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Simple Summary: It has been demonstrated that the ovine gene BMP15 presents a mutation in
the Rasa Aragonesa Spanish sheep breed, which has been called FecXR. In heterozygosis, ewes
exhibit a variable increase in the ovulation rate, producing 0.35 additional lambs per birth and, in
homozygosis, sterility. Since the importance of carrying this polymorphism in rams has not been
studied, sperm quality and fertility of rams carrying the FecXR mutation of the ovine gene BMP15
has been determined, comparing semen quality, testicle characteristics, and fertility rate of rams
presenting or not the allele. FecXR rams exhibited a higher masal motility and a higher proportion of
rapid sperm than did non-carrier rams; however, no differences in scrotal circumference or testicular
length and diameter were found, although FecXR rams produced a higher proportion of pregnant
ewes after artificial insemination. Thus, it seems that the FecXR allele creates high-quality semen and
improves some sperm parameters in this breed, making these males especially valuable for artificial
insemination to produce prolific ewes, when wild-type, non-carrier ewes, are inseminated.

Abstract: The FecXR mutation is a variant of the ovine gene BMP15 in the Rasa Aragonesa breed.
Information on the physiological importance of carrying the FecX polymorphism in rams is limited.
The aim of this study was to compare semen quality, testicle characteristics, and fertility rate of rams
that carry the FecXR allele. Rams (n = 15) were either FecXR allele carriers (n = 10) or non-carriers,
wild type (++) (n = 5). FecXR rams exhibited higher mass motility (p < 0.05), proportion of rapid
sperm (p < 0.05), and a lower proportion of slow sperm (p < 0.0001) than did ++ rams. The presence
of the FecXR allele was not associated with mean scrotal circumference or testicular length and
diameter, although season had a significant (p < 0.05) effect on these traits. Genotype (p < 0.05) and
season (p < 0.01) had a significant effect on mean fertility rate, FecXR rams had a higher proportion of
pregnant ewes than did ++ rams (p < 0.05). In conclusion, the FecXR allele produced high-quality
semen throughout the year, and corresponded with an improvement in some sperm parameters,
particularly, mass motility and the proportion of rapid sperm.
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1. Introduction

Several mutations in genes of the transforming growth factor-beta (TGF-β) superfamily have
positive effects on ovulation rate and litter size; e.g., FecB or Bone Morphogenetic Protein (BMP) R1B,
FecX or BMP15, and FecG or GDF9 (for a review [1]). Galloway et al. [2] identified a mutation in
the BMP15 gene, that introduced a stop codon on the X chromosome, which prevents the normal
translation of the protein encoded by this gene and, subsequently, demonstrated its effect on the
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ovulation rate in a population of the Inverdale (FecXI) sheep breed. The mutation is sex-linked because
it is located in the non-recombinant region of the X chromosome and, therefore, males can have one
copy of the gene, only, but females can be hetero or homozygous for the mutation (review [3]). A male
carrier transmits the mutation to all of his daughters but to none of his sons, and heterozygous females
pass on the mutation to, on average, half of their offspring. However, homozygous females are sterile
because they do not develop ovarian follicles correctly.

Since the discovery of the mutation in the Inverdale breed, mutations in BMP15 have been
identified in other prolific breeds including Belclare and Cambridge (FecXB), Hanna (FecXH), Galway
(FecXG), Lacaune (FecXL), Rasa Aragonesa (FecXR), Grivette (FecXGr), and Olkuska (FecXO) [2,4–9].
In all, the mechanism of action is similar (amino acid substitutions, deletions, or stop codons), and
all have received the same name (FecX) and the first initial of the breed in which it was discovered
because the phenotypic effects are similar; i.e., in heterozygosis, a variable increase in ovulation rate
and, in homozygosis, sterility [10].

The FecXR mutation is a variant of the ovine gene BMP15 in the Rasa Aragonesa breed. Rasa
Aragonesa is one of the most important meat sheep breeds in Spain, where there are about 1.1 million
head, and 360,000 are registered in the Stud Book of the National Association of Rasa Aragonesa
Breeders (ANGRA) [11]. Mean litter size is 1.2–1.5 lambs/birth [12], and ANGRA is developing a
genetic improvement program that includes prolificacy as one of the important objectives. FecXR
has been included in the selection scheme under the commercial denomination “Gen ANGRA Santa
Eulalia”, and there are >5000 ewes that carry this mutation. The allele has been used to increase
prolificacy in Rasa Aragonesa sheep through artificial insemination (AI) of wild type, non-carrier
ewes, which are used to disseminate the allele across those farms interested in improving litter size.
The positive effect of FecXR on prolificacy is well known; viz., 0.35 additional lambs per birth [11],
which has increased cost effectiveness and profits.

