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Abstract

Background Canadienne cattle are the oldest breed of dairy cattle in North America. The Canadienne breed origi-
nates from cattle that were brought to America by the mid-seventeenth century French settlers. The herd book was
established in 1886 and the current breed characteristics include dark coat color, small size compared to the mod-
ern Holstein breed, and overall rusticity shaped by the harsh environmental conditions that were prevalent during
the settlement of North America. The Canadienne breed is an invaluable genetic resource due to its high resilience,
longevity and fertility. However, it is heavily threatened with a current herd limited to an estimated 1200 registered
animals, of which less than 300 are fullblood. To date, no effort has been made to document the genetic pool of this
heritage breed in order to preserve it.

Results In this project, we used genomic data, which allow a precise description of the genetic makeup of a popu-
lation, to provide valuable information on the genetic diversity of this heritage breed and suggest management
options for its long-term viability. Using a panel that includes 640,000 single nucleotide polymorphisms (SNPs), we
genotyped 190 animals grouped into six purity ranges. Unsupervised clustering analyses revealed three genetically
distinct groups among those with the higher levels of purity. The observed heterozygosity was higher than expected
even in the 100% purebreds. Comparison with Holstein genotypes showed significantly shorter runs of homozygosity
for the Canadienne breed, which was unexpected due to the high inbreeding value calculated from pedigree data.

Conclusions Overall, our data indicate that the fullblood gene pool of the Canadienne breed is more diversified than

expected and that bloodline management could promote breed sustainability. In its current state, the Canadienne is
not a dead-end breed but remains highly vulnerable due to its small population size.

Background

In livestock management, genetic diversity is an impor-
tant element to consider. To provide options for long-
term breed improvement or the selection of animals
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environmental footprint of animal husbandry. Achiev-
ing such goals involves major changes to practices and
to the environmental conditions to which the animals
are subjected. Tolerating wider ranges of temperature,
more variable diets, emerging pathogens and different
husbandry methods will all require genetic adaptation.
Heritage dairy breeds that have fallen into disuse due
to their lower milk yield or productivity may be pressed
back into service, since they often exhibit higher resil-
ience and adaptive capacity. The Canadienne is one of
these heritage cattle breeds. It is known for its high
fertility and its remarkable calving ability [1]. Com-
pared to other dairy breeds used in Canada, it is frugal,
less affected by poor diet and environmental dynam-
ics, although this can sometimes become problematic
for the Canadienne at drying since it produces a small
volume of milk even under restricted feeding, i.e. its
annual yield is about 6000 kg [2]. Dairy producers cur-
rently use the Canadienne breed to serve specialty mar-
kets such as for the production of fine cheeses.

The origins of this breed date back to the first French
settlements in North America. The first cattle were
brought from the Bretagne and Normandy regions
of France in the mid-seventeenth century. They were
multi-purpose, providing milk and meat and pulling
carts and ploughs. In the seventeenth and eighteenth
century Canada, cattle had to be robust, autonomous
and capable of surviving neglect (MacLachlan, personal
communication). The Canadienne cattle developed
high strength, strong resistance to the cold and to dis-
ease, and thrived on whatever it was given or could find
in the fields. Up to the end of the nineteenth century,
the Canadienne was most representative of the dairy
cattle in New France and later in the Canadian province
of Quebec.

The breed was officially recognized in 1886 and then
followed a development through selective breeding
mainly to improve milk production. However, European
breeds soon began to gradually replace Canadienne
cattle, and by the 1970s, only about 5000 registered
Canadienne individuals remained. In an attempt to revi-
talize the breed, it was crossed with the Brown Swiss to
improve milk production, stature and frame. In more
recent years, Canadienne individuals have been mostly
crossbred with Jersey to preserve a smaller stature and
frame compared to other dairy breeds as well as to main-
tain their uniform coat color. Current herdbook registra-
tion lists animals that were never crossed and identifies
them as “originals” and about 300 such full-bloods are
alive today. Based on pedigree data, the estimated effec-
tive size of the Canadienne population dropped down to
43 in 2013 [3] and the inbreeding index was estimated
at 9.16% in 2020 [4], thus the long-term survival of the
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breed is in jeopardy. The Livestock Conservancy lists its
status as critical [5].

The hypothesis of our research project stipulates that
the use of genomics will enable to properly describe the
Canadienne genetic pool to offer long-term manage-
ment options. The aims of the project are to describe the
genetic pool of the Canadienne cow using high-density
genotyping and to use the information to determine if the
low effective size has pushed the breed to a genetic dead-
end. Current genotyping platforms targeting large panels
of known single nucleotide polymorphisms (SNPs) allow
an efficient description and comparison of mammalian
genomes. In this work, we used genotypes to gener-
ate diversity metrics to compare groups of animals with
different percentages of Canadienne blood. The analy-
ses included evaluation of its population structure and
genomic inbreeding and comparisons with other bovine
breeds and populations.

Methods

DNA sampling

Pedigrees and the Canadienne Cattle Association and
Society were consulted to obtain a representative sample
of the population and different levels of genomic diver-
sity and purity. The Canadienne population was sam-
pled in 2016 from 10 herds located across the Province
of Quebec. A small herd maintained in France was also
sampled and a bull living in the USA was included. The
founders of these foreign animals were imported from
Quebec in the 1990s. DNA was extracted from tail hair
follicles. Cryopreserved semen from ancestral bulls that
lived from 1950 to 1980 were obtained from an insemina-
tion center (Centre d’'insémination artificielle du Québec,
CIAQ) and were also genotyped. Based on breed purity,
six genomic groups were formed (Table 1).

