Flossmann et al. BMC Genomics (2021) 22:38

https://doi.org/10.1186/512864-020-07343-x B M C G enom iCS

RESEARCH ARTICLE Open Access

A nonsense mutation of bone ®
morphogenetic protein-15 (BMP15) causes
both infertility and increased litter size in
pigs

Gabriele Flossmann""®, Christine Wurmser', Hubert Pausch'?, Amabel Tenghe', J6rg Dodenhoff?,
GUnther Dahinten®, Kay-Uwe G6tz®, Ingolf Russ* and Ruedi Fries'

Check for
updates

Abstract

Background: Atypical external genitalia are often a sign of reproductive organ pathologies and infertility with both
environmental or genetic causes, including karyotypic abnormalities. Genome-wide association studies (GWAS)

provide a means for identifying chromosomal regions harboring deleterious DNA-variants causing such phenotypes.
We performed a GWAS to unravel the causes of incidental cases of atypically small vulvae in German Landrace gilts.

Results: A case-control GWAS involving lllumina porcine SNP60 BeadChip-called genotypes of 17 gilts with
atypically small vulvae and 1818 control animals (fertile German Landrace sows) identified a significantly associated
region on the X-chromosome (P = 881 x 10~ *%). Inspection of whole-genome sequencing data in the critical area
allowed us to pinpoint a likely causal variant in the form of a nonsense mutation of bone morphogenetic protein-
15 (BMP15; Sscrofal1.1_X.g.44618787C>T, BMP15:p.R212X). The mutant allele occurs at a frequency of 6.2% in the
German Landrace breeding population. Homozygous gilts exhibit underdeveloped, most likely not functional
ovaries and are not fertile. Male carriers do not seem to manifest defects. Heterozygous sows produce 041+0.02
(P=45 x 10°%) piglets more than wildtype animals. However, the mutant allele’s positive effect on litter size
accompanies a negative impact on lean meat growth.

Conclusion: Our results provide an example for the power of GWAS in identifying the genetic causes of a fuzzy
phenotype and add to the list of natural deleterious BMP15 mutations that affect fertility in a dosage-dependent
manner, the first time in a poly-ovulatory species. We advise eradicating the mutant allele from the German
Landrace breeding population since the adverse effects on the lean meat growth outweigh the larger litter size in
heterozygous sows.

Keywords: Swine, German landrace, GWAS, Fertility, BMP15

* Correspondence: gabriele flossmann@tum.de
'Lehrstuhl fir Tierzucht, Technische Universitit Miinchen, Freising, Germany
Full list of author information is available at the end of the article

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-020-07343-x&domain=pdf
http://orcid.org/0000-0002-3833-5813
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:gabriele.flossmann@tum.de

Flossmann et al. BMC Genomics (2021) 22:38

Background

A number of German Landrace sows with atypically
small vulvae have been recently observed on several Bav-
arian farms. Most of the sows turned out to be anoes-
trous or, when they showed signs of oestrus,
insemination was not possible due to problems in intro-
ducing the artificial insemination device. Usually, more
than one gilt of a litter was affected by the abnormality
but not all. Although environmental factors such as
mycotoxin intoxication or nutritional deficiencies could
not be ruled out to cause the observed condition, we
presumed a genetic etiology. Abnormal external genitalia
are often seen in the context of intersexuality. Karyotypi-
cally female pigs (18, XX) have been reported with phe-
notypes ranging from complete external masculinization
with testes to an external female appearance with en-
larged clitorises, testes, and ovotestes [1]. A genome-
wide association study pointed to the causal implication
of SOX9 in the sex-reversal phenotype of these SRY-
negative XX pigs [2]. To explore possible genetic causes
of the newly observed phenotype of abnormal female
genitalia we also undertook a genome-wide case-control
study that led us to a nonsense mutation in BMPIS,
most likely the cause for the abnormality in homozy-
gously affected animals but also for increased litter size
in heterozygous sows.

