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Abstract

The Swedish mountain cattle (Fjéllko) has been selected for generations in order
to maintain its characteristic phenotype of white colour coat with coloured pattern
sides, unfortunately this led to the propagation of a recessive gene disorder,
gonadal hypoplasia, characterized by underdeveloped gonads and reduced
fertility. As established in previous studies both the colour-sided phenotype and
the gonadal hypoplasia condition have been associated with the reciprocal
translocation between chromosomes 6 and 29, denoted t(6;29). The Cs29 allele
refers to the segment of chromosomes 29 that has been translocated to
chromosome 6 as part of this rearrangement. However, what has been missing
until now was a direct statistical association between homozygosity for the Cs29
allele (carrying two copies) and the hypoplasia phenotype in Swedish mountain
cattle.

This is why this study aimed to validate and characterize the previously described
molecular breakpoints of the t(6;29) translocation in the Swedish mountain cattle
and across other Swedish cattle breeds genetically related to this breed and test for
a statistical association between the Cs29 genotype and gonadal hypoplasia, this
way providing additional evidence supporting the proposed genotype-phenotype
relationship.

DNA from 29 individuals across four Swedish breeds (Fjéllko, Véneko,
Bohuskulla and SKB) was analysed using Sanger sequencing of three primer
regions (A-E, alpha-D and C-beta) specific to the breakpoint junctions, and
previously certified in other studies cited in this study. Samples from Vineko,
Bohuskulla and SKB were originally collected for previous studies conducted in
the same laboratory and were included in the present study for comparative
sequence analysis only. Two Fisher’s exact tests were performed exclusively on
Fjéllko samples as hypoplasia status and fertility records were not available for
the other breeds. The first test focused on 20 Fjillko samples with confirmed
hypoplasia status while the second expanded test included the same 20 samples
with 8 additional Fjillko samples with documented fertility problems but
unknown hypoplasia status.

The sequence analysis revealed a complete conservation of the three targeted
breakpoint regions across all four breeds, supporting a common ancestral origin.
Statistical analysis demonstrated a strong significant association between
homozygosity for the Cs29 allele and gonadal hypoplasia. Among animals with
confirmed hypoplasia 5 out of 6 were homozygotes for the Cs29 allele while only
1 out of 14 non hypoplastic animals carried this genotype. When other animals
with certified fertility problems but no certain hypoplasia condition were



included, the association strengthened. In contrast the Cs6 allele, the segment of
chromosome 6 that has been translocated to chromosome 29, showed no
association with hypoplasia indicating its neutrality or its involvement in other
traits.

This study provides an additional statistical link between Cs29 homozygosity to
gonadal hypoplasia in Swedish mountain cattle. These findings demonstrate an
association but do not establish a causal mechanism, which would require further
functional studies. However, the molecular characterization of the breakpoints
confirms their conservation across breeds and provides the base for developing
targeted genetic screening tools to enable informed breeding decisions.

Keywords: Swedish mountain cattle, Fjdllko, colour sidedness, fertility, chromosomal
translocation, gonadal hypoplasia
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1. INTRODUCTION

1.1 HISTORY OF THE BREED Fjallko

The Swedish Mountain Cattle (Fjéllko) is a traditional landrace breed, shaped by
the forest grazing and pasture-based husbandry practiced in northern Sweden for
over two millennia. This history has produced a dairy cow adapted to harsh
Nordic environments, a trait considered valuable for future sustainable agriculture
(Svensk Fjéllrasavel). Genetic and archaeological evidence indicates that Nordic
cattle populations came from two distinct migration routes into Scandinavia. The
Fjéllko belongs to the eastern genetic lineage, together with the Finnish breeds,
the Norwegian Sidet Tronderfe/Nordlandsfe (STN), and the Icelandic cattle
(Harish et al., 2024). This lineage diverges from the southern lineage represented
by older southern Swedish breeds. The precise arrival of this eastern type in
Sweden remains unknown. The "Mid-Nordic" colonization theory, supported by
archaeological findings of farm settlements along both the Swedish
(Vasternorrland) and Finnish coasts of the Gulf of Bothnia, provides the most
plausible route. This theory suggests a trading network that allowed an easier
northward spread of cattle via the present-day Finland into Norrland, Sweden,
long before significant inland agricultural settlement. Consequently, the ancestors
of the Swedish Mountain Cattle have been present in the region for at least 2,000
years (“Svensk Fjallrasavel,” n.d.). Historically, the northern Swedish cattle
displayed considerable phenotypic variation in coat colour and pattern (black, red,
grey, white, spotted, sided) and horn status. This variation was especially
prominent in the fjdllndra , a subgroup found on remote farms, whose isolation
has preserved genetic characteristics. However, they were usually of a consistent
light body frame and low musculature, a direct adaptation to centuries of scarce
winter feeding intended to sustain the largest possible herd on limited resources.
The Swedish Mountain cattle shows a distinct genetic identity without any
documented crossbreeding with imported southern breeds throughout the 19th
century (Johansson et al., 2020).

1.1.1 ESTABLISHMENT OF BREEDING PROGRAMS AND
SELECTION STANDARDS

Formal systematic breeding of the Swedish Mountain Cattle began in the 1880s
with the "Flach premium system". This initiative, led by Captain Sigge Flach,
encouraged the use of phenotypically desirable bulls by offering monetary
incentives to farmers who bred their cows to awarded sires. Regional breeding
societies were granted autonomy to define eligible breeds within their counties.
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Such systematic selection based on phenotypic uniformity, while effective for
standardization, can inadvertently concentrate on specific genomic regions and
reduce overall diversity (Mastrangelo et al., 2018; Senczuk et al., 2020). In 1893,
things changed when the four northernmost county breeding societies decided to
recognize only the Mountain breed. At a meeting in Ostersund, they drafted the
first official breed standards, a critical step in establishing the breed as a distinct
breeding population. This standard initially described a white base coat with small
red or black spots and a polled (hornless) condition. Early breeding heavily
emphasized phenotypic uniformity, especially coat colour. This focus on
achieving a "white suit," while aesthetically motivated, would later cause
significant genetic consequences. To manage breed registrations, county-level
studbooks were established, which were subsequently consolidated into a single
national studbook in 1912. Performance data from this era indicate moderate
initial production metrics: average milk yields of 1,200—1,400 kg/year and live
weights of 180-250 kg. However, with improved nutrition and selection, yields
rapidly increased, with some individuals producing over 4,000 liters a year in the
early 1900s (“Svensk Fjillrasavel,” n.d.). The implementation of this phenotypic
standards created a shortage of qualifying bulls. To address this, bull associations
were formed in the early 1900s, supported by government funded loans schemes.
This replaced the traditional practice of using seasonal bulls, showing a new
commitment to improve the genetics of the breed. In 1903, the Breeding Centre
(Avelscentrum or AC) Competitions were introduced as a more centralized and
influential mechanism. Herds with at least ten phenotypically similar cows with
documented lineage underwent a rigorous process of two-year performance tests.
Selected "AC herds" gained considerable prestige and commercial advantage.
Between 1905 and 1939, 34 herds achieved AC status. This program led to a
profound genetic concentration around lineages from Jamtland county. By 1937,
half of the 4,520 bulls in the national studbook were from sires linked to just 69
cow lines maintained by AC herds, with over 1,800 tracing back to Jimtland lines
(“Svensk Fjéllrasavel,” n.d.). This intense selection from a limited number of
founder lineages created a genetic bottleneck, which has been shown to reduce
genetic variation and increase the risk of propagating deleterious variants in
subsequent generations (Johansson et al., 2020; Harish et al., 2024). Key founding
herds, such as Nils Olof Olsson's at Rdsta (source of the prolific Florastammen
line) and Anders Mattson's at Overbyn (source of the influential Pukelinjen bull
line), were established through this system, changing allele frequencies toward a
narrow set of founder lineages. This pattern of genetic concentration around
geographically restricted founder herds mirrors observations in other European
native cattle breeds that underwent similar centralized breeding schemes
(Mastrangelo et al., 2018). The long-term consequence of this breeding structure
was a measurable reduction in genetic diversity within the Swedish Mountain
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cattle, a finding consistent with genome-wide analyses showing that while the
breed retains distinct ancestry, it has experienced significant founder effects and
genetic drift (Upadhyay et al., 2019; Harish et al., 2024).