To compare the genetic diversity of the Canadienne
with that of other breeds, the genotypes of 192 Cana-
dian Holstein bulls born between 2007 and 2012 were
accessed from a database. Semen was obtained from
genetic companies operating in North America. This pre-
vious project was supported by a grant from Novalait as a

Table 1 Canadienne cattle groupings based on genetic purity

Group Genetic purity Breed fraction Sample size
range, %

Original 100 32/32 36

Fullblood (Pureblood) 93.75-100 15/16-31/32 77

High purity 87.5-93.74 7/8-15/16 31

Moderate purity 75-87.4 3/4-7/8 32

Crossed 50-74 1/2-3/4 11

Low purity 0-49 <1/2 3
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pilot project to assess the genetic diversity in the Holstein
population in Canada. SNP data from eight other breeds
(Angus, Bretonne Pie Noir, French Brown Swiss, Brown
Swiss, Guernsey, French Holstein, French Jersey, Nor-
mande) were obtained from previous studies [6, 7]. Bos
indicus SNP data from a previous study [8] were included
as an outgroup. Breed representation is provided in
Table 2.

DNA extraction
Among the 190 Canadienne DNA samples, 62 were
extracted from cryopreserved semen and 128 from tail
hair. All the samples were stored at — 20 °C until analy-
sis. Two samples were analyzed in duplicate for SNP
genotyping quality control. Genomic DNA was extracted
from bovine spermatozoa using the DNeasy blood and
tissue kit (QIAgen, Toronto, ON, Canada) and follow-
ing the user-developed protocol 2 for purification of
total DNA from sperm. Briefly, the entire contents of
one semen straw or vial (~12-15x 10° cells) were mixed
gently with one mL of phosphate-buffered saline (pH 7.4)
in a 1.5-mL microcentrifuge tube, and then centrifuged
at 15,000¢ for five min. The supernatant was discarded,
and the sperm pellet (100 pL) was mixed with 100 pL of
X2 buffer (20 mM Tris pH 8.0, 20 mM EDTA, 200 mM
NacCl, 4% SDS and 80 mM dithiothreitol) and 12.5 uL of
the kit proteinase K solution. The suspension was held
overnight (12-16 h) at 56 °C in a hybrization incuba-
tor (Robbins Scientific, San Diego, CA, USA) with rota-
tion set at 12 rpm, then mixed with 200 pL of buffer AL
(QIAgen) and 200 pL of ethanol (96—100%), loaded onto
the spin column (QIAgen) and centrifuged for one min
at> 6000 g. Column-bound DNA was washed and eluted
according to the manufacturer’s instructions.

DNA was extracted from hair follicles according to the
user-developed protocol for purification of total DNA

Table 2 Breed representation in each genotypic dataset

Breed n Source
Angus 62 9]
Bretonne Pie Noir 18 [7]
French Brown Swiss 18 71
Brown Swiss 24 (8]
Guernsey 21 [8]
French Holstein? 93 [7,8]
French Jersey 49 [7,8]
Normande 30 71
Zebu Bororo 23 [0
Arabic Zebu 35 [9]
Zebu Fulani 43 [0

@ BovineSNP50v1 genotyping platform
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from nails, hair or feathers using the DNeasy blood and
tissue kit (QIAgen). Briefly, 20 to 30 tail hair follicles with
0.5-1.0 cm of bristle were placed in a 1.5-mL microtube.
A lysis buffer containing 300 pL of ATL buffer, 20 uL of
proteinase K and 20 pL of 1 M dithiothreitol (QIAgen)
was added and the contents were mixed by pulse-vortex-
ing, held overnight at 56 °C in the hybridization incuba-
tor set at 20 rpm, treated with RNase A (4 pL, 100 mg/
mL, QIAgen) for 2 min at room temperature then mixed
with 300 pL of AL buffer (QIAgen) and 300 pL of etha-
nol (96-100%), loaded onto a spin column (QIAgen) and
centrifuged for 1 min at> 6000g. DNA was washed and
eluted according to the manufacturer’s protocol.

Genomic DNA quality was assessed by electrophore-
sis on 1% agarose gels and staining with ethidium bro-
mide (1 pg/mL). DNA was quantitated by measuring
the absorbance at 260 nm using a NanoDrop1000 (Ther-
moFisher Scientific, Ottawa, ON, Canada).

SNP genotyping and SNP datasets for comparative
purposes

In total, 192 Canadienne samples (two of the 190 animals
were genotyped twice as quality control replicates) were
genotyped using the Affymetrix/ThermoFisher Axiom
BOS1 platform targeting 648,874 SNPs. Canadian Hol-
stein genotypes were acquired within the context of a
different project on the Illumina Bovine SNP50 v3 plat-
form targeting 53,218 SNPs. All sample hybridizations
were performed at the Centre dexpertise et de services
Génome Québec (Montréal, QC, Canada).

