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metafounder with g ! 0. Finally, the algorithm of Colleau
(2002) for fast multiplication of matrix A with vector x, Ax,
or extraction of elements of A also works.

Multiple base populations

Across-population relationships: An important case is the
analysis of several populations at the same time, possibly
with crosses. The conceptual model can easily be extended
to several base populations, possibly with overlap as re-
presented in Figure 4. In this case, we need to de!ne within-
and across-population relationships
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This was suggested by VanRaden (1992) and used by VanRaden
et al. (2011). The interpretation of the across-base population
coef!cients like gA;B is that the ancestor populations overlap, as
seen in Figure 4. If population A is composed of nA gametes,
population B of nB gametes, and they overlap to an extent of nAB
gametes (for instance, in Figure 4 these are 6, 6, and 2, respec-
tively), then gA ! 1=nA, gB ! 1=nB; and gA;B ! nAB=nAnB. The
last result can be explained as follows: gA;B is the probability
that the gamete from A comes from the overlap (nAB=nA),
times the probability that the gamete from B comes from the
overlap (nAB=nB), times the probability that both gametes are
actually the same, given that they come from the overlap
(1=nAB). We allow values of gA, gB; and gA;B in a continuous
range, even though the formulas only support values corre-
sponding to integer values of nA, nB and nAB. We also allow
gA;B to potentially be negative, in order to consider the situa-
tion where populations have diverged due to selection in op-
posite directions. However, there is the restriction that the
matrix G should be positive de!nite.

Metafounders: The consideration of each ancestral popula-
tion as a metafounder is straightforward. Metafounders
would be related by relationships
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(Figure 5). Actual numbers for the relationships within and
across metafounders in G either can come from knowledge
of the history of the populations (i.e., they diverged so many
generations ago) or can be inferred from genomic relation-
ships; this is detailed later.

Algorithms for relationships and inbreeding with several
metafounders: A pedigree with several metafounders
de!nes a relationship matrix AG. Algorithms for creation of
this matrix are extensions of previous ones. To form AGusing
the tabular rules (Emik and Terrill 1949), the !rst step is to set
G as relationships of the metafounders and then apply the
regular rules. Rules for the inverse AG21 consist in, !rst, invert-
ing G to create a small submatrix of AG21 and then using
Henderson’s rules (1976) with the elements Dii for all individ-
uals modi!ed according to self-relationships of metafounders,
as in the previous section. Using generalized inverses for in-
version of G results in an algorithm that, for G ! 0, gives the
same AG21 as with unknown parent groups as in Thompson
(1979) or Quaas (1988). The reason for this is that the gen-
eralized inverse of G ! 0 is 0, and otherwise the rules for
inversion and the values of Dii are identical. This shows that
metafounders are a generalization of unknown parent groups.

Computing Dii involves computation of inbreeding coef!-
cients, which can be done by recursion or modifying Meuwis-
sen and Luo (1992). The Meuwissen and Luo (1992)
algorithm goes up the ancestors of a given animal i and adds
contributions LijDjj to the inbreeding coef!cient of i; then
animal j is deleted from the list of ancestors, and Lij is set
to zero. However, this does not work in the particular case of
a crossbred individual issued directly from two related meta-
founders, i.e., an F1 crossbred individual with unknown
parents. This is a case that does sometimes exist, e.g., in sheep
and cattle. In this case, the contribution from the metafound-
ers to Aii is a sum over all metafounders

P
k!1;nmf"Li;kK:;k#2,

where K:;k is the kth column of K, the lower triangular Cholesky
decomposition of G ! KK9, and nmf is the number of meta-
founders. Therefore, in the case of several metafounders, their
contributions need to be processed for simultaneously. The core
modi!cation for the Meuwissen and Luo code is

Figure 4 Several related base populations.
Figure 5 Population with two related metafounders 1 and 2, self-
relationship coef!cients g1; g2; and relationship coef!cient g1;2 and
associated pedigree.
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Motivation
• In sheep natural mating is (usually) not recorded

• Only AI offspring has known parents
• This incomplete pedigree information underestimates 

inbreeding 

• Metafounders: pseudo-animals that 
represent relationship across and within 
base populations

• Unknown parents of an animal born in 2000 are offspring 
of animals born in 1996, but this relationship is lost if 
metafounders are not used
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Ancestral relationships in matrix 𝚪



Inbreeding with metafounders

By repeated application of the Tabular Method
• “Lucy” born in 2012 with unknown parents has 

F=0.1
• “Sean” born in 2014 with unknown parents has 

F=0.05
• Relationship of Sean and Lucy is 0.04
• “Paul” offspring of Sean and Lucy has inbreeding 

0.02
• This shows that we compensate for missing 

pedigrees
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Trait Mean (SD) 
Sperm volume (ml) 1.41 (0.63) 
Sperm concentration (106/ml) 3.23 (0.64) 
Motility score 4.61 (0.54) 
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Objective & data
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• To compare different methods to estimate inbreeding 
depression in semen traits

• 16,196 phenotypic records for 620 rams 
• 533 of them genotyped (36,464 SNPs)
• 8,266 animals in pedigree (rams + ancestors)
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Inbreeding depression analysis

𝒚 = 𝑿𝜷 + 𝑭𝑏 + 𝒁!𝒖 + 𝒁"#𝒑𝒆 + 𝒆

Inbreeding coefficients: 
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* For the subset of 533 genotyped rams

VanRaden, 1992
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McQuillan et al., 2008



Estimated inbreeding depression
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Values are expressed as the change in phenotypic mean per 100% increase in inbreeding (SE are in parenthesis). 

A 10% increase in inbreeding resulted in a reduction in motility of 
around 0.1 points in the scale (from 1 to 5) and a small deterioration 
in male fertility

Models 
Semen traits1 

Volume Concentration Motility 

PED -0.096 (0.880) 1.104 (0.978) -1.241 (0.681) 

PEDnon-zero -0.290 (0.996) 1.056 (1.108) -1.259 (0.771) 

PEDMF -0.979 (1.006) 1.617 (1.103) -1.676 (0.768) 

HMF -0.248 (0.703) 0.545 (0.807) -1.115 (0.557) 

ROH -0.931 (0.609) -0.247 (0.684) -0.905 (0.413) 

 

Estimate (s.e.)



Conclusions

• Metafounders help with missing pedigree information 

• Inbreeding depression estimation was more accurate 
using metafounders

• Analyses with ROH confirm these results

• Motility was unfavorably impacted by the increase of 
inbreeding in Basco-Béarnaise breed
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