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ABSTRACT

This paper compares genetic gain, genetic variation, and the efficiency of converting variation into
gain under different genomic selection scenarios with truncation or optimum contribution selection
in a small dairy population by simulation. Breeding programs have to maximize genetic gain but
also ensure sustainability by maintaining genetic variation. Numerous studies showed that genomic
selection increases genetic gain. Although genomic selection is a well-established method, small

populations still struggle with choosing the most sustainable strategy to adopt this type of selection.

We developed a simulator of a dairy population and simulated a model after the Slovenian Brown
Swiss population with ~10,500 cows. We compared different truncation selection scenarios by
varying i) the method of sire selection and their use on cows or bull-dams, and ii) selection intensity
and the number of years a sire is in use. Furthermore, we compared different optimum contribution
selection scenarios with optimization of sire selection and their usage. We compared the scenarios
in terms of genetic gain, selection accuracy, generation interval, genetic and genic variance, the rate
of coancestry, effective population size, and the efficiency of converting genetic variation into

genetic gain.

The results show that early use of genomically tested sires increased genetic gain compared to
progeny testing as expected from changes in selection accuracy and generation interval. A faster
turnover of sires from year to year and higher intensity increased the genetic gain even further, but
increased the loss of genetic variation per year. While maximizing intensity gave the lowest
conversion efficiency, a faster turn-over of sires gave an intermediate conversion efficiency. The
largest conversion efficiency was achieved with the simultaneous use of genomically and progeny
tested sires that were used over several years. Compared to truncation selection optimizing sire
selection and their usage increased the conversion efficiency by either achieving comparable

genetic gain for a smaller loss of genetic variation or achieving higher genetic gain for a comparable
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loss of genetic variation. Our results will help breeding organizations to implement sustainable
genomic selection.

Key words: small population, sustainability, genomic selection, optimum contribution selection
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INTRODUCTION

This paper compares genetic gain, genetic variation, and the efficiency of converting variation into
gain under different genomic selection scenarios in a small dairy cattle population with truncation
or optimum contribution selection by simulation. Genomic selection has profoundly changed dairy
cattle breeding programs (Schaeffer, 2006; Garcia-Ruiz et al., 2016; Wiggans et al., 2017). It has
doubled the rate of genetic gain through decreased generation interval, increased selection accuracy
for young animals, increased selection intensity, and identification and management of recessive
lethal alleles (Cole, 2015; Garcia-Ruiz et al., 2016; Wiggans et al., 2017). The prerequisite for these
gains is a large number of genotyped animals, which is an issue for small populations (Thomasen et
al., 2014; Jenko et al., 2017; Ducrocq et al., 2018), though this problem can be addressed with
international training populations (Jorjani, 2012; Liu, 2013; Vandenplas et al., 2017). An effective
implementation also requires an optimal use of genomic selection for different groups of animals
(Thomasen et al., 2014). Further, small populations struggle to maximize selection intensity due to a
limited number of animals and limited resources, but also due to genetic drift and related genetic
variation issues, which can be enhanced with intense and rapid genomic selection (Falconer and

Mackay, 1996; Gorjanc et al., 2018).

Breeding programs aim to maximize genetic gain. Previous studies compared the conventional
progeny testing with genomic pre-selection prior to progeny testing or direct genomic selection for
widespread use without progeny testing (de Roos et al., 2011; Lillehammer et al., 2011; Pryce et al.,
2010). These studies reported up to 30% increase in genetic gain with the genomic pre-selection and
up to 195% increase with the direct genomic selection. Thomasen et al. (2014) deterministically
evaluated hybrid schemes that use both progeny and young genomically tested sires in populations
of different size. They concluded that genomic selection gives higher genetic gain than conventional
progeny testing irrespective of population size, but that the hybrid schemes maximize annual

monetary genetic gain when a population is small and accuracy of genomic selection is low.
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Breeding programs also have to maintain genetic variation to ensure long-term sustainability. This
is especially important for small populations, since they have to be competitive in the international
market to justify the national breeding program. While short-term success depends on the genetic
gain in the next few generations, long-term success depends also on maintenance of sufficient
genetic variation to ensure a stable rate of genetic gain (Woolliams et al., 2015). Studies on the
effect of genomic selection on genetic variation have had contradictory results. For example,
Lillehammer et al. (2011) and Pryce et al. (2010) reported a decreased rate of coancestry per year,
while de Roos et al. (2011) reported that it depends on the proportion of genetic variation captured
with markers and a breeding program design. Genomic selection has a potential to decrease the rate
of coancestry due to a more accurate estimation of Mendelian sampling terms for young animals,
which enables differentiation of sibs and avoidance of their co-selection (Daetwyler et al., 2007).
Balancing short- and long-term success can be further enhanced with the optimum contribution

selection (Woolliams et al., 2015).

