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H I G H L I G H T S

• Resampling of genotypes allowed to estimate significance of fixation index.
• Birthdate based cohorts unraveled changes in relationship between two sister breeds.
• The proportion of opposing homozygotes was used to complete pedigree.
• More genotypes would be useful for this purpose.
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A B S T R A C T

Because of lack of pedigree records, the history of the Red-Pied of the Ösling (RPO) breed, which is an endan-
gered local red-pied cattle breed from Luxembourg, is not really known. However, it is assumed that there has
been exchanges between the RPO and the Meuse-Rhine-Yssel (MRY), another red-pied cattle breed from The
Netherlands. To validate this assumption, we estimated the changes in the relationships between the RPO and
MRY breeds over time by the definition of cohorts with different birthdates in the MRY breed. The fixation in-
dexes between the RPO breed and the different MRY cohorts, as well as a principal component analysis, showed
that the RPO breed was more related to the oldest MRY animals, born before 1990, and to the youngest MRY ani-
mals, born after 2009. This confirmed the a priori known pattern of importation of MRY animals to the RPO popu-
lation over time. Based on results obtained in a genomic relationship matrix and on the proportion of opposing
homozygotes, we could infer sire-offspring relationships between an MRY sire and three RPO animals. To com-
plete the pedigree of RPO animals even further and optimize exchanges between the MRY and RPO breeds, it
would be interesting to have access to more MRY genotypes.

1. Introduction

Local breeds often tend to crossbreed with other similar-looking
breeds in order to limit inbreeding rate and/or to maintain acceptable
genetic progress in important traits. An extreme example is the replace-
ment of local black and white populations by Holsteins through upgrad-
ing (Tatueva and Koltsov, 2023). Holstein animals with red-pied colour
were also commonly used to improve local red-pied breeds, e.g., Sim-
mental (Goncharenko et al., 2022), and red and white dual-purpose

populations (Schmidtmann et al., 2021). Historically, before the influ-
ence of Holsteins, local red-pied dual-purpose cattle with very small
population size were already collaborating with larger populations of
red-pied breeds (Gengler and Wilmot, 2022). For example, from a pre-
vious study (Wilmot et al., 2023), we know that there has been admix-
ture events between the Meuse-Rhine-Yssel (MRY) and the Red-Pied of
the Ösling (RPO), a local breed originating from the North of Luxem-
bourg.
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The RPO has an endangered breed status according to the European
legislation. Only one breeder of this dual-purpose red-pied breed is offi-
cially registering its animals in the Herdbook of the breed. Moreover,
little is known about the history of RPO and its pedigree is not complete
because the RPO was not officially recognized for a long time: subsidies
to sustain breeders who registers animals in the Herdbook were
launched in 2014 through agri-environment climate measures. There-
fore, based on the results previously obtained in Wilmot et al. (2023),
showing admixture between RPO and MRY, a more detailed analysis of
the genomic relationship between the RPO and MRY would help to un-
veil some parts of the history of the RPO breed. Moreover, inferring
pedigree relationships between RPO and MRY, based on genomic rela-
tionships and counts of opposing homozygotes, could further clarify re-
cent exchanges between both breeds.

The objective of this study was to estimate the changes in the rela-
tionship between the RPO and MRY breeds over time, based on esti-
mated genomic relationships, and, by extension, to infer sire-offspring
relationships between MRY and RPO animals.

2. Material and methods

Genotypes of 132 RPO and 292 MRY, coming from a previous study
(Wilmot et al., 2023) were used. The same quality control (QC) as in
Wilmot et al. (2023) was used and left 39,967 SNPs for further analyses.
The QC was performed with Plink v.1.9 (Purcell and Chang, 2019).

2.1. Changes in the relationship between RPO and MRY over time

In order to investigate the changes in the genomic relationship be-
tween the RPO and MRY breeds over time, the MRY samples were di-
vided into four cohorts, according to their birthdate. The MRY animals
born before 1990 were referred as MRY1 (n = 64), those born between
1990 and 1999 as MRY2 (n = 62), those born between 2000 and 2009
as MRY3 (n = 117) and those born after 2009 as MRY4 (n = 49). As
the birthdates of RPO animals were mostly spanning the last decade,
they were kept as a single cohort. Moreover, the RPO animals were
coming from a single breeder, the only one that is registering animals in
the Herdbook of RPO. There might be other animals representative of
the RPO breed in the Ösling region (North of Luxembourg) but they
have not been discovered so far. The single population used in the cur-
rent study was therefore well representing the RPO breed, as defined by
the Herdbook.

