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ABSTRACT

The Swedish Mountain (Fjall) cattle and the subpopulation Fjdllndra originates from northern
Sweden. They are differentiated from both traditional and commercial cattle from southern
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Sweden. We analysed data from the GGP HD150k SNP array and investigated genetic diversity

and differences between Fjall and Fjallnara, and between different groups of Fjallnara. We found
that the Fjallnara can be divided into four groups, which are differentiated from each other and
from the other Fjall cattle. We also compared allele frequencies between different groups of Fjall
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and Fjallndra for some of the functional SNPs included in the SNP array. Interestingly, the B allele
of Beta lactoglobulin has a very high frequency (94%) in the Fjdllndra cattle, which is significantly
different from the frequency in the Fjall cattle (60%). Comparing older samples of Fjall cattle
with more recent samples, we found a significant increase in the frequency of the B allele in Fjall

cattle.

Introduction

The Swedish Mountain cattle (Fjall) is a native breed with
ancient history that once played an important role for milk
production in northern Sweden. The first breeding
centres were started in 1905 and bulls from the breeding
centres were distributed to other parts of northern
Sweden to improve the breed (Eriksson, 1943). In spite
of its small current population size, the breed still displays
a relatively high genetic diversity (Upadhyay et al., 2019).
The Fjall breed (also called Fjallko) is only distantly related
to modern European breeds and has been shown to differ
from the large commercial breeds in, e.g. frequency of
milk casein alleles (Lien et al., 1999; Poulsen et al., 2017).
The breed is said to be healthy and robust, with a relatively
low milk production but a rather high milk fat and protein
content. It is grouped together with other polled local
breeds in the milk recording scheme, and together they
show milk fat and protein contents similar to that of the
Swedish Red, which is higher than for Swedish Holstein
(Vaxa Sverige, 2019). Besides a large founder population,
subdivision of the original population in local hard-to-
reach mountain areas may have contributed to the con-
servation of genetic variation. Originally, the cattle in
northern Sweden displayed a wide variety in colours,

but with the formation of a breed standard in 1893, prefer-
ence was given to polled Fjall cattle of white coat colour
with red or black spots.

The two polled local Swedish breeds Fjall and Swedish
Red polled (Rodkulla) were merged to form the Swedish
Polled breed (Svensk Kullig Boskap, SKB) in 1938. Pure-
bred animals of the original two breeds were still kept
to a large extent, and since 1995 there is once more a
separate Fjall breed association. Some Swedish Polled
animals with a large proportion of the Fjall breed were
eligible to enter the new herd book for Fjall cattle.
Genetic studies based on microsatellite markers have
shown that the Swedish Fjall and Swedish Red polled
were not that closely related (Kantanen et al, 2000;
Tapio et al, 2006), and this was confirmed in a study
on SNP-markers by Upadhyay et al. (2019).

By the end of the 1980s, a subpopulation of Fjall cattle
that was less intensively selected for milk production was
recognized and called Fjdllndra cattle. Kept in remote
mountain areas, these animals had been milked only for
consumption at the farm and not for commercial purposes,
and many of these animals had not previously been regis-
tered in a herd book. The Fjallndra animals were found on
farms in  KI6vsjo, Funasdalen, Biellojaure and
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Lillharjdbygget, which are now considered the four
founder herds. Later also a few animals from other places
have been included in the Fjdllndra group. In 2008, an
association (Féreningen Aldre Boskap) was formed with
the aim to preserve the traditional Fjallndra cattle. There
have been some differences in opinion between
members of this association and of the older Fjall cattle
association (Svensk fjallrasavel) regarding breeding strat-
egies and which animals to categorize as Fjallnara. Analyses
of mtDNA have shown differences between Fjallnara cattle
and other Fjall cattle, in that some haplotypes occur in one
of the groups but not in the other (Kantanen et al., 2009). In
the study based on SNP array data, Upadhyay et al. (2019)
showed some population substructuring within the Fjall-
nara cattle, besides that the breeds of mountain cattle
type (Fjall, Fjallnara, and Bohus Polled) were differentiated
from both local and commercial breeds in southern
Sweden, with the exception of Swedish Polled which
partly originate from Fjall cattle.