Results

Genome-wide association study

We had access to tissue samples of 43 German Landrace
gilts, considered as affected based on their abnormally
small vulvae. The 43 affected animals originated from 21
litters of 20 sows and 11 known boars and were from
four breeding units; the sire of one litter was unknown
(Additional file 1). Seventeen affected individuals were
considered as cases in a genome-wide association study
(GWAS) with 1818 fertile sows from the Bavarian
German Landrace population as controls. All sows
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included in the GWAS were genotyped on the Illumina
Porcine SNP60 BeadChip. Association testing revealed a
cluster of 18 significantly associated SNPs (P <9.87 x
10™7) between 38.6Mb and 108.7Mb on the X-
chromosome (Fig. 1a). The most significant SNP (P =
8.81 x 10”*’) on the X-chromosome (rs328794518, 88,
499,366 bp, Sscrofall.l assembly) was an intron variant
in the ENSSSCG00000012566 gene. We considered sig-
nificantly associated, scattered SNPs on other chromo-
somes as artifacts due to the inflation of significant
signals (A = 1.26, Fig. 1b).

Identification of the underlying mutation by analyzing
whole-genome re-sequencing (WGS) data

Re-sequencing data of 42 pigs (22 German Landrace and
20 Piétrain boars and fertile sows) were available for
identifying possible causal variants. The sire of eight
affected gilts was among the 42 sequenced pigs. We lo-
cated 828 coding variants within the associated region
(38.6 Mb to 108.7 Mb), of which 366 were missense
mutations, 30 were frameshift variants, and five were
nonsense-mutations. The sire of the affected gilts was
hemizygous for one of the five nonsense-mutations. This
nonsense-mutation, with no previous reports, isa C to T
substitution in the second exon of BMPI15 (Sscrofall.l_
X:g.44618787C>T, NP_001005155.2:p.R212X). In
addition to the sire of affected gilts, two German Land-
race boars and one German Landrace sow were carriers
of the nonsense-mutation (Additional file 2). None of
the Piétrain pigs carried the mutation.

Validation of the nonsense mutation in BMP15

All 22 German Landrace pigs with whole-genome se-
quences were genotyped by Sanger sequencing to con-
firm the mutation technically (Additional file 3).
Complete concordance with WGS derived genotypes
corroborates the technical validity of the variant. Next,
we genotyped 43 sows, assessed by the farmers to exhibit
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Fig. 1 Genome-wide association study for atypically small vulvae in 1835 German Landrace sows. Manhattan plot (a) representing the association
of 50,649 SNPs with atypically small vulvae in the German Landrace population. The dots above the dashed line represent SNPs with P values less
than 9.87 x 1077 (Bonferroni corrected significance threshold) and Quantile-quantile plot (b). The grey shaded area represents the 95%
concentration band under the null hypothesis of no association. Triangles represent SNPs with P values less than 9.87 x 10~
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small vulvae, 29 full siblings with normal vulvae, and
4869 fertile sows, using either a KASP™ genotyping assay
or a customized version of the Illumina Porcine SNP60
BeadChip containing the p.R212X variant of BMP15. Of
the 43 sows with abnormal vulvae, 36 were homozygous
for the T allele, three were heterozygous (C/T), and four
were homozygous for the wild type allele (C). Of the
seventeen animals that we considered as cases in the
GWAS, only eleven turned out to be homozygous for
the mutant allele; three animals where heterozygous and
three animals were homozygous for the wildtype allele.
None of the 4869 fertile sows and none of the 29 un-
affected full siblings of affected gilts were homozygous
for the T allele (Table 1). The frequency of the T allele
in the 4869 fertile sows was 0.062.

While fertile sows and gilts that were classified to have
normal-sized vulvae were not homozygous for the non-
sense mutation of BMPIS5, seven of the 43 presumably
affected gilts carried one or two wild type alleles. This
finding is not compatible with the hypothesis of the non-
sense mutation causing small vulvae. However, assessing
the size of the vulva is subjective, and the discrimin-
ation between affected and unaffected animals is
prone to error. On the other hand, if an animal’s sta-
tus is assessed based on the objective criterion of fer-
tility (i.e., an animal having one or more litters), the
hypothesis that the nonsense mutation of BMPI5
causes underdeveloped external sexual organs and
consequent infertility remains valid.