1.2 BREEDING CHALLENGE : THE LINK BETWEEN
COLOR AND GONADAL HYPOPLASIA

The state-coordinated breeding effort, selecting for the white coat, unintentionally
led to a hereditary issue. By the 1930s, breeders observed that as bulls got whiter,
cases of gonadal hypoplasia (underdeveloped or missing tests) increased.

Comprehensive postmortem examinations of over 6,000 Swedish Mountain cattle
cows confirmed that gonadal hypoplasia occurred almost exclusively in animals
with white coat colour (Lagerlof & Boyd, 1953). Studies later identified the cause
as a recessive genetic disorder with incomplete penetrance, linked to the same
chromosomal region controlling white coat pattern (Venhoranta et al., 2013;
OMIA, 2025). According to clinical records from the 1930s—1950s, cases of
gonadal hypoplasia in strong coat colour animals (e.g., fully red or black sides)
were exceptionally rare or undocumented (Lagerlof & Boyd, 1953; Venhoranta et
al., 2013). To address this genetic defect while maintaining the breed, breeding
authorities in the late 1930s and 1940s added strongly pigmented and side-
coloured bulls from the related Norwegian STN breed to the breeding programs.
At the same time, a strict screening protocol was implemented: all breeding
animals needed to have a veterinary certification of normal gonad development.
Since the 1940s, females needed proof of two normal ovaries, and males, normal
testicles and a dam with normal ovaries to be registered in the herd book.

This shows the problems of strong artificial selection based on a single visual trait
and the relationship between visible traits (like coat colour) and genes affecting
health and fertility (HoleCkova et al., 2021).

1.3 GENETIC DIVERSITY IN THE SWEDISH
MOUNTAIN CATTLE BREED

This history of intensive selection following a delimited breed standard, along
with a genetic bottleneck and a past recessive disorder (Harish et al., 2024), helps
understanding the study of structural genetic variants in the Swedish Mountain
breeds that show low differentiation and have maintained a distinct gene pool
with little influence from other European breeds(Upadhyay et al., 2019).

Two comprehensive genomic studies have since clarified the genetic status of the
Swedish Mountain cattle relative to other native Swedish breeds. Upadhyay et al.
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(2019) found that the Fjill breed, in particular, has a large founder population and
relatively high genetic diversity, evidenced by low runs of homozygosity (ROH)
counts and rapid linkage disequilibrium decay, indicating a diverse ancestral
population. In contrast, the southern breeds Véne and Ringaméla showed
significant genetic isolation, low diversity, and high autozygosity due to small
founder populations and limited gene flow. Interestingly, while the mountain
breeds maintain a unique and authentic gene pool with little influence from other
European cattle, the whole-genome sequencing study by Harish et al. (2024)
revealed a more complex genealogy. Although the nuclear DNA confirms the
distinct northern cluster, mitochondrial DNA analysis showed that the maternal
ancestry of the mountain breed Bohuskulla is actually more similar to southern
breeds like Véaneko and Ringamala, suggesting different maternal and paternal
ancestries. Furthermore, Harish et al. (2024) confirmed that while the southern red
breeds frequently carry the "recessive red" mutation (e) in the MCIR gene, the
mountain breeds exhibit different coat colour alleles, including the dominant
black allele (ED), highlighting a key genetic distinction linked to their unique
phenotypes.

1.4 THE TRANSLOCATION

The specific translocation underlying colour sidedness and gonadal hypoplasia in
several cattle breeds , including Swedish mountain cattle and Northern Finncattle
is not a classical reciprocal translocation where two chromosomes exchange equal
segments, instead , it’s a serial translocation involving duplication and re-insertion
(Durkin et al., 2012). This process generates two main structural variants: the
Cs29 allele and the Cs6 allele.

1.4.1 Formation of the Cs29 Allele

The Cs29 allele is the result of a duplication of 500 kilobase (kb) segment from
BTAG6. This segment contains the entire coding sequence of the KIT gene, which
encodes a type III receptor tyrosine kinase critical for the development of
melanocytes (pigment cells), primordial germ cells (precursor of gametes) and
hematopoietic stem cells (Venhoranta et al., 2013). This segment , designated A-
B-C-D-E, does not simply duplicate, it excises from BTA6 and circularizes
generating a fusion between the ends of the segment (A-E fusion). The circular
duplicate then reopens within the CD interval and integrates into BTA29 at the a—
B interval creating two new fusion points, a-D and C- (Durkin et al., 2012).

The result is the Cs29 allele, a BTA29 chromosome that carries an extra, ectopic
copy of the KIT gene. The original intact KIT locus remains on BTA6 (Durkin e?
al., 2012). This means that animals carrying the Cs29 allele have three KIT copies
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if heterozygous (two on BTA6, one on BTA29) or four copies if homozygous
(two on each chromosome) (Venhoranta et al., 2013).

1.4.2 Formation of the Cs6 Allele

Following the formation of the Cs29 allele, a second translocation events occurs.
Part of the duplicated BTA6 segment that had been inserted into BTA29,
designated B-C—p—y excises from the Cs29 allele on BTA29, circularizes and is
translocated back into the original KIT locus on BTAG6. This creates the Cs6 allele
that carries a fusion sequence containing DNA from both BTA6 and BTA29. The
Cs6 allele is also associated with colour sidedness (Durkin et al., 2012;
Venhoranta et al., 2013; Hinken et al., 2025).