In this study, our aim was to investigate the Fjall and
Fjallndra population structure further and also compare
allele frequencies for some well-known functional SNPs
in genes for which we had genotypes available from the
Geneseek 150k SNP array. We focused on SNPs in genes
related to milk production, content and processing prop-
erties; Beta casein, Beta lactoglobulin, FGF2, and some
recessive disorders such as Mulefoot, BLAD, Citrullinemia,
and DUMPS. Genes related to milk processing properties
are interesting to study since Fjall cattle has been shown
to have better milk coagulation properties than Swedish
red (Poulsen et al., 2017). Beta casein variants are impor-
tant for yield and quality in cheese making, which are
favourably influenced by the B-allele of the Beta casein
gene (Schaar et al, 1985). Beta lactoglobulin is the
major whey protein in cow milk, for which the B variant
is associated with good properties for dairy products
such as cheese, and the B allele of the Beta lactoglobulin
gene is associated with larger cheese yield (Aleandri
et al, 1990; Wedholm et al., 2006). Variants in the gene
FGF2 have been shown to be associated with fat yield
and percentage, somatic cell score and productive life
(Wang et al., 2008). Mulefoot is a condition where the
claws are not separated (isolated syndactoly) and has
been shown to be caused by mutations in the LRP4
gene (Drogemiiller et al, 2007). Bovine leukocyte
adhesion deficiency (BLAD) is an autosomal recessive dis-
order where a causative mutation (an A to G substitution)
at position 383 in the CD78 gene has been detected in
Holstein (Shuster et al., 1992). Deficiency of uridine mono-
phosphate synthase (DUMPS) is an autosomal recessive
disorder that causes early embryonic mortality. DUMPS
is caused by a mutation of a C to a T at codon 405 in
exon 5 of the UMP synthase gene (Schwenger et al,

1994). Citrullinaemia is an autosomal recessive disorder
where the calf is born without symptoms, but develops
symptoms and then die early in life. The mutation is a sub-
stitution of a Cto a T (Dennis et al., 1989). We also describe
the origin of the Fjallndra group and present genetic
differences between the founder farms Klévsjo, Fundsda-
len, Biellojaure and Lillhdrjabygget and their relationship
to the Fjall cattle.

Material and methods
Sample selection and DNA extraction

We have used 150k genotypes from the Swedish native
cattle breed Fjall cattle and the subpopulation Fjallnara
previously studied by Upadhyay et al. (2019) together
with additional genotypes using the same SNP array
for 16 Al Fjall bulls used in breeding in recent years. A
description of the samples can be found in Table 1.
The additional samples were from animals born 2000-
2015 (Table 1), and because the samples investigated
in Upadhyay et al. (2019) were born 1976-1997, we
were also able to investigate possible changes in the
Fjall breed between different time periods.

For the analysis of SNPs known to be related to traits,
we included 24 samples each from Swedish Red and
from Swedish Holstein-Friesian from Upadhyay et al.
(2019) as a comparison. These samples were from
animals born in the 1970s to the 1990s. They were thus
contemporary to the old Fjall and Fjallnara samples in
the study. The Fjdllndra samples used here were 15 of
the samples collected in the 1990s and previously
included in a Nordic collaboration (published for
example in Kantanen et al., 2009, Tapio et al., 2006) and
one additional bull born 1991 from which we had an old
blood sample at our department. Using information
from documents from sampling in the 1990s and infor-
mation from the breed associations, we were able to cat-
egorize the 16 Fjdlndra according to which of the four
founder herds they belonged to. Four of the Fjallnara ori-
ginated from Klovsjo, five from Fundsdalen, three from
Biellojaure, and four from Lillhadrjdbygget. Of the 23 old
Fjall samples that were not categorized as Fjallndra, 19
were included in the old Nordic project (for example Kan-
tanen et al., 2000, 2009; Tapio et al., 2006), and four were
other old samples stored at the department. The new Fjall
samples were from semen obtained from Viking Genetics.

SNP genotyping and quality control

For DNA extraction of the additional 16 samples that are
not described in Upadhyay et al. (2019) we used a QIA-
symphony automated platform (Qiagen) following the
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Table 1. Number of samples from Fjdll and Fjdlindra (Fjéll is also divided into old and new samples) and heterozygosity and
polymorphic loci. H, is observed heterozygozity, H, is expected heterozygosity.

