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Currently, enhancing the collaboration between related breeds is of main importance to increase the
competitivity and the sustainability of local breeds. One type of collaboration is the development of an
across-breed reference population that will allow a better management of local breeds. For this purpose,
the genomic relatedness between the local target breed and possible breeds to be included in the refer-
ence population should be estimated. In Europe, there are several local red-pied cattle breeds that would
benefit from this kind of collaboration. However, how different red-pied cattle breeds from the Benelux
are related to each other and can collaborate is still unclear. The objectives of this study were therefore:
(1) to estimate the level of inbreeding of the East Belgian Red and White (EBRW), the Red-Pied of the
Ösling (RPO) and Dutch red-pied cattle breeds; (2) to determine the genomic relatedness of several
red-pied cattle breeds, with a special focus on two endangered breeds: the EBRW and the RPO, and (3)
based on the second objective, to detect animals from other breeds that were genomically close enough
to be considered as advantageous in the creation of an across-breed reference population of EBRW or
RPO. The estimated inbreeding levels based on runs of homozygosity were relatively low for almost all
the studied breeds and especially for the EBRW and RPO. This would imply that inbreeding is currently
not an issue in these two endangered breeds and that their sustainability is not threatened by their level
of inbreeding. The results from the principal component analysis, the phylogenetic tree and the clustering
all highlighted that the EBRW and RPO breeds were included in the genomic continuum of the studied
red-pied cattle breeds and can be therefore considered as genomically close to Dutch red-pied cattle
breeds, highlighting the possibility of a collaboration between these breeds. Especially, EBRW animals
were closely related to Deep Red and Improved Red animals while, to a lesser extent, the RPO animals
were closely related to the Meuse-Rhine-Yssel breed. Based on these results, we could use distance mea-
sures, based either on the principal component analysis or clustering, to detect animals from Dutch
breeds that were genomically closest to the EBRW or RPO breeds. This will finally allow the building
of an across-breed reference population for EBRW or RPO for further genomic evaluations, considering
these genomically closest animals from other breeds.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Implications

To stay competitive against mainstream breeds, the develop-
ment of a genomic evaluation system for local breeds is
necessary worldwide, which requires an across-breed reference
population to be built. For this purpose, the genomic related-
ness of the endangered East Belgian Red and White and the
Red-Pied of the Ösling with red-pied cattle breeds from the
Netherlands was estimated. These two breeds were part of a
continuum of red-pied breeds from Benelux countries. Animals
from Dutch breeds that were genomically close to them
were detected. They can be considered when building an
across-breed reference population for those endangered
breeds.
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Introduction

Local breeds are of main importance because they are often
seen as a reservoir of unique genetic material and as adapted to
their environment (Medugorac et al., 2009). They are in general
more resilient, fertile and with better health performances (e.g.
udder health or calving ease) than specialised breeds. However,
most of the time, local breeds are genetically inferior to main-
stream breeds for production traits and the routine use of geno-
mics in mainstream breeds, while still uncommon in local breeds
with small reference populations, can increase the genetic gap
between them. It is therefore of main importance to enhance the
competitiveness of local breeds against mainstream breeds
(Hiemstra et al., 2010; Wellmann and Bennewitz, 2019) and to
improve their genetic gain (Marjanovic et al., 2021).

To improve the genetic gain of a breed, it can be advocated to
develop a genomic evaluation system which relies on a relevant
reference population. Reference populations should meet two cri-
teria to allow precise and reliable genomic predictions: (1) The ref-
erence population should be of sufficient size (Goddard, 2009); and
(2) The candidate animals to be evaluated should be genetically
related to animals from the reference population (Wientjes et al.,
2013). As the first criteria can hardly be met in the case of an
endangered breed, building an across-breed (or joint) reference
population can help to overcome this issue. However, to be effec-
tive, and meet the second criterion, an across-breed reference pop-
ulation should use related breeds. If the breeds are closely related,
a higher increase in the accuracy of the genomic prediction is
expected and, therefore, the addition of another breed in the refer-
ence population is more valuable (Hozé et al., 2014). Estimates of
genetic relatedness can help to decide which breeds can be
included in the reference population of the target breed. Especially,
the effective number of chromosome segments has been com-
monly used because the number of animals from the related breed
that is equivalent to the addition of one animal of the target breed
in the reference population can be derived from it (Wientjes et al.,
2016; Marjanovic and Calus, 2021). Another solution is to detect,
inside the related breed, the animals that are the most genomically
related to the target breed. One example is given by Rezende et al.
(2020) who detected, based on the first principal component of a
principal component analysis (PCA), animals from a local popula-
tion that were genomically close enough to animals from the inter-
national population.

The development of an across-breed reference population can
be interesting for the diverse local red-pied cattle breeds found
in Europe. Indeed, these breeds have very different population
sizes, from mainstream breeds such as the Meuse-Rhine-Yssel
(MRY) to local breeds (van Breukelen et al., 2019; Schmidtmann
et al., 2021; Wilmot et al., 2022). Several studies have demon-
strated the genetic relatedness of Dutch red-pied breeds (van
Breukelen et al., 2019; Marjanovic et al., 2021; Schmidtmann
et al., 2021), but none of them included the endangered East Bel-
gian Red and White (EBRW) and the Red-Pied of the Ösling
(RPO), which are other red-pied breeds. Therefore, how the EBRW
and RPO can collaborate with other red-pied breeds for the devel-
opment of an across-breed reference population is currently
unknown. The knowledge of the genetic diversity within and
between these breeds will allow to get a better insight of their his-
tory as well as to improve their management for conservation pur-
poses (Gómez-Romano et al., 2013), e.g. by conservation through
utilisation (Slagboom et al., 2022). Among other analyses, PCA, fix-
ation index values, phylogenetic trees or unsupervised clustering
are commonly used to estimate between-breed diversity, to posi-
tion studied breeds against each other, and to detect possible
admixture events. For within-breed genetic diversity, the estima-
tion of inbreeding coefficients is valuable. If inbreeding coefficients
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within a breed are high, it can be decided to crossbreed it with a
related breed to lower its average inbreeding level and sustain it.
Low inbreeding coefficients can then be related, if confirmed by
other parameters, with admixture events. The proportion of gen-
ome involved in runs of homozygosity, which are stretches of
homozygous markers, can give a valuable estimation of inbreeding
coefficients. They can be estimated by a rule-based method, which
means that empirical thresholds are used to characterise runs of
homozygosity, e.g., by the definition of the minimum number of
homozygous single nucleotide polymorphism (SNP), the maximum
number of missing SNPs or heterozygous SNPs. The runs of
homozygosity are often considered as pairs of haplotype segments
inherited from one ancestor and therefore referred to as homozy-
gous by descent segments. Probabilistic approaches based on a
hidden Markov model have been proposed to identify homozygous
by descent segments. For example, Druet and Gautier (2017) devel-
oped such a hidden Markov model with several states associated to
homozygous by descent positions, corresponding to homozygous
by descent segments of different lengths associated with different
group of ancestors (present in different past generations).