Effect of the mutation on reproductive organs

The initial phenotyping consisted of on-farm observa-
tions of gilts with underdeveloped vulvae. A more thor-
ough assessment of the phenotype in the field turned
out to be impracticable. Therefore, we acquired two gilts
that were heterozygous for BMP15:p.R212X and mated
them on an experimental farm with a boar carrying the
mutation. One of the resulting litters consisted of male
piglets only, while the other litter consisted of thirteen
piglets, ten of them female. Of the female piglets, five
were homozygous for the T allele, and five were hetero-
zygous (C/T). At the age of 6 months, eight of the ten
female pigs (five homozygous and three heterozygous)
were slaughtered, and their uteri and ovaries resected.
The uterus horns of the homozygous animals were con-
siderably smaller, specifically less voluminous (Fig. 2a, b,
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¢) or less coiled (Fig. 2d and e) than those of their het-
erozygous full siblings (Fig. 2f, g, h). The differences in
the appearance of the ovaries were even more pro-
nounced. As shown in Fig. 3, the ovaries of homozygous
gilts (Fig. 3a to e) did not exhibit follicles, whereas mul-
tiple follicles were evident in the ovaries of their hetero-
zygous full siblings (Fig. 3f to h). Besides the
morphologically assessed underdevelopment of the ovar-
ies and uteri, there may also be functional deficits as in-
dicated by cysts in two homozygously affected gilts (Fig.
3d and e). It is noteworthy that the two gilts with cysts
exhibit uterus horns that are more voluminous (Fig. 2d
and e) than those of their homozygous siblings (Fig. 2a,
b, c), but less coiled than those of their heterozygous sib-
lings (Fig. 2f to h).

Effects of the mutation on fertility and other

economically important breeding traits

Nonsense and missense mutations of BMP15 increase
ovulation rate in heterozygous ewes but cause infertility
in ewes that are homozygous for the mutant allele (first
reported by Galloway et al. (2000) [3]). Therefore, we
analyzed the effects of the BMP15 nonsense mutation (i.
e., the T-allele) on fertility, measured as the number of
live-born piglets, and several other economically import-
ant traits, most of them growth-related. Since genotypes
were not available for all sows with breeding values, we
derived the T-allele dosage based on the parents’ geno-
types and the T-allele frequencies in male and female
animals. A total of 5263 genotyped parents were avail-
able (4263 C/C-sows, 606 C/T-sows, 367 C-boars, and
27 T-boars; T/T-females cannot be parents as they are
infertile). The frequency of the T-allele amounts to q,, =
0.069 in male, and q¢ = 0.062 in female parents. Table 2
lists the expected dosages and Table 3 the number of
animals in each dosage group.

We applied a linear regression model to estimate the
effect of the T-allele of the BMPI15 nonsense mutation
on breeding values (Table 4).

The T-allele has a significantly positive effect on the
number of live-born piglets (+0.41 piglets). Thus, the
BMPI15 mutation increases the litter size, probably as a
result of an increased ovulation rate, and causes infertil-
ity in a dosage-sensitive manner (one T-allele increases
the litter size, two T-alleles cause infertility). The posi-
tive effect of the BMPI5 mutation on litter size is

Table 1 Genotypes of the p.R212X variant of BMP15 for 4941 German Landrace sows

Genotype Sows with small vulvae Full siblings with normal vulvae Fertile German Landrace sows
C/C (ref/ref) 4 0 4263

C/T (ref/alt) 3 29 606

T/T (alt/alt) 36 0 0

N sows 43 29 4869
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Fig. 2 Uteri of 8 fullsibs at the age of 6 months. Uteri of fullsib gilts from the mating of a sow with genotype C/T of Sscrofal1.1_X.g.44618787C>T
(BMP15:R212X) and a boar carrying the T allele. Pictures a to e show uteri of gilts with genotype T/T and pictures f to h are from sows with
genotype C/T. Note that the uterus horns shown in d and e are more voluminous than in a, b and ¢, but less coiled than those in e, f and g

A\

contrasted by the significantly negative effect on traits of
lean meat growth (lean meat content, belly meat con-
tent, loin eye area, loin to fat ratio) and the positively
correlated feed conversion ratio. Intramuscular fat con-
tent is negatively correlated with lean meat growth and
thus positively affected by the BMP15 mutation.

Discussion

Identifying genetic determinants of subjectively assessed
phenotypes, such as gilts’ vulvae size, seems hardly feas-
ible. However, comparing the genotypes of seventeen
gilts exhibiting relatively small vulvae with those of fer-
tile sows enabled us to identify a distinct region on the
X-chromosome to carry a potential causal mutation in a
genome-wide association study. The availability of
whole-genome sequence information of ancestors of the
affected animals enabled us to readily identifying a likely
causal variant, i.e. a nonsense mutation in BMPIS.