Breed Total number of samples Number of males Number of females Ho He Proportion polymorphic markers
Fjall (all) 39 19 20 0.3817 0.3727 0.9524
Fjall (1976-1997) 23 3 20 0.3872 0.3728 0.9422
Fjall (2000-2015) 16 16 0 0.3738 0.3608 09173
Fjdllndra 16 2 14 0.3145 03727 0.9253

manufacturer’s instructions. DNA was quantified and
quality-controlled using a NanoDrop 8000 Spectropho-
tometer (ThermoFisher Scientific).

DNA samples were genotyped using the GeneSeek®
Genomic Profiler High-Density Bovine 150K (GGP
HD150 K) array. Genotypes were called using the Geno-
meStudio® software (lllumina, San Diego, CA, USA).
SNPs assigned to sex chromosomes and unassembled
contigs were removed. In the quality control, thresholds
were set to >0.95 call rate for both individuals and SNPs,
and a minor allele frequency (MAF) > 0.05. All quality
filtering steps were carried out using PLINK 1.9 (Purcell
et al, 2007). Hardy Weinberg equilibrium based
filtering was not applied as we wanted to study substruc-
tures in the population that could partly have been
caused by inbreeding and genetic drift. After the
filtering 106,756 SNPs remained in the final dataset.

Genetic diversity within and among
subpopulations

Average observed (H,) and expected (H,) heterozygosity
were estimated using the package adegenet (Jombart,
2008) in R (R Core Team, 2013). For principal component
analysis (PCA), we used the ‘snpgdsPCA’ function of the
SNPrelate package (Zheng et al., 2012, 2017). The pro-
portion of polymorphic markers was calculated using
PLINK 1.9 (Purcell et al., 2007). Note that for the unbiased
estimation, the proportion of polymorphic markers was
calculated before the filtering based on call rate and
MAF, but SNPs located on sex chromosomes, mt, and
unassembled contigs were removed.

To estimate genetic distance (Fst), ‘stamppFst’ function
as implemented in an R package ‘StAMPP’ (Pembleton
et al., 2013) was used. Later, ‘NJ' function implemented in
‘phangorn’ R package was used to contruct a Neighbor-
joining tree from the Fst values (Schliep, 2011). ADMIXTURE
analysis was carried out with K values from 2 to 6 (Alexan-
der et al., 2009). The python package PONG was used to
visualize the ADMIXTURE result (Behr et al., 2016).

Comparison of allele frequencies for trait-
associated SNPs

Allele frequencies for seven different SNPs previously
shown to be related to milk quality or genetic defects

in cattle were compared between the different sub-
groups of Fjall cattle, and with Swedish Holstein-Friesian
and Swedish Red.

The SNP called BCNAB identifies the B allele for Beta
casein. The three SNPs Betalact, BetaLact2 and Beta-
LactB1 identifies the B allele for the Beta lactoglobulin
gene. The Fjall breed organization had already geno-
typed some of the Al bulls for these two genes (Svensk
Fjallrasavel, 2019), and in this study we provide SNP gen-
otypes of additional animals. Because the gene variant
carried by 19 of the included bulls were known prior to
this study, we could easily conclude which SNP alleles
correspond to the which known alleles of these genes
in the Fjall and Fjéllndra cattle. The B allele of Beta
casein is allele G at BCNAB in the forward allele and in
the top allele. The Beta lactoglobulin B allele is the C
allele in the forward allele and G in the top allele of all
three SNP assays.

For the SNP (SNP name Mulefoot-241) in the gene
LRP4 associated with mulefoot (Drogemiiller et al.,
2007) it is the A allele at this SNP that is causing mulefoot
if homozygous. The SNP name on the 150k SNP array for
Bovine leukocyte adhesion deficiency is BLAD, that for
citrullinemia is Citrullinemia_3 and that for Deficiency
of uridine monophosphate synthase is DUMPS. The
descriptions of the SNPs associated with traits can be
found on Neogen’s website (https://genomics.neogen.
com/pdf/slicks/ggp_bovine150k.pdf). To test if the geno-
type distributions were significantly different in different
groups of animals, a Fishefs exact test was used, with the
command fisher.test in R (R Core Team, 2013).