Sample exclusion, quality control and SNP filtering

Quality control and SNP filtering were carried out using
the Axiom Analysis Suite. SNPs with a call rate lower
than 97% across all Canadienne samples were excluded.
Monomorphic SNPs and those with a minor allele fre-
quency lower than 0.05 were also excluded because due
to their very low statistical power, they are not useful for
analyses comprising only the Canadienne breed. Signifi-
cant departure from the Hardy—Weinberg equilibrium
(HWE) was also considered since it can indicate potential
genotyping errors. Thus, SNPs with a HWE FDR/Bonfer-
roni corrected p-value lower than le-3 were filtered out.
Only autosomal SNPs with a DishQC score >0.82 and a
call rate > 97% were retained for further analysis.

Identification of common SNPs between genotyping
platforms

Since the Thermo Fisher-Affymetrix/and Illumina plat-
forms were both developed using the SNP catalog gen-
erated from the bovine genome project, there is great
commonality between the two panels. For the initial
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comparison of the Canadienne with the Canadian Hol-
stein breed, a common set of SNPs shared by both geno-
typing platforms was identified by positioning targeted
SNPs from both platforms on the same reference genome
(UMD 3.1 Bos taurus). The same procedure, i.e. position-
ing all SNPs across all datasets on the same reference
genome (UMD 3.1 Bos taurus) was performed to iden-
tify the SNPs that were common to all datasets for the
across-breed and population comparisons. All common
SNPs were kept and were not filtered for allelic frequen-
cies. Allele flipping between both genotyping platforms
was checked and for none of the SNPs was the reference
allele considered as the alternate allele in the other plat-
form. About half of the SNPs were found to be detected
on opposite strands (24,990/49,397) but this does not
impact the analyses since genotypes do not report the
nucleotides but the status of both alleles, i.e. AA, AB or
BB.

Genetic metrics

Observed heterozygosity (H) was evaluated using the—
het option in VCFtools v0.1.11 and genome-wide SNP
data. Genomic inbreeding (Fyoy) was evaluated using
runs of homozygosity (ROH) with the—lroh option and
expressed as the Fpqy statistic, that is, the ratio of the
total ROH length (Lyoy) to the total autosomal genome
length covered by the SNPs (Lgenome) [9]):

X LroH
FronH = —.
LeenoMmE

The genomic effective population size (N,) was esti-
mated using the SNP excess heterozygosity method
implemented by the NeEstimator program [10]. The
per site heterozygosity was evaluated using the —hardy
option in VCFtools v0.1.11 with reduced datasets match-
ing the Canadienne and Holstein genotypes. Two com-
parisons were performed: (1) between the registered
Canadienne individuals and all the Canadian Holsteins
and (2) between only the 36 “original” Canadienne indi-
viduals and equivalent number of randomly selected
Canadian Holsteins. One hundred subsets of 36 Cana-
dian Holsteins were randomly sampled using the —max-
indv filter, and the mean per site Hy was calculated to
match the number of “original” Canadienne individuals.

Population structure

The VCFtools v0.1.11 program was used to compute
the fixation index (Fgr statistic) using the—weir-fst-pop
option. Individuals were grouped according to breed
purity for comparison. To assess the genomic variation
among the Canadienne populations, an unsupervised
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Fig. 1 Distribution of observed genetic heterozygosity (H,) in each
Canadienne cattle breed purity group. Boxes represent second and
third quartiles; letters indicate a significant difference, based on
Duncan'’s test (P <0.05)

clustering using a discriminant analysis of principal com-
ponents (DAPC) [11] was performed on genome-wide
SNP data using the R function DAPC in the ADEGENET
package [12].

Across-breed comparison

To assess genomic variation among the 12 breeds/
populations considered, principal component analysis
was performed using the R function snpgdsPCA in the
SNPRelate package [13]. Sample size was equilibrated.
For datasets containing more than 40 samples, a rand-
omized sampling was done for 40 samples. For datasets
containing less than 40 samples, all samples were used.
The French Brown Swiss and Brown Swiss datasets were
merged (Table 2).

Statistics

Significant differences between the purity group means
were estimated for Hy, Fyoy and ROH length classes
using Duncan’s test in the agricolae R package [14] with
the function duncan.test.

Results

Data processing and selection of SNP panels

For the Canadienne samples genotyped on the high-
density panel (640K), 634,116 high-quality SNPs for 190
animals remained after filtering. For the 192 Holsteins
genotyped on the medium-density panel (50K), 48,725
acceptable SNPs were obtained and 47,573 remained
after selecting the common target loci between both SNP
panels. When public data from the nine other breeds/
populations were considered, 47,175 high-quality SNPs
were found across all datasets.
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Genetic diversity in the Canadienne population
Genome-wide heterozygosity was calculated for each
animal and ranged from 0.2201 to 0.3011 with a mean
of 0.2660. The mean for each group is shown in Fig. 1.
The genome-wide heterozygosity for the original, full-
blood (Pureblood) and high-purity Canadienne groups
did not significantly differ, which indicates that, above
a breed fraction of 3/4, the extent of heterozygosity was
similar even in the “original” Canadienne group. As
expected, crossed and low-purity groups had a signifi-
cantly higher Hy whereas moderate-purity individuals
had intermediate values (Fig. 1).

The lengths of the genomic stretches with homozygous
genotypes were measured as another metric of genomic
diversity. Runs of homozygosity were classified by length,
with the shorter ROH indicating greater genetic diversity.
The frequency of each length class measured for indi-
vidual animals and the mean frequencies for each purity
group are presented in Fig. 2. As expected, mixed-breed
animals with less than 50% Canadienne lineage had the
highest proportion of shorter (1-2 Mb) ROH. The high-
purity groups, namely the original (100%), fullblood
(>15/16), high and moderate-purity groups, had similar
proportions of short and long ROH (Fig. 2).

