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Abstract
Background

Prolificacy is a major determinant of reproductive efficiency in sheep, yet its genetic architecture remains
incompletely understood, particularly in Canadian populations. Several genetic variants affecting ovine
fertility have been reported, notably in Bone morphogenetic protein 15 (BMP15) and Growth differentiation
factor 9 (GDF9), two genes involved in folliculogenesis. Since 2023, more than 5,000 sheep have been
genotyped as part of the development of a genomic selection program in Canada, enabling the
investigation of these variants. This study evaluated previously reported prolificacy-associated variants
and investigated the genetic basis of exceptional prolificacy in the Canadian Rideau Arcott breed.

Results

Among 30 candidate loci, three were significantly associated with litter size in specific breeds using
nearly 100,000 litter size records analyzed with linear mixed-effects models. The G6 variant in GDF9 gene
on chromosome 5 was associated with lower litter size in homozygous compared with heterozygous
Romanov ewes and compared with both heterozygous and non-carrier Dorper ewes, with significant
deviations from an additive effect. In Rideau Arcott, the G7 variant in GDF9, also known as FecGF, was
associated with increases of 0.15 and 0.25 lambs per litter in heterozygous and homozygous animals,
respectively (p < 0.01). A subsequent genome-wide association analysis on 2,317 litters from Rideau
Arcott identified two other loci on chromosome 5, and DNA sequencing revealed another GDF9 variant,
designated FecGR herein, which was associated with an increase of 0.21 lambs per litter in heterozygous
ewes (p < 0.01). After accounting for both GDF9 variants, the association at the second locus persisted,
and haplotype analyses highlighted several candidate genes within a 1.5-Mb region. These included
several SPINK family members and PPP2R2B, which encodes a regulatory subunit of Protein
phosphatase 2A (PP2A) complex and has been implicated in reproductive processes.

Conclusions

These findings provide new tools for marker-assisted selection that could complement traditional EPD-
based genetic selection, while contributing to a better understanding of the genetic architecture of ovine
prolificacy and identifying new candidate genes for future investigation.

Background

In the Canadian province of Quebec, ovine production is structured as a three-tier pyramid, in which
purebred breeders produce elite animals to meet the needs of hybridizers and commercial producers.
Within this system, breeders actively select animals according to their breed purpose, including
prolificacy, maternal ability, and terminal growth and meat traits. Among purebred animals born within
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the last 10 years and registered in the national genetic selection program, GenOvis, prolific breeds are
currently predominant, with 34% and 28% of registrations corresponding to the Rideau Arcott and
Romanov breeds, respectively (GenOvis, personal communication). The Rideau Arcott is a Canadian
fixed synthetic breed developed at the Animal Research Institute of Ottawa, Ontario, over a 16-year
period beginning in 1972 (1, 2). It was developed from 10 breeds, with Finnsheep, Suffolk, and East
Friesian contributing the largest proportions (40%, 20%, and 14%, respectively) (1, 2). Animals resulting
from these controlled crosses were primarily selected for prolificacy, with an average ovulation rate of
3.25 ova per ovulation and 2.5 to 2.9 lambs per litter in adult ewes (1). In contrast, the Romanov is an
older breed developed in Russia at the end of the 17th century (3). Since then, it has been raised as a
purebred or used in crossbreeding programs in many countries because of its high prolificacy, averaging
up to 3.5 lambs per litter (4).

In addition to being an important breed purpose, prolificacy is of particular interest to breeders who
derive part or most of their income from the sale of breeding stock. Until 2023, selection for prolificacy in
Canadian purebred flocks was based exclusively on expected progeny difference (EPDs) and/or
phenotypic records, as none of the purebred breeders routinely tested animals for known major
prolificacy-associated markers. However, genomic variation underlying prolificacy may already
contribute indirectly to selection through EBVs. Indeed, a study of prolificacy-associated genetic markers
in the Lacaune breed in France showed that influential genomic variants can affect the value and
accuracy of EBVs, thereby resulting in indirect selection on these variants (5). Numerous genetic variants
have been reported to significantly affect ovulation rate and litter size in sheep (Additional file 1). These
variants exhibit diverse modes and magnitudes of action, with some causing sterility in the homozygous
state (6—10), whereas others span a continuum of genetic effects ranging from additive effects to
varying degrees of dominance (11-13). Most of these variants have been identified in two transforming
growth factor-beta (TGF-B) family genes: 11 in Bone morphogenetic protein 15 (BMP15) and seven in
Growth differentiation factor 9 (GDF9). Both genes are expressed in oocytes and are involved in the early
stages of folliculogenesis (14, 15). Other variants have been identified in the TGF-B receptor gene Bone
morphogenetic protein receptor 1B (BMPR1B) (16-18), as well as in genes outside the TGF-B pathway.
These include beta-1,4-N-acetyl-galactosaminyl transferase 2 (B4GALNT2), which is involved in ovarian
protein glycosylation during folliculogenesis (19); the leptin receptor gene (LEPR), which is associated
with the regulation of nutritional pathways (20-22); and MTNR1A, which encodes a melatonin receptor
and has been associated with effects on the oestrous cycle and fertility, as reviewed elsewhere (23).
Furthermore, interactions among variants within the same gene or across different genes have been
reported, including interactions involving GDF9 and BMP15, BAGALNT2 and BMP15, and BMP15 and
BMPR1B (6, 12, 24-28).

Several of these variants were initially identified through phenotypic observations, either from unusually
high litter sizes or from increased variation in litter size associated with the incomplete segregation of
prolificacy-associated markers within a population (29-32). Others were identified through genome-wide
association studies using genotyping data (25, 26, 33, 34). Sequencing and other omics approaches
were subsequently used in some studies to identify the causal or candidate variants among linked
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polymorphisms (19, 25, 31, 33). Most of these known markers are now included in SNP array panels,
enabling their screening across populations. Since 2023, Canadian purebred breeders have been
provided with genomic reports to support marker-assisted selection. These reports provide the status of
more than 30 known markers; however, the phenotypic effects of many polymorphic markers have not
yet been characterized in several of the breeds raised in Canada. Given the observed variation in litter
size within some of these breeds, the objectives of this study were therefore to investigate the potential
effects of known prolificacy-associated markers segregating in sheep breeds reared in Canada and to
explore the genetic background underlying the hyperprolificacy of Rideau Arcott ewes.

