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Purpose of the visit 

The research visit of Anamarija Frkonja was dedicated to exploration of the methods and models to predict age of admixture in crossbred livestock populations (cattle). Such methods were already proposed for human population and rely on the sizes of chromosomes fragments inherited from the ancestral populations. However, in human populations admixture is relatively old and most often, only one event occurred. We started by investigating how accurately we can predict  the “breed” origin of a small chromosome fragment (a set of consecutive markers).  

SABER (Tang et al., 2006) and Step PCO (Pugach et al., 2011) were first compared. Then we developed another method based on phased haplotypes (distribution of haplotype lengths). We checked how good methods are dealing with recent admixture with high throughput single nucleotide polymorphism (SNP) data from the bovine 50K SNP Chip,.
Description of the work done during the exchange visit


 Age of admixture derived from autosomal part of genome can potentially provide more precise estimates of age of admixture than data from sex linked chromosomes. Furthermore, as selection is expected to have smaller effects over short distances (few generations) it is important to know age of admixture to be able to select animals for admixture mapping. Signals of selection can be obtained more clearly as age of admixture is older. 

Tang et al. (2006) are using Markov-hidden Markov model (MHMM) which accounts for background LD in ancestral populations. The model estimates allele frequencies in ancestral populations is based on pure individuals and then uses that information to estimate population origin at each marker population for each admixed individual. In addition, a parameter related to age of admixtures is estimated (it relies on recombination rate between ancestral haplotypes or distribution of haplotype length within one individual). With such a parameter, it is assumed that there is a single admixture event per individual and that both chromosomes from a pair present the same pattern of admixture.
Pugach et al. (2011) described a PCA-based genome scan approach to analyze genome-wide and local admixture structure, and introduced wavelet transform analysis as a method for estimating the time of admixture. 
Ways of using information about population structure is extremely relevant in the field of genome wide association studies. 

Hypothesis that ancestral haplotypes break down after admixture and will be shorter with ageing of admixture event was investigated with SABER software, StepPCO, as well as scripts developed during this research visit. For analysis data of Swiss Fleckvieh and crosses of Jersey and Holstein from New Zealand were used. 

Swiss Fleckvieh was established about 40 years ago from crossing of a large part of the local Simmental breed with Red Holstein Friesian cattle for improved milk production. SNP Chip data for 500 animals, 101 pure Red Holstein Friesian, 91 Simmental and 308 crosses with a wide range of pedigree based levels of admixture were available. For New Zealand cattle, data of 3286 animals, 1658 Holstein Friesian, 1244 Jersey and 384 crosses were used. 

Quality control was performed with PLINK (Purcell et al. 2007), excluding markers with a call rate below 0.90. STRUCTURE software (Pritchard et al., 2003) was run on SNPs from all chromosomes assuming that breeds are separated with two ancestral populations (Frkonja et al. 2012). Admixture proportions levels are then used as input data for SABER. Algorithms implemented in SABER identify ancestry blocks using two different hidden Markov models. The first approach uses a hidden Markov model to infer gene flow. The second approach incorporates a `Markov-hidden Markov model' (MHMM) to account for linkage disequilibrium present in ancestral populations. SABER requires two datafiles for calculation. One file contains genotypes and distances between markers in base pairs (bp). A file containing admixture proportion for every admixed individual should be provided as well. SABER takes a single admixed individual, and estimates, over all chromosomes, the parameters describing the admixture times of an individual, given ancestral population allele frequencies and other information. Conditional on model parameters, SABER models the ancestral states along the paternal and the maternal chromosomes as two independent and identical Markov processes. Because of the constraints imposed by an underlying genealogy, the process along each chromosome is not Markovian. The paternal side of the genealogy and the maternal side of the genealogy may have different levels of admixture, and, therefore, the two processes are not necessarily identical. They  assume that matings are random with respect to ancestry, an assumption that may be violated in some populations. In both populations of cattle investigated here admixture events happened more than once and admixture on both parental chromosomes does not have to be equal.
In a first SABER analysis, 24 simple crosses according to pedigree were selected to be able to compare true age of admixture from pedigree with estimated age of admixture calculated with SABER.   
Initial values (our estimation of age of admixture) for age of admixture need to be provided to SABER. We noticed that with different starting values, posterior estimates are changing quite substantially. Part of SABER results obtained with initial values set equal to 5 and 5 generations since admixture are shown in Table 1. Results reflected the pedigree admixture process well for intermediate but not extreme crosses ( > 0.90:0.10). In that case, one parent is correctly considered to be purebred while the number of generations of admixture estimated for the other only reflects the input parameter. F1 animals were sometimes not recognized by SABER and were assigned as older crosses. Results for crosses of Holstein and Jersey were similar.   