We used Plink v.1.9 (Purcell and Chang, 2019) to estimate Weir &
Cockerham's fixation index (Fst) between the RPO population and the
different MRY cohorts. To estimate if the Fst values between the RPO
and the different MRY cohorts were significant, we made 1000 random
samples of MRY, coming from all cohorts. The size of these random
samples was the same as the smallest cohort of MRY, i.e., n = 49. We
computed Fst values between each of these random samples of MRY and
the RPO population. We then computed a Bootstrap interval of 95 % for
these Fst values. We considered that the Fst value between RPO and a
specific MRY cohort was significant if outside the Bootstrap interval es-
timated on random samples of MRY. The rationale behind this strategy
was to determine divergence/convergence that were more significant
than what would have happened randomly. A principal component
analysis (PCA) based on the matrix of correlation of genotypes of MRY
and RPO animals was performed, using the FactoMineR package v.2.8
(Lê et al., 2008) of R software v.4.2.2 (R Core Team, 2022). Results
were visualized with Rstudio 2022.02.1 + 461 (R Studio Team, 2023).

2.2. Pedigree discovery in RPO

Among the 132 RPO animals, 16 had no pedigree and another 16
had a missing sire. For these animals, we wanted to use the MRY popu-
lation to discover the sire. For this purpose, the allelic frequencies (AF)

of MRY and RPO breeds were computed and then averaged across the
breeds. Following the first method of VanRaden (2008), these averaged
AF were then used for standardization of a genomic relationship matrix
(GRM). This GRM was computed with the calc_grm program (Calus,
2016) available in the MiXBLUP software (ten Napel et al., 2021).

We extracted pairs of RPO-MRY animals with a genomic relation-
ship higher than 0.10, to capture relationships as far as first-degree
cousins which have an average relationship of 0.125. Based on values
obtained with the GRM, it was possible to infer sire-offspring relation-
ships for which the average relationship is 0.50. We therefore consid-
ered values higher than 0.45 as sire-offspring pairs. Pedigree, if avail-
able, and proportion of opposing homozygotes between two animals
were used to confirm the sire-offspring relationship.

3. Results

Fig. 1 shows the first two principal components (PCs) of the PCA.
The first PC explains the variation between the two breeds while the
second PC explains the variation within the MRY breed. Table 1 shows
the different Fst estimates between RPO and the different MRY cohorts.
Both Fig. 1 and Table 1 show that the MRY1 cohort was more related to
the MRY2 cohort than to the two other cohorts of MRY and more re-
lated to the MRY3 cohort than to the MRY4 cohort. As expected, MRY
animals from one cohort were more related to animals from cohorts of
MRY with closer birthdates than to cohorts of MRY animals with more
distant birthdates. Therefore, based on the birthdate, there was a gradi-
ent of relationships within the MRY breed. Both Table 1 and Fig. 1 also
demonstrated that the RPO population was more related to MRY1 and
MRY4 than to MRY2 and MRY3. The Bootstrap interval of 95 % for Fst
values between RPO and a random sample of MRY ranged between
0.028 and 0.033, meaning that the MRY2 and MRY3 cohorts signifi-
cantly diverged from the RPO population.

Based on the GRM, the average relationship within RPO, excluding
self-relatedness, was 0.030, while the average relationship of RPO with
the different MRY populations was negative: −0.032 with MRY1,
−0.042 with MRY2 and MRY3 and −0.034 with MRY4, following the
trend of Fst values. We detected 106 pairs of MRY and RPO animals with
a genomic relationship higher than 0.10 and for which 47 different RPO
and 26 different MRY were involved. It was also found that three pairs
of MRY-RPO animals had a genomic relationship close to 0.47. The
same MRY animal, from cohort MRY3, was involved in these three
pairs, making highly probable that the three different RPO were half-
siblings and this MRY animal, with Dutch and German origins, their
sire. The proportion of opposing homozygotes between this MRY ani-
mal and the three RPO also confirmed the sire-offspring relationship
(values of 0.015 %, 0.013 % and 0.023 %). The sire was confirmed by
the available pedigree for one of the RPO.

Based on the GRM, we also found 12 pairs of MRY and RPO with ge-
nomic relationships between 0.20 and 0.25, suggesting either half-
siblings or grandsire and second-generation offspring relationships. The
available pedigree also confirmed five of these pairs as grandsire and
grand offspring.