The genomic inbreeding coefficient (Froy) estimated
for each animal ranged from 0 to 0.197. As expected,
crossbred animals had very low inbreeding values (Fig. 3).
The mean value for the combined classes correspond-
ing to registered animals (>7/8 Canadienne) was 0.051.

Page 5 of 11

0.20
0.15
a
a
T -
goto a
ab
0.05 I bec
| |
1 [ I , c
0.00
Original  Pureblood High Moderate Crossed Low

Purity group

Fig. 3 Comparison of individual inbreeding values in the Canadienne
purity classes, based on ROH lengths (Fzoy). Boxes represent class
median and second and third quartiles. Letters indicate a significant
difference, based on Duncan’s test (P < 0.05)

Calculated for purity classes, the genomic inbreeding
mean values for the original, fullblood and high-purity
individuals were 0.044, 0.056 and 0.049, respectively.
Again, no significant differences were found between
groups from the original down to the moderate levels of

purity (Fig. 3).

Population structure of the Canadienne breed

Effective population size

The effective population size was estimated for each
purity group and averaged for the population composed

a
Original
0.75 | Fullblood
ae High
Moderate
b m Crossed
b b D Low
> b
2 o504 b
S b b a
o
o)
£ []
l ab ab
025 l ab ab a
a a a
b |
ab
ab a
L e
0.00 A
ROH1-2 ROH2-4 ROH4-8 ROHs8-16 ROH> 16

Class of ROH length (Mb)

Fig. 2 Frequency of the five runs of homozygosity (ROH) length ranges (in Mb) in the six Canadienne purity groups, based on genome-wide
analysis of 640K SNPs. Standard deviation is shown as error bars (low purity at the ROH range of 4-8 Mb contained a single individual). Letters
indicate a significant difference among purity groups for each ROH range, based on Duncan's test (P < 0.05). Darkest to lightest shade: original,

fullblood, high purity, moderate purity, crossed, low purity
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Table 3 Estimated effective
Canadienne breed purity group

population size  for each

Population Sample size  GenomicN, 95%
confidence
interval limits

Original 36 12.8 12.6-129

Fullblood (Pureblood) 77 205 20.2-20.8

High purity 31 349 33.5-36.3

Moderate purity 32 129 12.7-13.0

Total 176 20.8 20.6-21.0

Table 4 Pairwise f¢; between Canadienne breed purity groups

Purity group Original Fullblood High Moderate
Fullblood (Pureblood)  0.0014

High purity 00258 00176

Moderate purity 0.0329 0.0278 0.0238

Crossed 0.0700 0.0580 0.0605 0.0559

of animals with at least 3/4 Canadienne lineage (Table 3),
and it was low in the “originals” group (12.6) and higher
in the fullblood (20.5) and high-purity groups (34.9).

Genetic distance

The mean Fg; estimated from genotypes was used
to compare each pair of purity groups and ranged
from 0.0014 to 0.0700 with an average value of 0.0385
(Table 4). It was lowest for the original versus fullblood
comparison and highest for the original versus crossed
individuals comparison. As expected, F¢; increased as
the difference in purity increased.

Clustering

Unsupervised clustering of genotypes revealed five
intrapopulation clusters (Fig. 4a), each of which con-
tained animals from groups with different levels of
purity, as shown in the contingency table (Fig. 4b).
Cluster 5 was mostly enriched in individuals at the
higher end of the purity scale whereas cluster 2 con-
tained animals of very high purity (original) as well as
lower purity classes. Clusters 3 and 4 were composed
of a distribution across purity classes whereas clusters 1
contained mostly low-purity individuals (Fig. 4b).

Across-breed comparison

Using the reduced dataset composed of the common
SNPs between the high- and medium-density SNP pan-
els, ROH lengths were recalculated for the Canadienne
breed and compared with Canadian Holsteins, which
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had a significantly higher proportion of longer ROH
and a lower proportion of shorter ROH (Fig. 5). This
reflects the lower genetic diversity and recent inbreed-
ing events that have occurred in this breed.

The per site Hy ranged from 0 to 0.667 for the regis-
tered Canadienne (>7/8 Canadienne), from 0 to 0.620 for
the Canadian Holstein, and from 0 to 1 for the “original”
Canadienne individuals (Fig. 6). For most of the sites, H
was higher for the Canadienne (registered and “origi-
nals”) than for the Canadian Holstein individuals.

Unsupervised clustering using genome-wide SNP data
showed inter-population diversity and the genetic rela-
tionships across cattle breeds. The first and second prin-
cipal components (PC1 and PC2) are plotted in Fig. 7.
For this PCA analysis, about 40 samples per breed were
used (see Methods) and four groups of Canadienne are
represented according to level of purity. The PC1 axis
places Bos taurus breeds at the opposite end of Bos indi-
cus cattle breeds. On the PC2 axis, Canadienne cluster
away from the other breeds. On PC2, both Canadian
and French Holsteins are further away from the other
assessed breeds. The closest cluster is Jersey, a breed that
has recently been crossed with Canadienne. The Cana-
dienne clustering is not as tightly centered as many other
purebred gene pools indicative of more diversity.

