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Abstract: In this study, we characterized genetic diversity in the gene bank for Dutch native cattle
breeds. A total of 715 bulls from seven native breeds and a sample of 165 Holstein Friesian bulls
were included. Genotype data were used to calculate genetic similarities. Based on these similarities,
most breeds were clearly differentiated, except for two breeds (Deep Red and Improved Red and
White) that have recently been derived from the MRY breed, and for the Dutch Friesian and Dutch
Friesian Red, which have frequently exchanged bulls. Optimal contribution selection (OCS) was
used to construct core sets of bulls with a minimized similarity. The composition of the gene bank
appeared to be partly optimized in the semen collection process, i.e., the mean similarity within
breeds based on the current number of straws per bull was 0.32% to 1.49% lower than when each
bull would have contributed equally. Mean similarity could be further reduced within core sets by
0.34% to 2.79% using OCS. Material not needed for the core sets can be made available for
supporting in situ populations and for research. Our findings provide insight in genetic diversity in
Dutch cattle breeds and help to prioritize material in gene banking.
Keywords: conservation; cryobank; genetic variation; cattle

1. Introduction
Genetic diversity refers to all genetic differences between species, between breeds within species
and between individuals within breeds measured as differences in DNA [1]. Genetic diversity is
essential for sustainable livestock production, because it provides the base material for genetic
improvement of livestock and their adaptation to changing socio-economic and environmental
demands. In addition to the management of genetic diversity in in situ populations, genetic diversity
can be conserved ex situ in gene banks. Gene bank collections are important for three main reasons
[1,2]: they (1) are an insurance against changes in market or environmental conditions; (2) are a
safeguard against emerging diseases, political instability, and natural disasters; and (3) provide
opportunities for research.
Prioritization of genetic material is an essential aspect of gene bank management, because
financial and physical resources are generally limited [3]. Prioritization of material may occur at two
levels. First, it has to be decided which animals from in situ populations are sampled to include in
the gene bank. Second, genetic material within the gene bank can be divided into subsets based on
their value for conservation. For the division of the total collection into subsets, different strategies
may be used. One strategy is to set up a “core collection” for each breed, consisting of cryo-conserved
samples that would allow the reconstitution of that breed, with an effective population size of at least
50 [4]. This strategy focuses on the conservation of genotypes in single breeds and on having a backup
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in case of emergencies. It does not consider (overlap in) diversity across breeds. An alternative
approach that focuses more on allelic diversity is to set up a “core set”, following the method by
Eding et al. [5]. Such a core set comprises a subset of the total collection that is optimized in terms of
diversity. It could be defined as the smallest set of individuals that still encompasses the genetic
diversity within that breed (or within multiple breeds combined).
Over the last century, genetic diversity in domesticated European cattle populations has been
affected by two major factors. First, starting in the late 1960s, the Holsteinisation took place. This
upgrading process resulted in the development of a Dutch Holstein Friesian population at the
expense of native cattle breeds, as cows from native cattle breeds were inseminated by Holstein
Friesian bulls (Figure 1) [6]. Small population sizes in native breeds increase the risk on inbreeding
and loss of genetic diversity through genetic drift [7]. Second, artificial selection, particularly in the
Holstein Friesian breed, facilitated by techniques like artificial insemination and embryo transfer in
combination with cryo storage, has further reduced genetic diversity [8,9].
In 1975, three native dual-purpose breeds dominated the Dutch cattle population (Figure 1):
Dutch Friesian cattle (76%), Meuse-Rhine-Yssel cattle (22%), and Groningen White Headed cattle
(2%) [10]. Currently, more than 90% of the Dutch population consists of Holstein Friesian cattle [11].
After 1975, two additional native Dutch cattle breeds have been developed from the existing native
MRY breed (Figure 1). These breeds were developed to conserve a breeding line with a characteristic
color (Deep Red) and to develop a beef type breed (Improved Red and White). The herd books were
established in 1988 and 2001, respectively.

Figure 1. Development of Dutch cattle breeds from 1870 to 2019 and the number of cows per breed in
1970 (or in 1976 for DFR and 1978 for DB) and in 2017 (number of cows were based on [10,12,13]). DB:
Dutch Belted; DF: Dutch Friesian; DFR: Dutch Friesian Red and White; DR: Deep Red; GWH:
Groningen White Headed; IRW: Improved Red and White; MRY: Meuse-Rhine-Yssel.