4. Discussion and conclusion

The study of the changes in the relationship between the RPO and
MRY breeds over time showed that the RPO population was more re-
lated to the oldest and youngest cohorts of MRY (MRY1 and MRY4).
This result confirmed the known history of the studied RPO population,
raised by one breeder. Both RPO and MRY are known to originate from
the same breed group (Wilmot et al., 2023). Importations of MRY ani-
mals to RPO were relatively common before 1990. However, they al-
ready started to slow down from the 1980′s as most breeders of local
red-pied breeds, of which MRY, turned to Holstein. Moreover, from
1982, the Luxembourgish Herdbook started to organise performance
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Fig. 1. First two components of a principal component analysis for the Red-Pied of the Ösling (RPO) and the different Meuse-Rhine-Yssel cohorts (MRY1 to MRY4).

Table 1
Pairwise Weir & Cockerham's fixation index values between Meuse-Rhine-
Yssel (MRY) cohorts and Red-Pied of the Ösling (RPO) breed.
Cohort/breed MRY1 MRY2 MRY3 MRY4

MRY2 0.010
MRY3 0.015 0.009
MRY4 0.019 0.013 0.006
RPO 0.032 0.036* 0.037* 0.031

MRY1 = cohort of Meuse-Rhine-Yssel animals born before 1990; MRY2 = co-
hort of Meuse-Rhine-Yssel animals born between 1990 and 1999; MRY3 = co-
hort of Meuse-Rhine-Yssel animals born between 2000 and 2009; MRY4= co-
hort of Meuse-Rhine-Yssel animals born after 2009; RPO = Red-Pied of the Ös-
ling. *: significant divergence between red-pied of the Ösling and a Meuse-
Rhine-Yssel cohort.

recording with Germany and major breeding collaboration followed in
1990 with the beginning of genetic evaluations. Importation of Rot-
bunte DN (RDN) semen and animals, from Germany, to the RPO popu-
lation were then favoured. This fact was also strengthened by the pref-
erence of the RPO's breeder for deep red colour and more beef-like ani-
mals compared to the MRY type. Here it must be noticed that RDN was
not collaborating with MRY or importing MRY animals at a large scale
at that time. This explains why, between 1990 and 2009, the diver-
gence between RPO and MRY started to increase. However, during the
last decade, the available RDN sires were more and more direct sons or
grandsons of MRY animals. Through this path, the RPO population
started to import indirectly MRY genetic material. The relationship be-
tween the RPO and MRY populations therefore started to increase dur-
ing the last decade. Direct importations also exist as illustrated by the
MRY sire discovered for three RPO animals.

However, until now, importation of animals or semen from the RDN
or MRY breeds to the RPO population is suboptimal because breeders
are mainly making their choice of importations based on the phenotype
of the animal (i.e., the Luxembourgish breeder prefers less white, more
deep red animals with more meat), even if a genomic tool for breed as-

signment like in Wilmot et al. (2022) is also used to complement this
first impression. It would therefore be necessary to optimize importa-
tions of animals from other breeds to the RPO population in terms of in-
breeding rate, introgression of foreign alleles and genetic gain. For this
purpose, a simulation of exchanges between the different breeds, like in
Slagboom et al. (2022), can help to define the optimal number of MRY
and/or RDN sires to be imported in the RPO population.

As illustrated in this study, the common origin and the regular, di-
rect, but also indirect, exchanges of animals and semen between the
MRY and RPO breeds can help to discover and/or correct the pedigree
of RPO animals that can be relatively incomplete. With the help of a
GRM and the proportion of opposing homozygotes, we could infer the
sire of three RPO animals. The next steps to build the pedigree of this
population could be the discovery of the maternal grand-sire, through
the discovery of the sire, or by directly counting the number of oppos-
ing homozygotes between the maternal grand-sire and the offspring
(VanRaden et al., 2013). An improved version of this parentage testing
is using haplotypes instead of SNP conflicts counts. Our use of GRM to
infer parentage and relationships is similar to the strategy of Munoz et
al. (2014) or Moore et al. (2019) who used a realized relationship ma-
trix to detect possible pedigree conflicts when the relationship of two
animals was not within the expected range. Similar to us, Kaseja et al.
(2022) combined the use of opposing homozygotes and GRM to check
the pedigree. In their study, they defined a minimum threshold of rela-
tionships under which they can define pedigree errors. This minimum
threshold is based on reference animals for which the relationship is
known. However, in our case, as the pedigree of RPO animals was not
very complete and that most of the genotyped RPO animals were born
in the last decade, it was not possible to define a reference population
with verified pedigree relationships. An interesting follow-up of the
study would be to extend the screening of MRY and RPO genotypes to
infer pedigree relationships of RPO animals. This would be only possi-
ble if we have access to more MRY genotypes.