Most of the studies on the expression of FecXR have involved female sheep and information on the
physiological importance of the FecXR polymorphism in males, particularly, rams, is limited. Studies
on BMP15 in rams have investigated tissue expression pattern in rams that differ in fecundity [13],
fertility rate [14], and the influence of the FecB genotype on semen attributes [15]. The aim of this
study was to compare the semen quality, testicle characteristics, and fertility rate, through AI, of Rasa
Aragonesa rams that carry the FecXR allele during different seasons, so that it is hypothesized that the
efficiency of AI using these particular rams may be improved.

2. Materials and Methods

2.1. Animals

Rams were housed at CERSYRA (Regional Centre for Animal Selection and Reproduction) in
Zaragoza, Spain (41◦N), and were breeding males for AI in the stud book of ANGRA. Inseminations
were performed on commercial farms by veterinarians of ANGRA. Approval from the Ethics Committee
of the University of Zaragoza was not a prerequisite for this study. The study met the Spanish Policy
for Animal Protection RD1201/05, which meets the European Union Directive 2010/63 on the protection
of animals used for experimental and other scientific purposes.

Fifteen adult Rasa Aragonesa rams (age: 5.7 ± 2.8 yr) used in the study were either FecXR allele
carriers (n = 10) or non-carriers, wild type (++) (n = 5). The laboratory procedures (DNA extraction,
polymerase chain reaction (PCR) amplification prior to sequencing, DNA sequencing and analysis)
after they had been exposed the localization of the allele are described by Monteagudo et al. [8].

2.2. Semen Collection and Analyses

Rams were housed together and were fed to meet their maintenance requirements. Throughout
the year, semen samples (96 per ram) were collected twice a week [16], starting at 9:00 am, in an
artificial vagina at 35–40 ◦C lubricated with petroleum jelly. Each collection day, a routine, simplified
semen analysis was performed that included concentration measured by spectrophotometry (AccRead,
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IMV Technologies, L’Aigle, France) (1:400 dilution in saline solution plus 0.2% glutaraldehyde), volume
(ml), measured in a graduated collection tube, and mass motility estimated by optical microscopy
at 100×magnification and scored from 0 to 5. Once per month, the proportion of static sperm, total
motile (TM) sperm, non-progressive (NPM) and progressive (PM), and motile sperm subpopulations
(rapid, medium, or slow sperm) were measured in a computer-assisted sperm analysis (CASA) using
ISAS software (Integrated Semen Analysis System, Proiser, Paterna, Valencia, Spain). Semen sample
processing and motility and viability assessment followed the method of Palacín et al. [17]. Briefly,
before motility or viability analysis, 200 × 106 sperm/mL semen samples were mixed and re-diluted to a
final concentration of 50 × 106 sperm/mL using INRA 96 (IMV Technologies, L’Aigle, France) extender.
An Olympus BX40 microscope under 100×magnifications, provided with heated stage set at 37 ◦C,
was used to estimate sperm motility. The grade of the forward progression (fast progressive, slow
progressive and motile but not progressive) determined on the TM sperm were recorded. Sperm with
curvilinear velocity (VCL) ≥ 75 m/sg and straightness (STR) ≥ 80% were considered rapid progressive
and with VCL < 5 m/sg and STR ≥ 80% slow progressive.

Thereafter, the semen was diluted (INRA 96) and put into French mini-straws for AI (0.25 mL,
300 × 106 spermatozoa/mL).

2.3. Testicular Measurements

Once every month, scrotal circumference (SC) (pulling the testes firmly down into the lower
part of the scrotum and placing a measuring tape into a loop around the greatest diameter over the
scrotum), length (placing the fixed arm of a caliper at the proximal end and the sliding arm at the
distal end of the testes) and diameter (placing one arm of a caliper at the medial aspect and the other
at the lateral aspect of the testes, at the point of maximum width) of each testicle, were determined.
Testicular length (TL) and diameter (TD) were calculated as the mean of both testicles.

