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Abstract: The use of frozen-thawed semen is an important reproduction tool to preserve the bio-
diversity of small, native horse breeds such as the Franches-Montagnes (FM). However, not all
stallions produce cryotolerant semen with a progressive motility after thaw ≥ 35%. To improve our
understanding of the genetic background of male fertility traits in both fresh and frozen-thawed
semen, we performed genome-wide association studies (GWAS) on gel-free volume, sperm cell
concentration, total sperm count, and progressive motility in fresh and frozen-thawed semen from
109 FM stallions using 335,494 genome-wide single nucleotide polymorphisms (SNPs). We identified
one significant (p < 1.69 × 10−7) quantitative trait locus (QTL) on ECA6 within the SCN8A gene for
progressive motility after thaw, which was previously associated with progressive motility in boars.
Homozygous stallions showed a substantial drop in progressive motility after thaw. This QTL could
be used to identify cryointolerant stallions, avoiding the costly cryopreservation process. Further
studies are needed to confirm whether this QTL is also present in other horse breeds.

Keywords: fertility; stallion; single nucleotide polymorphism; semen quality; genome-wide heritability

1. Introduction

In equine breeding, artificial insemination (AI) is a widely used reproduction method,
as it has become feasible to extensively use important stallions for selection [1]. Further-
more, AI limits the risks of serious injury to mares and stallions that are often simultane-
ously valuable, high-performing athletes. Therefore, AI with fresh, cooled-warmed and
frozen-thawed semen is routinely applied in European Warmblood breeding, which makes
fertility traits related to semen quality economically relevant.

To date, different semen quality traits have been described, including the total number
of sperm cells (TSC), the gel-free volume (VOL), the sperm cell concentration in the ejaculate
(CON), and the progressive motility of the sperm cells (PM). Except for VOL, these traits
have been positively correlated to the pregnancy rate per cycle (PR) in German Warmblood
horses [2]. A higher number of healthy sperm cells per ejaculate should improve PR so
that mares do not need to be covered again after their initial estrus cycle. Marker-based
approaches using microsatellites revealed that variants within the candidate genes SPATA1,
PRLR, ACE, SP17 and FSHB were associated with PR in German Warmblood horses [3–5].
More recently, additional quantitative trait loci (QTL) have been identified for PR, and
for VOL, CON, TSC and PM in German Warmblood horses performing genome-wide
association studies (GWAS) on medium-density single nucleotide polymorphism (SNP)
arrays (70K SNPs) [6,7].
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Compared to European Warmblood breeds, in small, native horse breeds, natural cover
is the main reproduction method, to avoid inbreeding by limiting the number of progenies
per sire. In the Franches-Montagnes (FM) horse breed native to Switzerland, AI is mostly
used with frozen-thawed semen to maintain genetic diversity by preserving endangered
sire lines. However, the freezing of semen (cryopreservation) has a negative impact on
fertility (reviewed in [8,9]). A common trait to evaluate semen quality in cryopreserved
semen is progressive motility after thaw (PMAT), which decreases due to cryopreservation,
but should still attain 35% at the minimum to qualify as fertile semen based on current
industry recommendations (discussed in [10]). However, despite the ongoing progress in
cryopreservation, with widely standardized protocols, in practice not all ejaculates qualify
for freezing and thawing, without apparent reason, warranting further research [11,12].

It has already been demonstrated in German Warmblood stallions that PMAT is
heritable (h2 = 0.13 ± 0.04) and genetically correlated to VOL (r = −0.30 ± 0.07), CON (r
= 0.52 ± 0.14), and PM in fresh semen (r = 0.39 ± 0.08) [13]. The genetic architecture of
PMAT however has not been previously investigated, whilst VOL, CON and PM have only
been studied using microsatellites or medium-density SNP data [3–7]. Therefore, the aim
of this study was to perform a GWAS of semen quality traits including the PMAT of FM
stallions, using high-density SNP data.