Discussion

The goal of this project was to describe the genetic
makeup of the Canadienne bovine breed based on
genomics. This breed has declined from 300,000 individ-
uals in the early 1900s to about 10,000 in 1983 and then
to 1000 in 2012 with less than 300 full blooded animals
[15, 16]. There are concerns about the long-term viabil-
ity of the breed. Based on pedigree data, the Canadienne
has the highest inbreeding coefficient of any dairy cattle
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breed in Canada, and an average inbreeding coefficient
of 9.53% as calculated in 2022. By comparison, the mean
inbreeding coefficients of the Canadian Holstein and Jer-
sey breeds are, respectively, 8.86 and 7.10% [4]. Its low
milk production prevents the Canadienne breed from
being a viable alternative to the more common breeds
for commercial bulk milk under the quota system that
is in place in Canada, and its high inbreeding coefficient
deters dairy producers from adding Canadienne cows to
their herd. In addition, the decision to improve the breed
by crossing it with Brown Swiss in the 1970s followed by
backcrossing with Canadienne has raised doubts about
its retention of the original gene pool shaped by the harsh
conditions that they encountered during the European
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Fig. 6 Genotypic frequencies of heterozygotes at individual loci on bovine autosomes. a Comparing registered Canadienne (n=176) (at least 7/8
purity) and Holsteins (n=192) and b Comparing Original Canadienne (n=36) and a group of Holstein (n=36). Holstein values represent the mean
of 100 random resampling. Standard deviations for Holstein are shown
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colonial period in North America. The registration
requirement for purebred animals with all-Canadienne
ancestry (the “originals”) has further reduced the number
of animals in the highest purity class.

Our objective was to use genomics to estimate genetic
diversity and to determine if the inbreeding coefficients
based on pedigree data would increase when the popula-
tion was segmented according to purity class. To main-
tain the “original ” status, an animal must be the offspring
of a dam and sire that are also “original” The breed cur-
rently relies on artificial insemination limited to about 15
sires of which only two are purebred “originals” To main-
tain this status, producers can raise their own bulls or use
cryopreserved semen collected prior to 1980. With such
constraints on sires, it was expected that the inbreeding
coefficient would be higher for “originals” than for the
breed. However, the genetic diversity of this purity class
was comparable to that of classes down to 7/8 Cana-
dienne. This was inferred from the extent of heterozy-
gous genotypes and the lengths of homozygous genomic
stretches. At 6.8%, the calculated genomic inbreeding
coefficient is lower than the reported 9.65% [4]. By com-
parison, a very comprehensive analysis done on 676,594
Holstein born in Canada between 1990 and 2018 showed
that compared to the 2018 pedigree-based inbreeding
estimate of 7.74%, genomic inbreeding values ranged
from 13.61 to 15.64% [17]. Our observation of longer
ROH in Holstein is consistent with these findings.

Although both pedigree- and genomic-based values
are used to estimate the probability of receiving identical
alleles from common ancestors, SNP analysis and pedi-
grees differ considerably. Pedigrees are subject to human
error such as misidentification of the sire [18] and there-
fore may not match genomic data. More importantly,
random processes of segregation and recombination
lead to different genomes for individuals from the same
pedigree unless they are identical twins. When a suffi-
cient number of genomic markers (e.g., SNPs) is availa-
ble, estimates of inbreeding are more accurate than those
obtained from pedigree data [19, 20].

Runs of homozygosity are caused either by a high
degree of relatedness or intensive selection for specific
traits. Studies have shown that the proportion of ROH in
the genome is a good proxy for autozygosity, i.e. superior
to pedigree data [9, 21], and that the inbreeding coef-
ficient increases with ROH length [22]. Longer ROH
are due to recent inbreeding while shorter ROH reflect
repeated meiotic events from ancient matings [23]. We
compared the Canadienne genotypes to those of Hol-
stein, the latter being the most common dairy breed in
Canada, accounting for 93% of the 1.4 million animals

Page 8 of 11

in the national herd [2]. Holstein genetics benefit from
extensive international trading, making it the reference
point for Canadian dairy breeds. ROH lengths differed
greatly between the two breeds. Holstein had an unex-
pectedly higher proportion of longer ROH than Cana-
dienne cattle, especially of ROH longer than 16 Mb. The
proportion of heterozygotes per site also demonstrated
higher diversity in the “Original” and registered Cana-
dienne groups than the Canadian Holsteins. This loss of
heterozygosity in US Holsteins cattle results from the
strong genetic selection for milk production and is asso-
ciated with fertility and immunity genes [24], which is
not an issue with the Canadienne breed as stated above.
Genomic selection is known to have induced an increase
in the number of ROH in North-American Holsteins
[25], which are linked with fertility issues in this breed
[26].

For all dairy breeds, inbreeding coefficients tend to
increase due to limited numbers of sires and shorter gen-
eration intervals [27]. Genealogical surveys show that the
development of the Holstein populations depends on a
few sires, each of which now have millions of descend-
ants [28]. The yearly rate of Holstein inbreeding has
increased significantly since the introduction of genomic
breeding programs [25]. Based on ROH, the impact of
recent inbreeding events on Canadian Holstein genet-
ics is considerable. Such events are not perceptible in
the small Canadienne population, which is probably due
to planned sire and lineage rotations in response to the
awareness of the very limited number of sires. In addi-
tion, the Canadienne is a relatively recent breed that
descends from mixed animals and thus has a more diver-
sified gene pool to start with. Overall, our data strongly
suggest that the Canadienne genetic pool is still diversi-
fied and that inbreeding expressed as the accumulation of
homozygous genotypes is lower than anticipated.