Although genomic selection is a well-established method, small populations still struggle with
choosing a sustainable strategy. The right strategy should ensure short- and long-term success as
well as being economically and logistically viable. To address some of these issues this study
evaluates different genomic breeding program designs for a small dairy population with a focus on

selection and usage of sires and how this affects changes in genetic gain and genetic variation.
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MATERIAL AND METHODS

We compared conventional and different genomic breeding program designs in a small dairy cattle
population with simulation. Altogether we compared twenty-two scenarios. In fifteen scenarios we
used truncation selection with five different selection criteria to choose sires for the insemination of
cows and bull-dams. Additionally, we tested each of the sire selection criterion scenarios within
three sire usage scenarios that varied the number of sires and the period of their usage. To maximize
genetic gain for a given loss in genetic variation we compared the truncation selection scenarios
with seven optimum contribution selection scenarios where we varied balance between genetic gain
and maintenance of genetic variation. We compared all the scenarios in terms of genetic gain,

genetic variation, and efficiency of converting genetic variation into gain.

Simulation

We developed a simulator of a realistic dairy population. The simulator is a Python wrapper around
the simulation program AlphaSim (Faux et al., 2016), the genetic evaluation program blupf90
(Misztal et al., 2002), and the optimum contribution selection program AlphaMate (Gorjanc and
Hickey, 2018). The simulator is driven by a set of parameters describing a dairy breeding program,
including the percentage of animals selected at each stage and in each selection path, age at
selection, selection criterion (pedigree or genomic), the number of progeny per sire, years in use,
and the number of selection cycles. These parameters allow the simulation of relevant dairy
breeding programs. In each year the simulator generates phenotypic data, estimates breeding values,
culls, selects and mates animals, and generates progeny - including their pedigree and genotypic

data.
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Population

The simulated population mimicked the Slovenian Brown Swiss population of ~30,000 animals of
which ~10,500 are cows. The simulation started with a coalescent process to generate a cattle-like
whole-genome sequence for ten chromosomes (Faux et al., 2016; Villa-Angulo et al., 2009). We
randomly sampled segregating sequence variants to construct a set of 10,0000 causal variants
(1,000 per chromosome) and two distinct sets of 20,000 marker variants (2,000 per chromosome).
We used the two sets of marker variants to create two SNP arrays, one was used for genomic
selection and the other for monitoring “neutral” diversity. We sampled the effects of causal variants
from a normal distribution with a variance that gave a trait with the heritability of 0.25 in the base
population. We randomly allocated base population animals to different categories to initiate a dairy
breeding program. We have then run a conventional breeding program with selection on phenotype
based estimated breeding values for 20 years, followed by a further 20 years of different scenarios

described below.

We generated 4,320 female calves every year of which we removed a random 2% due to stillbirths
and early deaths, and a further 9% due to other losses, for example, reproductive issues. The
remaining heifers were inseminated in the second year and became cows in the third year. In each
subsequent lactation we culled 20% of the cows at random and all remaining cows after the fourth
lactation. This scheme totaled to about 10,500 active cows per year. After the first lactation, we
assigned 43 cows with the highest estimated breeding values as bull-dams. We kept bull-dams in
use for five lactations, which gave us 129 active bull-dams per year. Every year we inseminated the

best 90 bull-dams with relevant sires to generate elite male selection candidates.

We selected sires based on genomic or progeny tests. Every year 45 elite male calves were tested
following one of three scenarios: a) progeny test with a pre-selection based on pedigree prediction

(PT), b) progeny test with a pre-selection based on genomic test (GT-PT) or c¢) genomic test (GT).
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With the PT scenario, 8 out of 27 calves were chosen for progeny test based on pedigree prediction
in their second year, while the remaining 19 calves were used in natural service. With the GT-PT
scenario 8 out of 45 calves were chosen for progeny test based on genomic test. With the PT and
GT-PT scenario 5 out of 8 progeny tested bulls were selected as sires based on estimated breeding
value in their sixth year. With the GT scenario 5 out of 45 genomically tested calves were directly
selected as sires and were used for insemination from their second year onwards. Unselected

genomically tested calves in all genomic scenarios were used as natural service sires.

Breeding value estimation

We estimated breeding values with the pedigree model (Henderson, 1984) or the single-step
genomic model (Legarra et al., 2009) using the blupf90 program with default options (Misztal et al.,
2002). In genomic breeding scenarios we assumed an initial reference population of about 11,000
cows and 100 progeny tested sires. This mimicked the availability of international genomic
evaluation in Brown Swiss (Jorjani, 2012). We updated the reference population each year by
replacing the oldest cows with about 2000 new cows and elite male selection candidates. Variance

components were assumed known and set to simulated values.

Breeding scenarios

We created different truncation selection scenarios by varying i) the method of sire selection and
their use on cows or bull-dams, and ii) selection intensity and the number of years a sire is in use.
Furthermore, we created different optimum contribution selection scenarios with optimization of

sire selection and their usage.

Truncation selection. The scenarios that varied the selection of sires in combination with
their use on cows or bull-dams were: i) PT scenario used PT sires for the insemination of cows and

bull-dams, ii) GT-PT scenario used GT-PT sires for the insemination of cows and bull-dams, iii)
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GT-C scenario used GT sires for the insemination of cows and GT-PT sires for the insemination of
bull-dams, iv) GT-BD scenario used GT sires for the insemination of bull-dams and GT-PT sires for
the insemination of cows, and v) GT scenario used GT sires for the insemination of both cows and

bull-dams. The GT-C and GT-BD scenarios are also referred to as the hybrid scenarios.