2. Materials and Methods
2.1. Phenotypes

In this study, we retrospectively investigated five semen quality traits of 109 FM
stallions including VOL, CON, TSC, PM and PMAT. The data material spanned from the
year 1993 to 2021, on semen collected for subsequent cryopreservation from stallions aged
3 to 26 years (median = 5). All stallions were trained to mount a phantom, and semen
was collected in an artificial vagina (Avenches model, Switzerland). VOL was measured
after the filtration of the ejaculate as gel-free volume. TSC and CON were determined
either with the Cell Motion Analyzer (SM-CMA-1074, MTM, Switzerland) [14] or in a
Nucleocounter® SP-100 (ChemoMetec, Allerød, Denmark) [15,16]. The gel-free semen was
prepared for freezing following the protocol used by Janett et al. [14]. PM (before freezing),
and PMAT were determined either with the Cell Motion Analyzer or a computer-assisted
sperm analyzer (CASA; HTM-IVOS, Version 12, Beverly, MA, USA).

2.2. Raw Data Transformation

In total, 109 stallions were sampled 1–89 times (mean = 12.23) over several weeks,
months and years. Due to this sampling bias, and the high variance in previously published
datasets (e.g., [17–19]), we excluded outliers for each variable within each stallion (exceed-
ing the standard deviation by a factor of 1.5) and calculated the mean for one month within
the most recent available year using R v4.1.0 [20]. The month was chosen in order of fre-
quency of available ejaculate data: December–January–February–November–March–April,
calculating a monthly average from the earliest available month for each stallion.

2.3. Genotypes

The genotypes of the 109 FM stallions were derived from three platforms: 59 stal-
lions were genotyped on the commercial Axiom™ Equine Genotyping Array containing
670,795 evenly distributed markers. For three stallions, whole genome sequence data were
available at 10 × coverage, while for the 47 remaining stallions genotyped on the Illumina
Equine SNP50 BeadChip® imputed sequence-level genotypes were used, as previously
described [21]. The three datasets were merged using PLINK software v1.07 [22] by extract-
ing only shared SNPs, mapped on the new reference genome (EquCab 3.0 [23]) and located
on the autosomes (n = 479,600 SNPs). Furthermore, we removed SNPs with minor allele
frequencies (MAF) below 5%, a SNP genotyping rate below 90%, and those departing from
Hardy–Weinberg equilibrium (HWE) at p < 0.0001, resulting in 335,494 SNPs for GWAS.
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2.4. Genetic Analyses

Genome-wide association studies were performed on the continuous variables VOL,
CON, TSC, PM and PMAT using a polygenic model approach (polygenic_hgml) in the R
package GenABEL [24] in R v3.4.1 [20]. The fixed effects age at sampling (AGE), month
of sampling (MOS) and year of sampling (YOS) were included in the final models if they
reached the significance threshold in the model (p < 0.05 using the summary function) [25].
The significance of each SNP was extracted using mmscore. We visualized the results
using Manhattan plots and considered a p-value of 10−5 for suggestive associations, and
determined the significance threshold for the effective number of independent loci (pind)
by pruning the 335,494 SNPs for linkage disequilibrium (LD) using a 50 kb sliding window
size, a 5 kb window step size and an r2 exclusion threshold of 0.5. The significance
threshold pind equaled the p-value of 0.05 divided by the 109,703 independent SNPs
(pind < 4.56 × 10−7) [25,26]. The subset of independent SNPs was also used to estimate the
genome-wide heritability of all traits using GCTA software [27]. Finally, we investigated
which genes were located near significant SNPs using the NCBI Genome Data Viewer,
based on the EquCab 3.0 reference genome assembly [23].