The objectives of this study were therefore: (1) to compare
inbreeding levels of eight red-pied cattle breeds using runs of
homozygosity and homozygosity by descent probabilities, (2) to
determine the genomic relatedness between the EBRW, the RPO
and Dutch red-pied breeds, and (3) by the definition of sub-
populations, to detect which animals from other breeds would
be valuable to add when defining a reference population for the
EBRW and RPO breeds for further genomic evaluations. The
achievement of these objectives will allow to lay the foundation
for a thoughtful collaboration of red-pied cattle breeds from
Benelux countries.
Material and methods

Dataset and quality control

A total of eight cattle breeds were considered in this study: the
Dutch belted (DB, n = 16), the Dutch Friesian (DFR, n = 51), the
Deep Red (DR, n = 21), the EBRW (n = 226), the Groningen White
Headed (GWH, n = 36), the Improved Red (IR, n = 21), the MRY
(n = 292) and the RPO (n = 132). For this latter breed, all animals
recorded in the Herd Book are coming from a single farm, and
therefore, all genotyped animals were also coming from that farm.
The studied RPO animals were therefore representing well the
breed, as defined by its Herd Book. All the sampled animals had
a red-pied colour pattern, even if, for the DB and DFR, black-pied
animals also exist. Different chips were used for genotyping these
animals: the BovineSNP50 Beadchip v2 and 3, the BovineHD Bead-
chip v12 and the EuroG MD v9-SI and v2 (Illumina, San Diego, CA,
USA). Supplementary Table S1 provides the distribution of the dif-
ferent chips used for genotyping the different breeds. Genotype
data from Dutch breeds (DB, DFR, DR, GWH and IR) were provided
by the Centre of Genetic Resources (Wageningen, the Netherlands),
those from the EBRW by the Walloon Breeders Association (Ciney,
Belgium) and those from the RPO by the Administration of Techni-
cal Agricultural Services (Luxembourg, Luxembourg). The Bos tau-
rus genome reference assembly ARS-UCD1.2 (Rosen et al., 2020),
available on the website of Schnabel (2019), was used for mapping
the available SNPs. The quality control was performed on the
merged dataset, containing all the studied breeds. Before quality
control, 40 695 SNPs mapped on autosomes were in common
between the different chips and the lowest animal call rate was
87%. For quality control, SNPs with genotype call rate under 90%
were discarded with Plink v.1.9 (Purcell and Chang, 2019). Then,
the remaining missing SNP values were imputed with Beagle
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v.4.0 (Browning and Browning, 2007) and SNPs with a predicted
imputation accuracy (r-squared) lower than 0.8 were discarded
with bcftools v.1.15 (Danecek et al., 2021). After quality control,
a total of 39 967 SNPs remained and were used for further analysis.

Runs of homozygosity

To have an insight of the inbreeding status of each of the eight
breeds under study, homozygous by descent segments and runs of
homozygosity were computed. For these analyses, all the available
samples were kept. A model-based approach using a hidden Mar-
kov model was used to compute homozygosity by descent. This
approach relied on the multiple homozygous by descent class
model proposed by Druet and Gautier (2017) and implemented
in the RZooROH package v.0.3.1 (Bertrand et al., 2019). We used
a model with nine homozygous by descent classes, modelled as
nine nested layers of ancestors (Druet and Gautier, 2022), with
the rates Rk set to {2, 4, 8, 16, 32, 64, 128, 256, 512}. The rate from
homozygous by descent-class k corresponds approximately to
twice the number of generations to the common ancestors associ-
ated with the homozygous by descent segments in that layer
(Druet and Gautier, 2017). The last class regrouped non-
homozygous by descent segments of the genome as well as more
ancient homozygous by descent segments associated with more
remote ancestors. This approach allowed an estimation of the pro-
portion of the genome associated with each of the defined
homozygous by descent classes as well as of the genomic inbreed-
ing coefficient based on these classes.