Since the beginning of the 1990s, genetic material from the Holstein Friesian breed and from
Dutch native cattle breeds has been collected and stored in the Dutch gene bank. For the Holstein
Friesian breed, 25 straws have been stored for each AI bull. For native breeds, storage of material has
been less systematic and has largely depended on the availability of samples (e.g., surpluses of semen
from bulls used for AI before 1990) and financial resources. In later years, genetic material for native
breeds has partly been collected to increase genetic diversity in the gene bank collection, based on
(limited) pedigree information. Recently, all gene bank bulls from native breeds were genotyped.
This enables a genomic analysis of the stored genetic diversity, a comparison across breeds and an
evaluation of the composition of the current gene bank collection.
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The objectives of this study were to (1) characterize genetic diversity conserved in the Dutch
gene bank for native cattle breeds and the commercial Holstein Friesian breed, and (2) identify genetic
material to set up core sets in which allelic diversity is optimized, either within or across breeds, and
working sets with the remainder of material.
2. Materials and Methods
2.1. Data
The Dutch gene bank for livestock breeds is maintained by the Centre for Genetic Resources, the
Netherlands (CGN) of Wageningen University and Research. From the CGN gene bank collections,
a total of 715 bulls from seven Dutch native breeds, born between 1960 and 2015, were included in
this study (after data filtering) (Figure 2). These bulls comprised all bulls from native breeds in the
gene bank, except for a few bulls that were unsuccessfully genotyped. The seven breeds were Deep
Red (DR), Dutch Belted (DB), Dutch Friesian (DF), Meuse-Rhine-Yssel (MRY), Friesian Red and White
(DFR), Groningen White Headed (GWH), and Improved Red and White (IRW). Each bull was
genotyped with the Illumina BovineSNP50 v2, Illumina BovineSNP50 v3 or Illumina BovineHD
panel. After merging the different panels, 43,747 single nucleotide polymorphisms (SNPs) remained.
In addition to the native breeds, a sample of 165 Holstein Friesian (HF) gene bank bulls was
included to be able to determine relatedness between HF and the other breeds. This sample consisted
of available genotyped HF gene bank bulls born before 2000 (n = 37), as well as 25 black and 25 red
HF gene bank bulls that were randomly sampled per five-year period after 2000 (Figure 2). The HF
bulls were genotyped with the Illumina BovineSNP50 panel (versions v1 and v2) or the CRV custommade 60 k Illumina panel (versions v1 and v2) and imputed to 75 k (for details, see Doekes et al. [9]).
After merging the HF genotypes with those of the native breeds, which was done based on the SNP
identifiers, 36,779 SNPs remained. Note that the HF sample did not cover all HF bulls in the gene
bank. For a more extensive analysis of the HF gene bank collection, see Doekes et al. [9].
160

Number of bulls
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HF (n=165)
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Figure 2. The number of bulls included in this study per breed and year of birth. DB: Dutch Belted;
DF: Dutch Friesian; DFR: Dutch Friesian Red and White; DR: Deep Red; GWH: Groningen White
Headed; IRW: Improved Red and White; MRY: Meuse-Rhine-Yssel.

The initial dataset, consisting of 880 bulls (735 bulls from native breeds and 165 HF bulls), was
first filtered. Bulls with more than 10% missing SNPs (n = 3) were discarded. Bulls from native breeds
with a HF fraction of 3/8 or more in the first three ancestral generations of their pedigree (NDF = 4,
NDFR = 4, NGWH = 6, NMRY = 3) were also discarded, to prevent bulls with a high HF fraction being
selected when constructing core sets for native breeds. In addition, SNPs with a call rate < 90% (n =
171) and SNPs that were non-polymorphic (n = 1583) were removed. After filtering, 35,025 SNPs
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remained. The density of SNPs was rather uniform across the genome (Supplement 1) with a mean
physical distance between two successive SNPs of 69.08 Kb.
2.2. Characterization of Genetic Diversity within and between Breeds
Genetic diversity was quantified with genetic similarities. The similarity between any two bulls
was calculated as [14]
∑
𝐼 +𝐼 +𝐼 +𝐼
(1)
𝑆𝐼𝑀 =
,
4𝑛
is the number of SNPs, and Ixy is an indicator variable that, for the jth SNP, equaled 1
where 𝑛
when allele x of the first bull was identical to allele y of the second bull, and 0 otherwise.
Note that the mean similarity (including self-similarity) equals expected homozygosity.
Consequently, one minus the mean similarity equals the expected heterozygosity, which is
commonly used as diversity measure [15]. A 1% higher mean similarity thus means a 1% lower
expected heterozygosity at SNP level. Genetic distances between bulls were obtained as one minus
the similarity between those bulls. These distances were used to construct a neighbor-joining (NJ)
tree with the package Ape in R v3.3.3 [16]. The NJ-tree was visualized in FigTree [17].
Population structure was further investigated using the variational Bayesian framework
implemented in fastSTRUCTURE [18]. Advantages of this approach are that population structure is
not defined a priori (i.e., there are no predefined entities such as breeds) and that the number of
clusters can be increased one by one, such that the development of clusters can be investigated and
the uppermost likely number of clusters can be identified. A simple prior approach was used. The
predefined number of clusters (K) ranged from two to ten. For each K, 50 independent runs were
executed. From these runs, the uppermost likely K was identified based on the change in likelihood
between runs for each K, following the approach of Evanno et al. [19]. Results were visualized in R
with the POPHELPER package [20].
2.3. Optimizing Diversity in Collections
The mean similarity for a set of bulls was calculated following Berg and Windig [21] as