Methods
Animals and phenotypic datasets

Animal and phenotypic data, including flock information, birth information, and litter size records, were
extracted from the Canadian sheep genetic evaluation program database (GenOvis). Four main datasets
were defined for this study. The numbers of ewes and flocks represented in each breed and dataset are
presented in Additional file 2.

The Pheno dataset consisted of phenotypic records from all purebred ewes born between 2013 and 2026
in a flock participating in the genomic program, with or without genotyping data. This dataset was used
for the phenotypic analyses. Breed codes were attributed as follow : Border Cheviot (BC), Border
Leicester (BL), Canadian Arcott (CD), Charolais (CO), Dorper (DO), Dorset Polled (DP), East Friesian (EF),
Finnsheep (FN), Hampshire (HA), lle de France (IF), Katahdin (KA), North Country Cheviot (NC), Oxford
(OX), Polypay (P0O), Rideau Arcott (RI), Romanov (RV), Southdown (SO), Suffolk (SU), Texel (TX), White
Dorper (WD).

The Marker dataset included phenotypic and genomic data from breeds represented by at least 10
genotyped purebred ewes per participating flock. This dataset was used to investigate the effects of
known genetic variants associated with prolificacy.

The GWAS dataset was a subset of the Marker dataset and included only genotyped multiparous Rideau
Arcott ewes with a minimum of three registered litters. This criterion was applied to obtain more reliable
estimates of individual mean litter size. Phenotypic and genotypic data from these animals were used
for genome-wide association analyses.

The WGS dataset consisted of a selection of Rideau Arcott ewes from the GWAS dataset, representing
the different carrier-haplotype statuses identified in the population. These animals were whole-genome
sequenced to investigate the presence of additional prolificacy-associated variants in the Rideau Arcott
breed.

Genotyping data

Page 5/33



Genotyping data have been collected since 2023 as part of the development of the Canadian sheep
genomic selection program. 3-mm ear punches were collected from animals privately owned by sheep
breeders on a voluntary basis, using Tissue Sampling Units (TSU) and following Allflex sampling
guidelines (Allflex Livestock Intelligence, Madison, WI, USA). The sampling protocol was approved by the
Université Laval animal welfare committee (VRR-23-1362). Genotyping was performed using one of two
custom versions of the Illumina OvineSNP50v3 HTS BeadChip. The first and second versions included
65,088 and 65,477 SNPs, respectively. The second version, implemented in 2024, was upgraded to
include additional variants previously reported in the ovine literature. Genotyping data were retrieved
from the sheep genomic database GenOvine, hosted at the non-human genomic data center of
Université Laval (Genovalia, Québec, QC, Canada).

Genomic data filtering was performed using VCFtools v0.1.76 (35). For all analyses, animals with a call
rate below 97.5% were removed. For the known candidate variant analyses using the Marker dataset,
genotypes corresponding to candidate variants were extracted, and no additional variant-level filtering
was applied to avoid excluding variants with low alternative allele frequencies. For the GWAS dataset,
duplicated SNPs and SNPs with a call rate below 98% or a minor allele frequency (MAF) below 5% were
removed. Mitochondrial and Y-chromosome SNPs were also excluded, whereas X-chromosome SNPs
were retained to avoid removing variants located in reproduction-related genes, such as BMP15. These
filtering steps resulted in a dataset of 50,531 SNPs for subsequent analyses. No filtering based on
linkage disequilibrium or Hardy—Weinberg equilibrium was performed. Genotype imputation was
subsequently performed using Beagle v5.7 (36) with default parameters. A post-imputation MAF filter
removed two additional SNPs, resulting in a final genomic dataset of 50,529 SNPs.

Phenotypic analyses

The relationship between the mean and variance of litter size within breeds was assessed as previously
described by Chantepie et al. (26). Briefly, phenotypic records from primiparous and multiparous ewes
were considered for breeds with at least 100 registered litters and represented in at least two flocks.
Breed-specific mean and variance of litter size were calculated from these records. A second-order
polynomial regression was fitted to assess the relationship between the mean and variance of litter size,
with the quadratic coefficient constrained to be negative to reproduce the concave relationship
previously described (29). Models were fitted using the Im function from the stats package in R (R Core
Team (2026)) and the coefficient of determination (R?) was obtained from the same package.

Known markers effects analyses

A linear mixed-effects modelwas used to assess the effects of potential reproduction-related variants on
litter size, using the Imer function from the Ime4 and ImerTest packages (38,39). The tested variants and
their allele frequencies within each breed are presented in Additional file 1. Correlations among potential
fixed and random-effect variables were assessed using the cor function from the stats package in R (R
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Core Team (2026)). Dam age at lambing was removed from the models because it was highly correlated
with parity number (r = 0.96). Ewe birth year was also excluded to avoid accounting for the genetic
component associated with past selection for litter size, which could potentially influence allele
frequencies. For each breed, flock at lambing, parity number, and lambing month were included as fixed
effects when sufficient variation was observed. Litter size records were not averaged across parities to
avoid potential bias resulting from the unequal number of parities represented among ewes. Therefore,
ewe ID was included as a random effect to account for the repeated records of individual ewes.

The variables included in each marker-by-breed analysis are reported in Additional file 3. Genotypes were
fitted as categorical factors to avoid imposing a linear mode of inheritance. Global variant effects were
assessed using type Il ANOVA from the car R package (40). P-values were corrected for multiple testing
within each breed using the Benjamini—Hochberg false discovery rate (FDR) procedure implemented in
the p.adjust function. Notably, only one variant from each of the GDF9_R87H/GDF9_E241K and
MTNRTA_612/MTNR1TA_706 pairs was tested to avoid duplicating the same analysis and introducing
bias into the FDR correction.