A rule-based method was implemented using Plink v.1.9
(Purcell and Chang, 2019) by applying guidelines suggested by
Meyermans et al. (2020) to estimate runs of homozygosity. Accord-
ingly, there was no linkage disequilibrium pruning nor minor allele
frequency pruning prior to the run of homozygosity analysis. The
formula of Lencz et al. (2007), adapted by Purfield et al. (2012),
was used to determine the minimal number of SNPs in runs
of homozygosity, symbolised L, and the size of the scanning
window:

L ¼
loge

a
nsni

logeð1� het�Þ
with a the percentage of false positive runs of homozygosity, set to
0.05, ns the total number of SNPs available, ni the number of individ-

uals and het
�

the mean heterozygosity across all SNPs.
The minimal number of SNPs in run of homozygosity and the

size of the scanning window were therefore equal to 52. The max-
imum gap between two consecutive SNPs to be included in runs of
homozygosity was fixed to 500 kilobases (kb), as suggested by
Meyermans et al. (2020). Moreover, as the average marker density
was around 15 SNPs/Mb and the minimal number of SNPs in run of
homozygosity was equal to 52, the expected average size of run of
homozygous segments was around 3.5 Mb. Therefore, the mini-
mum size of run of homozygosity considered was fixed to 4 Mb.
Using this minimum size is also warranted to limit the detection
of false positive ROHs when using �40 k SNP (Alemu et al.,
2021). Heterozygotes in the scanning window and, thus, in runs
of homozygosity were not allowed. As the genotypes were
imputed, no missing genotypes were present, and there was no
need to consider those in the run of homozygosity analyses. To
be considered a run of homozygosity, segments must have on aver-
age one SNP per 75 kb, as suggested by Meyermans et al. (2020).
The scanning window threshold (t) was computed according to
Meyermans et al. (2020):

t ¼ floor
Nout þ 1

L
;3

� �
3

with L the scanning window previously defined and Nout the desired
number of final outer SNPs on either side of the homozygous seg-
ment that should not be included in the final run of homozygosity.
Three decimals were accounted for defining t. In this study, t equals
0.058 as a Nout of two was chosen. For visualisation of results, R
v.4.2.2 (R Core Team, 2022) and Rstudio 2022.02.1 + 461 (R
Studio Team, 2022) were used.

Genomic relatedness of breeds

The genomic relatedness of the eight breeds under study was
analysed through three different approaches: a PCA, a fixation
index and an admixture analysis. To avoid undesirable effects of
oversampling on these three approaches (Lawson et al., 2018), a
random sample of 50 animals of each of the four breeds with more
than 50 samples (DFR, EBRW, MRY and RPO) was used, similar to
Schmidtmann et al. (2021). The PCA was based on the matrix of
correlations of genotypes and was computed with the FactomineR
v.2.4 R package (Lê et al., 2008). The pairwise Weir & Cockerham’s
fixation index values (Weir and Cockerham, 1984) were computed
with Plink v.1.9 (Chang et al., 2015; Purcell and Chang, 2019).
Based on fixation index values, the unweighted pair group method
with arithmetic mean was used to build a phylogenetic tree with
the phangorn 2.7.1 R package (Schliep et al., 2017). Finally, an
unsupervised clustering was performed with the ADMIXTURE
v.1.3.0 software (Alexander et al., 2009). The optimised number
of clusters was determined based on a 10-fold cross-validation
for K = 1–10 clusters. To avoid bias in the unsupervised clustering,
linkage disequilibrium pruning was performed using Plink v.1.9
(option --indep-pairwise 50 5 0.8) on the overall dataset, leading
to a reduced number of 37 603 SNPs. The position of individuals
on principal components, the phylogenetic tree and the propor-
tions of individuals to each of the K clusters were visualised with
R v.4.2.2 (R Core Team, 2022) and Rstudio 2022.02.1 + 461 (R
Studio Team, 2022).

Detection of sub-populations

The concept behind the third objective is that there is a stratifi-
cation within each breed and that not all the animals of a breed are
equivalent in the development of an across-breed reference popu-
lation. To evaluate which animals from other breeds could be
included in reference populations of EBRW and RPO for future
genomic evaluations, three different approaches of the determina-
tion of sub-populations were computed: (1) Weighted Euclidean
distances of animals to EBRW and RPO centroids based on principal
components explaining 95% of the variance, (2) Weighted Eucli-
dean distances of animals to EBRW and RPO centroids based on
the first four principal components, and (3) Euclidean distances
of animals to EBRW and RPO mean proportions for ADMIXTURE
defined-clusters. For each of these approaches, RPO animals were
not considered when establishing the list of closest animals to
the EBRW breed, and vice-versa.

The first approach was based on a PCA using the matrix of cor-
relations of genotypes (option ‘‘scale.unit = TRUE” of the PCA func-
tion of the FactomineR v.2.4 R package, Lê et al., 2008), considering
all the available samples and the principal components explaining
altogether at least 95% of the total variance, i.e., in this study, 632
principal components. For EBRW and RPO, the mean coordinates of
genotypes of all animals belonging to one of these two breeds were
computed, considering the first 632 principal components. These
mean coordinates were considered as centroids for EBRW and
RPO. Centroids were computed as follows, for each of the two
breeds separately and for j = 1–632 principal components:



Fig. 1. Proportion of the genome in different homozygous by descent classes with
different Rk rates for different cattle breeds. Abbreviations: DB = Dutch belted;
DFR = Dutch Friesian; DR = Deep Red; EBRW = East Belgian Red and White;
GWH = Groningen White Headed; IR = Improved Red; MRY = Meuse-Rhine-Yssel;
RPO = Red-Pied of the Ösling.
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centroidj ¼
Pn

i¼1coordinatej;i
n

where centroidj is the coordinate of the centroid for the principal
component j, i is the animal considered, n is the total number of ani-
mals of the EBRW or RPO breeds and coordinatej,i is the coordinate
of the animal i on the principal component j. Each centroid there-
fore had 632 coordinates, one for each principal component. Fol-
lowing this, the distances of each animal to these centroids were
computed as follows:

di ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX632
j¼1

coordinatei;j � centroidj
� �2 � varj

� �vuut

where i is the animal for which the distance is computed, j is the
principal component considered, coordinatei,j is the coordinate of
the animal i on the principal component j, centroidj is the coordi-
nate of the centroid for the principal component j and varj is the
proportion of the variance explained by principal component j.
The mean of the distances of genotypes from all animals, including
EBRW and RPO animals, to centroids of EBRW and RPO was used as
an empirical threshold to determine if animals from other breeds
could potentially be included in the reference population of EBRW
and RPO breeds. If the distance of the genotype of an animal to
the centroid of EBRW or RPO was below the threshold, and if it does
not belong to the EBRW or RPO breed, it was included in the list of
animals that could be used in future reference populations of EBRW
or RPO.