StepPCO (Pugach et al. 2011) is using principal component analysis for admixture calculation and wavelet transform for calculation of age of admixture. For analysis Pugach et al. (2011) used recombination events taken from international HapMap project while we calculated cM distances according to assumption that 1 cM = 1 Mb. This is a simplification ignoring for instance recombination coldspots or hotspots. All the recoding and preparation was done with SAS software (SAS 2009). In order to run wavelet transform analysis, size and number of sliding windows need to be selected. Sliding window is taking several genotypes and according to these decides whether this window shows a recombination. The number of points which serve as a center for every window was chosen so that the windows span the entire chromosome, leaving no gaps in between. Starting from the center of each window, window is increased until the mean PC1 coordinates for the parental populations are separated by three standard deviations from each mean. The goal is to achieve a complete separation of the parental populations within each window, so there is no ambiguity in assigning chromosomal segments in an admixed genome to either ancestral population.  Our attempt to differentiate breeds from small sets of consecutive SNPs was not successful. Indeed, with our population structure and our marker density, it was not possible to separate perfectly both breeds for small or intermediate chromosome fragments.
Since SABER was not performing well on our crossbred data sets (with several and recent crosses) and since StepPCO was not able to correctly separate both breeds for small chromosome fragment, we investigated how well can we predict with STRUCTURE the population origin in our data set for different window sizes. We selected purebred animals and took bins of 10, 20, 50, 100 and 200 consecutive SNPs, which  were tested. The MCMC procedure was run with 10,000 burnins and 10,000 iterations. Differences between estimated and real breed proportions were calculated. Minimum, maximum, mean, standard deviation of these values are reported in Table 2. In addition, accuracy of breed origin estimation (r2) is also presented in Table 2. 
A new program developed during the stay was used to study age of admixture. The method models chromosomes (both copies of a pair are modelled with different parameters) as a mixture of 20 distributions. 10 distributions for each ancestral haplotype origin and one distribution for different ages of segments (from 0 to 9 generations since admixture). The program works also with HMM where different parameters are known (allele frequencies in different populations, probability of recombination as a function of time in each distribution). Therefore, only the proportion of each distribution must be estimated. Algorithm is based on Tang et al. 2006 formula which assumes that smaller recombination distance will give proportionally bigger τ. Under a simple intermixing model and when d (distance between two markers) is measured in Morgans, τ has the interpretation of the time since admixing. Since gene flow may have occurred over many generations continuously, one should be cautious about equating τ  with the admixing time. Nonetheless, this parameter provides some information regarding average time of gene flow. In this case τ was fixed for every of 20 groups. Model can be expressed by equation: 

With increase of admixture proportion we will get smaller impact of distance and big τ. According to distribution classification of haplotypes it is possible to derive age of admixture for young crosses.  
Running this algorithm on Holstein-Jersey crosses we obtained high correlation of averaged admixture of an animal with admixture derived with pedigree data. Spearman’s correlation of pedigree derived admixture with software calculated admixture was 0.959. Mean of 20 distributions is in Table3. In that table, proportions of genome within different distributions (function of breed and age of admixture) are presented. Values of mean indicate that most of the animals are classified as young crosses. 
Different approaches to the problem led us to conclusion that with a denser marker set it would improve the precision of deriving age of admixture. 
The parameter, τ, approximates the average time since admixing and is of particular interest in admixture studies.