Results and discussion
Measures of genetic diversity

The proportion of polymorphic loci, observed heterozyg-
osity (H,) and expected heterozygosity (H.) were higher
in Fjall than in Fjdllndra cattle (Table 1). The H, was
smaller than H, in Fjallndra (0.3145 vs 0.3727), indicating
more inbreeding than in Fjall where H, was slightly
higher than H. in both old and new samples of Fjall.
This could be expected, as the Fjdll population is con-
siderably larger than the Fjdllndra, which was re-
created from animals from a few farms. Thus, genetic
drift is likely to have played larger role in lowering the
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genetic diversity in Fjdllndra. The inbreeding (Fis) in the
populations calculated as (He—Ho)/He was 0.156 in Fjall-
ndra and —0.024 in Fjall. Since the Fjallndra herds were
small, matings of relatives have certainly taken place
and another factor contributing to the high Fis is the
population structure within the Fjallndra that is described
in the next section. In this study where we have added 16
additional more recent samples from Fjall individuals
compared to the study of Upadhyay et al. (2019), we
could compare the old and new samples of Fjall. The
newer samples (born 2000-2015) had a bit lower
values of both observed and expected heterozygosity
compared to the old samples (born 1976-1997). Note
however that the newer samples are all bulls whereas
the old samples were mostly from cows. As the selection
intensity for bulls is higher than for cows, the males
would be expected to be a bit ahead of the females
and therefore, the rate of change in heterozygosity per
time unit may be somewhat biased. The breed organiz-
ation is actively striving to avoid matings of close rela-
tives, and to conserve genetic variation in the breed,
and it is a good sign that the Fjall cattle (excluding the
Fjallndra) has no signs of inbreeding and has not lost
so much genetic diversity over the last decades accord-
ing to our results.

Substructures in the Fjdll and Fjdllndira cattle

The PCA plot (Figure 1) shows that the old and the new
Fjall breed samples overlap. The Fjdllndra samples are
subdivided into different clusters that correspond to
the farms of origin. The first principal component
clearly separates the three Biellojaure samples from
the other Fjdllndra and from the Fjall individuals. The
second principal component clearly separate the four
Lillhdrjdbygget samples in the bottom, four of the five
Fundsdalen samples and the four Klovsjo samples in
the middle and the old and the new Fjall samples
together with one Fjallndra from Fundsdalen in the
top. Even though the Klévsjo samples and four of the
Fundsdalen individuals cluster together, they are not
totally intermixed and the four Klovsjo samples are
lower in the second principal component than the
Fundsdalen samples (Figure 1). We found out from
studying pedigree data and a document written at
the time of sampling that the Funédsdalen cow that
clustered together with the Fjall samples had a Fjall
Al bull as a sire, whereas the other four were from Fjall-
nara sires (not identified) born in their own farm. Tra-
ditionally, owners of Fjdllndra animals often kept
several bulls and did not control which bulls were the
sire of which calf. The first component explains 7.62%
of the variation, the second component explains

5.81% and the third component explain 4.65% of the
variation.

Fst values between the different groups of Fjallndra
and between Fjallndra groups and Fjall were high and
significant. The Fst values between the groups can be
seen in Table 2. The highest Fsr (0.395) was between
Fjallndra from Biellojaure and Fjallnéra from Lillharjabyg-
get. In agreement with the PCA results in Figure 1 the
Fjallndra group from Funasdalen had lower Fst to old
and newer samples from Fjall cattle (0.072 and 0.083
respectively) than the other Fjallndra groups. The Fsr
between the older and newer samples of Fjall cattle
was very low (0.008).

The results from the ADMIXTURE analysis show the
same pattern of population structure as the PCA analysis
and the Fst, with the Fjalndra group Biellojaure separ-
ating from the others at K=2 and older and newer
samples of Fjall being similar to each other at all tested
values of K (Figure 2). Fjdllndra from Lillhdrjdbygget
forms it's own group from K =3, and Klovsjo from K=
4. The Fundsdalen cow with a Fjall Al bull as a sire that
clustered together with Fjall in the PCA plot is also in
the ADMIXTURE analysis showing a mixed ancestry
(most clearly seen at K=6).