𝑆𝐼𝑀 = 𝑐 𝐻𝑐,

(2)

where 𝑆𝐼𝑀 is the mean similarity, H is the similarity matrix, and c is a vector of proportional
contributions that sum up to one.
We applied this formula to the entire collection of native breeds (all breeds combined) as well as
to individual native breeds. To determine a core set of bulls we considered three different scenarios
for the contributions: (1) equal contributions, (2) current contributions, and (3) optimal contributions.
In scenario (1), each bull contributed equally. This scenario was used to determine the mean similarity
if from each bull the same number of straws would be set aside for the core set. In scenario (2), each
bull contributed based on the current storage of straws. This scenario was used to determine the mean
similarity if from each bull straws would be set aside for the core set according to the contributions
in the current collection. This scenario also provided information on whether the current composition
of the gene bank was already optimized, i.e., whether breeds and/or bulls that are important for the
diversity have contributed more to the gene bank. In scenario (3), each bull was given an optimal
contribution based on optimal contribution selection (OCS), such that the core set was constructed to
minimize the mean similarity. Although OCS was originally introduced to maximize genetic progress
while restricting loss of diversity [22,23], it may also be used to optimize diversity irrespective of gain
[9,24]. In OCS, each selection candidate is assigned an optimal contribution, which can be interpreted
as the percentage of offspring that would minimize the mean similarity in the next (hypothetical)
generation (in this study the contribution is used to determine the percentage of straws in the gene
bank). In other words, it optimizes vector c to minimize the similarity. Optimal contributions were
calculated with GENCONT v2.0 [25].
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3. Results
3.1. Characterization of Genetic Diversity within and between Breeds
The mean genetic similarity within breeds ranged from 64.24% (HF) to 69.05% (GWH) (Table 1).
Between breeds, the mean similarity ranged from 61.82% (between DF and HF) to 65.51% (between
DF and DFR). The IRW and DR breeds, which both descend from MRY (Figure 1), showed a high
mean similarity with MRY: 63.67% and 64.76%, respectively. IRW and DR also showed a high
similarity with each other (63.64%). HF bulls were least similar to all other breeds, with a mean
similarity ranging from 61.81% to 61.91%.
The NJ-tree based on genetic distances (i.e., one minus genetic similarity) confirmed the
abovementioned findings and provided additional insights for individual bulls (Figure 3). For
example, various DFR bulls clustered within the DF cluster. Similarly, DR bulls clustered within
MRY. The IRW formed a distinct cluster from MRY, despite its relatively high mean similarity with
MRY. The GWH and HF were most distant from the other breeds.
Table 1. Mean genetic similarities (%) within breeds 1 (on diagonal, including self-similarities) and
between breeds (below diagonal).
Breed

DB

DF

DFR

DB

66.87

DF

63.61

66.71

DFR

63.58

65.51

66.47

DR

63.04

62.89

63.01

DR

GWH

HF

IRW

MRY

65.80

GWH

62.89

62.97

63.02

62.97

69.05

HF

61.91

61.82

61.89

61.83

61.91

64.24

IRW

63.04

63.06

63.11

63.64

63.02

61.75

64.69

MRY

63.11

62.78

62.92

64.76

62.93

62.02

63.67

66.44

1

DB: Dutch Belted; DF: Dutch Friesian; DFR: Dutch Friesian Red and White; DR: Deep Red; GWH:
Groningen White Headed; HF: Holstein Friesian; IRW: Improved Red and White; MRY: MeuseRhine-Yssel.

Figure 3. Neighbor-joining tree based on genetic distances (one minus genetic similarity) between
individual bulls (each line is a bull). Each breed is shown with a distinct color. DB: Dutch Belted; DF:
Dutch Friesian; DFR: Dutch Friesian Red and White; DR: Deep Red; GWH: Groningen White Headed;
HF: Holstein Friesian; IRW: Improved Red and White; MRY: Meuse-Rhine-Yssel.
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The fastSTRUCTURE results provided additional information on population admixture and
breed divergence (Figure 4). The most likely number of clusters was K = 4, based on the change in
likelihood (Supplement 2). At K = 4, each of the three native breeds that were originally the most
common breeds in the Netherlands (i.e., DF, GWH, and MRY) was part of a different cluster, and HF
formed the fourth cluster. When adding additional clusters, at K = 5, DB bulls were assigned to the
fifth cluster. At K = 8, however, the three remaining breeds (DR, MRY, and DFR) did not form clusters
of their own. Instead, at K = 6 the cluster containing both DF and DFR bulls was split into two clusters,
but these clusters did not separate the two breeds. At K = 7, a 3rd cluster was formed in the DF – DFR
cluster, and this cluster mainly contained DFR bulls, but also some DF bulls. At K = 8, MRY, IRW,
and DR bulls were partly assigned to the eighth cluster, but still IRW and DR bulls did not cluster
separately and shared most variation with the MRY bulls. In fact all DR and IRW bulls were a mixture
of 4–5 different clusters.