2.4. Artificial Inseminations (AI)

In the 12 months of the study, 1412 AI were performed on 29 farms. To synchronize estrus, vaginal
sponges containing 30 mg of fluorogestone were applied for 12 d. At pessary withdrawal, ewes received
480 IU of eCG. Cervical AI [18] was performed 54 ± 1 h after sponge withdrawal (14:00 p.m.), using
an ovine AI gun (IMV, Instruments de Medicine Veterinaire, L’Aigle, France) and 0.25 mL French
mini-straws. All of the inseminated ewes were FecXR allele non-carriers.

Births from AI were recorded on the farms throughout the year of the study. Fertility rate was
the proportion of ewes lambing after AI, prolificacy was the number of lambs born per lambing, and
fecundity rate was the number of lambs born per inseminated ewe.

2.5. Statistical Analyses

Semen quality, testicular dimensions, and reproductive performance after AI were evaluated
statistically based on a multifactorial model that included the presence/absence of the FecXR allele
(FecXR or ++ wild rams) and season as fixed effects in the Least-Squares Method of the GLM procedure
in SPSS v.26 (IBM Corp., Released 2019). The seasons were defined based on the Northern Hemisphere
Meteorological Season Division [19]. An ANOVA identified significant differences between genotypes
and between seasons. The general representation of the model is as follows: y = xb + e, where y is
N × 1 vector of records, b denotes the fixed effect in the model within the association matrix x, and e is
the vector of residual effects. To test for significant differences between effect combinations, a post-hoc
Fisher’s Least Significant Difference (LSD) test was used.

3. Results

3.1. Semen Quality

Mean (±S.E.M.) sperm count (3762 ± 1060), ejaculate volume (0.93 ± 0.04 cm3) and semen
concentration (4055 ± 100 × 106) did not differ between the two genotypes, but concentration was
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significantly (p < 0.05) higher in summer than it was in autumn and winter (p < 0.05). Mass motility
(4.26 ± 0.19) was significantly (p < 0.05) affected by the presence of the allele and season, with a
significant (p = 0.01) interaction between effects. FecXR rams exhibited a higher mass motility (p < 0.05),
a higher proportion of rapid sperm (p < 0.05), and a lower proportion of slow sperm (p < 0.0001) than
did ++ rams (Figure 1). Mean proportion of NPM, PM, TM, and medium-speed sperm did not differ
significantly between genotypes or among seasons.
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Figure 1. Seminal traits (mean ± S.E.M.) of Rasa Aragonesa rams of the wild genotype (+ +; n = 5) or
those carrying the FecXR allele of the BMP15 gene (n = 10) (a,b indicate p < 0.05) (spz: spermatozoon).
Values calculated from semen samples collected twice a week for one year.

The proportion of slow sperm was significantly (p < 0.05) lower in summer (Figure S1). In winter,
FecXR rams tended to present a higher mass motility and a lower proportion of static sperm than did
++ rams (p < 0.10) (Table 1). Furthermore, FecXR rams had higher proportions of rapid sperm in spring
(p < 0.10) and winter (p < 0.001), and lower proportions of slow sperm in spring (p < 0.05), summer
(p < 0.05), and winter (p < 0.01) than did ++ rams (Table 1).
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Table 1. Seminal traits (mean ± S.E.M.) of Rasa Aragonesa rams of the wild genotype (++; n = 5) or carrying the FecXR allele of the BMP15 gene (n = 10) (* indicate
differences p < 0.10 within season) (** indicate significant differences at p < 0.05 within season). Values calculated from semen samples collected twice a week for one
year. NPM: non-progressive motile sperm; PM: progressive motile sperm; TM: total motile sperm.