The scenarios that varied selection intensity and the number of years a sire is in use were: i) select
five sires every year and keep them in use for five years (5 sires/year, use 5 years), ii) reduce
generation interval by using five sires for one year only (5 sires/year, use 1 year) and iii) maximize

selection intensity by selecting only one sire and use it for five years (1 sire/year, use 5 years).

Optimum contribution selection. We have optimized sire selection and usage with optimum
contribution selection (Woolliams et al., 2015) using the AlphaMate program (Gorjanc and Hickey,
2018). Every year we have added the 45 genotyped elite male calves to the pool of sires selected in
the previous generation with a limit of 5 years for sire usage. We then optimized their contributions
while fixing female (heifers’ and cows’) contributions to one progeny per female. After
optimization we randomly paired the optimized male contributions with the fixed female
contributions. Inputs for optimum contribution selection were estimated breeding values and a
coancestry matrix (Woolliams et al., 2015) from the genomic single-step model (Legarra et al.,
2009). We optimized contributions with different emphasis on genetic gain versus group coancestry
using the target degrees of the angle between the truncation selection solution and an optimum
contribution solution (Kinghorn, 2011). For example, target degrees of 0 maximize genetic gain by
selecting only one male, while target degrees of 90 solely minimize group coancestry. We evaluated

a range of target degrees and reported results for 45, 50, 55, 60, and 75 degrees.

Analysis

We compared the scenarios in terms of genetic gain, selection accuracy, generation interval, genetic

and genic variance, the rate of coancestry, effective population size, and the efficiency of converting
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genetic variation into genetic gain. Genetic gain was expressed as a deviation from average true
breeding values of the individuals in the first generation of comparison in the units of genetic
standard deviation. Selection accuracy was computed as the Pearson correlation between the true
and estimated breeding values. Generation interval was computed as the average age of the parents
at the birth of their selected offspring. Genetic variance measured variance of true breeding values.
Genic variance measured variance of true breeding values under the assumption of no linkage
between causal loci. The rate of coancestry per year was calculated from pedigree or genomic
information. The pedigree coancestry was computed following Wright (1922) from which the rate
of coancestry (ACp) was estimated by regressing log(Cp,) on the year of birth (Pérez-Enciso, 1995).
The genomic coancestry was computed based on the direct link with heterozygosity, Het, = Het,(1 —
C.) (Falconer and Mackay, 1996). We computed heterozygosity separately for causal, marker, and
neutral loci. We regressed log(C,) on the year of birth to estimate the rate of coancestry for causal
loci (ACq), marker loci (ACw), and neutral loci (ACy). Effective population size (N.) was estimated
for every measure of the rate of coancestry as 1/(2AC). Finally, the efficiency of converting genetic
variation into genetic gain was computed as a regression of the achieved genetic gain on the loss of
genic standard deviation (Gorjanc et al., 2018). This metric quantifies the genetic gain achieved in
units of genic standard deviation when all variation is converted into gain or lost due to drift.
Results are presented as the mean of 20 replicates for each scenario on a per year or cumulative
basis. The progeny testing breeding program with 5 sires selected per year and used for 5 years was

the baseline for comparison.
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RESULTS

The results compare different breeding scenarios for a small dairy cattle population in terms of
genetic gain, genetic variation, and the efficiency of converting genetic variation into genetic gain.
The early use of genomically tested sires increased genetic gain compared to progeny testing. A
faster turnover of sires from year to year and higher intensity increased the genetic gain even
further, but increased the loss of genetic variation. The conversion efficiency increased with the
simultaneous use of genomically and progeny tested sires. Maximizing intensity resulted in the
lowest effective population size and the lowest conversion efficiency. A faster turn-over of sires
decreased the conversion efficiency to an intermediate degree. Compared to truncation selection
optimizing male contributions increased the conversion efficiency by either achieving comparable
genetic gain for a smaller loss of genetic variation or achieving higher genetic gain for a comparable

loss of genetic variation.

Genetic gain

Early use of genomically tested sires, their faster turn-over and higher intensity of selection
increased genetic gain. This is shown in Table 1, which presents genetic gain by breeding program
and by sire selection and their usage scenario. Genomic pre-selection for progeny testing increased
genetic gain by 37% compared to the baseline. Genomic selection of sires for a direct insemination
of cows or bull-dams increased genetic gain respectively by 63% or 69%, and by 95% when used
for both, cows and bull-dams. Reducing the use of the selected sires from 5 years to 1 year further
increased genetic gain, between 11% and 144% compared to the baseline. Reducing the number of
selected sires per year from 5 to 1 and using that sire for 5 years also increased genetic gain,
between 22% and 126% compared to the baseline, but not compared to the scenario where 5
selected sires per year were used for 1 year. These genetic gains were a direct function of realized

generation intervals (Table S1) and selection accuracies (Table S2).
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Genetic and genic standard deviation