Figure 4. Population structure as estimated by fastSTRUCTURE divided into 2–8 clusters (K) for each
breed (ordered alphabetically). DB: Dutch Belted; DF: Dutch Friesian; DFR: Dutch Friesian Red and
White; DR: Deep Red; GWH: Groningen White Headed; HF: Holstein Friesian; IRW: Improved Red
and White; MRY: Meuse-Rhine-Yssel.

3.2. Optimization of Diversity across Breeds
The mean similarity of all bulls across the breeds based on equal contributions was 68.06% while
similarity based on current contributions was 66.38%. When performing OCS, the mean genetic
similarity further decreased to 64.78%. From the in total 715 bulls, 72 bulls received an optimal
contribution higher than zero. These 72 bulls would be prioritized when the aim is to set up a core
set collection that is optimized to conserve allelic diversity across native breeds.
The relative contributions of breeds differed across the three scenarios. For example, when
considering equal contributions across bulls, the summed contribution was highest for MRY, namely,
42% (Figure 5). This is because MRY simply had the largest number of bulls used in this study (Figure
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2). When considering the current storage of straws per bull, however, the summed contribution of
MRY (25%) was lower than that of DF (of 28%). This is because the average number of straws per
MRY bull was relatively low compared to the other breeds. When performing OCS, the summed
contribution of MRY was even lower, namely, 16%. This suggests that, when the aim is to set up a
core set to conserve allelic diversity across native breeds, the relative contribution of MRY should be
lower than the current contributions in the entire collection, whereas the relative breed contributions
should be increased for DB (from 2% to 10%), DF (28% to 37%), and IRW (2% to 17%), and decreased
for DFR (19% to 3%), DR (6% to 4%), and GWH (18% to 13%).

equal

current

optimal

0%

10%

20%
MRY

30%
IRW

40%
GWH

50%

60%

DR

DFR

70%
DF

80%

90%

100%

DB

Figure 5. Summed contribution per native breed in the gene bank based on equal contributions across
bulls, current contributions based on straws per bull, and optimal contributions based on minimizing
the mean genetic similarity. DB: Dutch Belted; DF: Dutch Friesian; DFR: Dutch Friesian Red and
White; DR: Deep Red; GWH: Groningen White Headed; IRW: Improved Red and White; MRY:
Meuse-Rhine-Yssel.

3.3. Optimization of Diversity within Breeds
Within each breed, the mean similarity based on current contributions was lower (ranging from
0.32% for MRY to 1.49% for DR) than the mean similarity for equal contributions (Table 2). When
contributions were optimized, e.g., to set up a core set that is optimized to conserve allelic diversity
within the breed, the mean similarity could be further reduced, ranging from 0.34% for DR, to 2.79%
for IRW.
When optimizing contributions within native breeds, bulls from all ages were selected, with
some differences across breeds (Table 3. For the majority of breeds, the summed contribution for bulls
born before 2000 was higher than those for bulls born after 2000. More specifically, the summed
contribution for bulls born before 2000 was 64% in DB, 68% in DF, 74% in DFR, 59% in IRW, and 57%
in MRY. For DR, all bulls were born after 2000. For GWH, most of the contributions (64%) were
assigned to bulls born after 2000. These findings suggest that old bulls harbor valuable genetic
diversity not present in more recent bulls, with some differences across breeds.
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Table 2. Mean similarity (%) within breeds 1 based on equal contributions, current contributions and optimal contributions. The difference between the mean
similarity for current and equal contributions, and for optimal and current contributions is also shown.
Breed
DB
DF
DFR
DR
GWH
IRW
MRY

Equal
66.87
66.71
66.47
65.80
69.05
64.69
66.44

Current
65.57
65.92
65.24
64.31
67.91
64.36
66.12

Optimal
64.33
63.36
64.77
63.97
66.23
61.57
64.56

Current - Equal
−1.3
−0.79
−1.23
−1.49
−1.14
−0.33
−0.32

Optimal - Current
−1.24
−2.56
−0.47
−0.34
−1.68
−2.79
−1.56

DB: Dutch Belted; DF: Dutch Friesian; DFR: Dutch Friesian Red and White; DR: Deep Red; GWH: Groningen White Headed; IRW: Improved Red and White: MRY:
Meuse-Rhine-Yssel.