Only eleven of the seventeen animals with apparently
small vulvae that we considered as cases in the GWAS
turned out to be homozygous for the mutant allele. This
finding demonstrates the power of GWAS for identifying
genetic causes even of a poorly phenotype, such as vulva

size. Several factors affect their appearance. Vulvae are
smaller in pre- than in postpubescent gilts, and the age
of puberty varies considerably between animals [4]. A
more reliable assessment of the vulva size as a possible
indicator of follicular development would require the
systematic inspection of a larger number postpubescent
gilts [5], which was not feasible for the present study.
Vulva size was used as an auxiliary characteristic to
identify infertile gilts and it is not a reliable indicator for
the distinction between fertile and infertile gilts in gen-
eral. However, it was sufficient for identifying the causal
variant underlying the fertility condition in the present
study.

BMP15 has fundamental roles in ovarian function. Its
actions include (1) promotion of follicle growth and
maturation; (2) regulation of the sensitivity of granulosa
cells (GC) to follicle stimulation hormone (FSH); (3)
prevention of GC apoptosis; (4) promotion of oocyte
developmental competence and (5) determination of
ovulation quota [6]. Natural mutations of BMP15 cause
primary ovarian insufficiency (POI) in women (reviewed
by Patifio et al., 2017) [7]). Natural missense and non-
sense mutations of ovine BMPI5 cause both an

f to h are from sows with genotype C/T. The arrows point to cysts
A\

Fig. 3 Ovaries of 8 full sibs at the age of 6 months. Ovaries of fullsib gilts from the mating of a sow with genotype C/T
Sscrofal1.1_X:g44618787C>T (BMP15:R212X) and a boar carrying the T allele. Pictures a to e show ovaries of gilts with genotype T/T and pictures
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Table 2 Dosage of the T-allele (causing the nonsense mutation)
based on the genotypes of the parents

C/C-sow C/T-sow C/N-sow
C-boar 0 0.5 gr = 0.062
T-boar 1 1 1
N-boar gm = 0.069 gm+ 0.5 = 0.569 gm+qr = 0.131

dm: T allele frequency in boars; g5 T allele frequency in sows; C: wildtype allele;
T: mutant allele; N: allele not known

increased ovulation rate and infertility, depending on the
dosage of the mutant allele [3, 8—12]. Notable exceptions
are missense mutations of BMPI5 in the Grivette and
Olkuska sheep breeds, as they do not cause infertility.
They increase the ovulation rate and the litter size in a
dosage-dependent manner without causing infertility
[12]. BMP15 acts through homodimerization of the ma-
ture protein and heterodimerization with GDF9 (growth
differentiation factor 9), another member of the trans-
forming growth factor p (TGF-f) family [13]. Mutations
of GDF9 also affect fertility in sheep in the same mode
as mutations of BMPI15 [8, 14, 15]. Since the GWAS
did not show significantly associated SNPs in the
GDF9-containing region on chromosome 2, GDF9
was not considered as a candidate in the present
study. A Mutation of the bone morphogenetic protein
IB receptor (BMPRIB), finally, causes the high prolifi-
cacy Booroola phenotype [16—18] without a negative
effect in the homozygous state.

While mutations of BMPI5 critically affect follicular
development and ovulation rate in dosage-sensitive man-
ners in the mono-ovulatory human and ovine species,
the effects of such mutations seem to be less
pronounced in the poly-ovulatory species mouse.
BMPI15-knockout female mice have minimal ovarian
histopathological defects but are subfertile due to a
decreased ovulation rate [19]. However, knockdown of
BMPIS5 in the poly-ovulatory species swine completely
inhibits ovarian follicular development, leading to infer-
tility [20]. This latter study did not allow to assess the
effect of the null allele’s heterozygous state on the ovula-
tion rate and litter size. The natural nonsense mutation
of BMP15 that we describe in the present study is most
likely a null allele as it results in a severely truncated
protein (47.5% are missing) and / or nonsense-mediated
mRNA decay. Our data indicate that heterozygosity of a
BMPI15 mutation also enhances litter size in poly-
ovulatory swine, just as has been amply reported in
mono-ovulatory sheep. GDF9 and BMPI15 mutations

Table 3 Number of sows in T-allele dosage groups
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also seem to be more frequent in mothers of dizygotic
twins than mothers of single infants or monozygotic
twins [21], pointing to the possibility of an increased
ovulation rate due to heterozygosity of deleterious vari-
ants in the human species as well.