Early use of genomically tested sires, their faster turn-over and higher intensity of selection
decreased genetic variation. This is shown in Figure 1, which presents genic and genetic standard
deviation by breeding program and by sire selection and their usage scenario. The genic and genetic
standard deviations are expressed as the percentage change to the baseline that had in the final
generation genic standard deviation of 0.97 and genetic standard deviation of 0.94. Genomic
pre selection for progeny test did not significantly change genic standard deviation. Genomic
selection of sires for a direct insemination of cows or bull-dams reduced genic standard deviation
between 1.3% and 2.5%. Reducing the number of years sires were used from 5 to 1 further reduced
genic standard deviation, between 0.9% and 5.0% compared to the baseline. Increasing selection
intensity, by selecting only 1 sire per year instead of 5, reduced genic standard deviation even
further, between 3.0 and 10.3%. We observed a similar trend in the reduction of genetic standard
deviation as for genic standard deviation, but the reductions were overall larger and had higher

variation between simulation replicates.

Effective population size

Early use of genomically tested sires and increased selection intensity decreased effective
population size. This is shown in Table 2, which presents effective population size at causal loci by
breeding program and by sire selection and their usage scenario. Genomic pre-selection for progeny
testing did not significantly change the effective population size. Inseminating cows, bull-dams or
both with young genomically tested sires decreased effective population size respectively by 23%,
29%, and 45%. Reducing the years the sires are used from 5 to 1 did not significantly change
effective population size, except when both cows and bull-dams were inseminated with genomically
tested sires (-59% compared to the baseline and -20% compared to the corresponding scenario with
5 year usage). In contrast, reducing the number of sires selected per year from 5 to 1 and using that

sire for 5 years decreased effective population size for all scenarios. The decrease ranged from 40%
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(with genomic pre-selection for progeny testing) to 76% (when both cows and bull-dams were
inseminated with one genomically tested sire). These results were qualitatively the same as results
for the effective population sizes at marker loci used for genomic selection or at “neutral” loci

(results not shown).

Efficiency of converting genetic variation into gain

The greatest efficiency of converting genetic variation into gain was achieved with the simultaneous
use of genomically and progeny tested sires that were used over several years. This is shown in
Table 3, which presents the efficiency of converting genetic variation into gain by breeding program
and by sire selection and their usage scenario. The efficiency indicates long-term genetic gain in
standard deviation units when all genic variance will be exhausted. This calculation is based on the
linear regression of achieved genetic gain on lost genic variance over the 20 years of selection,
which we graphically represent in Figure 2 to complement the Table 3. Compared to the baseline,
the introduction of genomic selection increased the efficiency. The highest increase, 33%, was
achieved with the genomic pre-selection for progeny testing. Genomic selection of sires for the
insemination of cows or bull-dams increased the efficiency respectively by 30% or 25%. Genomic
selection of sires for the insemination of both cows and bull-dams did not significantly increase the
efficiency compared to the baseline. Reducing the usage of sires from 5 years to 1 year decreased
the conversion efficiency, except for the two scenarios with the highest genetic gain, that is, when
using genomically tested sires for the insemination of bull-dams or all females. Reducing the

number of selected sires per year to 1 and using it for 5 years reduced efficiency furthermore.

Optimum contribution selection

Optimization of male contributions increased the efficiency of converting genetic variation into
genetic gain compared to truncation selection. This is shown in Table 4 and Figure 3, which

compare scenarios with truncation selection and optimum contribution selection. Optimization
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increased the efficiency of converting genetic variation into genetic gain when we increased
emphasis on maintenance of genetic variation. Therefore, there was always an optimum
contribution selection scenario that either achieved comparable genetic gain as a truncation
selection scenario, but with a smaller loss in genetic variation, or achieved larger genetic gain than a
truncation selection scenario with a comparable loss in genetic variation. For example, optimum
contribution selection with the target degrees of 75 achieved 22% higher genetic gain with a
comparable rate of coancestry as the truncation selection scenario that used 5 progeny tested sires
for 5 years, which taken together resulted in 117% higher conversion efficiency. Similarly, optimum
contribution selection with the target degrees of 55 and 60 degrees achieved comparable genetic
gain of the truncation selection scenario that used 5 genomically tested sires for 5 years on cows
and bull-dams, but had slightly smaller rates of coancestry, which taken together increased
conversion efficiency by respectively 42 and 58%. On the other hand, optimum contribution
selection with the target degrees of 50 achieved a 58% higher genetic gain with a comparable rate
of coancestry as the truncation selection scenario that used 5 genomically tested sires for 5 years.
Further, optimum contribution selection with the target degrees of 45 and 50 had comparable
genetic gain as the truncation selection scenario that used 5 genomically tested sires for 1 year on
both, cows and bull-dams. While optimization at 45 degrees was comparable to the truncation
scenario in all measures, optimization at 50 degrees had a 16% higher conversion efficiency.
Increasing the emphasis on maintenance of genetic variation in optimization increased the number
of selected sires and their usage over time. The average number of used sires ranged from 9.6 with
the target degrees of 45 to 153.0 with the target degrees of 75. The years of usage ranged from 1.6

to 4.9 for the same span of target degrees.
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DISCUSSION