1

Table 3. The number of selection candidates (n), the number of selected bulls (sel), and the summed contribution for selected bulls (c, in %) per birth period when
performing optimal contribution selection within native breeds 1.
DB

Birth Year

DF

n

sel

c

3

1

0.8

1960–1969
1970–1979

DFR

n

sel

c

24

4

11.9

44

7

10.8

DR

n

sel

c

6

4

9.9

n

sel

GWH
c

IRW

n

sel

c

2

1

0.6

5

1

2.6

n

sel

MRY
c

n

sel

c

16

5

13.9

29

14

28.4

1980–1989

6

6

36.9

47

9

29.5

2

1

0.6

23

6

22.8

1

1

1.1

20

6

3.5

1990–1999

10

9

26.1

45

4

16.1

28

22

63.6

10

2

9.6

6

5

57.8

64

7

11.2

2000–2009

14

11

16.2

20

4

31.6

8

7

11.1

11

11

62.7

32

14

41.6

13

13

27.0

12
3

14

22.5

9

6

20.0

10

0

0

9

8

14.8

6

6

37.3

10

7

22.7

6

6

14.0

51

14

20.5

2010–2015
1

DB: Dutch Belted; DF: Dutch Friesian; DFR: Dutch Friesian Red and White; GWH: Groningen White Headed: MRY: Meuse-Rhine-Yssel.
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4. Discussion
4.1. Characterization of Cattle Breeds in the Dutch Gene Bank
We observed that HF bulls were on average the least similar to bulls from native Dutch breeds
(Table 1). This suggests that the native breeds harbor genetic variation that is not present in HF, and
the other way around. In addition to HF, the three historically large native breeds, DF, MRY, and
GWH, formed the most distinct clusters (Figures 3 and 4). The other breeds either clustered within
one of the older breeds, or showed clear admixture.
As expected from their breed development (Figure 1), IRW and DR bulls had a high mean
similarity with MRY bulls (Table 1). The IRW bulls, however, clustered separately in the NJ tree
(Figure 3). The distinctiveness of IRW may be explained by some influence of Belgian Blue (BBL)
cattle, which have been used to improve meat quality traits in the IRW. Indeed, BBL ancestors were
identified in the pedigree of a few of the IRW bulls, although the fraction of BBL was rather small
with a maximum of 1/8 for the last three ancestral generations. The DR clustered only partially
together with MRY, which could be explained by DR being developed more recently compared to
the IRW (Figure 1) and DR being a dual-purpose breed like MRY.
We observed that DB had a relatively high mean similarity with DF and DFR bulls (Table 1),
which was also observed by Eding et al. [5]. As registration for DB cattle started only in 1997, it is
likely that before 1997 part of the DB cattle were upgraded by breeding DF females with DB bulls.
The distinctiveness of DB is expected to be caused by random drift and the influence of American DB
cattle, as various American DB ancestors were identified in the pedigree of DB gene bank bulls. The
American DB is known to be partially founded by Dutch DB cattle, which were exported from the
Netherlands in 1838, 1840, and 1858 [12].
Based on the multiple clusters that seemed to be present in DF cattle and MRY cattle in the
fastSTRUCTURE results at K-levels above 6 (Figure 4), we decided to perform a principal component
analysis (PCA) for DF and MRY. The PCA was based on a genomic relationship matrix in PLINK v1.9
[26]. For DF, a distinct group of eighteen bulls was identified on the second principal component
(Supplement 3.1). Eleven out of the eighteen bulls in this cluster were from one of the so-called
“fundament breeders”. Since 1992, the DF breed society has applied fundament breeding, in which
fundament breeders use their own bulls for breeding as much as possible [27]. The objective of this
approach is to maintain genetic diversity by creating different groups of breeding animals, with each
their own unique genetic diversity and a low kinship between groups. Ten breeders have been
recognized as DF fundament breeder; three of which had more than one bull in the gene bank and
five of which had a single bull in the gene bank. Based on the first two principal components, at least
two out of three large fundament breeding groups appeared to offer unique genetic diversity within
the DF breed (Supplement 3.1). This finding gives incentive to make efforts to collect material from
such fundament breeders for storage in the gene bank. For MRY, no visual subclusters were observed
on the first two principal components (Supplement 3.2).
4.2. Management and Optimization of Genetic Diversity within Breeds
The management and optimization of genetic diversity within breeds is relevant when
conservation efforts are directed towards the conservation of individual breeds, to conserve their
unique combination of alleles or genotypes. The conservation of breeds in gene banks facilitates the
restoration of a breed in case of a disease outbreak or accumulation of recessive disorders due to
inbreeding [28]. Within breeds, we first showed that the mean genetic similarity based on the current