The emmeans and cld.emmGrid functions from the emmeans v2.0.3 package (41) were used to estimate
estimated marginal litter size means for each genotype when a significant global variant effect was
detected by ANOVA and to perform Tukey-adjusted post hoc pairwise comparisons. For variants
showing a significant global effect and represented by the three genotypes (wild-type, heterozygous, and
homozygous carriers), the additive component was further assessed by testing the deviation of the
genotype marginal means from a linear inheritance pattern corresponding to 0, 0.5, and 1, using the
contrast function from the emmeans package.

Genome-wide association for prolificacy in Rideau Arcott
breed

The association between polymorphisms retained after genotyping-array filtering and litter size in Rideau
Arcott ewes from the GWAS dataset was conducted in two steps. First, the known prolificacy-associated
FecGF marker was not included in the model to assess its potential influence on the distribution of
GWAS p-values. Second, genotypes for the FecGF marker were included as an additional fixed effect to
account for its effect.

Litter size was modeled using a linear mixed-effects model with the same fixed and random effects as
those described previously for the known marker analyses. The residuals from the linear mixed-effects
model were extracted and averaged across records for each ewe. These mean residuals, which
accounted for the fixed and random effects included in the preliminary model, were then used as the
response variable in the GEMMA association analysis (42). To account for genetic relatedness among
animals, a VanRaden additive genetic relationship matrix (GRM) was calculated using the G.matrix
function from the snpReady package (43), based on the genotype dosage file generated with PLINK v1.9

Page 7/33



(44). The resulting GRM was incorporated into the GEMMA model along with the mean residuals. The
Manhattan() and qq() functions from the ggman R package (45) were used to visualize the GWAS results.
Genome-wide significant (p = 0.05) and suggestive (p = 0.10) thresholds were adjusted for multiple
testing using the Bonferroni correction.

Additive and dominance GRMs were also used to estimate litter size heritability. These GRMs were fitted
as random effects together with the previously described fixed and random effects in a linear mixed-
effects model implemented using the mmer function from the sommer R package (46).

Fine-mapping and haplotype analysis

Based on the GWAS signal observed on chromosome 5, fine-mapping was performed to identify
haplotypes most likely carrying a variant associated with litter size. A 2-Mb region surrounding the SNP
with the lowest P-value (s21241.1) was extracted for all animals in the GWAS dataset and divided into
overlapping 10-SNP windows using a custom R script. For each 10-SNP window, a haplotype library was
generated based on the haplotype phase estimated during the previous Beagle v5.7 imputation step. The
association between litter size and each haplotype was then assessed using the same statistical model
as that used for the known marker analyses and GWAS, with the known FecGF genotype included as a
fixed effect.

For each window, haplotypes with P-values below 0.10 were retained and merged when the same
haplotype was conserved across two consecutive windows based on the nine overlapping SNPs. The
ends of merged haplotypes were defined when the P-value increased above 0.10, indicating that the
suggestive association was no longer maintained. Following concatenation, the two long haplotypes
with the lowest P-values were selected and cropped at positions where the P-value increased twofold,
thereby retaining the most strongly associated intervals. These two final long haplotypes (LH1 and LH2)
were then included in the statistical model to confirm that their associations remained significant after
consolidation.

To select animals for whole-genome sequencing, identity by state (IBS) was calculated using the
snpgdsIBS function from the SNPRelate package (47). Animals were selected to ensure representation of
each haplotype while minimizing IBS among selected animals, thereby maximizing the number of
genetic lineages represented. A total of 24 Rideau Arcott ewes were selected from the GWAS dataset to
form the WGS dataset and short-read paired-end whole-genome resequenced using an Illumina NovaSeq
platform (2 x 150 bp) with PCR-free shotgun DNA library preparation. Raw reads were trimmed using
fastp v0.24.0 (48), and quality control was assessed using FastQC v0.72.7 (49). Reads were aligned to
the ARS-UI_Ramb_v3.0 reference genome (GCF_016772045.2) using BWA v0.7.18 with default
parameters (50). The GATK v4.6.1.0 pipeline was used to mark duplicate reads, perform base quality
score recalibration, and call variants using the HaplotypeCaller workflow, specifying the GVCF mode (51).
Low-quality SNPs were excluded using the VariantFiltration function with the following thresholds: QD <
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2.0,FS >60.0, MQ < 40.0, SOR > 3.0, MQRankSum < -12.5, and ReadPosRankSum < -8.0. The mean
autosomal sequencing depth was 16.65x (SD = 2.35).

Sanger sequencing and model correction for the new GDF9
variant

To characterize the effect of the newly identified g.42114679C>T variant of GDF9 gene, which is outside
the carrier haplotype region, and to correct the model used for the GWAS analyses accordingly, all ewes
from the GWAS dataset were genotyped by Sanger sequencing. The region was amplified using the
following primers: forward 5-CACTCAAAGGGCTATACTTGG-3' and reverse 5'™-
GGATGGAGATTGATGTGACG-3', with the forward primer also used for sequencing. The amplified region
included the FecGF and GDF9 G6 variants, allowing validation of FecGF genotypes and determination of
GDF9 G6 genotypes for animals genotyped using the first version of the genotyping array, which did not
include this variant.

The effect of the g.42114679C>T variant was evaluated using the same modeling and statistical
procedures described for the known marker analyses. The individual effects of FecGF, G6, and
9.42114679C>T, as well as their interactions and the effects of their multilocus genotype combinations,
were also characterized. The best-fitting model, based on the Akaike information criterion (AIC),
calculated using the AIC function in R (R Core Team, 2026), was used to obtain residuals following the
same procedure as that described for the FecGF correction step in the GWAS analysis. These residuals
were subsequently used to investigate the GWAS peak signals and determine whether the newly
identified GDF9 variant accounted for the association signal within the long haplotypes defined above or
represented a separate associated variant.