The second approach was also based on a PCA using the matrix
of correlations of genotypes and considering all the available sam-
ples. However, for this second approach, only the first four princi-
pal components explaining altogether 7.78% of the total variance
were used. The number of principal components to consider was
evaluated based on the number of principal components after
which there is a stabilisation of the percentage of the variance
explained. Then, exactly the same steps as in the first approach
were followed for the computation of centroids, distances and
threshold. The only difference was that four principal components
were considered, and not 632.

The last approach was based on ADMIXTURE results obtained
when all the samples were considered and without any linkage
disequilibrium pruning. It was indeed considered that SNPs in link-
age disequilibrium would give important information about strat-
ification within the breed and therefore about which animals could
be included in the reference population of EBRW and RPO breeds.
Mean ADMIXTURE proportions for K = 8 clusters were computed
for the EBRW and the RPO breeds, as follows:

p
�
k ¼

Pn
i¼1pk;i

n

where p
�
k is the mean proportion of the ADMIXTURE cluster k, i is

the animal considered, n is the total number of animals for the
EBRW or RPO breeds, and pk;i is the proportion of the ADMIXTURE
cluster k for the animal i. Similarly to the other approaches, Eucli-
dean distances of each of the animals to these mean proportions
were determined:

di ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX8
k¼1

pi;k � p
�
k

� �2

vuut

where i is the animal for which the distance is computed, k is the
cluster considered, pi;k is the proportion of the ADMIXTURE cluster

k for the animal i and p
�
k is the mean proportion of the ADMIXTURE

cluster k for the breed considered. A threshold was then defined
similarly to the previous approaches (mean of distances). Animals
4

to be included in the across-breed reference population of EBRW
and RPO were listed based on this threshold. To compare the three
different approaches, the overlap of selected animals by the differ-
ent approaches was evaluated and presented in a Venn diagram.
Results

Runs of homozygosity

Two different approaches were used to estimate autozygosity in
each of the eight breeds under study: (1) a hidden Markov model-
based approach and (2) a rule-based approach. Fig. 1 shows, for
each of the breeds, the proportion of the genome associated with
the different homozygous by descent classes of our hidden Markov
model. In general, inbreeding levels were relatively low in the dif-
ferent breeds. However, higher proportions of the genome were
associated to homozygous by descent classes with rates Rk equal
to 16, for GWH and DB, and to 32, for GWH (roughly equivalent
to common ancestors present 8 and 16 generations in the past),
in comparison to other breeds. Most breeds also showed higher
proportions of homozygous by descent segments at rate 512 com-
pared to other rates. However, considering the SNP density all over
the genome, these homozygous by descent segments should be
interpreted cautiously. Moreover, homozygous by descent seg-
ments at rate 512 would have been related to very ancient inbreed-
ing events appearing before the creation of the breeds. The IR breed
presented lower inbreeding levels in general. Supplementary
Fig. S1 shows, for each breed, the average total length of runs of
homozygosity in different run of homozygosity categories defined
according to their length, based on the rules defined for the second
approach. Similar patterns to Fig. 1 were observed, and similar con-
clusions could be drawn.

Fig. 2 allows to observe the variability of the genomic inbreed-
ing coefficient based on homozygous by descent segments within
each of the eight breeds for different base populations (by consid-
ering only classes with a rate Rk lower than a threshold T as
homozygous by descent). As previously, higher inbreeding levels
can be observed for the GWH animals while DR, EBRW, IR, MRY
and RPO animals had on average at rate 512 a value around 0.10
for the genomic inbreeding coefficient based on homozygous by
descent segments. In general, the individual genomic inbreeding
coefficients based on homozygous by descent segments were rela-
tively close to the average pattern observed for the breed. How-
ever, for the MRY breed, more variability was observed, partly
because more samples were available than for most of the breeds,



Fig. 2. Individual (in grey) and average (in red) genomic inbreeding coefficients per cattle breed. The genomic inbreeding coefficients were estimated with respect to different
base populations by including only homozygous by descent classes with a rate Rk lower or equal than a threshold T (setting the reference population approximately 0.5*T
generations in the past). Abbreviations: DB = Dutch belted; DFR = Dutch Friesian; DR = Deep Red; EBRW = East Belgian Red and White; GWH = Groningen White Headed;
IR = Improved Red; MRY = Meuse-Rhine-Yssel; RPO = Red-Pied of the Ösling.
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with the birthdate of MRY animals spanning a longer timeframe
than other breeds, and partly because the breed is more main-
stream, having higher headcounts. The EBRW and IR breeds
showed two and one animals, respectively, with higher inbreeding
levels compared to other animals of the same breed. Moreover,
these homozygous by descent segments were longer, captured by
the homozygous by descent classes with rates Rk equal to 4 or 8,
suggesting recent inbreeding associated with ancestors present
approximately two to four generations in the past.

Fig. 3 shows for each animal of each breed the number of runs of
homozygosity comparatively to the genomic inbreeding coeffi-
cient, both estimated with the rule-based approach. Again, the
MRY, EBRW and RPO breeds showed similar patterns, with most
animals having a genomic inbreeding coefficient under 0.15 and
less than 30 runs of homozygosity. For the MRY and EBRW breeds,
a few animals have a genomic inbreeding coefficient of approxi-
mately 0.20. For EBRW, the two animals exhibiting recent inbreed-
ing levels again clearly separated from the others. The IR breed also
showed low genomic inbreeding coefficients and a similar pattern
to MRY, EBRW and RPO, even if it is less obvious to observe as the
sample size was smaller. The GWH breed showed again higher
levels of inbreeding as only one animal from this breed had a geno-
mic inbreeding coefficient lower than 0.05. The slope of the DFR
animals in Fig. 3 appeared to be the steepest which would mean
that high genomic inbreeding coefficients in this breed are due to
more distant inbreeding than for other breeds, as confirmed by
Figs. 1 and 2.
Genomic differentiation of breeds

To visualise the differentiation between the eight breeds under
study, a PCA was realised (Fig. 4, Supplementary Fig. S2). The first
component of this PCA explained 4.29% of the variation while the
second one explained 3.45% of the variation. The first principal
component allowed to clearly separate GWH animals from other
breeds while the second component separated DB and DFR animals
5

from other breeds. The DFR, DB and GWH also appeared to be
clearly distinct from each of the other breeds on the phylogenetic
tree (Fig. 5); the GWH breed being the most distant compared to
other breeds, as already seen in Fig. 4.

