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Simulation study of the effect of gaps in pedigrees on effectiveness of conservation of genetic diversity
Purpose of the visit
Preservation of biodiversity is essential for the quality of life of future generations. According to the World Conservation Monitoring Centre (WCMC), 905 species of plants and animals died out and about 16.928 are threatened with extinction. Development of effective and sustainable breeding programs is an important component of preservation of biodiversity. Additional research is needed on restriction of inbreeding levels resulting from breeding programs within breeds. High levels of inbreeding increases the risk of extinction of a breed.

Inbreeding is the main factor reducing genetic diversity within small populations of livestock as well as wild animals. High levels of inbreeding have a negative impact both on reproduction and survival of individuals. Further, it may lead to elevated incidence of genetic diseases and disorders along with increased mortality. One of such examples is brachygnathy among deer where a lower jaw is shorter than its upper counterpart. Moreover inbreeding leads to loss of alleles which results in increased homozygosity. This reduces adaptive capacity of populations and makes them more vulnerable to changes in environment. Breeds with an inbreeding rate above 1% per generation, are considered as critical by the FAO. Improvements in genetic management (breeding program) are needed for such populations to counteract the effects of small population size. Mating of closely related individuals leads to elevated inbreeding levels. Therefore, knowledge on coancestry between individuals plays a crucial role in genetic management. Degree of coancestry can either be estimated from marker or pedigree data. In the latter case it is essential to have accurate pedigree records over a long period of time. This information is often not available. 
In captive populations, breeders decide which animals to mate in order to achieve the goal in terms of genetic diversity and characteristics of a population. In case of deer populations in zoos, for example, breeding coordinators aim at conservation of the widest amount of genetic diversity. Unfortunately, often they lack a clear selection criteria to implement this objective due to the lack of accurate information on pedigrees and, therefore, on degree of coancestry. Moreover in some species accurate record keeping is a problem. Those issues can disrupt the conservation effort and may lead to problems with fitness of the populations in the future.
During my visit to Wageningen University I wanted to focus on an important part of my PhD research. It was a simulation study aiming at investigation of the impact of pedigree errors on conservation of genetic diversity. Moreover I aimed to compare three mating strategies with respect to their efficiency in conservation of genetic diversity. This should give an insight into the impact of gaps on the estimates of inbreeding level in the deer populations maintained in zoo gardens and the opportunities for using various breeding schemes to overcome such problems. The results should provide a better insight into genetic management of small populations which is important both for wild species such as deer as well as livestock populations.

Description of the work carried out during the visit
Three populations resembling real deer populations maintained in zoo gardens were simulated. They differed in size as the first was a big population of 1200 (pop20), the second of 240 (pop6) and the third of 60 (pop3) individuals born each generation. Populations were divided into a number of subgroups reflecting the real number of zoo gardens (20, 6 and 3, respectively). They went through 20 generations of mating based on three scenarios. For the purpose of the simulation it was assumed that animals reproduced only once and died afterwards (discrete generations). In order to maintain a constant population size every female was used for mating and produced two offspring. It was assumed that the ratio of male to female offspring born each generation (sex ratio) was 1:1. There was no selection in females and only males were subject to selection. Four different mating ratios of males to females (1:1, 1:2, 1:5 and 1:10) were used. Single trait related to fitness, with a heritability of 0.3 and variance of 1.0, was included in the simulations.

First scenario (similar to wild conditions) assumed that a population was divided into herds. In each herd, there were dominant males with a priority for breeding. Males with the highest phenotypic value for fitness obtained the highest contributions to the next generation. Contributions of males were drawn from a gamma distribution, thus few males had large contributions and most of the males had minor or no contributions. It was supposed to mimic fight for dominance in which the fittest males produce the most offspring. Each generation animals could migrate between herds. Percentage of migrants for males was between 0 and 30% (depending on a scenario) and was much higher than for females where it was between 0 and 5%. Pattern of migration was random, thus in each generation animals could migrate to a different herd or remain in their native herd. It was assumed that both males and females migrated to the same destination herd.
In the second scenario based on optimal contribution mating (Meuwissen 1997) animals were given contributions so that both the coancestry of parents (
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, where c is a vector of contributions of parents, EBV is a vector of estimated breeding values of parents, A is an additive relationship matrix of selection candidates. 
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 is a desired mean coancestry, ΔF is a desired rate of inbreeding. Breeding values were estimated with an animal model in ASReml package (Gilmour et al. 2008). Optimal contributions were obtained from package Gencont (Meuwissen 2002). Given a certain mean coancestry and desired rate of inbreeding a solution for 
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 was obtained. Optimal contribution was evaluated in two different alternatives. First we performed it treating the whole population as a single herd (metapopulation). Afterwards the population was divided into herds (with no exchange of animals between the herds) and optimal contribution was performed within each herd separately. Subsequently the simulation was performed with the same division into herds, but sires were exchanged between the herds in a circular manner (similar to a breeding circle). All of the optimal contribution scenarios were repeated with 5-40% gaps introduced to pedigrees. The gaps were applied by erasing both parents of randomly chosen individuals.