Wildtype -
KIT gene 3 ‘V
BTA6 — ©

Cs29 formation

BTA29
¥
e 2 ‘
¥
KIT gene

BTA6 A BB CDE
cs29

Cs6 formation

&GO
(o AN B [clp  [8] CDE | — J
O

Cs20 FNEEEN

Figure 1. Schematic model of the serial translocation events generating the Cs29 and
Cs6 alleles, adapted from Durkin et al. (2012).

Wildtype configuration. BTA6 carries the KIT gene (green box). BTA29 has no KIT.A 492
kb segment from BTA6 (A—E) excises and circularizes (E-A fusion), then reopens within
the C-D interval, forming a circular intermediate. The opened circle integrates into
BTA29 at the o—p interval via o—D and C—f fusions, generating the Cs29 allele. BTA29
now carries an ectopic KIT copy. Heterozygotes (Cs29/+) have three KIT copies and
show colour-sidedness only. Homozygotes (Cs29/Cs29) have four KIT copies and are at
risk for gonadal hypoplasia (Venhoranta et al., 2013).From the Cs29 allele, a fragment
(B—C—f—y) excises, circularizes, and reintegrates into the KIT locus on BTA6 via
homologous recombination, generating the Cso6 allele. This allele carries a fused BTA6-
BTA29 sequence and is associated only with colour-sidedness.
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1.5 THE IMPORTANCE OF STUDYING THIS
SPECIFIC TRANSLOCATION

Looking closely at the chromosomal translocation between chromosomes 6 and
29 in Swedish Mountain Cattle helps in understanding its role in the breed’s
genetic makeup and its real-world outcomes (e.g., effects on fertility, health or
reproduction). Swedish cattle breeds, including the Mountain Cattle, have their
own distinct genetic markers shaped by selection for adaptation and economic
traits (Ghoreishifar et al., 2020), however they also show reduced genetic
variation, increasing the risk of spreading deleterious variants (Johansson et al.,
2020).

In particular, the translocation t(6;29) has been directly associated with the
colour-sided coat pattern in Northern European cattle breeds, including Swedish
Mountain cattle (Durkin et al., 2012). Furthermore, Venhoranta et al. (2013)
demonstrated that a KIT copy number variation located within the rearranged
region on chromosome 6 impairs the migration of primordial germ cells, leading
to gonadal hypoplasia and reduced reproductive capacity in Northern Finncattle
and Swedish Fjéll cattle. More recently, Hinken et al. (2025) confirmed that
translocations associated with colour-sidedness are common specifically in
northern Swedish cattle breeds, underscoring the clinical and breeding relevance
of this structural variant. For this reason, early identification of carriers is
important in breeding programs to avoid unwanted selection for lower fertility
(Danielak-Czech et al., 2020; Ducos et al., 2008; Iannuzzi et al., 2021).

When an animal is homozygous for the Cs,q allele (carrying two copies of the
ectopic KIT on BTA29), the resulting KIT gene dosage is altered — four copies
instead of the usual two. This disruption impairs primordial germ cell migration,
leading to gonadal hypoplasia (underdeveloped gonads) with a predominantly
left-sided presentation (Venhoranta et al., 2013). Heterozygotes, carrying three
KIT copies, typically show only the colour-sided coat pattern without fertility
impairment, indicating a recessive disease model with incomplete penetrance
(Venhoranta et al., 2013; Hinken et al., 2025). The Csg allele, by contrast, is
associated only with colour-sidedness and not with gonadal hypoplasia
(Venhoranta et al., 2013). Understanding this molecular mechanism is critical for
developing genetic screening tools to identify carriers and prevent the propagation
of hypoplasia while preserving the breed's characteristic colour-sided appearance.

Defining a causal link between this variant and gonadal hypoplasia, independent

or interacting with the coat colour phenotype, is a prime objective. This demands
the use of cytogenomic approaches, which allow precise breakpoint mapping and
the identification of disrupted genes or regulatory elements (Baptista et al., 2005).
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1.6 STUDY OBJECTIVES

This study investigates the chromosomal translocation between chromosomes 6
and 29, previously tied to the breed's coat colour and gonadal hypoplasia (Durkin
et al., 2012; Venhoranta et al., 2013), to validate its genetic structure and assess its
distribution within the breed.

First, it is essential to recognize and identify carriers early in breeding programs
to avoid spreading this structural variant, which is known to contribute to
subfertility and reproductive loss in bovids (Iannuzzi et al., 2021). Establishing a
connection between this specific translocation and reproductive impairment
would provide valuable evidence for breeding decisions, particularly since
reciprocal translocations in cattle are known to occur with notable frequency and
are a documented cause of reduced fertility due to disruptions in chromosomal
pairing and segregation during meiosis (De Lorenzi et al., 2012). Also, such
translocations are often phenotypically linked to colour-sided patterns, suggesting
an effect between coat colour and reproductive traits (Hinken et al., 2025).
Therefore, clarifying whether the observed reproductive issues are associated with
the translocation itself, or with linked loci, is vital for developing accurate genetic
screening tools and breeding programmes that protect both the fertility and the
genetic diversity of the Swedish Mountain Cattle.

Second, the study aims to validate and characterize the previously described
breakpoint junctions on chromosomes 6 and 29 (Durkin et al., 2012). By
confirming the molecular structure of the breakpoint, we can better understand
whether the associated traits are a result of gene disruption at the breakpoint or a
result of hitchhiking with linked colour-sided loci.

Thirdly it’s important to recognize the presence of this translocation in different
Swedish breeds and determine whether sequence variations exist within the
targeted regions.

Finally, this molecular characterization will support the development of targeted
genetic tests. These tools are of great importance to create an informed
conservation breeding, a sustainable management of genetic diversity, and to
lower the reproductive and economic risks (Lewis et al., 2022) posed by this
structural variant in the Swedish Mountain Cattle population.
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2. MATERIALS & METHODS

2.1 STUDY POPULATION AND SAMPLES
COLLECTION

DNA from a total of 29 individuals from different Swedish cattle breeds was
sequenced. The distribution of the breeds is as follows: 17 Fjillko, four SKB, four
Bohuskulla and four Véneko. However for the Fisher’s exact tests, genotype and
phenotype data from an additional 11 Fjéllko samples from previous projects were
included, resulting in a total of 28 Fjéllko samples analyzed statistically. These 28
samples are listed in Table 1. The non Fjéllko breeds (SKB, Bohuskulla, Vaneko)
were included only for comparative sequence analysis.

The primary objective was to characterize the t(6;29) translocation in these
breeds. This translocation is of significant interest because the Cs29 allele, which
causes the desirable colour-sided coat pattern, is also known to be the genetic
mechanism responsible for gonadal hypoplasia when present in a homozygous
state (Venhoranta et al., 2013) . Despite decades of selective breeding, this variant
persists in northern Swedish cattle populations and continues to be associated with
fertility issues (Hinken et al., 2025).