storage of straws was lower (0.32% to 1.49%, depending on the breed) than the mean similarity when
each bull contributed equally (Table 2). The current composition of the gene bank appeared partly
optimized in terms of genetic diversity based on pedigree information. A further reduction in the
mean genetic similarity (of 0.34% to 2.79%, depending on the breed) could be achieved when using
optimal contributions. Bulls with an optimal contribution larger than zero can be included in a core
set for the specific breed. The number of straws stored in the core set across bulls should be in the
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same ratio as the optimal contributions to minimize the mean similarity in the core set. Note that this
is sometimes not possible due to practical limitations (e.g., when a bull with a high optimal
contribution has only few straws available). Material from bulls with an optimal contribution of zero
can be relocated to a working set, where the material is accessible for, among others, the support of
in situ populations, research, introgression of specific traits into breeds, and development of new
breeds [28]. We furthermore recommend using OCS to determine which bulls from the in situ
populations should be included to the gene bank. This requires the analysis of genomic information
(or well documented pedigree information) of both the ex situ and in situ populations.
4.3. Value of Old and Recent Germplasm Material
We observed that both “old” bulls (i.e., bulls born before 2000) and recent bulls were selected
when optimizing genetic diversity (Table 3). This suggests that also old gene bank bulls harbor
valuable genetic diversity for in situ populations, although genomic information from in situ
populations is required for further validation. A drawback of using old bulls is that, as a result of
selection, these bulls are expected to have lower breeding values than bulls that were born more
recently. Thus, by introducing their material, old bulls may increase genetic diversity at the cost of
genetic merit. Previous studies have shown, however, that old gene bank bulls can be effectively used
to maximize genetic merit for a given level of diversity [24,29]. For the MRY breed, Eynard et al. [24]
showed that the Dutch-Flemish total merit index (NVI) could be increased by a few points when
using old gene bank bulls (born before 2000) in addition to current bulls (born after 2000). For the HF
breed, Doekes et al. [29] found that the benefit of using gene bank bulls in addition to current AIbulls depends on (1) the relative emphasis on genetic diversity and (2) the selection criterion. As
expected, the relative benefit of using gene bank bulls was found to be larger when more emphasis
was put on genetic diversity. Furthermore, the benefit was relatively small when selecting for the
total merit index NVI, but higher when selecting for a specific index, such as fertility. Doekes et al.
[29] concluded that, anticipating changes in breeding goal in the future (as result of changing
environments and changing market demands), the gene bank collection is a valuable resource in
terms of both genetic diversity and genetic merit.
4.4. Management of Genetic Diversity across Breeds
The management and optimization of genetic diversity across breeds is relevant when
conservation efforts are directed towards conservation of overall allelic diversity and not necessarily
conservation of the different combinations of alleles (and thereby phenotypes). Across breeds, there
seemed to be substantial overlap in the conserved genetic diversity. For example, when optimizing
genetic diversity across all native breeds combined, only 72 out of 715 bulls received an optimal
contribution above zero. This overlap in genetic diversity across breeds is not surprising, when
considering breed history (Figure 1). To investigate the influence of HF on the optimal contributions
of the native breeds, we also performed OCS including HF bulls. Inclusion of HF bulls lowered the
contributions of native breeds, because part of the contributions (37%) was assigned to HF bulls. The
relative contributions of native breeds, however, remained very similar.
DFR bulls had a high genetic similarity to DF bulls (Table 1) and the optimal contribution of DFR
when maximizing genetic diversity across breeds was only 1% (Figure 5). Based on these findings,
one may question whether efforts should be made to conserve breeds like DF and DFR separately or
whether they should be managed as a single breed. By managing them as a single breed, the
population size increases, which could help to decrease inbreeding and drift effects.
In this study, we only considered the optimization of a single gene bank in a single country.
However, there may also be overlap in the genetic diversity that is stored in gene banks worldwide.