3. Results
3.1. Phenotypes and Heritabilities

Descriptive statistics of semen quality traits are presented in Table 1 (summary statis-
tics for the overall dataset can be found in Table S1). All traits were highly variable, with
high standard deviations (11 to 53% of the mean value). VOL and TSC had the highest
standard deviations in percent of the mean value (53 and 48%, respectively), while PM had
the lowest standard deviation in percent of the mean value (11%). The sperm quality traits
showed low (h2 < 0.00) to medium (h2 > 0.40) heritabilities, but with very high standard
errors (SE > 0.20). VOL had the highest heritability (h2 = 0.63 ± 0.26), while PM had the
lowest heritability (h2 = 0.00 ± 0.23).

Table 1. Mean, standard deviation (SD), minimum, maximum, genome-wide heritability and stan-
dard error for 109 stallions of the semen quality traits.

Trait Mean SD Min Max h2 SE

VOL 24.48 12.91 4.00 70.50 0.63 0.26
CON 284.00 91.99 122.80 580.00 0.48 0.27
TSC 6.12 2.94 1.81 17.34 0.02 0.24
PM 80.11 8.51 50.00 90.00 0.00 0.23

PMAT 34.51 7.32 6.25 45.33 0.03 0.21

VOL: gel-free volume (ml), CON: sperm concentration in the gel-free volume (106 spermatozoa/ml), TSC: total
sperm count (109 spermatozoa) = gel-free volume × sperm concentration, PM: progressive motility [%], PMAT:
progressive motility after thaw (%).

3.2. Genome-Wide Association Study
3.2.1. Covariate Structure

AGE was significant (p < 0.05) for VOL and TSC, YOS for VOL, TSC and PM, while
MOS was significant for CON and PM. They were therefore included as covariates in the
final GWAS. There were no significant covariates for PMAT, and the GWAS was performed
without additional covariates.

3.2.2. Overall Results of the GWAS

We identified one significant and three suggestive associations for PMAT, CON, TSC
and VOL with visible effect sizes, described hereafter (summary statistics in Table 2). We
found no significant or suggestive associations for PM in our dataset.
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3.2.3. Significant Association for Progressive Motility after Thaw

The only significant association was with PMAT (Figure 1). The best-associated
SNP (ECA6: bp 69,863,974) was located within gene SCN8A (sodium voltage-gated chan-
nel alpha subunit 8, ECA6: bp 69,728,192–69,904,503). The suggestive SNP on ECA1
(bp 166,470,601) was closest to the gene NOVA1 (neuro-oncological ventral antigen 1, ECA1:
bp 166,624,565–166,773,046).
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Figure 1. Genome-wide association for progressive motility after thaw (PMAT, n = 109). (a) Manhattan plot (blue line
representing the suggestive significant threshold (p < 10−5) and (red line) the Bonferroni-corrected significance threshold
(pind < 4.56 × 10−7). The inset on the right-hand corner shows the quantile-quantile (Q-Q) plot with the observed p-value
plotted against the expected one. (b,c) Boxplots representing the genotype effect of the best associated SNP on ECA6 (b)
and ECA1 (c) on progressive motility after thaw.
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Table 2. Best association by trait (only markers with p < 10−5 are reported) for the genome-wide association studies of
sperm quality traits in 109 Franches-Montagnes stallions.

Trait ECA Position EquCab 3.0 #SNP
SNP with the

Lowest p-Value p-Value Number of
Genotypes

Genotypes of Stallions Reference
Allele

Alternate
AlleleHOMR HET HOMA

PMAT 6 67,290,346–69,885,065 11 AX-103675714 1.69 × 10−7 108 95 11 2 G A
PMAT 1 166,470,601 1 AX-104040843 7.45 × 10−6 109 95 14 0 C T
CON 12 1,050,320 1 AX-103675085 2.09 × 10−6 105 92 12 1 C T
TSC 22 33,024,116 1 AX-103616662 6.71 × 10−6 109 31 52 26 C T
VOL 1 46,782,612 1 AX-104100234 8.86 × 10−6 109 91 18 0 G A
VOL 20 42,868,232 1 AX-104083513 9.82 × 10−6 108 1 13 94 A G

#SNP: the number of single nucleotide polymorphisms for a specific trait that passed the suggestive p-value threshold of 10−5, P-value:
p-value of the SNP with the lowest p-value per trait and locus corrected for genomic inflation (Pc1df from GenABEL), HOMR: homozygous
for the reference allele, HET: heterozygous, HOMA: homozygous for the alternate allele, PMAT: progressive motility after thaw, CON:
concentration, TSC: total sperm count, VOL: gel-free volum.