The remaining breeds, namely IR, EBRW, DR, RPO and MRY,
formed a continuum of breeds on the second principal component,
highlighting their genomic proximity (Fig. 4). Similar conclusions
can be drawn from the phylogenetic tree (Fig. 5); IR and EBRW
were the most closely related breeds and DR animals appeared to
be closely related to them. Another sub-group was composed of
MRY and RPO animals, even if they appeared to be less closely
related than the sub-group of IR, EBRW and DR animals. These
two sub-groups were also closely related, forming the continuum
of breeds previously seen on the PCA.

The results of the ADMIXTURE analysis can be observed in Fig. 6
for 2–8 clusters. The optimal number of clusters based on the 10-
fold cross-validation was found to be eight, which is the number of
studied breeds (Supplementary Fig. S3). When defining two clus-
ters, the GWH appeared to be the first breed to be differentiated,
supporting previous results. Three clusters allowed to differentiate
the DFR from the other breeds while five clusters were necessary to
differentiate the DB from other breeds. The MRY and RPO breeds
showed similar patterns of admixture until the definition of four
clusters. The IR and EBRW showed very similar patterns of admix-
ture for any number of clusters while the DR started to show a dif-
ferent partitioning when using eight clusters. However, the DR
breed was not clearly distinguished from IR and EBRW based on
ADMIXTURE results. All of these results confirmed those obtained
from the phylogenetic tree in Fig. 5.
Detection of sub-populations

Three different approaches were compared to determine sub-
populations among the different breeds with the purpose to iden-
tify animals that could be included in the reference populations of
EBRW and RPO for genomic evaluations. The EBRW animals were



Fig. 3. For each of the eight studied cattle breeds, a scatter plot of the number of runs of homozygosity on genomic inbreeding coefficient, defined with the rule-based
approach. Abbreviations: DB = Dutch belted; DFR = Dutch Friesian; DR = Deep Red; EBRW = East Belgian Red andWhite; GWH = GroningenWhite Headed; IR = Improved Red;
MRY = Meuse-Rhine-Yssel; RPO = Red-Pied of the Ösling.

Fig. 4. First two dimensions of a principal component analysis for the eight cattle breeds under study. Abbreviations: DB = Dutch belted; DFR = Dutch Friesian; DR = Deep Red;
EBRW = East Belgian Red and White; GWH = Groningen White Headed; IR = Improved Red; MRY = Meuse-Rhine-Yssel; RPO = Red-Pied of the Ösling.
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excluded from the analysis for the RPO breed and vice-versa. The
three approaches used were: (1) Weighted Euclidean distances
from means of EBRW or RPO breeds on a PCA explaining 95% of
the total variance, (2) A variation of the first approach using only
the first four principal components explaining altogether 7.78% of
the variance, and (3) Euclidean distances from proportion averages
to K = 8 clusters defined by ADMIXTURE. Table 1 shows the propor-
tion of each of the Dutch breeds that can be considered as genom-
ically close to EBRW and RPO breeds, respectively, while Fig. 7
shows the overlap between the three different approaches for the
EBRW and RPO breeds.
6

The three approaches were mostly in agreement regarding the
list of animals to be considered as genomically related to the
RPO and EBRW breeds. For the EBRW, the approach based on four
principal components led to a lower number of animals considered
as genomically close to this breed compared to the two other
approaches. For this second approach, there was a higher overlap
with the ADMIXTURE-based approach than with the other
approach based on a PCA. This is probably related to the higher
number of animals detected as close by the ADMIXTURE-based
approach compared to the approach based on a PCA explaining
95% of the total variance. For RPO, animals selected by the



Fig. 5. Phylogenetic tree of the eight cattle breeds under study based on pairwise
Weir & Cockerham’s fixation index values. Abbreviations: DB = Dutch belted;
DFR = Dutch Friesian; DR = Deep Red; EBRW = East Belgian Red and White;
GWH = Groningen White Headed; IR = Improved Red; MRY = Meuse-Rhine-Yssel;
RPO = Red-Pied of the Ösling.
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approach based on four principal components were completely
included in the approach based on a PCA explaining 95% of the
total variance (Fig. 7). The overlap between the approach based
on four principal components and the one based on ADMIXTURE
was lower for the RPO than the EBRW breed.

From Table 1, it can be observed that all the DR and IR animals
could potentially be included in a genomic reference population of
the EBRW breed, regardless of the approach used. The proportion
of DB animals to be included ranged from 37.50% with the first
approach to 100% with the second approach. The proportion of
MRY to be included in the across-breed reference population of
EBRW ranged from almost 11% (second approach) to almost 19%
(third approach). For the RPO breed, all the DR were considered
as genomically close enough, as well as a very high proportion of
the IR samples, for all the approaches. A high proportion of the
MRY samples, ranging from a little less than 30% to a bit more than
40%, were considered as genomically close enough to be included
in the reference population of the RPO breed. An increase of the
MRY animals that were considered genomically close to the RPO
breed compared to EBRW was expected based on the results
obtained in the previous section. Most animals considered to be
potentially included in the reference population of the RPO breed
were MRY, and this was the case for all three approaches. It should
Fig. 6. Clustering results based on ADMIXTURE software for K = 2–8 clusters of the eight
DR = Deep Red; EBRW = East Belgian Red and White; GWH = Groningen White Headed