Galloway et al. (2000) [3] set out to explain the para-
doxical dosage effect of BMP15 and GDF9 mutations.
They hypothesized that 50% of normal levels of the
proteins might reduce granulosa cell mitosis and delay
suppressive  effects on plasma follicle-stimulating
hormone (FSH) concentrations and that the concomi-
tant reduction of the amount of steroid or inhibin would
lead to the ovulation of an additional oocyte in mono-
ovulatory species (or additional oocytes in poly-
ovulatory species). McNatty et al. (2009) [22] showed
that an earlier acquisition of responsiveness to the
luteinizing hormone (LH) by granulosa cells in a higher
proportion of follicles accounts for the higher ovulation-
rate in heterozygous carriers of a BMP15 mutation.

To increase the litter size is an objective of pig breed-
ing. Breeding gilts that are heterozygous for the non-
sense mutation of the BMP15 mutation could expedite
the breeding for increased litter size. In detail, German
Landrace boars carrying the mutation could be mated
with German Large White sows. Homozygous female lit-
termates of these boars can be diagnosed by a DNA-test
and directed to fattening. All crossbred gilts sired by
these boars would be carriers of the mutation. Symp-
tomatic homozygous crossbred progeny would not result
in this crossbreeding scheme since German Large White
animals do not carry the BMP15 mutation (data not
shown). When mated with Piétrain boars, crossbred
sows will produce an increased number of piglets suit-
able for fattening.

The outlined selection scheme to achieve an increased
litter size is only advisable if the BMPI5 mutation does
not negatively affect other economically relevant traits.
However, our data reveal a significantly negative effect
of the BMPI5 mutation on traits of lean meat growth.
We did not expect such an effect since the BMPI15 gene
is expressed exclusively in oocytes, and the protein does
not seem to have any other function than to control the
development of follicles and ovulation [7, 21]. We
assume the p.R212X-mutation in BMP15 to have
pleiotropic effects on fertility and lean meat growth.
However, it is not possible to distinguish between bio-
logical pleiotropy (single causal variant or different
causal variants in the same gene) or spurious pleiotropy

T allele dosage

0.000 0.062 0.069

0.131 0.500 0.569 1.000

N sows 8400 (4156) 9623 (9623) 1092 (1092)

9969 (9969) 1185 (1185) 565 (565) 1455 (579)

Numbers in parentheses indicate animals with allele dosage derived from the parents’ genotypes
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Table 4 Estimated effects of the p.R212X-mutation on economically important traits

Trait N sows Effect + std. error P-value Significance
Live-born piglets (N) 20,549 +0411 £ 0.021 450 x 1078 worx

Feed conversion ratio (kg/kg) 10,072 -0.028 + 0.004 760x 107" o

Daily gain (g/day) 10,072 —0.847 + 1684 6.15x 107

Lean meat content (%) 10,072 —0.889 + 0.059 250 % 107! Kok

Belly meat content (%) 10,072 ~0.906 + 0057 221 x 107

Loin eye area (cm?) 10,072 -1216 + 0097 112 % 107° e

Loin to fat ratio (cm?/ cm?) 10,072 —0.031 + 0.002 106 x 10" Kok

Carcass length (cm) 10,072 —-0.030 = 0.045 513x 107

Intramuscular fat content (%) 10,072 0.068 + 0.007 620 x 107%° wex

pH1 10,072 0.002 + 0.002 116 x 107

Drip loss (%) 10,072 ~0.005 + 0.004 216 x 107

N sows Number of sows with a breeding value reliability >40%; Bonferroni corrected significance for eleven tests is P-value < 4.5 x 10~ %, **** significant at P <

1x107%

(different causal variants in different genes in a region of
strong LD) momentarily [23]. To clarify the pleiotropic
effects, further studies are needed.

When taking the economic weights [24, 25] for signifi-
cantly affected traits into account, we can assess the ef-
fect of the BMPI5 mutation economically. Each
additional live-born piglet has a monetary value of 3.98
€, each kg less feed consumed per kg gain 22.70 €, and
each percentage point of lean meat content 1.66 €, yield-
ing a total monetary effect of the mutant allele of - 0.48
€ per finisher pig. Thus, using the BMPI5 mutation to
increase litter size is not advisable, and the eradication
of the mutant allele from the German Landrace popula-
tion, if carefully executed with regard to the genetic di-
versity, should not cause losses.