The third breeding scheme was based on rotational mating. Breeding circles were formed so that the first herd provides sires for the second herd, the second herd provides sires for the third herd and the last herd provides sires for the first herd. This method does not require pedigree information and thus is not sensitive to missing pedigree information. In this scenario contributions of males to the next generation were based on a fixed mating ratio as described before, or obtained from a gamma distribution. In each case only the fittest males contributed to the next generation.

Simulation were performed using a custom program written in R language. At the end of each simulation, inbreeding coefficient, mean kinship, genotypic and phenotypic mean were calculated per each generation. All of those parameters were calculated on two levels. First calculations were performed for a population as a whole. Subsequently all parameters were calculated separately for each herd from a particular population. This served as a basis for comparison of scenarios.
Description of the main results obtained
The highest genetic progress in all scenarios was observed with the highest mating ratio of 1:10 and the smallest with mating ratio of 1:1. In the rotational scenario the highest genetic level was 2.55 SD for the smallest population (pop3), and 3.56 SD for the medium population (pop6). In the wild mating scenario a similar trend was observed, with 2.31 SD, and 2.95 SD for pop3 and pop6, respectively (Table 1). Optimal contribution performed in a metapopulation resulted in the highest genetic gain of all scenarios, with 2.93 SD and 4.09 SD for pop3 and pop6, respectively. If the population was subdivided into herds, and optimal contribution was performed within each herd separately with no exchange between the herds, genetic gain was smaller. In case of the 1:10 mating ratio it was close to zero, which indicates that it was not possible to achieve genetic gain and restrict inbreeding at the same time. On the other hand when optimal contribution was performed within herds but there was exchange of sires between the herds on rotational basis, genetic level reached 2.49 SD and 1.08 SD for pop3 and pop6, respectively.
Inbreeding rate (ΔF) was larger with increasing mating ratio, with the highest values for the ratio of 1:10. Overall, the lowest increase in inbreeding was observed in rotational mating scenarios, where ΔF (for 1:10 mating ratio) reached 3.25% and 0.97% for pop3 and pop6, respectively. In the wild mating scheme inbreeding rate was lower reaching 1.48% and 0.49% for pop3 and pop6, respectively. The highest ΔF was in the optimum contribution scenarios. It reached 5.58% and 2.53% for pop3 and pop6 treated as a metapopulation. When populations were divided into herds and optimal contribution was performed within herds with no exchange of animals inbreeding rate reached 10.99% and 4.32%, respectively. If rotational exchange of sires was permitted, ΔF was 3.24% and 0.81% for pop3 and pop6, respectively. 
Table 1. Phenotypic level (P), genotypic level (G), inbreeding (F), inbreeding rate (ΔF), mean kinship (Kin), minimum and maximum inbreeding rate (ΔFw) and kinship (Kinw) within herds for the simulated populations of 3, 6, and 20 herds marked as pop3, pop6, and pop20, respectively.

	Scenario
	Pop
	P
	G
	F
	ΔF
	Kin
	ΔFw
	Kinw

	Rotational


	pop3a
	2.55
	2.57
	0.45
	3.25
	0.49
	0.43-3.26
	0.55-0.55

	
	pop6a
	3.56
	3.56
	0.18
	0.97
	0.17
	0.11-0.99
	0.26-0.26

	Wild
	pop3b
	2.31
	2.31
	0.27
	1.48
	0.24
	1.41-3.74
	0.31-0.32

	
	pop6b
	2.95
	2.96
	0.11
	0.49
	0.08
	0.47-2.33
	0.14-0.14

	Optimal contribution metapopulation
	pop3a
	2.93
	2.91
	0.67
	5.58
	0.68
	-
	-

	
	pop6a
	4.09
	4.10
	0.38
	2.53
	0.38
	-
	-

	Optimal contribution subdivided population
	pop3a
	0.15
	0.14
	0.89
	10.99
	0.30
	3.45-10.99
	0.91-0.91

	
	pop6a
	-0.01
	-0.01
	0.64
	4.32
	0.10
	1.99-5.54
	0.58-0.62

	Optimal contribution with rotation of sires
	pop3a
	2.49
	2.49
	0.45
	3.24
	0.49
	0.96-3.25
	0.55-0.55