7

also be noticed that, as animals selected by the second approach
were completely included in the list of animals established by
the first approach, the proportion of the MRY samples detected
as genomically close enough to the RPO breed increased in the first
approach compared to the second one.
Discussion

Inbreeding and between-breed genomic diversity

In general, inbreeding levels were relatively low, especially for
the EBRW and RPO breeds, highlighting the possibility of admix-
ture events which were confirmed by the clustering analysis. The
PCA, the phylogenetic tree based on fixation index values and the
ADMIXTURE clusters agreed about the relatedness of these eight
breeds. A continuum of red-pied breeds was detected and, inside
this continuum, the close relationship between EBRW, IR and DR,
and to a lesser extent between RPO and MRY. These results are
highlighting the possibility to develop an across-breed reference
population for the EBRW and RPO breeds. For the three analyses,
50 animals for each breed with more than 50 samples were ran-
domly sampled to avoid an undesirable effect of unbalanced sam-
ple size. This was particularly important for the ADMIXTURE
analysis, which is highly sensitive to oversampling (Lawson et al.,
2018). However, for the PCA and fixation index values, the results
were approximately the same (results not shown), which means
that the random samples were representative of the breed.
Inbreeding levels based on homozygous by descent segments and runs
of homozygosity

The results were consistent between the two models used for
the estimation of inbreeding coefficients (hidden Markov model
and rule-based model). It therefore highlights that both methods
provided similar estimators of the inbreeding coefficient in cattle
populations when using a medium-density genotyping array, as
previously observed by Alemu et al. (2021), Meyermans et al.
(2020) or Solé et al. (2017). In the case of the rule-based method,
adapted parameters should be chosen to optimise the results, as
cattle breeds under study. Abbreviations: DB = Dutch belted; DFR = Dutch Friesian;
; IR = Improved Red; MRY = Meuse-Rhine-Yssel; RPO = Red-Pied of the Ösling.



Table 1
Proportion (%) of the sampled Dutch breeds considered as genomically close to the East Belgian Red and White and Red-Pied of the Ösling cattle breeds based on the three
approaches for defining sub-populations.

Approaches

Reference breeds Breeds to be included1 PCA based on 95% of variance PCA based on 4 PCs ADMIXTURE-based

EBRW DB 37.50 100 93.75
DR 100 100 100
IR 100 100 100
MRY 17.81 10.96 18.84
Absolute number of animals 100 90 112

RPO DB 0 0 6.25
DR 100 100 100
IR 85.71 85.71 100
MRY 42.12 28.77 28.08
Absolute number of animals 162 123 125

Abbreviations: PCA = Principal component analysis; EBRW = East Belgian Red and White; DB = Dutch Belted; DR = Deep Red IR = Improved Red; MRY = Meuse-Rhine-Yssel;
RPO = Red-Pied of the Ösling.

1 Breeds that can be included in the reference population of the reference breed for further genomic evaluations.

Fig. 7. Venn’s diagram comparing the overlapping of the different approaches used to determine sub-populations for further defining reference populations for genomic
evaluations of a) East Belgian Red and White and b) Red-Pied of the Ösling cattle. The size of the overlap is proportional to the number of animals. Abbreviations:
PCA = principal component analysis.
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we did according to Meyermans et al. (2020) and Ferenčaković
et al. (2013). At lower density, the model-based approach is never-
theless more efficient (see for instance Solé et al., 2017 or Alemu
et al., 2021).

Previous studies (Marjanovic et al., 2021; Schmidtmann et al.,
2021) supported the values of the genomic inbreeding coefficient
based on runs of homozygosity for the six Dutch Breeds under
study (DB, DFR, DR, GWH, IR and MRY) as well as their ranking
based on these values (Supplementary Table S2). The small differ-
ences between our study and those of Marjanovic et al. (2021) and
Schmidtmann et al. (2021) can be explained by the parameters
used to estimate the genomic inbreeding coefficient based on runs
of homozygosity, the size of the segments to be used in this esti-
mation and also the animals included in the sample. As the values
of the genomic inbreeding coefficient based on runs of homozygos-
ity obtained for the Dutch breeds were similar to other studies, we
could infer that, for EBRW and RPO, this parameter was also cor-
rectly estimated in our study.

Figs. 1–3 agreed on the low inbreeding level found in EBRW and
RPO. Considering the endangered status of these breeds, these
results were relatively unexpected. If we compare genomic
inbreeding coefficients based on runs of homozygosity and
homozygous by descent segments of EBRW and RPO breeds with
those of the endangered DR, that rooted from the same breed
group and would have an equivalent breed history, they were even
lower (Figs. 1–3, Supplementary Fig. S1). These low levels of
inbreeding could be explained by several possible events: (1) The
absence of selection of bulls and therefore the absence of a sire
8