Conclusions

The observation of gilts with atypically small vulvae
prompted a genome-wide association study that led to the
detection of an associated region on the X-chromosome.
The inspection of whole-genome sequencing data allowed
us to pinpoint a nonsense mutation of BMPIS
(Sscrofall.l_X:g.44618787C>T, NP_001005155.2:p.R212X)
as the most likely causal variant. Like mutations of the
ovine BMPIS5, the porcine mutation affects female fertility
in a dosage-dependent manner. Homozygous female car-
riers of the variant lack proper ovary function and are infer-
tile; heterozygous sows produce +0.41 piglets per litter.
Male animals are not afflicted. Thus, our findings show that
the BMPIS5 nonsense mutation has similar effects in the
poly-ovulatory species swine, as observed for deleterious
BMP15 mutations in the mono-ovulatory species sheep.
The negative effect of the mutant allele on lean meat
growth precludes using the variant for increasing the litter
size by selective breeding. The recommendation is,

therefore, to eradicate the BMPI5 allele from the German
Landrace breed.

Methods

DNA extraction and genotyping

DNA was extracted from tissue samples of affected ani-
mals, collected at slaughter with the DNeasy Blood and
Tissue Kit (Qiagen, Germany). Genome-wide genotypes
of these samples and control animals were obtained with
the Ilumina Porcine SNP60 BeadChip, using default
parameters of Illumina’s BeadStudio for genotype call-
ing. The SNPs’ chromosomal positions were according
to the Sscrofall.l assembly [26]. Sanger-sequencing was
used to validate the genotypes of the Sscrofall.l_X:
g.44618787C>T candidate causal variant as derived from
next-generation sequencing. Genomic PCR products ob-
tained with primers 5'-CGCCATCAACTTCACCTAGC
-3 (forward) and 5 -TCTGGGAAGAAGTTTGGCCT-
3" (reverse) were sequenced using the BigDye® Termin-
ator v1.1 Cycle Sequencing Kit (Life Technologies) on an
ABI 3130x] Genetic Analyzer (Life Technologies) instru-
ment. We customized a KASP™ genotyping assay (LGC
Genomics) for typing the variant at the population level,
using 5 -TCACAAGGGGCGCAGGGTTCT A-3' as
common PCR primer, 5'-GACACATGAAGCGGAGTC
G-3" as primer for the wild type C allele, and 5'-GCTG
ACACATGAAGCGGAGTCA-3" as primer for the mu-
tant T allele.

Genome-wide association study (GWAS)

We retained Porcine SNP60 BeadChip derived genotypes
of SNPs positioned on the autosomes and the X-
chromosome if the calling rates were higher than 90%
and the minor allele frequency above 1% after quality
control with PLINK v. 1.9 [27]. The final data set for the
GWAS comprised 50,649 SNPs, 17 case-animals, and
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fertile 1818 control-animals (German Landrace herd-
book sows with pedigree information), i.e. sows with at
least one litter. A linear mixed model assessed the asso-
ciation between a SNP and the phenotype (0, control; 1,
case) by single-locus regression using the GCTA soft-
ware [28] and the following model:

y=a+bx+g+te,

where y is the phenotype (coded as 1 for affected and 0
for unaffected), a is the mean term, b is the additive ef-
fect (fixed effect) of the candidate SNP to be tested for
association, x is the SNP genotype indicator variable
coded as 0, 1 or 2, g is the polygenic effect (random ef-
fect), i.e., the accumulated effect of all SNPs (as captured
by the GRM calculated using all SNPs) and e is the re-
sidual. We considered SNPs with P-values less than 9.87
x 1077 as significantly associated (5% Bonferroni-
corrected significance threshold for 50,649 independent
tests). The inflation factor was calculated using the
estlambda function of the R-package GenABEL [29].