Also in the neighbour joining tree the older and newer
samples of Fjall are very similar to each other and all the
four Fjallndra group show long branch lengths indicating
differentiation of the Fjallndra groups (Supplementary
Figure 1). The differentiation of the Fjallndra groups is
probably mostly due to genetic drift due to small popu-
lations being isolated.

Differences in allele frequencies of trait-
associated SNPs

We investigated differences in allele frequencies for a
few functional SNPs in the Fjall and Fjdllndra cattle
breeds and as a comparison in Swedish red and
Swedish Holstein Friesian (Table 3). Our results show
that the B allele of the Beta casein gene is rare among
the Swedish mountain cattle breeds. It was only found
in four of the investigated younger (born 2000 and
after) Al bulls of the Fjdll breed. This corresponds to an
allele frequency of 5% among the total Fjall samples
and 12.5% among the new Fjall samples. This is in agree-
ment with the 13% frequency of the B variant of the
protein in the milk of the Fjdll breed in the study of
Poulsen et al. (2017). The B allele was not found in any
of the older samples from Fjall (although one had
missing value for this SNP) and not in any of the
samples of Fjéllndra (two of the samples had missing
values), Swedish Red or Swedish Holstein-Friesian. In
the study of Gustavsson et al. (2014), the allele frequency
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Figure 1. PCA analysis of Fjéll and Fjallnara. The Fjéll samples are divided into the old (SMC_O) samples from animals born 1976-1997
and new (SMC_N) samples from animals born 2000-2015. The Fjallndra samples are divided into the founder farms they originate from.
FNC_B (upper right corner) is from Biellojaure, FNC_F (around PC1 0.03, PC2 -0.1) is from Fundsdalen, FNC_K (around PC1 0.05, PC2
-0.15) is from Klovsjo, and FNC_L (around PC2 -0.4) is from Lillhdrjabygget.

was 0.9% among Swedish Red and 4.6% among Danish
Holstein.

The B allele in Beta lactoglobulin on the other hand,
was much more common in our data. It was found at
an allele frequency of 60% in Fjall, and 94% in Fjallnara
individuals in the study. The sampled Fjallndra individ-
uals originating from the farms in Biellojaure, Lillharja-
bygget and Klovsjo were all homozygous for the B
allele. Among the individuals from Funasdalen, two
were heterozygous and three were homozygous for
the B allele. It is notably that the B allele was not fixed

in the Fundsdalen group among Fjallnara, and it agrees
with the finding that Fundsdalen is the Fjdllndra group
closest to Fjall in the PCA (Figure 1). The difference in fre-
quency between Fjall and Fjallndra was significant (p =
0.0016).

The Beta lactoglobulin B allele was more common
among the Fjall bulls born 2000-2015 (72%) than
among the older Fjall samples (52%). This difference
between old and more recent Fjall breed samples was
also significant (p = 0.028). The frequency of the B allele
for Beta lactoglobulin has thus increased over the last

Table 2. Fsr values between groups of Fjéllnara and old and new Fjall.

Fjalindra Biellojaure

Fjélindra Lillharjdbygget

Fjalindra Fundsdalen Fjéllndra Klovsjo Fjall (1976-1997)

Fjéllndra Lillharjabygget 0.395

Fjalindra Fundsdalen 0.306 0.180
Fjallnara Klovsjo 0.366 0.230
Fjall (1976-1997) 0.228 0.140

Fjall (2000-2015) 0.246 0.152

0.154
0.072 0.110
0.083 0.125 0.008
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Figure 2. The ADMIXTURE result with K ranging from 2 to 6. The Fjall samples are divided into the old (SMC_O) samples from animals
born 1976-1997 and new (SMC_N,) samples from animals born 2000-2015. The Fjalindra samples are divided into the founder farms
they originate from. FNC_B is from Biellojaure, FNC_F is from Funasdalen, FNC_K is from Kl6vsjo, and FNC_L is from Lillharjabygget.

decades. This is not surprising as the breed association
has genotyped bulls and selected for the B allele
because of its favourable effects on the milk properties
(Svensk Fjallrasavel, 2019). The breed association
Svensk Fjallrasavel wants to emphasize the breed’s
superiority for milk quality aspects. The frequency 72%
among the more recent Fjall samples is in agreement
with the study of Poulsen et al. (2017), which studied pro-
teins in milk from 23 cows from this breed and found a
frequency of the B variant of 71.7%. The frequencies in
Swedish Red and Swedish Holstein-Friesian were 52%
and 46%, respectively, in this study. It should be noted
that the individuals from these breeds studied were
from the 1970s to 1990s and, frequencies could be
different in now living animals of these breeds.