effect; (2) Exchanges of animals of the same breed but from differ-
ent farms, with different breeding goals and/or definition of the
breed. It is however difficult to measure the extent of this event;
(3) Recent, or past, admixture with different related red-pied
breeds from Europe, which is supported by the clustering results.
The IR breed also had low levels of inbreeding and is known to
be admixed (van Breukelen et al., 2019), making this hypothesis
likely. The EBRW and RPO breeds were (and are still) historically
characterised by their non-Holsteinisation. This does not mean
that Red-Holstein animals were not used at all in mating of EBRW
and RPO but the genetic influence of higher-yielding breeds is lim-
ited. However, a well-known fact supporting the third hypothesis
is that the Luxembourgish breeder can have access to Rotbunte
DN semen, another red-pied breed from Germany, and that breed-
ers from Belgium and Luxembourg are often searching for new
bulls, from abroad, to use for mating in their herds. Therefore, there
were, and there are still, exchanges of red-pied cattle within and to
Benelux countries but this needs to be organised in a manner that
benefits the most to each of the involved breeds. These exchanges
would imply some introgression events, which were unavoidable
for these small breeds that remained without any official recogni-
tion and management for many years. However, this would imply a
better sustainability of the EBRW and RPO breeds for the forthcom-
ing years as risks related to inbreeding (e.g. lower reproduction
performances, decrease of fitness, low resilience to changes in
the market or the production environment, Hiemstra et al., 2010;
Leroy, 2014; Bosse et al., 2019; Wellmann and Bennewitz, 2019)
are currently limited.
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However, it should be noticed that two animals of the EBRW
breed showed a high level of recent inbreeding compared to other
animals of the same breed (Fig. 2). For one of these animals, the
dam was also the granddam, which supported our results. For
the second one, only the maternal line could be traced back until
generation three, meaning the pedigree inbreeding of this animal
would be undetermined, which illustrates the benefit of genotyp-
ing. For this animal, the high inbreeding level found could be a
strategy of the breeder but also, as pedigree records were scarce
for the EBRW breed, due to undesirable inbred matings.

Even if inbreeding was generally not an issue in the endangered
EBRW and RPO, it is still of main importance to monitor their
inbreeding rate (Doublet et al., 2019) and to enhance their compet-
itiveness against mainstream breeds (Wellmann and Bennewitz,
2019). For this purpose, one solution is to implement a genomic
evaluation system in these breeds. The definition of an across-
breed reference population for the EBRW and RPO breeds is the
first step towards this solution and is targeted by the third objec-
tive of this study.

Principal component analysis and fixation index values
The genetic proximity of the EBRW, DR and IR was already

pointed out by the PCA of François et al. (2017). Marjanovic et al.
(2021) and Schmidtmann et al. (2021) studied the genomic diver-
sity of the six Dutch breeds used in this study (DB, DFR, DR, GWH,
IR and MRY) and they found similar relatedness for these breeds
based on the PCA. The genetic proximity of the IR, MRY and DR
breeds was also detected by van Breukelen et al. (2019) in their
similarity matrix. Indeed, the IR and DR breeds are coming from
the MRY breed and are representing now separated sub-
populations with different breeding goals. Moreover, van
Breukelen et al. (2019) showed that the IR breed diverged from
those breeds on their neighbour joining tree and they explained
it by the fact that sires from the Beef Belgian Blue cattle breed were
used to improve the IR breed for beef production, as emphasised by
its name. According to these authors, the DR breed was also
derived from the MRY breed and despite different emphases on
colour and the importance of beef production, they are both
dual-purpose breeds. All these elements should explain their
genetic relatedness but also their differences. van Breukelen et al.
(2019), Marjanovic et al. (2021) and Schmidtmann et al. (2021)
also pointed out the genetic distinctness of the GWH. Similar fixa-
tion index values than ours (Supplementary Table S3) were
obtained by Marjanovic et al. (2021) for the six Dutch breeds under
study. Therefore, all these studies are supporting our results.

Clustering
In Fig. 6, it can be observed that the purple cluster for K = 8 is

mostly shared between EBRW, DR and IR, highlighting their genetic
proximity. For the Dutch breeds, we obtained similar results than
Schmidtmann et al. (2021) even if they did not study EBRW and
RPO breeds and added other red and red-pied breeds to their anal-
ysis. van Breukelen et al. (2019), by using fastSTRUCTURE,
observed similar clustering partition than us for IR, DFR and
MRY. However, for the DR breed, they observed a similar clustering
partition with the IR breed, while it was not the case in our study
and this of Schmidtmann et al. (2021). The genetic origin of the IR
breed involved crossbreeding and it resulted in a high genetic
diversity that could explain the different results obtained. Even if
they detected a similar genetic background for EBRW, IR and DR
via clustering, François et al. (2017) obtained different clustering
partitions than us for these breeds. This can be explained by the
breeds included in their study, the animals sampled (i.e., for the
IR breed), the different software used for clustering but also by
the number of clusters chosen (K = 5, in the study of François
et al. (2017) for clustering 10 breeds).
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Fig. 6 allowed to observe a similar clustering between EBRW
and IR. However, we know from Wilmot et al. (2022) that the dif-
ferentiation between these breeds is possible with a high accuracy.
The similar pattern observed can be explained by several known or
possible events: (1) It is known that IR, DR and EBRW were rooted
from the same group of breeds (François et al., 2017; van Breukelen
et al., 2019). This can be seen by the purple clustering in Fig. 6; (2)
It is also possible that animals from EBRW and IR were mated with
animals from related red-pied breeds like DR, MRY or other red-
pied breeds of Europe. It is for example known that EBRW animals
were imported for mating with DR animals (Vereniging Het
Brandrode Rund, 2022); (3) Exchanges between EBRW and IR could
also be possible, even if it would probably be to a lesser extent.

Fig. 6 also allowed to identify some genetic contributions from
MRY in RPO (red cluster), which were already well known. Two
sub-populations can be identified in the RPO breed: one with the
most green clustering proportion and a second one with the most
pink clustering proportion. This can be due to different exchange
strategies with similar red-pied breeds of Europe, or at least, as
all samples were coming from the same farm, animals with differ-
ent admixture levels from these other but similar red-pied breeds.
It is for example known, as previously stated, that there were and,
there are still, exchanges with the Rotbunte DN. Another hypothe-
sis that is likely considering the within- and between-clusters
average relationships based on the available pedigree of RPO ani-
mals (data not shown) is that these two sub-populations are repre-
senting two different sire lines.