Selection dynamics in small populations differs from that of large populations. Small populations
can not perform very intensive selection due to limited resources that allow for testing of only
limited number of individuals. Further on, due to limited number of animals and progeny per sire,
small populations struggle with the accuracy of progeny and genomic testing. And last, limited
accuracy and limited number of available animals could potentially affect genetic variation of the
population. Despite all this, small populations have to find a way to deliver both short- and long-
term genetic gain to stay competitive with larger populations and to justify domestic selection. The
results show that we can increase genetic gain in such populations by implementing the genomic
selection of sires, a faster turn-over of sires, and increasing the intensity of sire selection. However,
these strategies also increase the loss of genetic variation, though this loss has to be assessed against
the larger genetic gains. For this reason, we evaluated the efficiency of converting genetic variation
into genetic gain and the results show that in small dairy populations the conversion efficiency can
be improved by the simultaneous use of genomically and progeny tested sires. Optimization of male
contributions can further increase the conversion efficiency. Specifically, it can increase the genetic
gain of the truncation selection with a comparable loss of genetic variation or it can reduce the loss
of genetic variation with a comparable genetic gain. To address these main findings, we divided
discussion into three parts: i) how genomic truncation selection affects genetic gain in small
populations and how this compares to large populations; ii) how genomic truncation selection
affects the loss of genetic variation in small populations; and iii) how optimum contribution
selection can increase the conversion efficiency, which has implications for small and large

populations.

Genetic gain with genomic truncation selection

As expected, genomic selection increased the genetic gain in all sire selection and usage scenarios.

This was due to a higher selection accuracy for young non-phenotyped animals and reduced
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generation interval (Schaeffer, 2006). Using genomic prediction as the pre-selection step increased
genetic gain between 37% and 59% in different scenarios without reducing generation interval. This
is a larger increase than in studies of larger populations (Pryce et al., 2010) or larger progeny groups
(Lillehammer et al., 2011). In small populations additional benefit of genomic pre-selection comes
from the fact that progeny testing is not as accurate as in large populations due to smaller progeny
groups. Reducing the generation interval by using young genomically tested sires directly on cows
and bull-dams further increased genetic gain between up to 144% when we used 5 sires per year
and up to 126% when we maximized intensity and used only 1 sire per year. These results are
largely in concordance with Pryce et al. (2010), Lillehammer et al. (2011) and de Roos et al. (2011),
although these studies evaluated typical large cattle populations with about ten-times larger number

of selection candidates.

Thomasen et al. (2014) argued that the benefit of genomic selection in small dairy populations is
undermined by a limited selection accuracy for young non-phenotyped animals caused by a small
reference population. A small reference population will invariably lead to inaccurate genomic
predictions. In this study we achieved comparable accuracies of about 0.8 with limited progeny test
and with genomic prediction based on a reference population of about 11,000 cows and 100
progeny tested sires, that was updated each year. Recent drops in prices for genome-wide
genotyping should enable small dairy populations to build such reference populations. Further,
some phenotyping resources could be diverted to genotyping to maximize return on investment. A
comparable level of accuracy can be also achieved with international reference populations (Jorjani,
2012; Spehar et al., 2013) or a combination of national and international reference populations
(Vandenplas and Gengler, 2015; Vandenplas et al., 2017; Vandenplas et al., 2018). When this level
of accuracy is combined with a reduced generation interval, small populations can achieve
substantially larger genetic gains than with progeny testing. Finally, increasing the selection

intensity to the unrealistic use of just one sire, to come closer to the intensity of selection in large
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populations, further increased genetic gain, but with a considerable loss in genetic variation that

started to limit genetic gain within the simulated 20 years.

Loss of genetic variation with genomic truncation selection

The results show that small populations can increase genetic gain without increasing the loss of
genetic variation by using genomic pre-selection of bulls for progeny testing. All other genomic
selection scenarios increased the loss of genetic variation compared to a conventional scenario with
progeny testing, although the accuracies of progeny and genomic tests were comparable and that we
selected the same number of sires per year. We observed this with genic and genetic variance as
well as effective population size, as measured with pedigree and neutral, marker or causal loci.
While losses of genic and genetic variance in the simulated period of 20 years do not seem
substantial (at most 0.13 genic standard deviation), the changes in effective population size were
substantial — from about 175 with the conventional scenarios to about 80 with the full genomic
scenarios. The differences in effective population size indicate long-term sustainability of the

different breeding scenarios.