Exploration of variants within carrier haplotypes

Following the persistence of the association signal at s21241.1 after model correction for the newly
identified GDF9 variant, WGS variants located within the previously identified potentially carrier long-
haplotype (LH) regions (chromosome 5, g.55708610 to g.57224603), or between the boundaries of these
regions and the adjacent polymorphism represented on the genotyping array (g.55653839 and
g.57268067), were extracted. Variants with fewer than three copies of either the reference or alternative
allele, including monomorphic variants, as well as variants with a call rate below 90%, were filtered out.

Potentially causal variants were prioritized using three complementary metrics, applied separately to
LH1 and LH2. The first metric was a correlation-based approach measuring the correlation between
each WGS variant and LH status, together with its statistical significance, using the cor.test function with
the Pearson method (R Core Team, 2026). Variants showing a correlation coefficient significantly
different from zero (P < 0.05) were retained according to this metric.
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The second metric identified variants matching specific genotype patterns according to LH carrier
status. Variants were retained if they met the following conditions: (1) all animals carrying two copies of
LH2 were homozygous for the alternative allele (no animals were homozygous for LH1 in the dataset);
and (2) all animals carrying one copy of either LH were either heterozygous or homozygous for the
alternative allele. Only variants fulfilling these conditions were retained according to this metric.

The third metric assessed the allele-frequency gradient between animals carrying at least one copy of
the LH and non-carrier animals. An exact Fisher's test was performed for each WGS variant using the
fisher.test function (R Core Team, 2026). Variants showing a significant positive allele-frequency
difference, indicating enrichment of the alternative allele among LH carriers, were considered potential
causal variants according to this metric.

The final list of candidate WGS variants included variants fulfilling at least two of the three metrics,
regardless of whether the metrics were met for the same LH or for different LHs. An UpSet plot was
used to visualize the overlap among variants identified by the different metrics and associated with each
long haplotype, using the UpSetR package (52). Variant-effect predictions were obtained using the
command-line version of VEP (53). Finally, the presence of the alternative allele was investigated in six
Hampshire and eight Suffolk animals for which WGS data were available.

Results

Phenotypic analysis of litter sizes among breeds reared in
Canada

Variation in litter size has led to the discovery of numerous major-effect mutations in sheep. The
segregation of these variants within populations increases phenotypic variance, which has previously
been used as a tool to identify new mutations (29). The regression of litter size variance on mean litter
size across 20 sheep breeds reared in Canada showed a similar relationship to that previously described
when breeds with a mean litter size greater than two lambs per litter were excluded (Figure 1, purple
line). Including the Romanov breed, whose prolificacy has been hypothesized by some authors to have a
polygenic basis (54-56), highlighted the higher-than-expected litter size variance of Rideau Arcott and
Finnsheep breeds relative to the regression line (Figure 1, orange line). The litter size variances of these
two breeds remained above the regression line when they were included in the regression model (Figure
1, red line). Excluding the prolific breeds resulted in a lower coefficient of determination (R2 = 0.89)
compared with the model including all breeds (R? = 0.95). Conversely, excluding the Rideau Arcott and
Finnsheep breeds resulted in a slight numerical improvement in model fit, with an R? of 0.98.

Investigation of known markers’ effect on litter size
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Thirty variants previously reported to affect ewe prolificacy or potentially contribute to its variation are
currently included on the Canadian custom genotyping array (Figure 2). Among these, only ten were
polymorphic in at least one of the breeds investigated in the present study. In addition, MTNR1A_612 and
MTNR1A_706 and GDF9_R87H and GDF9_E241K were in complete linkage disequilibrium in the studied
dataset (Figure 3; Additional file 2). Investigation of the effects of these variants on litter size identified
three variants with a statistically significant effect (Table 1; Additional file 3).

Within the GDF9 gene, the FecGF mutation (GDF9_V371M; G7) was significantly associated with
increased litter size in Rideau Arcott ewes. Heterozygous and homozygous animals showed 6% and 10%
higher estimated marginal means (EMMs), respectively, compared with non-carrier animals. No
significant difference was observed between heterozygous and homozygous animals; however, litter size
showed a numerical increase in homozygous animals, with no significant deviation from the additive
model. Similar numerical differences were observed in other breeds carrying FecGF, including Canadian
Arcott, East Friesian, and Polypay, although none showed a statistically significant effect.

The GDF9 G6 variant was significantly associated with litter size in Romanov and Dorper breeds.
Interestingly, heterozygous animals had higher EMM litter sizes than homozygous animals in both
breeds, resulting in a significant deviation from the additive inheritance pattern. Homozygous animals
had lower estimated litter sizes than non-carriers in Dorper ewes, whereas this difference was only
numerical in Romanov ewes.

Within the BMP15 gene, despite the small sample size available for White Dorper, ewes homozygous for
the L252P variant had significantly higher EMM litter sizes than heterozygous animals. However, the
presence of only one non-carrier animal prevented a clear assessment of the effect of the variant relative
to the non-carrier genotype and made the assessment of deviation from additivity unreliable.

Table 1 Genetic candidates with significant effects on litter size.
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Candidate Breed p- Genotype Number pgpmm+Sg2  Contrast p-

value' (D)3 value®

FecGF RI 0.0008  WT 238 0 48+0.062  0.03 0.4
HET 371 2.63+0.05P
HOM 109 2.73+0.07"

GDF9_V332I DO 0.008  WT 18 15440.14>  0.31 0.01

(G6)

HET 14 1.66+0.16P
HOM U 1.1740.17°

RV 0.008  WT 162 2.9740.09% 0.18 0.002
HET 221 3.06+0.09P
HOM 97 2.79+0.1°

1. False discovery rate correction applied using number of markers tested, per breed.

2. Estimated marginal mean (EMM) of litter size + standard error (SE). Superscripts represented post-
hoc Tukey statistical grouping on EMM.