Spring Summer Autumn Winter
++ FecXR ++ FecXR ++ FecXR ++ FecXR

Sperm count (×106) 4020 ± 311 3665 ± 533 4381 ± 91 4456 ± 364 3465 ± 553 3297 ± 375 3352 ± 338 3525 ± 458
Volume (cm3) 0.91 ± 0.04 0.86 ± 0.10 1.10 ± 0.02 0.99 ± 0.10 0.92 ± 0.09 0.84 ± 0.09 0.97 ± 0.03 0.97 ± 0.11

Concentration (×106) 4420 ± 140 4163 ± 256 3987 ± 146 4572 ± 209 3713 ± 252 4002 ± 242 3452 ± 241 3609 ± 143
Mass motility (0–5) 4.30 ± 0.00 4.28 ± 0.01 4.27 ± 0.03 4.29 ± 0.01 4.29 ± 0.01 4.28 ± 0.02 3.83 ± 0.42 * 4.30 ± 0.00

% Static spz 3.43 ± 0.88 5.65 ± 2.24 8.33 ± 3.34 4.93 ± 0.90 5.89 ± 0.95 6.79 ± 1.80 7.44 ± 0.29 5.48 ± 0.61
% NPM spz 57.93 ± 0.88 54.99 ± 1.84 52.78 ± 3.58 53.93 ± 2.32 54.78 ± 3.16 58.55 ± 2.45 50.67 ± 4.10 57.57 ± 1.19
% PM spz 41.66 ± 3.01 40.71 ± 2.76 38.89 ± 4.08 41.13 ± 2.09 39.33 ± 2.22 34.67 ± 1.72 41.89 ± 4.37 36.95 ± 1.41
% TM spz 96.41 ± 1.04 93.87 ± 2.21 91.67 ± 3.34 95.07 ± 0.90 94.11 ± 0.95 93.21 ± 1.80 92.56 ± 0.29 94.38 ± 0.65

% Rapid spz 69.97 ± 5.27 75.50 ± 3.83 69.78 ± 8.42 * 80.23 ± 2.21 76.33 ± 2.96 75.09 ± 3.68 60.89 ± 2.63 ** 76.52 ± 2.69
% Medium spz 6.31 ± 0.94 8.43 ± 1.16 8.33 ± 1.20 7.17 ± 1.17 8.11 ± 1.46 8.33 ± 1.14 10.33 ± 2.19 8.52 ± 0.89

% Slow spz 18.69 ± 5.26 ** 8.95 ± 1.79 11.78 ± 4.11 ** 6.23 ± 0.54 9.00 ± 3.02 8.94 ± 1.83 20.67 ± 1.86 ** 8.48 ± 1.58
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3.2. Testicular Measurements

SC (FecXR: 32.9 ± 0.6; ++: 31.8 ± 1.7 cm), TD (FecXR: 6.5 ± 0.2; ++: 6.2 ± 0.5 cm), and TL (FecXR:
9.3 ± 0.2; ++: 8.6 ± 0.7 cm) did not differ significantly between carriers and non-carriers of the FecXR
allele; however, SC was highest in summer and winter (p < 0.05), TD was highest in summer and
autumn (p < 0.01), TL was lowest in spring and winter (p < 0.05) (Table S1).

3.3. Reproductive Parameters

FecXR rams impregnated a significantly higher proportion (p < 0.05) of ewes (62.5 ± 2.5%) than
did ++ rams (56.7 ± 2.9%), and fertility rates were lowest in spring and winter inseminations (Table S1).
FecXR rams had significantly (p < 0.05) higher fertility rates than did ++ rams in winter inseminations,
only (0.66 ± 0.08 vs. 0.40 ± 0.06%).

Prolificacy (FecXR: 1.73 ± 0.06; ++: 1.71 ± 0.06 lambs/lambing) and fecundity (FecXR: 1.10 ± 0.06;
++: 0.98 ± 0.06 lambs/ewe) did not differ significantly between FecXR and ++ rams, but differed
significantly (p < 0.001) among seasons (Table S1).

4. Discussion

To our knowledge, this is the first study of the semen quality of rams carrying the FecXR allele.
Ejaculate volume and sperm concentration did not differ significantly between the FecXR and wild
rams in any season, which suggests that the production of seminal plasma or spermatogenesis are
not affected by the BMP15 gene. These results are similar to the observations of Kumar et al. [20] in
Garole x Malpura rams carrying the FecB allele, and parallel the absence of differences in testicular size.
Mass motility and the proportion of rapid sperm were significantly higher, and the proportion of slow
sperm lower in the FecXR than they were in the wild-type rams.