Among the samples of the Fjéllko breed two were new and recently collected
from affiliated farmers from a voluntary base, the samples were received as whole
blood. The others Fjéllko samples were previously extracted DNA stored at -20°C
from earlier studies. For samples marked “unknown” in Table 1, the original
DNA source could not be determined from laboratory records, however all
samples had been stored under identical conditions. The sampled group comes
from different herds ( from 1 to 10) and were all sampled between 2023 and 2026.

Gonadal hypoplasia status was determined from breed association records but
mostly from veterinary examinations. Animals were classified as “nohyp” if
veterinary examination confirmed normal gonadal development, as “hyp”
(hypoplasia present) if veterinary records documented underdeveloped gonads
(testicular hypoplasia in males or ovarian hypoplasia in females) and as “fp” if
they were recognized to have fertility problems (impossibility to get pregnant in
females or low rate of offspring produced for males) but never associated through
veterinary examination to gonadal hypoplasia, animals classified as “pregnant”
had documented pregnancy but no veterinary examination for hypoplasia status
and were included in the “no hypoplasia/no fertility problems” group for the
expanded statistical analysis.

17



Table 1. List of Fjdllko samples with informations regarding origin of the DNA samples,

origin of the animals, genotype, hypoplasia status.

The marked samples “*” are the ones sequenced during this study. Statistical analyses

included all Fjdllko and Fjdllko related animals in this table (Fjdllko, Fjdllndra)

Hypoplasia
DNA source 1D lab breed herd A-E  Cs29 genotyp Cs6 genotyp status
*nose swab/hair  FK740 Fjéllko 1 yes Cs29/Cs29 Hyp
*nose swab/hair  FK770 Fjéllko 1 yes Cs29/Cs29 Cs6 Hyp
*blood FKO053 Fjéllko 1 yes Cs29/+ NOHyp
*blood FK054 Fjéllko 1 yes Cs29/Cs29 Hyp
*blood FKO056 Fjéllko 1 yes Cs29/+ Cs6 NOHyp
*blood FKO057 Fjéllko 1 yes Cs29/+ NOHyp
*blood FKO058 Fjéllko 1 yes Cs29/+ Csb6 NOHyp
*nose swab/hair  FK059 Fjéllko 1 yes Cs29/Cs29 Hyp
unknown FK060 Fjéllko 1 no +/+ NOHyp
unknown FK794 Fjéllko 1 no +/+ NOHyp
*nose swab/hair  FK002 fjéllndra 2 yes Cs29/+ NOHyp
unknown FKO001 fjallndra 2 no +/+ Csb6 NOHyp
unknown FK004 fjallndra 2 no +/+ Csb6 NOHyp
*nose swab/hair  FKO019 Fjéllko 3 yes Cs29/+ Cs6 fp
*nose swab/hair  FK022 Fjéllko 3 yes Cs29/+ Hyp
*nose swab/hair  FK029 Fjéllko 4 yes Cs29/Cs29 NOHyp
*nose swab/hair  FK049 Fjéllko 5 yes Cs29/+ fp
unknown FKO050 Fjéllko 5 yes Cs29/+ pregnant
unknown FK062 fjallndra 6 no +/+ pregnant
*nose swab/hair  FK063 fjéllnéra 6 yes Cs29/+ Cs6 fp
unknown FK064 fjallndra 6 no +/+ pregnant
unknown FK795 Fjéllko 7 no +/+ NOHyp
unknown FK796 Fjéllko 7 no +/+ Cs6 NOHyp
unknown FK835 fjallndra 8 no +/+ NOHyp
*nose swab/hair  FK095 Fjéllko 9 yes Cs29/Cs29 Csb6 fp
*blood FK140 Fjéllko 10 yes Cs29/+ NOHyp
*blood FK141 Fjéllko 10 yes Cs29/Cs29 Csb6 Hyp
unknown SE012 Fjéllko 1 yes Cs29/Cs29 fb

Additionally 12 samples were analyzed from different Swedish cattle breeds , two
of which (Bohuskulla and SKB) historically related to the Swedish mountain
cattle breed and one (Véaneko) more distantly related to investigate the
translocation and verify the genomic correlation (Table 2). The genetic

relationships among the Swedish native cattle breeds have been characterized in

previous genomic studies. Upadhyay et al. (2019) performed principal component
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analysis (PCA) using genome-wide SNP data and demonstrated that the northern

Swedish Mountain breeds (Fjéll, Fjillndra, Bohus Polled, and Swedish Polled)
form a distinct genetic cluster, clearly separated from southern breeds including
Vineko, Ringamala, and Swedish Red. This genetic differentiation was

subsequently confirmed by Harish et al. (2024) using whole-genome sequencing

data. Consequently, Vineko was included in the present study as a genetically

distant comparative breed and since we know from Hinken at al. (2025) that Cs29

is present in this breed as well. The breeds are Vaneko, Bohuskulla and SKB (
Svensk Kullig Boskap). These samples originated from different herds as well

named A to I and are older samples used for earlier studies thus the hypoplasia
status was not available for these breeds; they were included for comparative

sequence analysis only.

Table 2. List of Vineko, Bohuskulla and SKB samples with informations regarding origin

of the DNA samples, origin of the animals and genotype.

DNA source ID lab birth breed herd AE Cs29 Cs6
year genotype genotype
sperm samples AJSE 98 1994 SKB A yes  Cs29/+
sperm samples AJSE 102 2000 SKB B yes  Cs29/+ Csb6
sperm samples AJSE 109 2003 SKB C yes  Cs29/+
sperm samples AJSE 112 2004 SKB D yes  Cs29/+
- 70°C storage SE 450 1993 Bohuskulla E yes  Cs29/+ Cs6
- 70°C storage SE 451 1994 Bohuskulla E yes  Cs29/Cs29
- 70°C storage SE 452 1995 Bohuskulla E yes  (Cs29/Cs29
- 70°C storage SE 454 1996 Bohuskulla E yes  Cs29/+
- 70°C storage SE 436 1984 Vineko F yes  Cs29/+
- 70°C storage SE 433 1995 Vineko G yes  Cs29/+
- 70°C storage SE 441 1997 Vineko F yes  Cs29/+
- 70°C storage SE 473 1992 Vineko H yes  Cs29/+
“Confirmed primers” (table 3) were used to identify and characterize the
sequence of the Cs29, and to verify them they were used for the same samples of
Fjéllko and the other breeds too, the first pair of primers and the confirmed one
through literature is A-E, but also other two primer pairs were used and these are
Alpha-D and C-beta (Durkin et al., 2012).
Table 3. Primers used with sequences, the region amplified and the size of the amplicon.
Primer forward reverse description Size bp
alpha-D GGGGAGAATCTGTTTTCCTG ~ GGAAGGCCTTATTGCACACT  BTA29 to 6 breakpoint unique to BTA29 417
A-E GAAGCAACCCAGAGATGAGC AAGGGAAGCCCATATGATGA  Fusion point on BTA6 318
C-beta TCAACGAGGGACAACATGAA CAATTGACCCCTCATTTTGG  Common breakpoint, found on BTA6 & BTA29 606
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2.2 DNA EXTRACTION AND QUANTIFICATION