It is interesting that the B allele of Beta lactoglobulin
had such high frequency in Fjallndra. A possible expla-
nation for this is that these farms were located far
away from necessary infrastructure to collect milk for

Table 3. Allele frequencies of SNPs related to functional traits

and within parentheses the number of animals being
homozygous or heterozygous for the allele.
Beta FGF2

BCNAB* (B lactoglobulin (B (minor Mulefoot
Breed allele) allele) allele (4)) (allele A)
Fjall 5% (4) 60% (34) 42% (8) 1% (1)
Fjallnara 0% (0) 94% (16) 34% (27) 0% (0)
Swedish 0% (0) 52% (21) 31% (12) 19% (9)

Red

SH-F** 0% (0) 46% (18) 61% (20) 0% (0)

Notes: *Beta-casein SNP, **Swedish Holstein-Friesian.

dairies, and therefore all milk and derived products
were consumed locally. It was therefore not seen as an
advantage if the cow produced large amounts of milk,
but instead, it was preferred to produce milk suitable
for making storable products such as cheese. The breed-
ing strategies among these farmers were thus probably
different from those at farms delivering milk to dairies
that received larger payment for more milk.

In the FGF2 SNP, there was no significant difference
between Fjall and Fjallndra. The SNP allele A had a fre-
quency of 42% in Fjéll and 34% in Fjéllndra. The differ-
ence between old and new Fjall for this allele was also
not significant (37% and 50%, respectively). In the
Swedish Red, the frequency was 31% and Swedish Hol-
stein-Friesian had a frequency of 61%.

Another very interesting gene for milk properties is
CSN3 that codes for Kappa casein that is important for
cheese production (Wedholm et al., 2006). Poulsen et al.
(2017) showed that the B variant of kappa casein is the
most common in Fjall cattle whereas the A variant is the
most common in Swedish Red Polled. Unfortunately, we
did not have genotypes for this gene in our dataset. For
future studies, it would be very interesting to look more
in detail at all the casein variants to study possible differ-
ences between the subpopulations of Fjall cattle.

It is since long known that the Fjall breed had pro-
blems with gonadal hypoplasia (Eriksson, 1943; Setterg-
ren, 1964). A recent study identified the causative
mutation in Fjall and in Northern Finncattle (Venhoranta
et al., 2013). For the four other defects we investigated in
this paper we found a defect allele in Fjéll cattle in only
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one individual. The mulefoot allele was found in one het-
erozygote of the Fjall breed (a female born 1991). It was
not found in any of the Fjallndra or Swedish Holstein-
Friesian, but interestingly it was quite common in these
older samples from Swedish Red (19%), collected
before genotyping of breeding animals became
common practise. The defect alleles for BLAD, Citrulline-
mia and DUMPS were not found in any of the samples of
Fjall, Fjallnara or Swedish Red. One old Swedish Holstein-
Friesian cow was heterozygotic for the BLAD allele.

Conclusion

The frequency of the B allele for the Beta lactoglobulin
gene, of importance for cheese production, seems to
have increased in the Swedish native Fjall cattle as a
result of selection bases on genotype information. The
general amount of detected genetic diversity was
similar in more recent and older samples from this
breed, however, and the analyses of population structure
showed that they are very similar. The Fjall and Fjallnara
cattle are genetically differentiated, and the Fjallndra
show a significantly higher allele frequency of the B
allele for the Beta lactoglobulin gene, close to fixation.
Within the Fjallndra group, genetic differentiation corre-
sponds to different locations of origin, where samples
belonging to two of the founding farms were more
closely related than the other. For the few studied
markers for genetic defects, the frequencies of unfavour-
able alleles were very low in the Fjall and Fjallnara
samples, which is in agreement with reputation of
these populations as being healthy. Other defects may
segregate in these populations however, which were
not included in this study.
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