There has been, there are and there will probably be importations of
MRY genetic material to the RPO population. Genomic relationships be-
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tween both breeds can help to complete and correct the pedigree of
RPO. Access to more MRY but also especially to RDN genotypes would
help in this regard. Organizing exchanges of bulls and semen between
these breeds in a manner that benefits the maintenance of the endan-
gered RPO breed would be an important follow-up.

Ethical approval

The SNP data for the animals included in this study were previously
obtained on samples collected by concerned breeder associations based
on relevant authorization by the different local authorities.

Consent for publication

Not applicable

Data availability

The data supporting the findings of this study cannot be made avail-
able as a whole. The corresponding author, upon reasonable request,
will forward request to relevant data owners.

Uncited references

R Studio Team, 2023.

CRediT authorship contribution statement

H. Wilmot: Writing – original draft, Visualization, Software,
Methodology, Investigation, Formal analysis, Conceptualization. N.
Gengler: Writing – review & editing, Supervision, Methodology, In-
vestigation. J. Bormann: Writing – review & editing, Investigation.
M.P.L. Calus: Writing – review & editing, Supervision, Methodol-
ogy, Investigation.

Declaration of competing interest

The authors declare that they have no competing interests.

Funding

H. Wilmot, as a former Research Fellow and as a recipient of a grant
for “Accomplissement d'un séjour à l'étranger [V3]” and N. Gengler, as
a former Senior Research Associate, acknowledge the support of the
Fonds de la Recherche Scientifique – FNRS (Brussels, Belgium). The
University of Liège, through the subsidy “Missions scientifiques”, and
the Wallonia-Brussels Federation (FW-B), through the grant “Bourse de
voyage”, for an abroad research stay, are acknowledged by H. Wilmot.
The ASTA is acknowledged for its financial support through the CaL-
iCCo project. The Walloon Government (Service Public de Wallonie –
Direction Générale Opérationnelle Agriculture, Ressources Naturelles
et Environnement, SPW-DGARNE; Namur, Belgium) is acknowledged
for its financial support. The University of Liège – Gembloux Agro-Bio
Tech (Liège, Belgium) supported computations through the technical
platform Calcul et Modélisation Informatique (CAMI) of the TERRA
Teaching and Research Centre, partly supported by the Fonds de la
Recherche Scientifique – FNRS under grant no. T.0095.19 (PDR
“DEEPSELECT”). Genotyping of Luxembourgish animals was facilitated
through the support of the Fonds de la Recherche Scientifique – FNRS
under grant no. J.0174.18 (CDR “PREDICT-2″).

Acknowledgements

The authors acknowledge the technical support by the Administra-
tion of Technical Agricultural Services (ASTA) of the Ministry of Agri-
culture, Viticulture and Rural Development of the Grand Duchy of Lux-
embourg and CONVIS, a breeders’ cooperative from the Grand Duchy
of Luxembourg. They are also acknowledged for providing genotypes of
RPO animals. The authors especially thank Armand Braun (CONVIS, Et-
telbruck, Grand Duchy of Luxembourg) for his help in understanding
the history and the breeding of RPO. The Centre for Genetic Resources,
The Netherlands (CGN) of Wageningen University and Research are ac-
knowledged for providing the data for the MRY breed. Ina Hulsegge is
especially acknowledged for the details provided about the genotypes
of MRY animals (CGN, Wageningen, The Netherlands).

References

Gengler, N., Wilmot, H., 2022. Rotbunte Rassen: genetische und geschichtliche
betrachtung. In: Nationaler Kongress zur Zucht und Erhaltung alter Und Bedrohter
Einheimischer Nutztierrassen, 81. DGfZ-Schriftenreihe, pp. 111–121. https://
hdl.handle.net/2268/293591.

Goncharenko, G.M., Grishina, N.B., Khoroshilova, T.S., Khalina, O.L., Yarantseva, S.B.,
2022. Influence of Holsteinization on the biological productivity and genotypic
structure of the simmental breed. In: AIP Conf. Proc. 2467. https://doi.org/10.1063/
5.0092569.

Kaseja, K., Mucha, S., Yates, J., Smith, E., Banos, G., Conington, J., 2022. Discovery of
hidden pedigree errors combining genomic information with the genomic
relationship matrix in Texel sheep. Animal. 16, 100468. https://doi.org/10.1016/
j.animal.2022.100468.

Lê, S., Josse, F., Husson, F., 2008. FactoMineR: an R package for multivariate analysis. J.
Stat. Softw. 25, 1–18. https://doi.org/10.18637/jss.v025.i01.

Moore, K.L., Vilela, C., Kaseja, K., Mrode, R., Coffey, M., 2019. Forensic use of the
genomic relationship matrix to validate and discover livestock pedigrees. J. Anim.
Sci. 97, 35–42. https://doi.org/10.1093/jas/sky407.