Our results for the rate of coancestry are not in concordance with what was observed in studies of
large populations (Pryce et al., 2010) or with higher selection intensity (Lillehammer et al., 2011).
which observed lower rates with genomic selection. However, lower intensity of selection in small
populations stems from fewer tested animals, and not more selected, which reduces a genetic pool
for selection. Our results are more in line with Doekes et al. (2018). They attribute the higher rates
of inbreeding with genomic selection to the fact, that the animals with a higher relatedness to the
reference population have more accurate genomic predictions and are more likely to deviate
substantially and therefore to be selected (Habier et al., 2007; Clark et al., 2012). Another
explanation for a larger loss of genetic variability with genomic selection is that shortening

generation interval increases the turnover of germplasm from year to year, which increases genetic
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gain per unit of time, but also increases the loss of genetic variation per unit of time (Boichard et al.,
2015; Gaynor et al.,, 2016; Gorjanc et al.,, 2018). Further, studies mostly report the rate of
inbreeding, which measures increase in individual homozygosity (Pryce et al., 2010; Doekes et al.
2018), while we report the rate of coancestry, which measures increase in population homozygosity.
While these two measures are correlated, the rate of coancestry determines the sustainability of a

breeding program.

To compare the simultaneous change in genetic gain and loss in genetic variation we compared
different scenarios with the efficiency of converting genetic variation into genetic gain. We
measured this with a linear regression of the achieved genetic gain on the lost genic standard
deviation (Gorjanc et al., 2018). We found that in small cattle populations genomic pre-selection for
progeny test and hybrid scenarios achieved the highest conversion efficiencies. The two extremes —
conventional and complete genomic scenarios — were the least efficient. The conventional scenario
had low conversion efficiency due to a small genetic gain (caused by long generation intervals)
although it retained most of genetic variation. The low conversion efficiency of the conventional
scenarios could be specific to small populations, since the accuracy and selection intensity of
progeny testing is smaller than in large populations. The completely genomic scenario had low
conversion efficiency despite a large genetic gain (caused by short generation intervals) as it lost the

most of genetic variation.

Increasing the turnover of the sires and increasing selection intensity have different consequences
on short and long-term success of selection. Although both of these scenarios increase genetic gain,
increasing the intensity also increased the loss of genetic variation and in turn reduced conversion
efficiency. Increased turn-over of sires from 5 to 1 year in this study achieved higher genetic gain
over the 20 years than reducing the number of sires from 5 to 1, because it did not impact genetic

variation so severely.
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Comparison of truncation and optimum contribution selection

Optimization of male contributions increased the conversion efficiency of truncation selection
scenarios. The optimization involved all active males - the young calves with genomic prediction
and sires selected in previous years — either young sires with genomic test or older with progeny
test. Optimum contribution selection with genomic information has been tested before (e.g. Clark et
al.,, 2013) with the conclusion that there is not much scope for optimization with genomic
relationships unless there are very large full-sib families. Here we use optimal contribution selection
to optimize selection and usage of genomically and progeny tested bulls across generations and
observe substantial differences over 20 years in a small dairy population. We achieved this by
optimizing male contributions with a range of emphasis on genetic gain versus maintenance of
genetic variation. In this we followed the multi-objective approach of Kinghorn (2011), where the
emphasis is measured with the angle between truncation selection solution and targeted optimum

contribution selection solution.

For every truncation selection scenario, we found an optimum contribution selection scenario that
increased conversion efficiency. This higher efficiency was either achieved with the same genetic
gain but smaller loss of genetic variation than truncation selection or with a higher genetic gain and
the same loss of genetic variation as truncation selection. This improvement was achieved by
optimized selection and usage of sires. For example, the average number of sires with the truncation
selection of 5 progeny tested sires that were used for 5 years was about 55 (this includes young,
natural service and proven bulls). Here the sires of the same age and the same status had an
approximately the same number of progeny. This scenario achieved genetic gain of 2.50 genetic
standard deviations, generation interval for sire-sire and sire-dam paths of 9.0 and 7.0 years,
effective population size of 172 and conversion efficiency of 77. A comparable number of sires (49)
was used with the optimization targeting 60 degrees, which involved mostly young sires (3 years in

use). Their optimized usage delivered genetic gain of 4.77 genetic standard deviations, generation
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interval for sire-sire and sire-dam paths of 3.3 and 3.1 years, effective population size of 144 and
conversion efficiency of 126. The highest genetic gain was achieved with the targeted degrees
between 45 and 50. These targets drive optimization to achieve every year between 71% and 65%
of maximum possible genetic gain with truncation selection and between 71% and 77% minimum
possible group coancestry (Kinghorn, 2011; Gorjanc and Hickey, 2018). Further, although the
optimization could choose genomically and progeny tested bulls, we observed that it chose mostly
young genomically tested bulls, for example the maximum years in use was on average 4.9 when
we optimized for 75 target degrees. This is in contrast with truncation selection scenarios, where the
highest conversion efficiency was achieved with the simultaneous use of genomically and progeny

tested bulls.

The results have implications also for large populations, namely they show that genomic selection is
increasing turnover of germplasm per year with positive effect on genetic gain and negative effect
on genetic variation. This has been already indicated in real large populations (Doekes et al., 2018).
While our results are likely specific to small populations, combining these with the results from a
wheat simulation study (Gorjanc et al., 2018) that used a small or a large number of parents suggest
that both small and large populations can increase the conversion efficiency of genomic selection by

optimizing contributions.