3. Contrast of EMMs with expected linear regression values and associated deviation’s p-value.

Discovery of new potential markers associated with litter
size in the hyperprolific Rideau Arcott breed

Following confirmation of the effect of FecGF in the Rideau Arcott breed, a genome-wide association
analysis (GWAS) was performed, as non-carrier ewes also exhibited high prolificacy. The additive
heritability of litter size within the GWAS dataset was estimated at 0.10, which is considered low. The
GWAS, performed on litter size records from 462 ewes with at least three registered litters, identified the
three most strongly associated SNPs within or near the GDF9 gene, none of which corresponded to the
FecGF variant. These results further emphasized the contribution of the GDF9 region to prolificacy in the
Rideau Arcott breed (Figure 4A and B; Additional file 4). No deviation from the expected distribution of p-
values was observed in the tail of the quantile—quantile plot, indicating sufficient correction for
population structure and kinship. The strong associations of the three variants near GDF9 were readily
detectable (Figure 4C). Including the FecGF variant as a fixed effect in the linear mixed-effects model
resulted in a sharp reduction of the association signal in this region (Figure 4D and E). However, an
increase in the association signal was observed approximately 14 Mb downstream of GDF9, with the p-
value of the g.56108129C>T variant (designated s21241.1 on the lllumina panel) approaching the
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suggestive threshold (Figure 4D and E; Additional file 5). This signal was therefore considered
sufficiently strong to warrant further investigation of the variants in this region.

The reconstruction of haplotypes potentially carrying the causal variant led to the definition of two long
haplotypes (LH1 and LH2), each comprising 14 variants, including s21241.1, and spanning 1.5 Mb on
chromosome 5 (g.55708610—g.57224603). Including both long haplotypes (LH1 and LH2) along with
FecGF in the linear mixed-effects model improved model fit by 10 AIC units compared with the model
including s21241.1 with FecGF, and by 22.4 AIC units compared with the model including FecGF alone.
These results demonstrated the added value of including LH1 and LH2 in the model and confirmed the
persistence of a statistically significant association (Additional file 6). The animals selected for whole-
genome sequencing consisted of ten non-carriers, six LH1 heterozygotes, five LH2 heterozygotes, the
only LH2 homozygote and the only two animals heterozygous for both LH1 and LH2.

In light of the signal neighbouring FecGF observed in the initial GWAS, the GDF9 gene was first
investigated using whole-genome sequencing data. This analysis led to the detection of a newly reported
mutation (Figure 5A—C). This missense cytosine-to-thymine substitution at position 42114679 (ARS-
UI_Ramb_v3.0), located in exon 2 of GDF9, results in an amino acid substitution from aspartic acid to
asparagine at position 270 (D270N). Subsequent Sanger sequencing of the GWAS animals, combined
with previously available sequencing data, identified 94 heterozygous and one homozygous animal, while
the remaining 367 animals were non-carriers, corresponding to an alternative allele frequency of 10.4%
(Figure 5D). Including this variant as a fixed effect in a linear mixed-effects model revealed a significant
association with litter size (p = 0.002), with heterozygous ewes having an estimated marginal mean
(EMM) litter size 0.21 lambs higher per litter than non-carriers (Additional file 7). The EMM litter size of
the single homozygous ewe was 3.21 lambs per litter based on her four registered litters, corresponding
to a non-significant difference of an additional 0.65 lambs per litter compared with non-carriers.
Following the detection of this significant association for g.42114679C>T, the variant was designated
FecGR herein, with “R” referring to the Rideau Arcott breed, following the nomenclature commonly used
for GDF9 mutations in sheep (6).

To select the best model for extracting residuals for a subsequent conditional GWAS accounting for litter
size associated GDF9 variants, linear mixed-effects models including FecGF and FecGR, either
individually or as combined genotypes (diplotypes), were tested (Additional file 7). The G6 GDF9 variant
was also included in several models to evaluate potential interactions with the two other GDF9 variants.
No significant interactions between the GDF9 variants were observed. However, the combined FecGF-
FecGR genotype was associated with a significantly higher estimated marginal mean (EMM) litter size
compared with animals carrying neither variant and those carrying only one of the two variants in the
heterozygous state (Figure 6). Interestingly, the FecGF-G6 combination resulted in an EMM litter size
approaching that of FecGF homozygotes, while animals carrying the FecGR-G6 combination had EMM
values similar to those of FecGF-FecGR carriers, although these differences were not statistically
significant. Including FecGF and FecGR in the same model as combined genotypes also increased their
estimated effects, as comparisons could then be made with animals carrying neither variant. For
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example, the estimated marginal litter size mean increased from 6% to 8.5% and from 8% to 10% in
heterozygous ewes carrying FecGF and FecGR, respectively (Additional file 7). The model including
FecGF and FecGR as individual genotype effects provided the best fit (Additional file 7) and was therefore
selected to generate the residuals for the subsequent GWAS, aiming to assess the persistence of the
$21241.1 association signal (Figure 4F and G). This conditional GWAS showed an increased association
signal for s21241.1, which exceeded the suggestive significance threshold compared with the previous
GWAS accounting for FecGF alone (Additional file 8).

Fine-mapping of the region surrounding the GWAS peak was performed using an initial set of 17,352
variants meeting the defined region and filtering steps. Among these variants, 8,906 fulfilled the
threshold for at least two of the three detection metrics (correlation, genotype pattern restriction, and
allele-frequency gradient), while 1,998 and 2,852 variants fulfilled all three metrics for LH1 and LH2,
respectively (Figure 7A; Additional file 9). Of these, 431 variants commonly passed the filtering criteria
for both haplotypes. Assessment of alternative allele presence in Hampshire and Suffolk whole-genome-
sequenced animals further narrowed this set to 16 variants. Of these, 12 were located within introns of
PPP2R2B, two were located downstream of SPINK1, and two were located in intergenic regions (Figure
7B). Additional variants located within other genes and not represented in the Hampshire and Suffolk
dataset were also identified, but none were common to both LH1 and LH2.