	
	pop6a
	1.08
	1.07
	0.16
	0.81
	0.14
	0.31-1.01
	0.22-0.22


a Mating ratio of 1:10

b 5 % of dams and 30% of sires migrate

Similarly to ΔF, mean kinship was higher with increasing mating ratio. The highest mean kinship was obtained for the 1:10 mating ratio and those values are used for comparison of scenarios. Mean kinship, calculated over the whole population, in rotational mating schemes reached 0.49 and 0.17 for pop3 and pop6, respectively. Kinship within herds was similar for all herds from a given population, and reached 0.55 and 0.26 for pop3 and pop6, respectively. Optimal contribution scheme performed in metapopulations, performed worse than rotational mating. It resulted in mean kinship of 0.68 and 0.38 for pop3 and pop6, respectively. When populations were divided into herds and optimal contribution was preformed within herds with no exchange of animals, mean kinship of the whole population was lower. It reached 0.30 and 0.10 for pop3 and pop6, respectively. Even though overall mean kinship was low, within each herd kinship increased with time and reached 0.91 and 0.62 for pop3 and pop6, respectively. Better result were obtained when populations were managed with optimal contribution within herds and rotational exchange of males between herds in each generation. In this scenario mean kinship of the whole population after 20 generations was 0.49 and 0.14 for pop3 and pop6, respectively. Kinship within herds was also restricted in this situation and was equal to 0.55 and 0.22 for pop3 and pop6, respectively. Wild mating scenario turned out to be efficient in terms of restriction of kinship. Kinship in scenarios with 5-30% migration was similar and achieved higher values than in the scenario with no migration. Overall mean kinship for the scenarios with migration was 0.24 and 0.08 for pop3 and pop6, respectively. With no migration kinship reached 0.18 and 0.06, respectively. On the other hand kinship within herds was the highest in the scenario with no migration reaching 0.53 and 0.37 for pop3 and pop6, respectively.
Pedigree gaps had a strong effect on effectiveness of conservation programs. With increasing percentage of pedigree gaps, difference between the observed and true kinship was larger. In case of the smallest population (pop3) maintained as a metapopulation with 5% gaps, observed kinship was equal to 0.09, whereas the true kinship was 0.22. When the amount of gaps increased to 25% the difference was even larger as the observed kinship was 0.06 and the true kinship was 0.69 (Table 2). Similar differences between true and observed kinship were present regardless of the mating ratio. Pedigree gaps had a smaller effect on estimates of kinship when a population was divided into herds. In such case the observed kinship for pop3 was 0.05 whereas the true kinship was 0.31. In all cases there was also a large difference between the scenarios with and without gaps in terms of inbreeding rate. It had strong fluctuations in the scenario with gaps, whereas it was stable when optimal contribution was performed with complete pedigrees.
Table 2 Inbreeding rate (ΔF), mean kinship (Kin), minimum and maximum inbreeding rate (ΔFw) and kinship (Kinw) within herds based on the observed pedigrees (with gaps), along with analogous parameters calculated based on a true pedigree (without gaps) marked as ΔFc, KinC, ΔFwC, and KinwC fot simulated populations of 3, 6, and 20 herds marked as pop3, pop6, and pop20, respectively.
	Scenario
	Pop
	ΔF
	Kin
	ΔFw
	Kinw
	ΔFc
	KinC
	ΔFwC
	KinwC

	Optimal contribution, metapopulation, 25% gaps 
	Pop3a
	0.03
	0.06
	-
	-
	5.88
	0.69
	-
	-

	
	Pop6a
	0.07
	0.03
	-
	-
	2.75
	0.38
	-
	-

	Optimal contribution, subdivided population with no exchange of animals, 25% gaps
	Pop3a
	-0.06
	0.05
	-0.20
0.74
	0.13
0.15
	11.49
	0.31
	11.46
11.55
	0.92
0.92

	
	Pop6a
	0.04
	0.02
	-0.03 0.92
	0.09 0.09
	7.30
	0.13
	6.96 
7.38
	0.77
0.78


a Mating ratio of 1:10

It can be concluded that optimal contribution did not achieve satisfactory results in management of small populations. Majority of scenarios with optimal contribution led to rates of inbreeding which exceeded 1% threshold above which populations are considered as critically endangered by the FAO (1998). This can be partially explained by the mating ratios imposed in the simulations. Most likely mating ratios of 1:5 and 1:10 are too strict as they force the method to select very few males for breeding. In such a setting it could be hard to obtain an optimal solution. 
Only a very complex scenario where optimal contribution was combined with rotational exchange of sires proved to be efficient in restriction of inbreeding. On the other hand a much less complicated scheme based on breeding circles proved to be efficient in the simulated populations. It was particularly more efficient in comparison with optimal contribution performed on incomplete pedigrees. Therefore rotational mating schemes can be recommended for management of genetic diversity of small populations. This strategy can be implemented both for wild animals in zoo gardens and local livestock breeds. Another advantage of rotational mating is that it can accommodate harem based structure characteristic for most of deer species. 
Future collaboration with host institution (if applicable)
Future collaboration with Animal Breeding and Genomic Centre of Wageningen University will involve work on manuscripts describing findings of the research carried out during the exchange grant. Moreover additional analysis will be performed to obtain results for the largest population (pop20) included in the analysis. This should provide a more complete picture of the effect of using different strategies for conservation of genetic diversity.
Projected publications / articles resulting or to result from the grant

Results of the research carried out during the visit are going to be published. At the current stage of the project it is anticipated that one publication is going to be submitted. It is possible that a total of two publications will be submitted as a result of the project. First paper is going to deal with aspects of comparison between wild, rotational and optimal contribution mating. In the second paper we would like to focus on the effect of gaps in pedigrees on effectiveness of conservation of genetic diversity.
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