Furthermore, ewes that had been inseminated with semen collected from FecXR rams had the
highest mean annual fertility rate. Sperm motility and velocity are two of the most important aspects
of semen quality because they are correlated with fertility [21]. In a study of Rasa Aragonesa breed
at the same latitude as in our study, it has been reported that high-fertility rams produced a higher
proportion of fast and linear spermatozoa than did low-fertility rams [22]. In Iberian deer, mean and
maximum straight-line velocity of sperm and fertility are significantly correlated, and it appears that
sperm swimming velocity is a main determinant of fertility in mammals [23]. Thus, it is likely that
high mass motility and high proportion of rapid sperm contributed to the high fertility rates in FecXR
rams. On the other hand, Lahoz et al. [24] did not detect significant differences between genotypes in a
program that involved cervical insemination. Given the number of external factors that can affect the
proportion of ewes that become pregnant after AI (year, farm, technician) [25] including weather [26]
and climate [27], differences in the conditions at the time of experiments involving AI might have
contributed to the presence or absence of differences between genotypes. Further study is needed to
determine how external factors might influence the effect of FecX on reproductive parameters.

The finding that the highest fertility rate occurred in summer is similar to previous observations [28]
in the same breed and at the same latitude as in our study, where the lowest AI fertility was between
March and June, and the highest was in the first months of increasing daylength (July and August).
Rasa Aragonesa is a reduced-seasonal anestrous breed [29], in which females exhibit an onset of the
breeding season in July and a peak in ovulation rate in late August. Thus, our study confirms that
summer is the peak breeding season for rams and ewes of this breed.

Differences in the pregnancy rates related to polymorphisms of the BMP15 gene have been
reported by Sun et al. [30], who found that Chinese Holstein bulls of the CT genotype had a significantly
lower sperm motility than did bulls of the CC or TT genotypes. In sheep, Chen et al. [13] reported the
expression of BMP15 in the epididymis of rams, which was significantly higher in a less-fecund breed
(Sunite) than it was in a high-fecundity breed (Small Tail Han). Possibly, the expression level of BMP15
and fecundity in rams are negatively correlated. Garole ×Malpura rams that carry the FecB genotype
had a significantly higher proportion of rapid motile sperm and with higher linearity, and a higher
FSH concentration than did the wild type [15].
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In our study, testicular dimensions did not differ significantly between rams that carried the FecXR
allele and those that did not. Rasa Aragonesa light lambs that did or did not carry the FecXR allele
did not exhibit significant differences in birth weight, growth rate, or carcass quality [31]; moreover, it
appears that FecXR allele may not influence testicular morphology or fleece weight at 13 months of age
in carrier Romney rams [32]. The absence of differences in testicular measurements between genotypes
parallels the lack of differences in sperm volume and concentration, which are highly correlated to
testicle size [33].

Season had a significant effect on testicular measurements, which was similar to the effects
reported by Avdi et al. [34] in Chios and Serres rams. Similarly, Chios and Friesian rams had semen
characteristics that were generally better in summer and peaked in quality in autumn [35]. Although
seasonal variations in reproductive traits in sheep are less marked in rams than they are in ewes, the
consequences of the non-reproductive season are smaller testicular volume and diameter, lower semen
quality, and hormone profiles that differ from those in the breeding season [36]. Photoperiod is the
key environmental signal that dictates the timing of the reproductive cycle of the ram [37], which is
synchronized through changes in daily melatonin secretion [38]. Rams exhibit a seasonal decrease in
sexual behavior and spermatogenesis at about the time that ewes are in sexual rest, but with a 1- to
2-month advance in phase [39].

5. Conclusions

In conclusion, this study demonstrated that carriers of the FecXR allele produce good-quality semen
throughout the year, and corresponded with an improvement in some sperm characteristics—particularly
mass motility and the proportion of rapid sperm—along with an interaction effect with season.
In addition, the ability to pass the allele to their female offspring, through the insemination of wild type,
non-carriers ewes, makes these males especially valuable for AI to produce prolific ewes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/9/1628/s1,
Figure S1: Annual seminal traits (mean± S.E.M.) of Rasa Aragonesa rams (a,b indicate p < 0.05) (spz: spermatozoon).
Values calculated from semen samples collected twice a week for one year, Table S1: Mean (± S.E.M.) testicular
measurements and reproductive traits of Rasa Aragonesa rams (n = 15) (a,b,c indicate significant differences
p < 0.05). Values calculated from semen samples collected twice a week for one year.
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