For breeding purposes, the effective population size
(N,) is considered critical when it drops below 50 indi-
viduals [29]. Even large herds can suffer from low N,
when the number of progenitors is small. Intense selec-
tive pressure can lead to the use of a small number of elite
bull progenitors, especially when artificial insemination
is highly accessible, and the current objectives to respond
to consumer preferences and market trends can limit the
number of sires that actually contribute to the next gen-
eration. Thus, generations of top-rated bulls may end up
sharing ancestry [30]. The effective population size can
fluctuate greatly depending on sire usage. During the
1990s, it dropped to a record small number of 33 in the
Canadian Holstein herd, which is mainly due to the use
of the famous Hanoverhill Starbuck bull that sired over
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200,000 female offspring and 209 proven male offspring
from about 1985 to 1995 [28]. During the period between
2000 and 2007, the N, rose to 114 through diversification
of sire provenance and usage.

Estimates of N, based on pedigree data were equal to
54, 47, 46, 66 and 40, for Ayrshire, Brown Swiss, Guern-
sey, Milking Shorthorn and Canadienne, respectively
[3]. Based on genotypes, a comprehensive analysis of the
Holstein and Jersey populations in Canada found similar
figures with N, averaging 51 and 75, respectively, across
estimation methods [17]. In our study, the N, of the Can-
adienne was below 26.3 for purity classes>3/4 and 12.8
for originals. This is alarming considering that the Cana-
dienne gene pool does not exist in any other bovine pop-
ulation. One potential solution would be to increase the
number of bulls available for artificial insemination, since
currently there are only two purebred bulls at a local
insemination center. Cryopreserved semen and embryos
from genetic lineages less represented in the current herd
could be used to generate new sire lines.

Analysis of the population structure showed that there
are three Canadienne lineages enriched with high-purity
animals. Genetic clusters are expected when different
breeds are compared, but such genetic groups can also
occur within breeds when high-density genomic markers
are used, as seen in parentage assignment and pedigree
reconstruction [31]. Pedigree-based data for individu-
als within each group show that inferred genetic clus-
ters correspond to distinct ancestors, and that additional
sire lines could only be beneficial. In such cases, cross-
ing individuals from mixed family groups would increase
genetic diversity and thereby reduce the impact of
inbreeding [32]. Future breeding programs could prior-
itize crossing sires and dams from the most distant clus-
ters to minimize genomic relatedness and thereby reduce
the loss of genetic diversity and maintain N,.

Regardless of genetic management, the long-term
survival of any gene pool depends on a sustainable and
increased use of the breed. Yearly milk production is
currently lower for Canadienne cows than for any other
dairy breed in Canada [2] and improving it with such a
low N, is a considerable challenge. The solution may
reside in the uniqueness of the gene pool of the Cana-
dienne breed, since comparative genomic analysis has
shown that it clusters independently of the other breeds.
This could justify not only its conservation but also fur-
ther analyses that may reveal unique and important traits
for producing milk in different settings.

In our study, the Holstein individuals were also geneti-
cally isolated, which is probably due to the extensive
selection programs for dairy production traits and
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conformity. Holstein cows are known to produce large
volumes of milk but also to suffer from fragile health and
lower fertility [24], which contrasts with the Canadienne
cows characterized by their low milk production and high
fertility. This could explain the genomic distance between
Holstein and the other breeds. Moreover, the homoge-
neity of the other breeds compared to the Canadienne
breed could be due to the absence of breeding programs
in the latter case, since most of the current breeding pro-
grams aim at selecting the same economically important
traits, which may reduce genetic variation and increase
genomic homogeneity [33].

Since the Canadienne breed was developed mainly
in Quebec, it is regarded as cultural patrimony, and in
1999, the provincial government claimed the designa-
tion “Québec heritage breed” [34]. Given the small size of
the herds for this breed, conserving the cultural pheno-
type and improving animal usefulness may be conflicting
objectives. Although its low dairy productivity prevents
milk producers to adopt it, producers for specialty mar-
kets such as cheese products appreciate the cheese-mak-
ing properties of its milk, and also its ability to adapt to
different pastures could contribute to cheese uniqueness.
Breeds of lower economic value can offer unique genetic
characteristics that may benefit to commercial breeds
[35]. By making suitable tradeoffs, it may be possible to
define mutually beneficial goals for breed development
and conservation that will add value to the dairy prod-
ucts sold [36] and will help endangered or threatened
livestock breeds.

Conclusions

Based on the use of genomic data, we demonstrate that
the current effective population size of the Canadienne
breed is alarming due to the decline in its popularity dur-
ing the last century. The need for a wider selection of
sires is urgent. In spite of the limited population and the
constraining registration criteria for “original” status, its
genetic diversity remains acceptable, and signs of recent
inbreeding events are fewer than those observed in large
population breeds under intense commercial selection
pressure. To date, genomic-based selection programs
have not been attempted to improve heritage breeds,
and are not likely to be used because of the difficulties to
establish a reference population necessary for genomic
prediction and the small numbers of individuals in such
populations [37]. However, genomics can assist in main-
taining a healthy balance between selection and genetic
variation within a livestock herd.