Discussion

Along with Bone morphogenetic protein 15 (BMP15), Growth differentiation factor 9 (GDF9) is a member of
the transforming growth factor beta (TGF-B) superfamily that is expressed in the oocyte and acts during
the early stages of folliculogenesis (14, 15, 57). GDF9 is one of the major genes implicated in sheep
prolificacy, with at least seven variants reported to increase ovulation rate or litter size (9, 10, 12, 13, 31,
34, 58). Among the 13 breeds investigated in the present study, three GDF9 variants, G6, FecGF, and
FecGR, were significantly associated with litter size.

The G6 variant was first identified in two Cambridge ewes and results in a nonpolar valine-to-isoleucine
substitution at position 332 of the GDF9 protein (6). Since its initial description, this mutation has been
reported in several breeds (59, 60), as was also observed in the present study, where it was polymorphic
in all but one breed. Our analyses revealed an overdominant pattern in both Romanov and Dorper ewes,
with heterozygous animals exhibiting greater adjusted litter size than homozygotes in both Romanov
and Dorper breeds. A greater prolificacy of heterozygotes compared with homozygotes has also been
reported in the Luzhong breed and in Suffolk x Ujimgin crossbred animals (61, 62). This pattern
contrasts with the numerical increase in litter size from non-carriers to homozygotes reported in the first
study associating G6 with prolificacy in the Araucana breed (58). The overdominant pattern observed for
G6 is consistent with the peculiar reproductive effects reported for several BMP15 and GDF9 mutations.
For most variants, homozygous ewes are sterile, whereas heterozygous ewes exhibit increased
prolificacy compared with non-carriers (6, 7, 9, 11, 25, 28). In contrast, homozygous ewes carrying other
mutations, including FecXGR, FecXO, FecXN, FecGE, and FecGF, are hyperprolific (13, 26, 33, 34). These
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contrasting phenotypic effects have been proposed to result from the sensitivity of the underlying
pathways to alterations in ligand—receptor affinity, as well as from imbalances among the different
active homodimeric and heterodimeric forms of GDF9 and BMP15 (33, 57). The previously described
structural changes induced by the G6 mutation could therefore alter these interactions, potentially
contributing to the higher prolificacy of heterozygotes and the lower, but still elevated, prolificacy of
homozygotes. In this context, G6 may represent one of the variants contributing to the prolificacy of the
Romanov breed (59, 63, 64), which has previously been hypothesized to have a polygenic architecture
(54-56). This could also explain the results presented in Fig. 1, with the Romanov breed showing greater
variance in litter size than predicted by extrapolating the regression based only on breeds with a mean
litter size below two lambs per litter.

Likewise, the high prolificacy of Finnsheep was also hypothesized to result from a polygenic background
as early as 1996 (54). Subsequently, the FecGF (G7, V371M) mutation in GDF9 was identified in Belclare,
Cambridge, and Norwegian White Sheep (6, 34), all of which were developed with a contribution from
Finnsheep. Based on these breed relationships, Vage et al. (34) hypothesized that the variant originated
from Finnsheep, a hypothesis that was supported one year later by the detection of the mutation at a
mean frequency of 0.30 in a Finnsheep control population (12). In the Finnsheep population reared in
Canada, FecGF was detected at a frequency of 13% among the 39 genotyped animals, including eight
heterozygotes and one homozygote, which is considerably lower than the previously reported frequency.
However, given the small number of genotyped animals, no litter size analysis was conducted. The high
variance in litter size relative to the average observed in this study could, however, support an effect of
this variant in this breed. In contrast, the mutation was detected at a frequency of 40% in the Rideau
Arcott breed, for which approximately 40% of the genetic background has been estimated to originate
from Finnsheep (1, 2). The high number of genotyped animals and the availability of extensive litter size
records allowed us to confirm linear increases of 0.15 and 0.25 lambs per litter compared with non-
carrier animals for heterozygous and homozygous ewes, respectively. The increase observed in
heterozygous ewes is consistent with the previously reported, although non-significant, increase of 0.13
lambs per litter in heterozygous Belclare ewes, whereas the effect observed in homozygous animals was
considerably lower than the increase of 0.69 lambs per litter previously reported based on only two
homozygous animals (12). No significant effect of FecGF was detected in Canadian Arcott, Polypay, or
East Friesian ewes. These results were expected given the small number of heterozygous and the
absence of homozygote ewes identified in these breeds. When considering the entire genotyped
population, including both males and females, FecGF frequencies were 6% in Canadian Arcott and 7% in
both Polypay and East Friesian. The presence of the mutation in East Friesian remains unexplained, as
the populations investigated originated from different regions and neither breed was developed from the
other. Past crosses between these populations could provide one plausible explanation.

As for FecGF, the recently reported mutation designated FecGR herein (9.42114679C > T) was also

identified in the East Friesian genome GCA_018804185.1 (NWAFU_Friesian_1.0; BioProject

PRJNA721520) at position g.42458995 (65). The presence of this mutation in an East Friesian genome

is consistent with its detection in the Rideau Arcott population, as approximately 14% of the initial breed
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composition was derived from East Friesian (1, 2). However, the variant was not detected by Sanger
sequencing in the six East Friesian ewes with the highest average litter size based on at least three litters
in the Pheno dataset. This may be related to the absence of strong selection for prolificacy in this dairy
breed, where breeders' income is primarily derived from milk rather than lamb production. Following the
discovery of FecGR in Rideau Arcott sheep and in the East Friesian genome after investigating its origin
as part of the present study, we found that the mutation initially considered novel had already been
reported in a previous conference proceeding as being part of GDF9 gene intron (66), whereas its
position corresponds to exon 2 according to the current gene annotation. FecGR was identified in
Australian maternal multibreed/admixed animals involving Border Leicester, Corriedale, and Coopworth,
with a suspected origin in Finnsheep (66). The mutation was subsequently also detected in Coopworth
and in composite animals from the International Sheep Genome Consortium population. Coopworth is a
synthetic breed developed from Border Leicester and Romney (67), with both breeds also contributing to
the development of Rideau Arcott (1, 2). Nevertheless, the variant was not detected in either Finnsheep
or Border Leicester among the six highest-prolificacy individuals genotyped in Canada, leaving the origin
of the FecGR mutation in the Rideau Arcott breed unresolved. Phenotypically, one copy of FecGR was
associated with an increase of 0.21 lambs per litter in Rideau Arcott ewes, consistent with the previously
reported increase of 0.22 lambs per litter (66). Further investigation will be needed to characterize the
effect of FecGR in homozygous ewes, as only a small number of highly prolific homozygous animals
were identified in both the present and previous study.