CONCLUSION

This paper evaluated different genomic breeding programs in a small dairy cattle population with
truncation selection to quantify its short- and long-term success. Furthermore, it evaluated the value
of optimizing male contributions to increase efficiency of converting genetic variation into genetic
gain. We concluded that genomic selection increases short-term genetic gain, but can also improve
long-term genetic gain when used in combination with conventional selection. We also showed that

optimum contribution selection improves conversion efficiency at a comparable genetic gain or
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441 achieves higher genetic gain at a similar conversion efficiency. Our results will be of help to

442  breeding organization that aim to implement sustainable genomic selection.
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APPENDIX

Table S1: Generation interval by path of selection, by breeding program and by sire selection and

their usage scenario.

Sire selection and usage

[]?rrc?;l;rr;g 5 sires/year, use 5 years 5 sires/year, use 1 year 1 sire/year, use 5 years
Sire of sires Sire of dams Sire of sires Sire of dams Sire of sires Sire of dams
PT 9.00.06™* 70005 7.10.00"" 5.80.00"" 9.10,07*¢ 7.7000"¢
GT-PT 9.00.06* 70005 7.10.00"" 5.80.00"" 9.10,07*¢ 7.7002"¢
GT-C 9.00,05>* 41004 7.10.00"" 2.5000™8 9.10.06" 4.1000™*
GT-BD 3.80.05""* 7.00.05"* 3.80.05™" 5.70.00"" 3.80.04"" 7.60.00°¢
GT 42005 3.9005>* 2.30.05"" 2.3000"® 4.200,°" 3.90.00%¢

PT = conventional progeny testing; GT-PT = genomic pre-selection of bulls for progeny testing, GT-C = genomic
selection of sires for the insemination of cows; GT-BD = genomic selection of sires for the insemination of bull-dams;
GT = genomic selection of sires for the insemination of cows and bull-dams. Subscript numbers indicate standard
deviation across simulation replicates. Lower-case letters denote statistically significant differences between breeding

programs and upper-case letters between sire selection and usage scenarios.
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458 Table S2: Accuracy of selection by animal category, by breeding program and by sire selection and

459  their usage scenario.

Sire selection and usage

Breeding program > sires/year, use 5 > sires/year, use 1 1 sire/year, use 5 years
years year
PT
young bulls 0.310.s 0.23020 0.300.19
sires 0.880.10 0.870.10 0.820.17
heifers 0.350.05 0.320.06 0.360.06
GT-PT
young bulls 0.800.11 0.780.12 0.800.11
sires 0.820.16 0.830.15 0.780.20
heifers 0.470.04 0.440,05 0.460,06
GT-C
young bulls 0.81011 0.800.11 0.820.12
sires 0.890.09 0.900.08 0.870.13
heifers 0.440,05 0.41005 0.460,07
GT-BD
young bulls 0.77011 0.780.12 0.77011
sires 0.840.14 0.820.16 0.800.17
heifers 0.510.06 0.460,06 0.490.06
GT
young bulls 0.790.12 0.750.11 0.800.12
heifers 0.480.05 0.430.06 0.49.07

460 PT = conventional progeny testing; GT-PT = genomic pre-selection of bulls for progeny testing, GT-C = genomic
461  selection of sires for the insemination of cows; GT-BD = genomic selection of sires for the insemination of bull-dams;
462 GT = genomic selection of sires for the insemination of cows and bull-dams. Subscript numbers indicate standard

463  deviation across simulation replicates.
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29
465 Table 1: Genetic gain in genetic standard deviation units by breeding program and by sire selection

466 and their usage scenario.

Sire selection and usage

E:j;i:;g 5 sires/year, use 5 years 5 sires/year, use 1 year 1 sire/year, use 5 years
PT 2.5002>% 2.75019> " 3.03p.11* ¢
GT-PT 3.41014"% 3.960.17> " 3.840,15" "
GT-C 4.050 5™ 4.6502:°" 4.820,°"
GT-BD 4.20019°* 4.56025° " 4.51920""
GT 484056 6.040.7> " 5.600.7° €

467 PT = conventional progeny testing; GT-PT = genomic pre-selection of bulls for progeny testing, GT-C = genomic
468  selection of sires for the insemination of cows; GT-BD = genomic selection of sires for the insemination of bull-dams;
469 GT = genomic selection of sires for the insemination of cows and bull-dams. Subscript numbers indicate standard
470  deviation across simulation replicates. Lower-case letters denote statistically significant differences between breeding

471  programs and upper-case letters between sire selection and usage scenarios.
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Table 2: Effective population size at causal loci by breeding program and by sire selection and their

usage scenario.

