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Introduction

Aneuploidy, defined by the loss or gain of entire chromosome(s), is a significant cause of
infertility, developmental abnormalities, and reduced life expectancy in mammals. Aneuploidy
has traditionally been identified through karyotyping of infertile or malformed individuals, an
approach that biases detection toward severe phenotypes, and therefore limits the ability to
determine the true population prevalence. Sex chromosome aneuploidies (XO, XXX, XXY)
have frequently been reported in sterile but otherwise phenotypically normal animals, whereas
autosomal trisomies have largely been described as isolated case reports involving severe
abnormalities. As a result, animals carrying autosomal aneuploidy with no external phenotypic
abnormalities may go undetected and be retained as breeding candidates. The increasing
availability of Single Nucleotide Polymorphism (SNP) panel genotypes facilitates
population-wide screening without prior phenotypic selection. Previously published
population-scale analyses of autosomal and sex chromosome aneuploidy in cattle (Ryan et al.,
2024; Ryan et al., 2025a) and autosomal aneuploidy in horses (Ryan et al., 2025b) were
integrated with newly generated prevalence estimates for both autosomal and sex chromosome
aneuploidy in sheep and for sex chromosome aneuploidy in horses. All analyses used the same
SNP-based framework to provide a comparative assessment of aneuploidy prevalence, parental
origin, and reproductive outcomes across species.

Materials & Methods

Genotype data for approximately 50,000 SNPs from 779,138 cattle, 63,444 sheep, and 21,694
horses, all genotyped as juveniles (<15 months, <8 months and <12 months, respectively), were
used to determine the population-level prevalence of aneuploidy. An additional 341,927 cattle,
43,217 sheep, and 15,960 horses, genotyped as mature animals (>15 months, >8 months, >12
months, respectively) were also screened to increase sample size for the analysis of fertility
outcomes, survival, and parental origin of the chromosomes; these animals were excluded from
prevalence estimates to avoid selection bias. Aneuploidy detection followed a previously
described SNP-based framework (Ryan et al., 2024; Ryan ef al., 2025a,b). Autosomal trisomy
(i.e., a chromosomal duplication) was inferred from the presence of a characteristic four-band
B-allele frequency (BAF) pattern (approximately 0, 0.33, 0.67, and 1) across the affected
chromosome, together with elevated log R ratio (LRR) values relative to other diploid
autosomes for the same animal. Autosomal monosomy (i.e., a chromosomal deletion) was
detected by the absence of BAF values within the diploid heterozygous range of 0.45-0.55
across the affected chromosome, accompanied by lower LRR values compared with other
diploid autosomes for the same animal. For sex chromosome aneuploidies, the number of X-
chromosomes carried by the individual was inferred from deviations in X-chromosome LRR
values and expected BAF heterozygosity patterns, while the presence of a Y-chromosome was
determined using Y-linked SNPs in cattle or recorded phenotypic sex in species lacking Y-
chromosome SNPs on the genotyping panel (i.e., sheep and horses). Putative cases of
aneuploidy were confirmed by visual inspection of genome-wide BAF and LRR plots, with a
subset validated by karyotyping. When both parents were genotyped, parental origin of each
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chromosome copy was determined by comparing the affected genotype to opposing
homozygous parental SNPs for that chromosome.

Results

Prevalence. The prevalence of aneuploidy in the juvenile population varied markedly across
species (Table 1), though differences involving horses should be interpreted with caution given
the smaller sample size relative to cattle and sheep. Irrespective of species, sex chromosome
aneuploidies were more common than autosomal trisomies, with the prevalence of XO in the
female population (i.e., Turner syndrome) being greatest in horses (0.145%), approximately
1.1 times that in sheep (0.126%) and over 36 times that in cattle (0.004%). Conversely, XXX
was most prevalent in the female cattle population (0.035%), with a substantially lower
prevalence in sheep (0.020%) and horses (0.013%), while the prevalence of XXY (Klinefelter
syndrome) was greatest in horses (0.107% of males). Autosomal trisomy was rare but present
in all species, with a total prevalence across all autosomes of approximately 0.017% in sheep
(genome of 26 autosomes), 0.017% in cattle (genome of 29 autosomes), and 0.030% in horses
(genome of 31 autosomes). No cases of autosomal monosomy were detected in any species.

Table 1. Prevalence of aneuploidies detected by SNP screening in juvenile sheep, cattle, and
horses. Primary reproductive or viability effects are inferred from all animals with the relevant
aneuploidy genotyped at any stage of life.