For two new samples of Fjdllko, FK140 and FK141, the DNA was extracted with
a miniprep kit , quantified with Qubit dsDNA BR assay kit (Invitrogen), amplified
using a HotStarTaq Plus Master Mix kit (Qiagen) following its protocol and
firstly screened, to verify the presence of the translocation in these new samples,
with a multiplex PCR (95°C x 5min, 94°¢ x 30sec, 58°C x 1min, 72°C x 1min,
these last three were repeated for 32 cycles and lastly 12 °C until off). The results
were visualized with two positive controls (FK053,genotype Cs29/+ and FK061,
genotype Cs29/Cs29) and one negative control (Negk) the Agilent 4200 Tape
Station system using the High Sensitivity D1000 kit (Agilent Technologies Inc.).

2.3 MOLECULAR CHARACTERIZATION OF THE
TRANSLOCATION

To sequence the breakpoints of the t(6;29) translocation in 29 samples (17 Fjéllko,
four Véneko, four Bohuskulla and four SKB), the first step was the amplification
PCR performed with the confirmed primers reported in Table 3 with an attached
M13 tail. Primer pair A-E amplifies a 318bp product specific to the BTA6 fusion
junction in carriers. Primer pair alpha-D amplifies a 417bp product specific to the
BTA29->6 breakpoint. Primer pair C-beta amplifies a 606bp product spanning the
common breakpoint region.

All primers were synthesized with M 13 tails to facilitate sequencing as previously
validated in Hinken et al. (2025).

These primers were chosen because they would allow to confirm whether the
samples had any sign of the translocation of interest, since they are specific for
unique breakpoints or common breakpoints and junctions between BTA6 and
BTA29.

The amplifying PCR reactions were carried out following the BigDye Direct
Cycle Sequencing kit (Applied Biosystems, Life Technologies)with the following
settings: 1 cycle at 96° for 5 minutes, a first stage at 94°C for 30 sec then 60°C for
45 sec then 68°C for 45 secs repeated for 35 cycles, and 72°C for 2minutes for
Icycle and a final stage of 4°C hold until end.

The samples were then cycle sequenced with the following settings: first stage of
37°C for 15minutes, 80°C for 2minutes and 96°C for 10 secs, and second stage of
96°C for 10 secs, 50°C for 5secs, 60°C for Imin and 15secs for 25 cycles.
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All PCR reactions were run on the ProFlex PCR system (Applied Biosystems,
Life Technologies).

The next step was the purification of the products with the BigDye Xterminator
Purification kit (Applied Biosystems, Life Technologies) according to the
protocol to remove unincorporated terminators and salts that could obscure the
data in the early part of the sequence and interfere with basecalling.

The purified samples were then run in the capillary electrophoresis (3500xL
Genetic Analyzer) obtaining chromatograms.

2.4 DATA ANALYSIS & alignment

The sequences were firstly analyzed using Chromas.ink version 2.6.6
(Technelysium Pty Ltd) and then aligned through the software Bioedit version
7.7.1 (Ibis Biosciences). Each sequence was controlled singularly to verify the
overall quality and then were grouped by type of sequenced amplicon (examples
can be found as appendix), for the alignment the M13 tails were removed and
each sequence was aligned to the best sequence obtained within the group. Almost
all the 87 amplicons were successfully sequenced except some obtained from the
earliest samples, probably due to the long storage.

To assess the association between translocation carrier status (Cs29/Cs29 or
Cs29/+ vs. wild-type +/+) and hypoplasia phenotype, two Fisher’s exact tests
were performed using R version 4.5.2 (R Core Team, 2023). A P-value < 0.05
was considered statistically significant.

The analyses were based exclusively on the samples described in Tablel. The first
test was conducted on the 20 Fjillko animals with confirmed hypoplasia status, 13
newly sequenced in this study and seven additional samples from a previous
project conducted in the same laboratory for which both genotype and confirmed
hypoplasia status were available.

The second Fisher’s exact test was then performed on the full set of 28 Fjéllko
animals, which includes the 20 animals with confirmed hypoplasia status with
eight additional animals with documented fertility but lacked confirmed
hypoplasia status.
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3. RESULTS

The two new samples of Fjillko were successfully analysed and characterized.
Fk140 (A1) known to not be affected by gonadal hypoplasia, was genotyped as
Cs29/+, while FK141 (B1) with certified condition of gonadal hypoplasia was
genotyped as Cs29/Cs29.

el ELI(L) A1 B1 c1 D1 E1

A A A A A

Figure 2. TapeStation results for FK140 and FK141.

ELI electric ladder, Al FK140, Bl FK141, Cl
FKO053(positive control), D1 FK061 (positive
control), E1 Negk (negative control). The image was
edited by composing different runs.
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3.1 CHARACTERIZATION OF THE Cs6-29
BREAKPOINT IN FJALLRAS CATTLE

Analysis of the FK (Fjdllko) samples across the A-E , Cbeta and alphaD regions
reveals a highly conserved genetic profile with clear evidence of the Cs29
breakpoint signature. All FK samples (FK740, FK770, FK02, FK19, FK22, FK29,
FK49, FK53, FK54, FK56, FK57, FK58) exhibit near-identical sequences,
particularly within the conserved core domains of the Cbeta alignment, where the
characteristic breakpoint region remains intact.

For the AE primer region, all Fjéllko samples (FK740, FK770, FK02, FK19,
FK22, FK29, FK49, FK53, FK54, FK56, FK57, FK58) displayed identical
sequences across the entire ~330 bp alignment, with no ambiguous calls or
evidence of polymorphic sites.

EK_740 GAAGCAACCCAGAGH'

BB TTO oo oo m e el
FEDOZ I

FEDL9
FEDZ22
FED29
FED45
FKD53
FED54
FED56
FED57
FEDSE
FEDS9
FEDEZ
FED35

Figure 3. Alignment results for Fjdillko samples with AE primer.

For the alphaD primer region, the same set of Fjéllko samples showed perfect
sequence conservation across the ~420 bp fragment.

10 20 3o 40 50 &0 o 80 30 100 110 izo
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FE740_alphaD F GGGGAGAATCTGTTTTCCTGTTTTTTCCACCTTCAGGAGATTGTC TTCATTC TT TG T T TATGACCATGET TTATGACCATGCATATGECCTCOCACAGAGTCARRCACAACTGARGCGA.

Figure 4. Alignment results for Fjdillko samples with alphaD primer.