In attempt to estimate age of admixture for Swiss Fleckvieh crosses or Holstein Jersey we ran to problem that populations are not able to separate with StepPCO with 50 000 SNPs. In order to make analysis with StepPCO possible denser marker sets or even sequence data are required. 
Our conclusion can be taken into account under assumptions of studying same breeds with same number of markers. 

Table 1.  SABER results (τ, approximate time since admixture happend) shown with proportion of Red Holstein and Simmental calculated with STRUCTURE

	
	Admixture proportion (STRUCTURE)
	SABER age of admixture estimate
	Pedigre average age of admixture

	CHEM712896043369
	0,466
	5-7
	5-6
	2,5
	1,5

	CHEM120029125934
	0,499
	4-6
	4-5
	4,38
	4,6

	CHEM712896043635
	0,495
	5-8
	5-8
	1,5
	1,5

	CHEM716270049817
	0,513
	5-7
	5-6
	0
	3

	CHEM713473108563
	0,519
	5-9
	4-7
	0
	0

	CHEM712028058025
	0,575
	5-7
	4-7
	2,5
	2,5

	CHEM120016865904
	0,538
	6-7
	5-7
	4,3
	4

	CHEM120021261555
	0,524
	3-4
	3-4
	0
	4,6

	CHEM713306111623
	0,616
	4-8
	4-6
	0
	3,83

	CHEM120029383716
	0,999
	0-11
	0
	0
	6,25


Table 2.  Separation of breeds (Red Holstein and Simmental) with different number of markers used 
	Number of markers
	
	Min avg. Error for breed 1
	Min avg. Error for breed 2

	10
	Mean
	0.27
	0.29

	10
	Min
	0
	0.0008

	10
	Max
	0.89
	0.91

	20
	Mean
	0.21
	0.25

	20
	Min
	0.005
	0.004

	20
	Max
	0.85
	0.92

	50
	Mean
	0.11
	0.15

	50
	Min
	0.005
	0.008

	50
	Max
	0.74
	0.865

	100
	Mean
	0.05
	0.056

	100
	Min
	0.005
	0.004

	100
	Max
	0.51
	0.7878

	200
	Mean
	0.02
	0.01436

	200
	Min
	0
	0.0008

	200
	Max
	0.09
	0.2339


Table3. Distribution of haplotypes according to the length in Holstein Jersey crosses  

	Distribution

Breed 1
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	Mean
	0.973
	0.443
	0.131
	0.08
	0.058
	0.047
	0.04
	0.035
	0.031
	0.028

	Min
	0
	0,007
	0
	0
	0
	0
	0
	0
	0
	0

	Max
	0.973
	0.443
	0.131
	0.08
	0.058
	0.047
	0.04
	0.035
	0.031
	0.028

	Distribution

Breed 2
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20

	Mean
	0.991
	0.443
	0.134
	0.084
	0.062
	0.05
	0.043
	0.037
	0.034
	0.031

	Min
	0
	0,001
	0
	0
	0
	0
	0
	0
	0
	0

	Max
	0.991
	0.443
	0.134
	0.084
	0.062
	0.05
	0.043
	0.037
	0.034
	0.031


Future collaboration 
The present study showed that with 50K marker density and such cattle populations, it is difficult to correctly estimate breed origin locally (for a small genomic region). Marker windows of 100 to 200 SNPs are required (5 to 10 cM). Haplotype strategies were able to extract more of information. With such resolution, it would be difficult to correctly estimate age of admixture and to perform accurate mapping. We also tried to develop models more appropriate for recent crosses but further investigations are required. 
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