Aneuploidy  Population  Sheep Cattle Horses Primary Effect

XO Females 0.126% 0.004% 0.145% Infertile

XXX Females 0.020% 0.035% 0.013% Subfertile

XXY Males 0.071% 0.087% 0.107% Infertile
Autosomal Males and  0.017% 0.017% 0.030% Chromosome-size
Trisomy females dependent lethality

Fertility and survival. Sex chromosome aneuploidies were strongly associated with infertility.
In cattle, all six XO females identified in the population of animals genotyped at any stage of
life were born at least 89 months before data extraction and had no recorded progeny. Of the
18 XXY male cattle identified, 10 were recorded as steers at slaughter; of the remaining eight
recorded as bulls, six were <24 months of age at slaughter and two were >24 months of age at
slaughter. None of the 18 XXY male cattle had recorded progeny. Of the 42 XXX females
identified (all born >79 months before data extraction), 12 had recorded progeny, with 28
progeny recorded in total; 11 of these progeny were genotyped, all of which had normal
karyotypes. In sheep, 40 of the 48 XO females, all six XXX females, and 23 of the 31 XXY
males were born at least 28 months before data extraction. One of the six XXX female sheep
produced three offspring. This XXX female gave birth to male—female twins; the male lamb
died at 29 days of age due to a digestive system infection. In the subsequent year, the same
XXX female produced a singleton female lamb, which was also an XXX female and died at
475 days of age due to respiratory issues. None of the XO female sheep or XXY male sheep
had recorded progeny. In horses, none of the 12 XO females or the single XXX female, and
only 2 of the 11 XXY males, were born at least three years before data extraction; as most
horses were genotyped in 2024-2025, fertility outcomes could not be reliably assessed.

Across all three species, autosomal trisomy was generally only compatible with postnatal
survival when it involved the smallest, gene-poor autosomes. Of all the detected autosomal
trisomies in cattle, those involving the smallest chromosomes were the most frequently
detected and the most likely to survive. Cattle carrying trisomy on chromosomes 26, 27, 28 or
29 accounted for 86.6% (130/150) of all detected autosomal trisomy cases in the population of
animals genotyped at any stage of life. In contrast, no cattle carrying trisomy on larger
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autosomes (chromosomes 12, 15, 20 or 24) survived beyond 15 days of age, with the exception
of a single female carrying trisomy on chromosome 4 that was slaughtered at 24 months of age
after producing a stillborn calf. Among the five other trisomic cattle with recorded progeny,
fertility was observed only in females and was limited to trisomy on just chromosomes 27 or
28. A similar pattern was observed in sheep; animals with trisomy of larger chromosomes (6,
16, 18 and 23) died perinatally, whereas a single animal with trisomy of the small chromosome
26 survived to 213 days. In horses, autosomal trisomy was detected in only two yearling colts
carrying trisomy of chromosome 27.

Parental origin. Parental origin was assessed only for animals with both parents genotyped.
Of the XO cases with parental genotypes available, 28 sheep (28 of 28;100%), 7 horses (7 of
7; 100%), and 4 cattle (4 of 5; 80%) inherited their single X-chromosome from the dam. XXY
males typically inherited one X-chromosome from each parent in sheep (19 of 20; 95%) and
horses (2 of 2; 100%), whereas all cattle cases (4 of 4; 100%) inherited both X-chromosomes
from the dam. Of the XXX detected cases with parental genotypes, maternal disomy (i.e., two
maternal X-chromosomes and one paternal) accounted for 7 of detected 8 sheep (87.5%), 20
of 26 detected cattle (77%) and the sole XXX case in horses. Maternal disomy accounted for
83.3% (5 of 6) of autosomal trisomy cases in sheep, 50% (1 of 2) in horses, and 92% (124 of
135) in cattle.

Discussion

Autosomal trisomy. Across species, survival of animals with autosomal trisomy was largely
restricted to trisomies involving the smallest, gene-sparse autosomes (chromosomes 26 to 29).
Although embryonic aneuploidy occurs on most autosomes, trisomies involving larger, gene-
rich chromosomes are rarely observed in live-born animals and, when present, are generally
associated with poor postnatal viability. Animals carrying trisomies of small, gene-sparse
autosomes in the present study were more likely to survive than animals carrying trisomies of
larger, gene-rich chromosomes, supporting the Gene Balance Hypothesis. This hypothesis
proposes that increased dosage of regulatory genes disrupts macromolecular complexes and
regulatory networks, leading to lethality. The absence of autosomal monosomy cases in the
present study further indicates that haploinsufficiency for an entire chromosome is likely lethal