Carrier et al. Genetics Selection Evolution (2023) 55:32

Acknowledgements

We thank the "Société des éleveurs de bovins canadiens”and the "Association
de mise en valeur des bovins de race Canadienne”for coordinating sample
collection and providing historical perspective for data interpretation. Finally,
we thank the Canadienne cattle producers for having faith in the future of
this breed and for providing access to information in their animal pedigrees.
The authors would also like to thank Marie-Héléne Reignier for her help with
genomic DNA extraction and Chloé Fortin for reviewing of the manuscript.

Author contributions

AC collected the data, did the analysis, and wrote the draft of the manuscript.
|G performed DNA extraction and revised the manuscript. PL provided
mentorship and revised the manuscript. MD provide samples, assisted in data
interpretation in view of the Canadienne history and revised the manuscript.
CR supervised the entire project, provided mentorship, wrote the draft,
revised and finalised the manuscript. All authors read and approved the final
manuscript.

Funding

Funding for this project was received in the form of a grant from the Ministere
de I'agriculture et des pécheries du Québec through a joint partnership
involving the Innov’Action program, les Producteurs de lait du Québec and
the Front commun pour la protection du patrimoine agricole du Québec.
Holstein genotyping was funded by a grant from Novalait.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 16 December 2021 Accepted: 15 March 2023
Published online: 09 May 2023

References

1. Association de mise en valeur des bovins de race Canadienne. La vache
Canadienne. 2009. http://www.vachecanadienne.com/characteristics_of_
the_breed.aspx. Accessed 10 Mar 2021.

2. Agriculture and Agri-Food Canada. Average milk production by breed
based on milk recording. 2020. https://agriculture.canada.ca/en/canad
as-agriculture-sectors/animal-industry/canadian-dairy-information-centre/
dairy-statistics-and-market-information/dairy-animal-genetics/average-
milk-production-breed. Accessed 21 Apr 2021.

3. Melka MG, Stachowicz K, Miglior F, Schenkel FS. Analyses of genetic diversity
in five Canadian dairy breeds using pedigree data. J Anim Breed Genet.
2013;130:476-86.

4. Canadian Diary Network. Inbreeding Update - August 2022. 2020. https://
lactanet.ca/wp-content/uploads/2022/12/inbreeding-update-august-2022.
pdf. Accessed 13 Mar 2023.

5. The Livestock Conservancy. Canadienne cattle. 2020. https://livestockc
onservancy.org/heritage-breeds/heritage-breeds-list/canadienne-cattle/.
Accessed 1 Jul 2020.

6. Gautier M, Laloé D, Moazami-Goudarzi K. Insights into the genetic history
of French cattle from dense SNP data on 47 worldwide breeds. PLoS One.
2010;5:e13038.

7. Matukumalli LK, Lawley CT, Schnabel RD, Taylor JF, Allan MF, Heaton MP, et al.
Development and characterization of a high density SNP genotyping assay
for cattle. PLoS One. 2009;4: 5350.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Page 10 of 11

Gautier M, Flori L, Riebler A, Jaffrézic F, Laloé D, Gut |, et al. A whole genome
Bayesian scan for adaptive genetic divergence in West African cattle. BMC
Genomics. 2009;10:550.

McQuillan R, Leutenegger AL, Abdel-Rahman R, Franklin CS, Pericic M, Barac-
Lauc L, et al. Runs of homozygosity in European populations. Am J Hum
Genet. 2008;83:359-72.

Do C, Waples RS, Peel D, Macbeth GM, Tillett BJ, Ovenden JR. NeEstimator v2:
re-implementation of software for the estimation of contemporary effective
population size (Ne) from genetic data. Mol Ecol Resour. 2014;14:209-14.

. Jombart T, Devillard S, Balloux F. Discriminant analysis of principal compo-

nents: A new method for the analysis of genetically structured populations.
BMC Genet. 2010;11:94.

Jombart T. adegenet: a R package for the multivariate analysis of genetic
markers. Bioinformatics. 2008;24:1403-5.

Zheng X, Levine D, Shen J, Gogarten SM, Laurie C, Weir BS. A high-perfor-
mance computing toolset for relatedness and principal component analysis
of SNP data. Bioinformatics. 2012,28:3326-8.

de Mendiburu F. Agricolae: Statistical procedures for agricultural research.
2020. https://cran.r-project.org/web/packages/agricolae/index.html.
Accessed 22 Jun 2020.

Allard D, Lapointe GD. La Canadienne, plus de 400 ans d'histoire. Québec:
Ministére de I'Agriculture, des Pécheries et de 'Alimentation; 2012. p. 29.
Taberlet P, Valentini A, Rezaei HR, Naderi S, Pompanon F, Negrini R, et al. Are
cattle, sheep, and goats endangered species? Mol Ecol. 2008;17:275-84.
Makanjuola BO, Miglior F, Abdalla EA, Maltecca C, Schenkel FS, Baes CF.
Effect of genomic selection on rate of inbreeding and coancestry and effec-
tive population size of Holstein and Jersey cattle populations. J Dairy Sci.
2020;103:5183-99.

Goossens B, Graziani L, Waits LP, Farand E, Magnolon S, Coulon J, et al. Extra-
pair paternity in the monogamous Alpine marmot revealed by nuclear DNA
microsatellite analysis. Behav Ecol Sociobiol. 1998:43:281-8.

Wang J. Pedigrees or markers: Which are better in estimating relatedness
and inbreeding coefficient? Theor Popul Biol. 2016;107:4-13.