For the Cbeta primer region, all Fjillko samples exhibited near-identical
sequences across the ~600 bp amplicon; the few ambiguous base calls observed
(e.g., K, S, Y, M, W) are consistent with sequencing artifacts rather than genuine
genetic variation. The absence of sequence heterogeneity across all three loci
indicates that the three targeted breakpoint regions are fixed in the Fjillko breed,
providing a robust reference haplotype for inter-breed comparisons.

23



10 20 30 40 50 60 0 a0 50 100 110 120 130 140
[RET EEET PR PR PYE) PEEr FERE] FEPT) PEpr) PEpe) PEEE) PEEE PEEr) FEPT) EERE) PERES EEET) EEET) RERE) PPN PRl EERr) RErr] PERE] EEEry PErry o) prey |

FKT40 Cbeta F  TCAACGAGGGACAACATGARANGTGAAGCTGCCTACTATTGGCT TETATCARGETCCRGLACTAAGANTGTGGAC TCTARGGCARGAC TGCCTGRAT T TGAC TETGECGCTGECAT TT TCTRGAGARGECART GECARLT
FEIT0 Cbeta F
FEDZ2 Cheta

I

8
i

B
|

88
11

FE49 Cheta

8
g

g
g

113
EIIIE

FESE Cheta

Figure 5. Alignment results for Fjdillko samples with Cbeta primer.

Therefore, the Fjéllko breed maintains a consistent and reliable Cs29 breakpoint
signature across all tested individuals within the three amplified regions. The
complete alignment for the Fjéllko samples for each primers pair can be found in
the appendix section, Appendix 1.

3.2 COMPARATIVE ANALYSIS ACROSS ALL
SAMPLED POPULATIONS

Alignment of the AE, alphaD, and Cbeta sequences from Fjillko, Véneko,
Bohuskulla, and SKB cattle demonstrated a high degree of inter-breed sequence
identity across all three primer regions, with the notable limitation of several
samples preservation.

For the AE primer alignment, sequences obtained from well-preserved Vineko,
Bohuskulla, and SKB samples (AJSE 98, AJSE 102, AJSE 109, AJSE 112,
SE 433, SE 441, SE 451, SE 473) were identical to the Fjillko reference
sequence across the entire amplicon.

1o 20 30 40 50 &0 70 an 50 1o0 11o 120

e L L L e e e e e e I e e e e e |
AJSE 98 AE F GARGCAACCCAGRGRTGAGCARCAGT GGGGACT AGC TACCACTTTGACTGC TG ARGEECHGR GECATCAGRGCCAGHGCAGGGCCCCT GECAMGAGREGEAGCCATGAR

Figure 6. Alignment results for Vineko, Bohuskulla and SKB with AE primer.

For the alphaD primer alignment, the same set of samples showed complete
sequence identity with the Fjillko consensus.
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Figure 7. Alignment results for Vineko, Bohuskulla and SKB with alphaD primer.

For the Cbeta primer alignment, the high-quality sequences from these samples
again aligned perfectly with the Fjillko reference, with only minimal, artifact-
level discrepancies observed in a subset of samples.
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Figure 8. Alignment results for Vineko, Bohuskulla and SKB with Cbeta primer.

Several samples from the Véineko, Bohuskulla, and SKB breeds were later
excluded from comparative analysis due to poor DNA quality resulting from
extended storage, including SE436 (sampled 1984), SE452 (1995), SE450 (1993),
and SE454 (1996). These samples exhibited extensive ambiguous base calls and
shortened reads across all three primer regions. Despite these four samples
representing three distinct genotypic classes (Cs29/+, Cs29/Cs29, and Cs29/+
with Cs6), their sequencing electropherograms were uniformly uninformative,
producing predominantly N-calls and fragmented reads. This confirms that the
absence of usable sequence data is attributable to DNA degradation rather than
any underlying biological variation or genotype-specific amplification failure.
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Figure 9. Examples of poor DNA quality, ambiguous base calls, gel artifact derived
anomalies:

(a-c) shows respectively low quality sections of the sequence of SE452, SE450, SE436, d)
gel artifact derived anomaly observed in SE454, e) complete sequencing failure in
sample SE452.

Additionally, a number of other samples (e.g., AJSE 102, AJSE 109, SE 433,
SE 450, FK 29, FK 49, FK 56, FK 57 and SE 452) displayed apparent indels
or substitutions that, upon careful inspection, are attributable to gel artifacts
introduced during the sample cleaning step prior to sequencing. These anomalies
are not interpreted as genuine biological variation.
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Figure 10. a) and b) Examples of good quality sequences taken from different breeds
FK740 (Fjdllko) and AJSE102 (SKB), c) example of gel artifact derived
anomaly(FK049).
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After accounting for sample degradation, gel artifact-derived anomalies, and the
known genotypic diversity among excluded samples, the remaining high-quality
sequence data from the AE, Cbeta, and alphaD primer alignments support a
conclusion of complete sequence homogeneity across the Fjallko, Véneko,
Bohuskulla, and SKB breeds at all three examined loci. No breed-specific
polymorphisms were detected, and the poor sequence quality of degraded samples
(SE436, SE452, SE450, SE454) does not correlate with their distinct Cs6-29
genotypes.

3.3 ASSOCIATION OF Cs6-29 GENOTYPES WITH
HYPOPLASIA IN Fjallko CATTLE

To investigate whether the Cs6-29 breakpoint or the Cs6 allele is associated
with the hypoplasia phenotype in Fjillko cattle, two Fisher's exact tests were
performed. The first test analyzed only animals with confirmed hypoplasia status
(20 animals) while for the second the analysis was expanded to include animals
with fertility problems of unknown hypoplasia status (28 animals). The
genotyping data from samples with confirmed hypoplasia status was collected
before April 2026.

3.3.1 Analysis Of Confirmed Hypoplasia Status

When analyzing only animals with confirmed hypoplasia status (Table 1), the
Fisher's exact test for the Cs29 genotype (comparing Cs29/Cs29 vs. Cs29/+ vs.
+/+ across affected and unaffected animals) revealed a statistically significant
association (p = 0.002554). Inspection of the contingency table reveals that 5 out
of 6 hypoplastic animals were homozygous Cs29/Cs29, while only 1 out of 14
non-hypoplastic animals carried this genotype. In contrast, the Cs6 allele showed
no significant association with hypoplasia (p = 1.0), with Cs6 carriers distributed
evenly between hypoplastic (n=2) and non-hypoplastic (n=5) animals.

Table 4. number of animals with or without hypoplasia and with each genotype.