Several studies have documented combined effects of carrying variants in GDF9, BMP15, BMPR1B, or
B4GALNT2 simultaneously (6, 12, 24-28). The significantly higher estimated marginal litter size
observed for ewes carrying both FecGF and FecGR in the present study is consistent with these previous
reports. In contrast, the estimated marginal means of litter size for animals carrying FecGF and G6 or
FecGR and G6 in the heterozygous state did not differ significantly from those of the other genotype
combinations, despite a numerical pattern that could be consistent with an additive effect (Fig. 6). These
combinations warrant further investigation, as only a small number of Rideau Arcott ewes carrying G6 in
combination with FecGF or FecGR have been genotyped to date. Furthermore, further characterization of
the haplotypes carrying these three mutations would be valuable, as no homozygous animals for one
mutation were found to carry another mutation. This pattern suggests that these closely spaced variants
may be inherited within specific haplotypes, although the available sample size does not allow the extent
of recombination between these sites to be determined.

Previous studies in sheep have identified genes outside the TGF-B superfamily that have major effects
on prolificacy (19, 21). For example, heterozygous ewes carrying one copy of the FecL variant in
B4GALNT2, which encodes a glycosyltransferase, have been reported to produce an additional 0.5 lamb
per litter on average (5). In Rideau Arcott, the persistence of an association signal around 56 Mb on
chromosome 5 after accounting for FecGF and FecGR in the GWAS suggested that another variant could
contribute to the high prolificacy of this breed. Fine-mapping of this region using whole-genome
sequencing data and haplotype screening highlighted eight main genes, two of which contained variants
fulfilling all three detection criteria in both long haplotypes (LH1 and LH2). Two downstream variants
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were identified within SPINK7, which encodes serine peptidase inhibitor Kazal type 1, a protein that
inhibits serine proteases (68). In reproduction, SPINK1 has been reported to modulate sperm physiology,
including sperm capacitation, by reducing endogenous nitric oxide concentrations (69). However, to our
knowledge, no role for SPINK1 in female reproduction has been reported. Three additional SPINK family
genes, SPINKS5, SPINK6, and SPINK14, are also located within the fine-mapped region. Interestingly,
SPINKS5 is expressed in the human female reproductive system, including the ovaries, according to the
Human Protein Atlas, and has been reported to interact with CSGALNACTT1 (70), a glycosyltransferase
also expressed in human ovaries (71). A potential interaction with inhibin subunit beta A (INHBA) is also
suggested by the STRING interaction database, which is consistent with the proposed mechanism by
which the FecL variant in the B4GALNT2 gene may affect prolificacy, namely through the glycosylation of
inhibin subunits (19). These interactions further support SPINK5 as a potential candidate gene. However,
no variants common to both LH1 and LH2 were identified within this gene. The criteria used to prioritize
variants, including correlation, genotype pattern restriction, and allele-frequency gradient, may be biased
if the causal variant is present across multiple haplotypes. In such a situation, comparing the two carrier
haplotypes with the remaining animals could reduce the ability of these metrics to discriminate the
causal variant. Conversely, restricting the analysis to variants shared between LH1 and LH2 could also
exclude causal variants if different variants independently contribute to the association observed in the
two haplotypes. Therefore, other SPINK genes, as well as additional genes and long non-coding RNAs
located within the haplotypic region, cannot be fully excluded as potential contributors to the observed
association.

The second gene commonly retained after haplotype filtering was Protein Phosphatase 2 Regulatory
Subunit B beta (PPP2R2B). PPP2R2B encodes a regulatory subunit of protein phosphatase 2A (PP2A), a
serine/threonine phosphatase that dephosphorylates target residues in a site-specific manner (72). The
primary role of PPP2R2B within the PP2A complex is to recruit specific substrates, thereby contributing
to substrate recognition and protein—protein interactions (72). PPP2R2B RNA has been detected in
human oocytes according to the Human Protein Atlas and has also been reported in human (73) and
mouse oocyte (74). Recently, PPP2R2B mRNA was identified as interacting with miRNAs involved in a
key reproduction-related subnetwork constructed by comparing miRNA expression between sheep
breeds with high and low prolificacy (75). The biological plausibility of PPP2R2B as a candidate gene is
further supported by the established role of PP2A in oocyte meiotic processes and female fertility in
mice. More specifically, altering the Aa subunit of PP2A, encoded by PPP2R1A, which has a structural
role within the PP2A complex (72), was associated with increased aneuploidy and embryonic mortality
through effects on meiotic spindle length and chromosome alignment and segregation (76).
Consequently, approximately three times fewer embryos successfully implanted compared with controls
(76). Inactivation of PP2A catalytic subunits has also been shown to affect kinetochore—microtubule
attachment during meiosis | in mice (77). Interestingly, PPP2R1A was also identified in a differentially
expressed protein network when comparing high- and low-prolificacy sheep breeds in another recent
study (78). The identification of PP2A subunit genes in two independent reproduction-related studies in
sheep therefore provides additional support for a potential role of PP2A in sheep prolificacy. Although no
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coding variants in PPP2R2B remained after filtering based on the fine-mapping criteria, 12 intronic
variants, including two deletions and one 13-bp insertion, were retained. Intronic variants can influence
several aspects of the splicing process, affecting the final transcript (79). As previously reviewed,
alternative splicing can occur within genes encoding PP2A regulatory subunits and may affect their
subcellular localization and function (72). Altered splicing therefore represents one possible mechanism
through which these intronic variants could influence PPP2R2B function and, consequently, reproductive
processes associated with prolificacy in sheep.