Sex chromosome aneuploidy. In contrast to autosomal aneuploidy, the prevalence in the
juvenile population of live-born XO individuals varied substantially among the three species
explored. In the present study, XO prevalence among live-born females was highest in horses
(0.145%), intermediate in sheep (0.126%), and lowest in cattle (0.004%) (Ryan ef al., 2024).
This pattern mirrors differences in the size of the pseudoautosomal region (PAR), which is
longest in cattle (>9 Mb) intermediate in sheep (~6—7 Mb) and shortest in horses (~1.8-2.0
Mb) (Raudsepp et al., 2012). A similar pattern is observed in humans, where the PAR 1is
relatively small (~2.7 Mb) and Turner syndrome (XO) occurs in approximately 0.05% of live-
born females. The phenotypic consequences of XO are driven by haploinsufficiency of genes
that escape X-chromosome inactivation, including PAR genes and other dosage-sensitive X-
linked loci. In species with larger PARs, XO females experience haploinsufficiency for more
dosage-sensitive genes, increasing embryonic loss and reducing the likelihood of being born
alive. A contrasting example is the mouse, which has a very small PAR (<700 kb) and in which
XO females are typically viable and fertile; genome-wide expression analyses show that the
inactive X chromosome is largely silent with very few genes escaping X-inactivation. In
contrast, humans, cattle, sheep, and horses have larger PARs and many more X-linked genes
that escape X-inactivation and need biallelic expression. Consequently, XO females in these



species suffer haploinsufficiency for those genes, leading to the severe phenotypes and the
infertile characteristic of Turner syndrome.

Implications. Although the overall sex-adjusted prevalence of aneuploidy in the juvenile
population was low (0.064% in cattle, 0.112% in sheep, and 0.163% in horses), this equates to
approximately 640 affected calves per million calf births, 1,120 affected lambs per million
lamb births, and 16 affected foals per 10,000 foal births. These estimates likely underestimate
true prevalence of aneuploidy, as animals that die perinatally are less likely to be genotyped.
In Ireland, a national cattle genotyping programme introduced in 2023 requires genotyping at
birth, including stillborn calves. Despite only 14.7% of the cattle in the present dataset being
genotyped within one month of birth, 10.7% of all autosomal aneuploidy cases detected in
animals genotyped at any stage of life were stillborn or died within 24 hours. Early-life
genotyping was even less common in sheep and horses (3.8% and 0.004%, respectively),
further suggesting that true prevalence of aneuploidy is underestimated here. Without
screening for aneuploidy, infertile candidate breeding animals, particularly XO females and
XXY natural-mating sires, may be retained, resulting in prolonged non-productive intervals
and lost reproductive opportunity. For autosomal trisomy, the majority of affected cattle and
sheep died on-farm, sometimes as late as 32 months of age, leading to the loss of all rearing
costs and additional disposal costs. Traditional karyotyping is economically prohibitive for
population-scale aneuploidy screening (€60 per test; ~€150 million to screen national calf
births in Ireland). In contrast, the SNP-based framework presented here leverages existing
genotyping data at negligible additional cost, making routine detection of autosomal and sex
chromosome aneuploidy feasible in populations already undergoing genomic testing.

Conclusions

Across the three species explored in the present study, no individuals with XO or XXY
predicted karyotypes, and no males with autosomal trisomy, had recorded progeny; it is a legal
requirement in Ireland to record all animals born, dead or alive. In contrast, some XXX females
were fertile in both cattle and sheep, while fertile autosomal trisomy individuals were limited
to female cattle. Autosomal trisomy, however, was frequently lethal. Autosomal monosomy is
likely lethal, as no cases were detected in any of the three species investigated. All these
chromosomal abnormalities were detected using a robust SNP-based approach applicable
across species and genotyping platforms, including both Illumina and Affymetrix panels. For
breed societies and registries already undertaking routine genotyping, integration of this
automated, low-cost aneuploidy screening at registration provides a practical means of
reducing downstream losses associated with infertility.

Acknowledgements

This publication has emanated from research supported in part by the Department of
Agriculture, Food and the Marine (Dublin, Ireland) Research Stimulus Fund 2019R553
(Dairy4Beef) and from Research Ireland under the grant 16/RC/3835 (VistaMilk).

References

Raudsepp T., Das P.J., Avila F., et al. (2012) Sex Dev. 6(1-3):72-83.
https://doi.org/10.1159/000330627.

Ryan C.A., Purfield D.C., Matthews D., et al. (2024) J. Anim. Breed. Genet. 141(5):571-585.
https://doi.org/10.1111/jbg.12866.

Ryan C.A., Purfield D.C., Matthews D., ef al. (2025a) J. Anim. Breed. Genet. 142(3):277-286.
https://doi.org/10.1111/jbg.12902.

Ryan C.A., et al. (2025b) Animals 15:1842. https://doi.org/10.3390/anil15131842.



https://doi.org/10.1159/000330627
https://doi.org/10.1111/jbg.12866
https://doi.org/10.1111/jbg.12902
https://doi.org/10.3390/ani15131842