Genotype Not Hypoplasia
Hypoplasia

Cs29/Cs29 1 5

Cs29/+ 6 1

+/+ 7 0

Cs6 5 2

not Cs6 9 4
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3.3.2 Analysis Including Fertility Problems

When the analysis was expanded to include cows with fertility problems of
unknown hypoplasia status (joined together with confirmed hypoplasia cases into
a single "hypoplasia or fertility problems" category), the association for Cs29
became even stronger (p = 0.0006136) . The Cs29/Cs29 genotype was present in 6
out of 11 animals in the affected/fertility-problem group but in only 1 out of 17
animals in the unaffected group. The Cs6 allele remained non-significant (p =
1.0), indicating no significant association with either hypoplasia or fertility
problems.

Table 5. number of animals with or without hypoplasia and recognized fertility problems
divided based on each genotype.

Genotype Not Hypoplasia, Hypoplasia
no fertility or fertility
problems problems

Cs29/Cs29 1 7

Cs29/+ 7 4

+/+ 9 0

Cs6 7 5

not Cs6 10 6

3.3.3 Summary Of Statistical Findings

These results demonstrate a strong and statistically significant association
between homozygosity for the Cs29 allele (Cs29/Cs29) and hypoplasia in Fjillko
cattle. On the other hand, the Cs6 allele shows no association with the hypoplasia
phenotype. This suggests that the Cs6-29 breakpoint (or a linked variant) may
play a role in the pathogenesis of hypoplasia, whereas the Cs6 allele may be
involved in a different biological pathway. Further functional studies are needed
to investigate the mechanistic basis of this association.

28



4. DISCUSSION

4.1 ASSOCIATION BETWEEN CS29 GENOTYPE
AND GONADAL HYPOPLASIA

The primary finding of this study is the strong and statistically significant
association between homozygosity for the Cs29 allele (Cs29/Cs29) and gonadal
hypoplasia in Fjéllko cattle.

Fisher's exact test revealed a significant association (p = 0.002554) when
analyzing animals with confirmed hypoplasia status. From Tables 4 and 5 we can
see that 5 out of 6 hypoplastic animals were homozygous Cs29/Cs29, while only
1 out of 14 non-hypoplastic animals carried this genotype.

This pattern is consistent with recessive inheritance of the hypoplasia phenotype,
where two copies of the Cs29 allele are required for the disease to manifest, while
heterozygotes (Cs29/+) remain phenotypically normal. This finding aligns with
the original observations by Lagerlof and Boyd (1953) and the molecular
mechanism further investigated by Venhoranta et al. (2013), who demonstrated
that homozygosity for a ~500 kb chromosomal segment translocated from BTA6
to BTA29 damages the primordial germ cell migration via dysregulation of

the KIT gene. However it is important to emphasize that this study demonstrates a
statistical association and does not establish causality. The Venhoranta et al.
(2013) study provided functional evidence for a mechanism, whereas the present
study provides supporting statistical evidence for the association in a Swedish
mountain cattle population.

In addition, the Cs6 allele showed no significant association with hypoplasia (p =
1.0), with Cs6 carriers distributed evenly between hypoplastic (n=2) and non-
hypoplastic (n=5) animals. This suggests that the Cs6 allele may be involved in a
different biological pathway, possibly related to the colour-sided phenotype
without affecting fertility. However with the small sample size this null finding
should be interpreted with caution.

4.1.1 Inclusion Of Fertility Problem Cases Strengthens The
Association

When the analysis was extended to include animals with documented fertility
problems but unknown hypoplasia status, the association for Cs29 became even
stronger (p = 0.0006136). The Cs29/Cs29 genotype was present in 7 out of 11
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animals in the affected/fertility-problem group but in only 1 out of 17 animals in
the unaffected group.

This finding has two important implications. One suggests that many of the
recorded fertility problems may represent undiagnosed cases of gonadal
hypoplasia, as veterinary confirmation of hypoplasia requires specific
examination that may not have been routinely performed. The other raises the
possibility that the Cs29 allele is associated with broader fertility

impairment beyond gonadal hypoplasia. But both interpretations are speculative
and require further investigation.

4.2 MOLECULAR CONSERVATION OF THE
BREAKPOINT REGION ACROSS BREEDS

Sequence analysis of the A-E, alpha-D, and C-beta primer regions

revealed complete sequence homogeneity across all four sampled breeds (Fjéllko,
Vineko, Bohuskulla, and SKB) where high-quality DNA was available. No
breed-specific polymorphisms were detected in the breakpoint regions. It is
important to note that this conclusion of sequence conservation is limited to the
regions amplified by these three primer pairs and should not be generalized to the
entire breakpoint structure or to the full extent of the t(6;29) translocation. Other
regions flanking these amplicons may harbor undocumented sequence variations
that was not captured by the Sanger sequencing approach.

This finding is consistent with the known evolutionary origin of the Cs29
translocation. Durkin et al. (2012) demonstrated that the colour-sided
translocation arose via a serial translocation mechanism involving circular
intermediates, and that the same breakpoint junctions are present across multiple
European cattle breeds showing the colour-sided phenotype. The sequence
conservation observed in the three targeted regions suggests, but does not prove,
that the translocation event in Swedish Mountain cattle shares a common ancestral
origin with colour-sided breeds elsewhere, rather than representing an
independent occurrence.

However, the poor sequence quality obtained from several older samples (SE436
from 1984, SE452 from 1995, SE450 from 1993, and SE454 from 1996)
highlights an important methodological limitation: long-term storage of DNA can
lead to degradation that compromises PCR amplification and Sanger sequencing.
These samples produced predominantly vague base calls and shortened reads
regardless of their underlying Cs29 genotype, confirming that the absence of
usable sequence data is attributable to DNA degradation rather than biological
variation.
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4.3 COMPARISON WITH OTHER CATTLE BREEDS

The Cs29 translocation is not unique to Swedish Mountain cattle, colour-sided
phenotypes associated with similar KIT-related translocations have been
documented in Northern Finncattle (Venhoranta ef al., 2013) and several other
European breeds (Durkin et al., 2012). However, the sequence data used in the
present study was limited to three amplicons and it cannot be concluded with
certainty that the entire breakpoint structure is identical across breeds.

The presence of the same translocation breakpoints regions in geographically
distant breeds is consistent with the hypothesis that this rearrangement predates
the separation of these breeds and may have originated in ancestral European
cattle populations. The exact age of the translocation remains unknown, but its
distribution across Nordic and British breeds is consistent with cattle movement
during the Viking Age (800-1050 CE) as suggested by Harish et al. (2024) for the
eastern genetic lineage to which Swedish Mountain cattle belong.

4.4 POPULATION GENETICS IMPLICATIONS

The persistence of the Cs29 allele in Swedish Mountain cattle despite the decades
of selective breeding against gonadal hypoplasia can be explained by its
phenotypic effect to give the desired white coat pattern with coloured pattern
sides (the "white suit" favoured by breeders since the 1890s). However, the same
allele, when homozygous, produces the deleterious hypoplasia phenotype. This
creates a scenario where in breeding populations the heterozygote individual
(Cs29/+) have the desired colour pattern without the fertility impairment,
maintaining the allele at intermediate frequency.