Altogether, FecGF, FecGR, and the new locus surrounding SPINK genes and PPP2R2B may explain part of
the high prolificacy of Rideau Arcott sheep, while their incomplete segregation within the breed could
explain at least part of the distinctively high variance in litter size observed in this population.

Conclusions

This study underscored the value of breeder-recorded data and data aggregation for investigating
markers of interest in sheep. The integration of data from 13 sheep breeds enabled the confirmation of
three variants as significantly associated with litter size in terminal and highly prolific breeds. In addition,
the dataset enabled the detection and characterization, without prior knowledge, of the recently reported
D270N variant in GDF9. These results provide additional tools for genetic selection for prolificacy in
certain sheep breeds reared in Canada, potentially facilitating increases in litter size and, consequently,
farm income for producers pursuing this breeding objective.

The exploration of the genetic background underlying prolificacy in the Rideau Arcott breed also
identified new candidate genes potentially involved in sheep prolificacy and provided additional evidence
supporting a potential role of PP2A signaling in reproductive processes. Further research will be required
to pinpoint the precise variant underlying the association in this Canadian breed.

As allelic status and marker effects are now confirmed, characterizing the consequences of
incorporating these markers into EPD calculations may be particularly important, as their use could
influence EPD accuracy.
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Figure 1

Relationship between litter size variance and average across 20 sheep breeds reared in Canada. Prolific
breeds (FN, Rl and RV), defined as breeds with a mean litter size greater than two lambs per litter, were
clearly separated from the other breeds. The red line represents the quadratic regression fitted across all
breeds from the Pheno dataset. The orange line represents the regression excluding Finnsheep and
Rideau Arcott, whereas the purple line represents the regression including only breeds with a mean litter
size below two lambs per litter. Breeds are represented as follow : Border Cheviot (BC), Border Leicester
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(BL), Canadian Arcott (CD), Charolais (CO), Dorper (DO), Dorset Polled (DP), East Friesian (EF), Finnsheep
(FN), Hampshire (HA), lle de France (IF), Katahdin (KA), North Country Cheviot (NC), Oxford (OX), Polypay
(PO), Rideau Arcott (RI), Romanov (RV), Southdown (SO), Suffolk (SU), Texel (TX), White Dorper (WD).
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Genomic positions of the markers investigated in this study. All reported elements and their genomic
positions were extracted from the Ensembl ARS-UI_Ramb_v3.0.116 annotation file (.GTF) and plotted
regardless of transcript ID to represent the overall functional genomic context of each variant. Exons,
coding sequences (CDS), and untranslated regions (UTRs) are represented in grey, green, and orange,
respectively. Arrows indicate the transcription direction. A. BMP15 gene on chromosome X. The L11
deletion was not analyzed because of poor genotype clustering. B. BMPR1Bgene on chromosome 6. C.
B4GALNTZ2 gene on chromosome 11. D.GDF9 gene on chromosome 5. E. LEPR gene on chromosome 1.
F.MTNR1A gene on chromosome 26. FecGR (in red) corresponds to the newly identified GDF9 variant.
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Figure 3

Alternative allele frequencies of reproduction-related variants showing polymorphism in the Marker
dataset. The GDF9_R87H (G7) and GDF9_E241K (G4) variants, as well as MTNR1A_612 and
MTNR1A_706, are in complete linkage disequilibrium within the dataset.
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Genome-wide association analysis of litter size in Rideau-Arcott ewes. A, B and C. Manhattan and
quantile-quantile plots of the GWAS p-values obtained before accounting for the known FecGF variant. D
and E. GWAS results obtained using the same dataset after including FecGF as a fixed effect in the
model. F and G. GWAS results obtained after accounting for FecGF and FecGRgenotypes as fixed effects.
Red and blue lines represent the Bonferroni-corrected genome-wide significant and suggestive
thresholds, respectively. The FecGF marker is represented by a green dot in the Manhattan plots.
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Figure 5

Detection of the NC_056058.1:9.42114679C>T variant in the GDF9 gene in Rideau Arcott
sheep.Representative Sanger sequencing chromatograms showing the variant site in A. wild-type, B.
heterozygous carrier, and C. homozygous mutant animals, respectively. The mutation is positioned in
line with the central dashed lines. D. Genotype and allele frequencies among the 462 sequenced ewes.
Superscripts indicate the number of animals tested for each genotype.
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Figure 6

Estimated marginal mean litter size according to combined genotypes for the non-synonymous GDF9
mutations.Multilocus genotypes are presented in the FecGF;G6;FecGRorder. Letters indicate significant
differences based on the Tukey post hoc test, and the number of ewes for each genotype is provided in
parentheses. Dot colors were assigned according to significance letter groups. Downward-oriented black
bars represent the standard errors of the estimated marginal means. WT,wild-type; HET, heterozygous
carrier; HOM, homozygote mutant animal.
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Figure 7

Potential variants and genes associated with prolificacy in Rideau Arcott sheep. A.UpSet plot
representing the number of variants common to each combination of the three detection metrics
(correlation, genotype pattern restriction, and allele-frequency gradient) within LH1, LH2, or both
haplotypes. B. Plot showing the VEP-predicted impact of variants within each gene that were absent
from the Hampshire and Suffolk sequenced animals and fulfilled all three detection metrics in LH1, LH2,
or both haplotypes. Only genes with an assigned gene symbol were included. Empty circles indicate the
absence of variants with the corresponding predicted impact within the respective gene and haplotype.
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