Doekes HP, Bijma P, Windig JJ. How Depressing is inbreeding? A meta-anal-
ysis of 30 years of research on the effects of inbreeding in Ivestock. Genes
(Basel). 2021;12:926.

Curik |, Ferencakovi¢ M, Sélkner J. Inbreeding and runs of homozygosity: A
possible solution to an old problem. Livest Sci. 2014;166:26-34.

Kijas J. Detecting regions of homozygosity to map the cause of recessively
inherited disease. Methods Mol Biol. 2013;1019:331-45.

Kirin M, McQuillan R, Franklin CS, Campbell H, McKeigue PM, Wilson JF.
Genomic runs of homozygosity record population history and consanguin-
ity. PLoS One. 2010;5: 13996.

Ma L, Sonstegard TS, Cole JB, Vantassell CP, Wiggans GR, Crooker BA, et al.
Genome changes due to artificial selection in U.S. Holstein cattle. BMC
Genomics. 2019;20:128.

Forutan M, Ansari Mahyari S, Baes C, Melzer N, Schenkel FS, Sargolzaei M.
Inbreeding and runs of homozygosity before and after genomic selection in
North American Holstein cattle. BMC Genomics. 2018;19:98.

Nani JP, Pefiagaricano F. Whole-genome homozygosity mapping reveals
candidate regions affecting bull fertility in US Holstein cattle. BMC Genom-
ics. 2020;21:338.

Schaeffer LR. Strategy for applying genome-wide selection in dairy cattle. J
Anim Breed Genet. 2006;123:218-23.

Stachowicz K, Sargolzaei M, Miglior F, Schenkel FS. Rates of inbreeding

and genetic diversity in Canadian Holstein and Jersey cattle. J Dairy Sci.
2011,94:5160-75.

Jamieson IG, Allendorf FW. How does the 50/500 rule apply to MVPs? Trends
Ecol Evol. 2012;27:578-84.

Young CW. Inbreeding and the gene pool. J Dairy Sci. 1984,67:472-7.

Hayes BJ. Technical note: efficient parentage assignment and pedigree
reconstruction with dense single nucleotide polymorphism data. J Dairy Sci.
2011,94:2114-7.

Vandeputte M, Haffray P. Parentage assignment with genomic markers:

a major advance for understanding and exploiting genetic variation of
quantitative traits in farmed aquatic animals. Front Genet. 2014;5:432.
Biscarini F, Nicolazzi E, Alessandra S, Boettcher P, Gandini G. Challenges

and opportunities in genetic improvement of local livestock breeds. Front
Genet. 2015;5:33.


http://www.vachecanadienne.com/characteristics_of_the_breed.aspx
http://www.vachecanadienne.com/characteristics_of_the_breed.aspx
https://agriculture.canada.ca/en/canadas-agriculture-sectors/animal-industry/canadian-dairy-information-centre/dairy-statistics-and-market-information/dairy-animal-genetics/average-milk-production-breed
https://agriculture.canada.ca/en/canadas-agriculture-sectors/animal-industry/canadian-dairy-information-centre/dairy-statistics-and-market-information/dairy-animal-genetics/average-milk-production-breed
https://agriculture.canada.ca/en/canadas-agriculture-sectors/animal-industry/canadian-dairy-information-centre/dairy-statistics-and-market-information/dairy-animal-genetics/average-milk-production-breed
https://agriculture.canada.ca/en/canadas-agriculture-sectors/animal-industry/canadian-dairy-information-centre/dairy-statistics-and-market-information/dairy-animal-genetics/average-milk-production-breed
https://lactanet.ca/wp-content/uploads/2022/12/inbreeding-update-august-2022.pdf
https://lactanet.ca/wp-content/uploads/2022/12/inbreeding-update-august-2022.pdf
https://lactanet.ca/wp-content/uploads/2022/12/inbreeding-update-august-2022.pdf
https://livestockconservancy.org/heritage-breeds/heritage-breeds-list/canadienne-cattle/
https://livestockconservancy.org/heritage-breeds/heritage-breeds-list/canadienne-cattle/
https://cran.r-project.org/web/packages/agricolae/index.html

Carrier et al. Genetics Selection Evolution

34.
35.

36.

37.

(2023) 55:32

Assembly N. Bill 199-an act respecting animal breeds forming part of
Québec’s agricultural heritage. Québec: Québec Official Publisher; 1999.
Hoffmann I. Adaptation to climate change-exploring the potential of locally
adapted breeds. Animal. 2013;7:346-62.

Lauvie A, Couix N, Verrier E. No development, no conservation: elements
from the conservation of farm animal genetic resources. Soc Nat Resour.
2014;27:1331-8.

Schopke K, Swalve HH. Review: Opportunities and challenges for small
populations of dairy cattle in the era of genomics. Animal. 2016;10:1050-60.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Characterization of the genetic pool of the Canadienne dairy cattle breed
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	DNA sampling
	DNA extraction
	SNP genotyping and SNP datasets for comparative purposes
	Sample exclusion, quality control and SNP filtering
	Identification of common SNPs between genotyping platforms
	Genetic metrics
	Population structure
	Across-breed comparison
	Statistics

	Results
	Data processing and selection of SNP panels
	Genetic diversity in the Canadienne population
	Population structure of the Canadienne breed
	Effective population size
	Genetic distance
	Clustering
	Across-breed comparison


	Discussion
	Conclusions
	Acknowledgements
	References