Detection of sub-populations

Special attention was paid to the animals that can be included
in the across-breed reference population of the EBRW and RPO
breeds because one of the assumptions for genomic predictions
to be accurate is that candidate animals should be genetically
related to animals in the reference population (Wientjes et al.,
2013). Moreover, differences in allele frequencies, in linkage dise-
quilibrium between SNPs and quantitative trait loci, and in esti-
mated SNP effects may exist between breeds (Meuwissen et al.,
2016). This will be increasingly the case, with increasingly lower
genetic correlations between breeds (Hozé et al., 2014). This is
why we aimed to select, within related breeds, animals that seem
to be more genomically related to the EBRW and RPO breeds.

Animals to be considered as genomically close to EBRW or RPO
breeds were mostly the same considering the three approaches
used for the detection of sub-populations. Namely, IR and DR ani-
mals were selected for the EBRW breed and MRY animals were
selected for the RPO breeds, which is in agreement with the PCA
and phylogenetic tree results previously obtained. However, the
three approaches also detected DB samples as genomically close
to the EBRW, which was not observed on the PCA and the phyloge-
netic tree. It may be due to the chosen threshold (mean of all dis-
tances), which might be a bit too liberal. Other thresholds were
tested: mean of distances �0.5 or �1 times the SD of distances (re-
sults not shown). However, these two thresholds resulted in a lim-
ited number of detected animals because the SD is high compared
to the mean. Therefore, finding an appropriate threshold to define
which animals to select as genomically close instead of choosing an
arbitrary number of animals may be difficult. It can be suggested to
use the overlap of the three approaches to determine which ani-
mals can be included in the across-breed reference populations
of EBRW or RPO. It is also planned in a future study to test the accu-
racy of genomic predictions when animals from other breeds
detected by different thresholds are added to the across-breed ref-
erence population.

In the literature, estimates of relatedness, as the effective num-
ber of chromosomal segments, have often been proposed for the
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building of across-breed reference populations (Wientjes et al.,
2016; Marjanovic and Calus, 2021). Based on them, it is possible
to determine how many animals from another breed would be
equivalent to add one animal of the breed of interest in the refer-
ence population for further genomic evaluations (e.g. Marjanovic
et al., 2021). In our study, one of the objectives was to detect ani-
mals from other breeds that could be used in an across-breed ref-
erence population, i.e., detection of stratification. For this purpose,
animals that were more related to the breeds of interest, namely
EBRW and RPO, than the average of their breed, were detected.
This approach can be seen as a ‘‘reverse” approach to Rezende
et al. (2020) that detected animals from a small-sized population
that were the most closely related to animals from an international
population. They also based the definition of the most closely
related animals on a PCA but rather used coordinates on the first
principal component as a threshold, which can be arbitrary.
Another option for the detection of stratification within the breeds
would be to use a fine-scaled approach such as ChromoPainter
(Lawson et al., 2012). In contrast to ADMIXTURE, ChromoPainter
has the advantage to not only consider if animals from different
breeds share similar breed proportions at a genome-wide level
but also to evaluate their genetic makeup throughout the genome.
However, in our study, results obtained with ADMIXTURE- and
PCA-based approaches for the detection of sub-populations were
in agreement. The PCA is based on a different concept than ADMIX-
TURE and suggests that close animals on the PCA share a similar
genetic makeup. Therefore, because of the high overlap between
the PCA-based and the ADMIXTURE-based approaches, animals
from other breeds detected as genomically close to EBRW and
RPO by the ADMIXTURE-based approach probably shared a rela-
tively high genetic makeup with these breeds.

Perspectives

The current study focused specifically on local red-pied breeds
from the Benelux, drawing conclusions for these studied breeds.
However, dual-purpose type animals, with no or little Holstein
genes, from European low-land red-pied breeds still exist in
Poland, Denmark, Germany and France, at least (Gengler and
Wilmot, 2022). Through exports, they can even be found in Ireland
and in some extra-European countries like Chile. The potential
scope of this study should therefore be considered very interna-
tional, going well over the three Benelux countries. Follow-up
studies will need to extend the scope of populations involved.

This study laid down the foundations for an across-breed geno-
mic evaluation system of red-pied cattle breeds by detecting ani-
mals that could be included in an across-breed reference
population. The expected genomic prediction accuracy with such
across-breed reference population can be obtained by using the
equation presented byWientjes et al. (2016), for any traits of inter-
est. This equation requires estimated heritabilities for each breed,
and estimated genetic correlations between breeds. Estimated her-
itabilities within breeds require sufficiently large numbers of avail-
able phenotypes per breed, which should then be combined with
genomic data across the breeds to estimate the genetic correlations
between those breeds. These data were not available to perform
the current study. To allow the estimation of genetic correlations
between the different breeds for a specific trait, while avoiding
to exchange data, SNP effects could also be estimated separately
for each breed and then the computed correlation between those
SNP effects of different breeds could be used as a proxy for the
genetic correlation between those breeds. As the reference popula-
tion would be very small for endangered breeds, the accuracy of
the estimated SNP effects for these breeds may however be a lim-
iting factor to get reliable proxies for the genetic correlations
between breeds.
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Conclusion

A genomic diversity study of red-pied breeds was conducted,
with a special focus on two local endangered breeds: the EBRW
and RPO. These two breeds were part of a continuum of red-pied
breeds and were genomically close to IR and DR in the case of
EBRW and to MRY in the case of RPO. The EBRW breed appeared
to be admixed if we consider the clustering analysis and shared a
similar ADMIXTURE pattern with the DR breed. This analysis also
revealed a stratification in the RPO breed as two clustering patterns
showed up in this breed. Levels of inbreeding were relatively low
for all breeds, except for the GWH breed. We detected animals
from other breeds that could be valuable to add when defining a
reference population for further genomic evaluations of EBRW
and RPO. For this purpose, definitions of distances based on PCA
and ADMIXTURE should be considered. However, it is still not clear
which threshold should be used to determine if an animal is
genomically close enough to be included in such a reference pop-
ulation. Further studies might explore this issue by comparing
how the addition of animals selected by the different thresholds
affects the accuracy of the genomic prediction. This will be the
objective of a second study.
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