For the globally connected HF breed, for example, Danchin-Burge et al. [8] showed substantial
overlap between US, French, and Dutch germplasm collections. However, they also indicated that
there are various arguments in favor of this “redundancy”. From a safety perspective it might be wise
to have duplo-collections as are common in plant genetic resources. From a policy perspective, each
country is supposed to manage its own genetic resources. From a practical point of view, germplasm
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stored in a national gene bank is more readily available, as exchange of animal germplasm over
national borders must comply with international regulations, such as veterinary regulations and
access and benefit sharing regulations under the Nagoya Protocol. However, gene bank collections
are costly. Recently, de Oliveira Silva et al. [30] developed a mathematical model to optimize logistical
decisions of conserving breeds in terms of economics. They evaluated alternative scenarios for
reallocating genetic material currently stored in different European gene banks and showed that
overall costs may be reduced by ~20% by selecting gene banks that have a relatively low combination
of fixed and collection costs. Further work in this area would be valuable to economically and
genetically optimize national and international gene bank collections.
Although the overlap in genetic diversity is expected to be less pronounced for native breeds
compared to a transboundary breed like HF, there may still be some double-storage of genetic
material across gene banks and/or countries. A major reason for this overlap might be the
introgression of (e.g., transboundary) breeds into other (e.g., local) breeds. In this study, we partly
corrected for the influence of HF by excluding bulls from native breeds with a HF fraction of 3/8 or
more in the first three ancestral generations of their pedigree. Other breeds, however, may also have
had an impact. For example, IRW bulls were found to have a fraction of BBL in their pedigree, which
was likely part of the reason that IRW was assigned a relatively high contribution (17%) when
performing OCS in Dutch native breeds (Figure 5). The fraction BBL that may be unique in the Dutch
gene bank is likely to be well covered in the BBL population in Belgium. To account for influences of
breeds like HF and BBL in native cattle populations, OCS can be extended to minimize migrant
contributions while maximizing genetic diversity [31]. In this extended OCS approach, a reference
population (consisting of breeds that are likely to have contributed to the native breeds) is used to
determine the migrant contributions. In future work, it would be valuable to consider these migrant
contributions when optimizing gene bank collections.
4.5. From Genotype to Sequence Data
As this study is based on 35 k SNP data, it is likely that rare variants are not considered (see, e.g.,
in [32]). The effect of missing genetic variation may be stronger for local breeds than for a mainstream
breed like HF, because of ascertainment bias (see, e.g., in [33]). Sequencing costs are continuously
decreasing and, as a result, increasing sequencing data will be available. This data will be extremely
valuable for gene bank collections, since it will help, for example, to identify rare genetic variants that
were lost over time or variants that are unique to specific breeds. The developed procedures in this
study will be applicable to optimize gene banks based on sequence data.
5. Conclusions
Based on genotype data, bulls from native Dutch cattle breeds stored in the national gene bank
are genetically distinct from the random sample of HF gene bank bulls. Old bulls (born before 2000)
contribute considerably to the genetic diversity in the gene bank. Within breeds, the current collection
is already partly optimized to maximize allelic diversity. Core set collections could be set up using
OCS based on genomic information. Across breeds, there is substantial overlap in the genetic
diversity that is conserved in the gene bank. The increasing availability of genomic information and
recent developments on economic modeling of gene bank collections and extension of OCS
methodology may help to further optimize gene bank collections.
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according to Evanno et al. [19]; Supplement 3: (1) Principal component analysis within Dutch Friesian (DF) bulls
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Author Contributions: Conceptualization, A.E.V.B., H.P.D., J.J.W., and K.O.; Methodology, A.E.V.B., H.P.D.,
and K.O.; Formal Analysis, A.E.V.B.; Writing–Original Draft Preparation, A.E.V.B. and H.P.D.; Writing—Review
& Editing, A.E.V.B., H.P.D., J.J.W., and K.O.; Visualization, A.E.V.B. and H.P.D.