Furthermore, we analyzed the difference in PM and PMAT according to the genotype
of the best associated SNP (Figure 2). PMAT of the two homozygous affected stallions
dropped from a high mean PM of 77.00% and 74.17% to a PMAT of 6.25% and 7.50%,
respectively. Low differences between PM and PMAT may indicate either high PM and
PMAT, or low PM and PMAT.
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Figure 2. Absolute difference in mean progressive motility between fresh and frozen-thawed semen
dependent on the genotype of the best-associated SNP on ECA6, AX-103675714.

3.2.4. Suggestive Results for Other Traits

There was one suggestive association (p < 10−5, Figure S1) for CON near the gene
ABTB2 (Ankyrin Repeat And BTB Domain Containing 2, ECA12: bp 1,000,419–1,167,693).
Another suggestive association was identified for TSC (Figure S2), within the PTPRT
gene (Protein tyrosine phosphatase receptor type T, ECA22: bp 32,618,040–33,634,569).
VOL was suggestively associated with two SNPs (Figure S3), one within the ZWINT gene
(ZW10 interacting kinetochore protein, ECA1: bp 46,764,308–46,783,553) and one within
the BICRAL gene (BRD4 interacting chromatin remodeling complex associated protein like,
ECA20: bp 42,792,531–42,882,996).

4. Discussion

We identified one significant QTL for PMAT and five suggestive QTL for PMAT, CON,
TSC and VOL. The best-associated SNP for PMAT was located within the gene SCN8A. This
particular sodium channel is present in the flagellum and around the neck of mammalian
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spermatozoa, and thought to be involved in motility [28]. In boars, QTL in the SCN8A gene
were also associated with motility and progressive motility in fresh semen (frozen semen
was not assessed) [29].

The identified QTL for PMAT offers a new perspective on stallions with poor semen
freezability, described e.g., in [10,11]. Stallions homozygous for the best-associated SNP
within the QTL show a substantial drop in PMAT to a mean of 6.88% despite initially high
(>70%) PM, while low PM in fresh semen remains an important indicator for PMAT [10].
Semen doses with mean PM < 70% were less likely to maintain a mean PMAT ≥ 35%
after thaw, as PMAT decreases in all stallions due to the freezing process itself [10,11].
Lower initial PM explains five outliers in our GWAS (GG genotypes with low PMAT).
Two different GG outliers from the first QTL were heterozygous for the second, albeit
only suggestive QTL. Considering the remaining three outliers, additional QTL are likely
involved in PMAT, as in the Manhattan plot, at least two additional signals (on ECA1
and ECA15) were apparent, but not reaching the significance threshold. Considering the
low prevalence but highly significant effect on semen freezability, young stallions could
be genotyped and selected against if they prove to be homozygous, avoiding the costly
cryopreservation process. The ejaculates of heterozygous stallions would still need to be
evaluated as the mean decrease in PM was less extreme, and individual ejaculates may
therefore still qualify for freezing. Furthermore, selecting against heterozygous stallions
may have an excessively detrimental effect on conservation programs regarding genetic
diversity. Finally, the absence of the A allele alone does not guarantee that PMAT will be
high enough for industry standards, considering that other factors such as seasonality and
initial PM also play an important role in PMAT [10,14].