Hinken et al. (2025) recently confirmed that translocations associated with colour-
sidedness remain common in northern Swedish cattle breeds, with the Cs29 allele
frequency estimated at approximately 44% in Swedish Mountain cattle.

4.5 LIMITATIONS

Several limitations of this study should be acknowledged. The sample size for the
statistical analysis, while sufficient to detect a strong association (20 animals with
confirmed hypoplasia status), is relatively small. A larger cohort would allow for
more precise estimation of the effect size and enable stratification by sex, age, and
other covariates. Therefore, the significant association while encouraging should
be interpreted cautiously.
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The classification of hypoplasia status relied on veterinary records and breed
association data rather than standardized, prospective examinations. This may
introduce classification bias, particularly for the "fertility problems" group where
hypoplasia status was unknown.

The poor DNA quality of several older samples (particularly from the 1980s and
1990s) limited our ability to confirm sequence conservation across all four breeds
for all genotypic classes. Future studies should prioritize re-sampling of living
animals from these breeds to obtain high-quality DNA.

Our study was limited to Sanger sequencing of three breakpoint regions. While
this approach successfully characterized the conserved core sequences of these
amplicons, it cannot detect structural variants (e.g., copy number variations,
complex rearrangements) beyond the targeted regions. Whole-genome sequencing
or long read sequencing of representative carriers and non-carriers would provide
a more complete picture of the genomic architecture at the t(6;29) breakpoint.

Finally, the study did not include functional validation of the Cs29-hypoplasia
association. While the statistical evidence is strong, direct demonstration that the
Cs29 allele causes hypoplasia would require gene editing or functional studies in
model systems.

4.6 FUTURE DIRECTIONS

Based on these findings, future research could focus on developing a routine
genetic screening test for Cs29 carrier status as a priority, as the conserved
breakpoint sequences identified here could serve as targets for a high-throughput
genotyping assay (e.g., TagMan or KASP) to enable low-cost, rapid screening of
breeding stock.

On the other hand, a transcriptomic analysis of gonadal tissue from Cs29/Cs29
versus +/+ animals could identify disrupted gene expression pathways beyond
KIT, potentially revealing therapeutic targets or biomarkers.

In addition, a comparative genomic analysis with colour-sided breeds from other
regions (e.g., Northern Finncattle) using long-read sequencing would determine

whether the breakpoint junctions are identical across breeds, supporting a single

ancestral origin.

Finally, investigation of the Cs6 allele would be needed, although not associated
with hypoplasia in this study, its biological role remains unknown. Cs6 carriers
were present in the studied cohort, and further study is needed to determine
whether Cs6 influences coat pattern intensity or other traits. Based on Durkin et
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al. (2012) it is known that both Cs29 and Cs6 contribute to the colour sided
phenotype so it may be possible to select for Cs6 while selecting against Cs29
thereby maintaining the distinctive phenotype of the breed while reducing the
incidence of hypoplasia.
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5. CONCLUSION

This study provides a detailed molecular characterization of three specific
breakpoint regions (A-E, alpha-D and C-beta) of the t(6;29) translocation in
Swedish Mountain cattle and demonstrates their homogeneity across the four
Swedish breeds examined (Fjéllko, Vaneko, Bohuskulla and SKB), supporting a
common ancestral origin, though this conservation is limited to the amplified
regions and should not be generalized to the entire breakpoint structure.

The study demonstrates a strong, statistically significant association

between homozygosity for the Cs29 allele and gonadal hypoplasia (p =
0.0006136) while the Cs6 allele resulted having no significant association with
hypoplasia, indicating its likely neutrality or involvement in other traits. This
findings provide additional statistical evidence supporting the proposed genotype-
phenotype association but do not establish a causal mechanism, which would
require further functional studies.

The persistence of the Cs29 allele that produces the historically valued white coat
pattern, is associated with infertility when homozygous. Breeding programs
should therefore avoid mating two Cs29 carriers together to prevent producing
Cs29/Cs29 offspring. Given that both Cs29 and Cs6 contribute to the colour-sided
phenotype selection for Cs6 may offer a path to maintain the breeds distinctive
appearance while reducing the incidence of inherited hypoplasia. Routine
genotyping of breeding bulls should be implemented to enable informed mating
decisions.

The t(6;29) translocation or similar KIT-related colour-sided variants have been
documented in Northern Finncattle and other European breeds. The presence of
this translocation in geographically distant breeds suggests an ancient origin,
possibly predating the Viking Age (800—1050 CE) when cattle were transported
across the North Sea and Baltic regions.

In conclusion, this study confirms a strong statistical association between the
Cs29 translocation and gonadal hypoplasia in Swedish mountain cattle. The
molecular characterization of the breakpoint regions provides a foundation for
developing targeted genetic screening tools that will enable breeders to maintain
the breed's unique appearance while reducing the incidence of inherited infertility.
These tools are essential for the sustainable conservation of this endangered
Nordic genetic resource.
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Popular science summary

The aim of this study was to determine whether and how the translocation t(6;29)
is associated with gonadal hypoplasia in Swedish Mountain cattle (Fjallko).
Gonadal hypoplasia is a condition where one or two gonads (testicles for males or
ovaries for females) are underdeveloped and smaller than normal. This condition
leads to fertility problems or complete infertility. Regarding Swedish Mountain
cattle the condition have been known to breeders since the 1930s when it was
firstly observed that the cases of gonadal hypoplasia occurred mainly in white
coated animals and to control the spread breeding authorities implemented
veterinary screening in the 1940s requiring all breeding animals to have certified
normal gonads development before being registered in the herd book.

The DNA analysis of 28 Fjillko individuals in this research showed a strong and
significant association between homozygosity for the Cs29 allele and gonadal
hypoplasia. The results also demonstrated that the Cs6 allele shows no significant
association with hypoplasia. This is an important finding because it suggests that
breeders have a safer alternative to select for.

This shows how the veterinary investigations that have so far been standard
practice may not be able to identify all cases therefore it would be recommended
to complement veterinary inspections with a DNA-based test.

This study puts the basis for a future development of a specific DNA test by
characterizing the molecular breakpoints of the t(6;29) translocation using three
different primer pairs (A-E, alpha-D and C-beta) and demonstrating that these
regions are conserved across Fjéllko, Vianeko, Bohuskulla and SKB breeds.

A future DNA test based on these findings would help identify carriers of the
Cs29 allele reducing the incidence of fertility problems across the breed.

The findings of this study highlight the importance of genetic screening for the
Cs29 allele and considering the continued presence of this variant in the breed
indicates that more research and active informed selection are necessary to reduce
the incidence of this inherited disease while preserving the breed’s distinctive
colour sided appearance.
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Appendix 3

Ulterior alignments of samples FK140 AND FK 141 with the samples that
resulted of poor quality to exclude the hypothesis of genotype-specific
amplification failure.
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