Munoz, P.R., Resende, M.F.R., Huber, D.A., Quesada, T., Resende, M.D.V., Neale, D.B.,
Wegrzyn, J.L., Kirst, M., Peter, G.F., 2014. Genomic relationship matrix for correcting
pedigree errors in breeding populations: impact on genetic parameters and genomic
selection accuracy. Crop. Sci. 54, 1115–1123. https://doi.org/10.2135/
cropsci2012.12.0673.

Calus, M.P.L., and J. Vandenplas. 2016. Calc_grm—A program to compute pedigree,
genomic, and combined relationship matrices.

ten Napel, J., J. Vandenplas, M. Lidauer, I. Stranden, M. Taskinen, E. Mäntysaari, M.P.L.
Calus, and R.F. Veerkamp. 2021. MiXBLUP 3.0.1 manual. 1–142.

Purcell, S., and C. Chang. 2019. PLINK v1.9.
R Core Team. 2022. R: a language and environment for statistical computing.
R Studio Team. 2023. RStudio: integrated development for R. RStudio.
Schmidtmann, C., Schönherz, A., Guldbrandtsen, B., Marjanovic, J., Calus, M., Hinrichs,

D., Thaller, G., 2021. Assessing the genetic background and genomic relatedness of
red cattle populations originating from Northern Europe. Genet. Sel. Evol. 53, 1–18.
https://doi.org/10.1186/s12711-021-00613-6.

Slagboom, M., Milkevych, V., Liu, H., Thomasen, J.R., Kargo, M., Schmidtmann, C., 2022.
Conservation of local red cattle breeds by collaboration with a mainstream red dairy
cattle breed. Livest. Sci. 260. https://doi.org/10.1016/j.livsci.2022.104936.

Tatueva, O.V., Koltsov, D.N., 2023. Effects of holsteinization on productive lifespan of
black-and-white cows in Smolensk Oblast. Russ. Agric. Sci. 49, 523–529. https://
doi.org/10.3103/s1068367423050130.

VanRaden, P.M., 2008. Efficient methods to compute genomic predictions. J. Dairy Sci.
91, 4414–4423. https://doi.org/10.3168/jds.2007-0980.

VanRaden, P.M., Cooper, T.A., Wiggans, G.R., O’Connell, J.R., Bacheller, L.R., 2013.
Confirmation and discovery of maternal grandsires and great-grandsires in dairy
cattle. J. Dairy Sci. 96, 1874–1879. https://doi.org/10.3168/jds.2012-6176.

Wilmot, H., Bormann, J., Soyeurt, H., Hubin, X., Glorieux, G., Mayeres, P., Bertozzi, C.,
Gengler, N., 2022. Development of a genomic tool for breed assignment by
comparison of different classification models - application to three local cattle breeds.
J. Anim. Breed. Genet. 139, 40–61. https://doi.org/10.1111/jbg.12643.

Wilmot, H., Druet, T., Hulsegge, I., Gengler, N., Calus, M.P.L., 2023. Estimation of
inbreeding, between-breed genomic relatedness and definition of sub-populations in
red-pied cattle breeds. Animal. 17, 100793. https://doi.org/10.1016/
j.animal.2023.100793.

4

https://hdl.handle.net/2268/293591
https://hdl.handle.net/2268/293591
https://doi.org/10.1063/5.0092569
https://doi.org/10.1063/5.0092569
https://doi.org/10.1016/j.animal.2022.100468
https://doi.org/10.1016/j.animal.2022.100468
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.1093/jas/sky407
https://doi.org/10.2135/cropsci2012.12.0673
https://doi.org/10.2135/cropsci2012.12.0673
https://doi.org/10.1186/s12711-021-00613-6
https://doi.org/10.1016/j.livsci.2022.104936
https://doi.org/10.3103/s1068367423050130
https://doi.org/10.3103/s1068367423050130
https://doi.org/10.3168/jds.2007-0980
https://doi.org/10.3168/jds.2012-6176
https://doi.org/10.1111/jbg.12643
https://doi.org/10.1016/j.animal.2023.100793
https://doi.org/10.1016/j.animal.2023.100793

	Changes in the relationship between an endangered cattle breed and its mainstream sister breed over time
	1. Introduction
	2. Material and methods
	2.1. Changes in the relationship between RPO and MRY over time
	2.2. Pedigree discovery in RPO

	3. Results
	4. Discussion and conclusion
	Ethical approval
	Consent for publication
	Data availability
	Uncited references
	CRediT authorship contribution statement
	Funding
	Acknowledgements
	References


	fld60: 
	fld61: 
	fld107: 