The second, suggestive QTL for PMAT on ECA1 was located near the NOVA1 gene,
for which we could find no association to male fertility in the literature. The suggestive
SNP on ECA12 for sperm concentration was nearest ABTB2 gene. Its function in relation
to fertility is not well known. However, a recent study suggested that the ABTB2 gene
expression is generally upregulated in normal Sertoli cells compared to those of mice
with knocked-out Sertoli cell reprogramming genes SOX9, DMRT1 or GATA4 [30]. Sertoli
cells produce seminal fluid, which could explain the suggestive association between the
ABTB2 gene and sperm concentration in our equine study. The second suggestive asso-
ciation for concentration on ECA1 was near the ADGRA1 gene. The G protein-coupled
receptor superfamily contains at least two genes, ADGRA2 and ADGRG1, involved in
male fertility [31]. ADGRG1 was expressed in the Sertoli cells, with testis development
defective in knockout mice [32]. ADGRA2 knockout mice showed sperm with very low
motility [33]. The function of ADGRA1 however remains unclear. Although both QTL for
sperm concentration were near genes essential for Sertoli cell functioning, these SNPs were
not associated with VOL or TSC. This is likely due to the suggestive and not significant
statistical associations, the large variance and the relatively small sample in this study.
BRD4, the gene to which BICRAL is associated, is involved in spermatogenesis [34], but
so far has not been associated with seminal fluid, thus our association of the QTL within
BICRAL with VOL remains speculative. The ZWINT (or ZW10) gene has essential functions
in the meiotic process [35], but other effects on male fertility have not been reported in
horses. The PTPRT protein was expressed in the equine spermatozoa proteome [36], but its
exact function is also unknown.

Compared to the most recent study on Warmblood stallions, mean VOL and TSC
were lower (25 vs. 37 ml, respectively 6 vs. 7 × 109), and CON, PM and PMAT higher
(286 vs. 213 × 106/mL; 79 vs. 61%; 35 vs. 33%) [13]. This may be caused by breed-specific
or methodological differences in semen collection. Interestingly, in the mean, PMAT
was slightly below the suggested threshold for a PMAT of 35% in German Warmblood
stallions, while mean PM was approximately 15% higher in FM compared to Warmblood
stallions [13]. We could not confirm any previously reported QTL in Warmblood horses,
which suggests that different QTL are involved in the fertility of FM and Warmblood horses.
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This warrants further investigations into PMAT in Warmblood stallions, where AI use is
more common.

Despite the relatively small sample size of only 109 stallions, this sample still represents
nearly half of all FM stallions available for reproduction (235 active stallions in 2021,
including frozen sperm from deceased stallions). In contrast to previous studies [14,16,19],
MOS (i.e., seasonality) did not significantly affect VOL, TSC or PMAT, which may at least
partially be due to the fact that we did not use any samples from the summer months
(June to August). AGE had an effect on TSC, but not on PMAT, contrary to [10] but
similar to [19]. Changes in data collection methods are confounded within the covariate
YOS, which affected VOL, TSC and PM. The absence of significant or suggestive QTL
for PM could be at least partially due to higher uncertainty in the phenotype. At the
reproduction center, semen evaluations of FM stallions are essentially performed to ensure
that cryopreservation is possible, therefore, more care is placed on accurately quantifying
PMAT than PM. Other reported factors with an influence on fertility, such as the use
of deworming medication [37] or the histocompatibility of teaser mares [15] were not
systematically recorded during semen collection and could therefore not be corrected for.
However, considering that PMAT was not significantly affected by any of the covariates of
AGE, MOS, or YOS, this further validates our results for this trait.

5. Conclusions

We identified a novel QTL in horses that affects PMAT but not PM. This information
could be used to pre-screen stallions destined for AI and cryopreservation in particular.
However, this QTL needs to be confirmed in other breeds before the widespread use of
marker-assisted selection.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/genes12101501/s1, Table S1: Mean, standard deviation (SD), minimum, maximum, and
standard error for 109 stallions of the recorded semen quality traits for 1039 ejaculates, Figure S1:
Genome-wide association for concentration, Figure S2: Genome-wide association for total sperm
count, Figure S3: Genome-wide association for gel-free volume.
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