 0.138 -0.279 0.125
10 0.380 0.115 0.450 0.120 0.374 0.126 0.096 0.151 -0.249 0.135
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