Diversity 2019, 11, 229

12 of 13

Funding: The research leading to these results has been conducted as part of the IMAGE project, which received
funding from the European Union’s Horizon 2020 Research and Innovation Program under the grant agreement
n° 677353. The study was co-funded by the Dutch Ministry of Agriculture, Nature and Food Quality (KB-34-013002).
Acknowledgments: The authors gratefully acknowledge the Dutch-Flemish cattle improvement cooperative
(CRV) for providing genotype data of Holstein Friesian bulls.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

Oldenbroek, K. Utilisation and Conservation of Farm Animal Genetic Resources; Wageningen Academic
Publishers: Wageningen, The Netherlands, 2007; pp. 55–71.
FAO. Global Plan of Action for Animal Genetic Resources and the Interlaken Declaration; FAO: Rome, Italy, 2007.
Bennewitz, J.; Simianer, H.; Meuwissen, T.H.E. Investigations on Merging Breeds in Genetic Conservation
Schemes. J. Dairy Sci. 2008, 91, 2512–2519.
Smith, C. Genetic aspects of conservation in farm livestock. Livest. Prod. Sci. 1984, 11, 37–48.
Eding, H.; Meuwissen, T.H.E. Linear methods to estimate kinships from genetic marker data for the
construction of core sets in genetic conservation schemes. J. Anim. Breed. Genet. 2003, 120, 289–302.
Theunissen, B. Breeding without Mendelism: Theory and practice of dairy cattle breeding in The
Netherlands 1900–1950. J. Hist. Biol. 2008, 41, 637–676.
Fernández, J.; Meuwissen, T.H.E.; Toro, M.A. Mäki-Tanila, A. Management of genetic diversity in small
farm animal populations. Animal 2011, 5, 1684–1698.
Danchin-Burge, C.; Hiemstra, S.J.; Blackburn, H. Ex situ conservation of Holstein-Friesian cattle:
Comparing the Dutch, French, and US germplasm collections. J. Dairy Sci. 2011, 94, 4100–4108.
Doekes, H.P.; Veerkamp, R.F.; Bijma, P.; Hiemstra, S.J.; Windig, J.J. Trends in genome-wide and regionspecific genetic diversity in the Dutch-Flemish Holstein-Friesian breeding program from 1986 to 2015.
Genet. Sel. Evol. 2018, 50, 1–16.
CMD. Jaarverslag Centrale Melkcontrole Dienst (Central Milkrecording Service); Stichting Centrale Melk
Controle Dienst: Arnhem, The Netherlands, 1971.
Maurice van Eijndhoven, M. Genetic Variation of Milk Fatty Acid Composition Between and Within Dairy
Cattle Breeds. 2014. Available oline: https://edepot.wur.nl/322983 (accessed on 28 November 2019).
Van Helden, W.; Minkema, D. Inventarisatie van Zeldzame Huisdierrassen; SZH: Groningen, The Netherlands,
1978.
CGN. Rassenlijst Nederlandse Landbouwhuisdierrassen en hun Risicostatus; CGN: Wageningen, The
Netherlands, 2017.
Malécot, G. Mathématiques de l’Hérédité; Masson & Cie: Paris, France, 1948.
Nei, M. Analysis of Gene Diversity in Subdivided Populations. Proc. Natl. Acad. Sci. USA 1973, 70, 3321–
3323.
Paradis, E.; Claude, J.; Strimmer, K. APE: Analyses of phylogenetics and evolution in R language.
Bioinformatics 2004, 20, 289–290.
Rambaut, A.; Drummond, A.J. Figtree v1.4. 2012. Available online: http://tree.bio.ed.ac.uk/software/figtree/
(accessed on 21 June 2019).
Raj, A.; Stephens, M.; Pritchard, J.K. FastSTRUCTURE: Variational inference of population structure in
large SNP data sets. Genetics 2014, 197, 573–589.
Evanno, G.; Regnaut, S.; Goudet, J. Detecting the number of clusters of individuals using the software
STRUCTURE : A simulation study. Mol. Ecol. 2005, 14, 2611–2620.
Francis, R.M. POPHELPER: An R package and web app to analyse and visualize population structure. Mol.
Ecol. Resour. 2017, 17, 27–32.
Berg, P.; Windig, J.J. Genomic Management of Animal Genetic Diversity; Oldenbroek, K., Ed.; Wageningen
Academic Publishers: Wageningen, The Netherlands, 2017; pp. 162–166.
Grundy, B.; Villanueva, B.; Woolliams, J.A. Dynamic selection procedures for constrained inbreeding and
their consequences for pedigree development. Genet. Res. 1998, 72, 159–168.
Meuwissen, T.H.E.; Sonesson, A.K. Maximizing the Response of Selection with a Predefined Rate of
Inbreeding: Overlapping Generations. J. Anim. Sci. 1997, 76, 2575–2583.

Diversity 2019, 11, 229

24.
25.

26.
27.
28.
29.

30.
31.

32.
33.

13 of 13

Eynard, S.E.; Windig, J.J.; Hulsegge, I.; Hiemstra, S.J.; Calus, M.P.L. The impact of using old germplasm on
genetic merit and diversity—A cattle breed case study. J. Anim. Breed. Genet. 2018, 135, 311–322.
Meuwissen, T.H.E. Gencont: An operational tool for controlling inbreeding in selection and conservation
schemes. Presented at 7th World Congress on Genetics Applied to Livestock Production, Montpellier,
France, 18–23 August 2002.
Chang, C.C.; Chow, C.C.; Tellier, L.C.A.M.; Vattikuti, S.; Purcell, S.M.; Lee, J.J. Second-generation PLINK:
Rising to the challenge of larger and richer datasets. Gigascience 2015, 4, 1–16.
Mil, R.; Van, Nauta, W.J. Fundamentfokkerij Fries Hollands vee. Available online:
https://edepot.wur.nl/183413 (accessed on 28 November 2019).
FAO. Cryoconservation of Animal Genetic Resources; FAO Animal: Rome, Italy, 2012.
Doekes, H.P.; Veerkamp, R.F.; Bijma, P.; Hiemstra, S.J.; Windig, J. Value of the Dutch Holstein Friesian
germplasm collection to increase genetic variability and improve genetic merit. J. Dairy Sci. 2018, 101,
10022–10033.
Silva, R.D.O.; Moran, D.; Vosough, B.; Sipke, A.; Hiemstra, J. Optimizing ex situ genetic resource collections
for European livestock conservation. J. Anim. Breed. Genet. 2019, 136, 63–73.
Wang, Y.; Bennewitz, J.; Wellmann, R. Novel optimum contribution selection methods accounting for
conflicting objectives in breeding programs for livestock breeds with historical migration. Genet. Sel. Evol.
2017, 49 1–12.
Eynard, S.E.; Windig, J.J.; Hiemstra, S.J.; Calus, M.P.L. Whole-genome sequence data uncover loss of genetic
diversity due to selection. Genet. Sel. Evol. 2016, 48, 1–14.
Albrechtsen, A.; Nielsen, F.C.; Nielsen, R. Ascertainment Biases in SNP Chips Affect Measures of
Population Divergence. Mol. Biol. Evol. 2010, 27, 2534–2547.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