Sire selection and their usage

E:j;i:;g 5 sires/year, use 5 years 5 sires/year, use 1 year 1 sire/year, use 5 years
PT 172454 18454 965> ®
GT-PT 159,54 14642 99"
GT-C 129,94 12434 64,,> "
GT-BD 119,54 113,528 93"
GT 90,5 721044 38 &>

PT = conventional progeny testing; GT-PT = genomic pre-selection of bulls for progeny testing, GT-C = genomic
selection of sires for the insemination of cows; GT-BD = genomic selection of sires for the insemination of bull-dams;
GT = genomic selection of sires for the insemination of cows and bull-dams. Subscript numbers indicate standard
deviation across simulation replicates. Lower-case letters denote statistically significant differences between breeding

programs and upper-case letters between sire selection and usage scenarios.
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Table 3: Efficiency of converting genetic variation into gain by breeding program and by sire

selection and their usage scenario.

Sire selection and their usage

Essgi:;g 5 sires/year, use 5 years 5 sires/year, use 1 year 1 sire/year, use 5 years
PT 777 61" 48 ¢
GT-PT 1005," 84,,” " 6410 ©
GT-C 98,,> A 81> 54,5 C
GT-BD 935" 4 875" 72158
GT 84,,° 4 75>~ 42 B

PT = conventional progeny testing; GT-PT = genomic pre-selection of bulls for progeny testing, GT-C = genomic
selection of sires for the insemination of cows; GT-BD = genomic selection of sires for the insemination of bull-dams;
GT = genomic selection of sires for the insemination of cows and bull-dams. Subscript numbers indicate standard
deviation across simulation replicates. Lower-case letters denote statistically significant differences between breeding

programs and upper-case letters between sire selection and usage scenarios.
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486 Table 4: Comparison of breeding programs that use truncation or optimum contribution selection.

. . Sire Generation Generation  Genic Effective .
Breeding Genetic . . . . . Rate of . Conversion
. selection ~ No. sires Years in use interval interval standard population .
program gain o . o coancestry . efficiency
accuracy (sire-sire)  (sire-dam) deviation size
Truncation selection
5 sires/year, use
y 2'500.22& 0.880_10a 550.06 2.70_0a 9.00.06a '7.0().()5a ().9’70_()1a 0.003040013 17248a 77173
5 years, PT
5 sires/
SIESTYEAn USE 4 8don® 0790 560.° 2.10." 42005 390" 09400  0.006000°  90u" 84,,°
5 years, GT
5 sires/year,
SIEYEAL IS 60400 0.750u° 3600 130" 2300F 2300 0920®  0.00700°  72i" 75,
1 year, GT
Optimum contribution selection
OCSs- 6.260.39° 0.770.02™ 9.60¢° 1.60.06 2.8007" 2.7007" 0.9100: 0.0080 001" 61" 724
OCSSO° 6.100‘23C ().’79(),02abC 14.30.9C 1.70,05d 2.90_07e 2.8(),()5e 0.930,01d 0.0070,001bc 759de 87116
OCSsse 5.270.28° 0.790.02™ 25.147° 21017 3.0007" 2.90.06' 0.9500:™  0.0050.00:° 1135 115,
OCSG()O 4.770,25b 0.810,02“C 49.08_9e 3.00_34e 3.30410g 3.10,07g 0.960_01ae 0.0040_001ae 14424e 12617b
OCSys 3.030.17° 0.820.0:™ 153.00," 490,07 4.2008° 4.00.06" 0.98.00' 0.002,00:" 27645 1623°

487 PT = conventional progeny testing; GT = genomic selection of sires for the insemination of cows and bull-dams; OCSx- = optimum contribution selection of sires for the
488  insemination of cows and bull-dams with the target degrees of X°. Subscript numbers indicate standard deviation across simulation replicates. Lower-case letters denote statistically

489  significant differences between breeding programs.
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492  Figure 1: Genic and genetic standard deviation by breeding program and by sire selection and their
493 usage scenario expressed as percentage change to the baseline that had in the final generation genic

494  standard deviation of 0.97 and genetic standard deviation of 0.94. PT = conventional progeny testing; GT-
495 PT = genomic pre-selection of bulls for progeny testing, GT-C = genomic selection of sires for the insemination of
496  cows; GT-BD = genomic selection of sires for the insemination of bull-dams; GT = genomic selection of sires for the

497  insemination of cows and bull-dams.
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500 Figure 2: Change of genetic mean and genic standard deviation over the 20 years of selection by
501 breeding program and by sire selection and their usage scenario. Thin lines represent individual
502 replicates, while thick lines represent average linear regression with arrows pointing in the direction

503 of change. PT = conventional progeny testing; GT-PT = genomic pre-selection of bulls for progeny testing, GT-C =
504  genomic selection of sires for the insemination of cows; GT-BD = genomic selection of sires for the insemination of

505  bull-dams; GT = genomic selection of sires for the insemination of cows and bull-dams.
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509 Figure 3: Change of genetic mean and genic standard deviation over the 20 years of selection for
510 fixed or optimized breeding programs. Thin lines represent individual replicates, while thick lines

511 represent average linear regression with arrows pointing in the direction of change. PT = conventional
512  progeny testing; GT = genomic selection of sires for the insemination of cows and bull-dams; OCSx- = optimum

513  contribution selection of sires for the insemination of cows and bull-dams with the target degrees of X".
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