Whole-genome sequencing

The genomes of 42 influential ancestors of two pig popu-
lations (22 German Landrace: 14 boars and eight sows, 20
Piétrains: 18 boars and two sows) were sequenced to an
average coverage of 12.68x (minimum: 7.90x, maximum:
16.05x). The sire of eight sows with atypically small vulvae
had a coverage of 13.95x (for detailed sequencing informa-
tion see Additional file 4). Library preparation followed
ultrasonic fragmentation (Covaris (50s, 5% duty factor))
using the Illumina TruSeq DNA PCR-Free Sample Prep-
aration Kit with an insert size of 350 bp. The libraries’ se-
quencing was in the 125bp paired-end mode on the
HiSeq2500 instrument (Illumina, San Diego, USA). The
reads were aligned to the reference sequence (Sscrofall.l)
using the Burrow-Wheeler aligner (BWA) [30]. Variants
were called with GATK [31] and visualized with the Inte-
grative Genomics Viewer (IGV) [32]. The Ensembl Vari-
ant Effect Predictor (VEP) [33] was used to annotate the
variants according to the RefSeq (v. 2017_05) annotation
of the Sscrofall.1-assembly.

Mating of animals carrying the mutation and inspection
of ovaries and uteri in female offspring

Two herdbook German Landrace gilts with pedigree in-
formation carrying the nonsense-allele of the BMP15:
pR212X variant were acquired and raised on the experi-
mental station Thalhausen of the Technical University
of Munich. The gilts exhibited regular estrous cycles and
were artificially inseminated at 8 months of age, with the
semen of a boar also carrying the mutation. After nor-
mal gestation, one sow gave birth to only male piglets
that we did not further consider for the study, and the

Page 7 of 9

other sow delivered thirteen piglets, ten of them female.
Weaning of the litter was at the age of 4 weeks. The ten
females stayed in a standard pen under standard rearing
conditions until they reached 3 months and were then
divided into two groups with five pigs each and further
kept under standard conditions. We genotyped the ani-
mals at Sscrofall.l_X:g.44618787C>T with the KASP™-
assay (see above) after blood samples were drawn at the
age of 8 weeks and DNA was extracted by proteinase K
treatment and the salting-out method. At 6 months of
age, eight of the ten female pigs (five with T/T- and
three with the C/T-genotype) were slaughtered after gas-
eous stunning with carbon dioxide. Uteri and ovaries
were removed and examined.

Deriving the T-allele’s dosage of
Sscrofal11.1_X:g9.44618787C>T in sows without genotype
information

As genotypes were not available for all German Land-
race sows in Bavaria with breeding values, we derived
genotypes from the parents’ genotypes to increase the
number of informative animals for studying the effects
of the mutation. When taking the X-chromosomal in-
heritance of the BMPI5 mutation (Sscrofall.l_X:
g.44618787C>T) into account, the following applies for
female progeny: Parents that are C/C (sow) and C (boar)
have C/C-progeny exclusively (dosage of T equals 0); if
the mother is C/T and the boar is C, the progeny’s dos-
age of T equals 0.5. If the boar is C and the mother is
not directly genotyped, i.e., either C/T or C/C (not T/T,
as this genotype is not compatible with fertility), the dos-
age of the T-allele in the progeny amounts to the T-
allele’s frequency in the female population. If the boar’s
genotype is T, all resulting fertile females are C/T (dos-
age of T equals 1). If the boar has no genotype and the
mother is C/C, the dosage of T in the progeny corre-
sponds to the T-allele’s frequency in the male popula-
tion. If the mother is C/T, the resulting dosage of T in
the progeny is 0.5 plus the male T-allele’s frequency. Fi-
nally, if the boar and the sow lack direct genotype infor-
mation, i.e., the sow is either C/C or C/T, the female
progeny’s T-allele dosage is the sum of the male and the
female T-allele’s frequency.

Estimating the T-allele’s effect on breeding values

We used the linear regression model of the statsmodels
package [34] in the Python environment (v. 3.7 [35]) to
estimate the effects of the mutant T-allele on breeding
values:

y=a+bx+e,

where y is estimated breeding value, « is the mean term,
b is the additive effect of the T-allele, x is the T-allele
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dosage (0.000, 0.062, 0.069, 0.131, 0.500, 0.569, 1.00),
and e is the residual. Breeding values for the considered
traits (see Table 4) were from the routine genetic evalu-
ation for Bavarian pig breeds (Bavarian State Research
Centre for Agriculture, Institute of Animal Breeding), es-
timated with a multiple-trait model using a single-step
genomic BLUP method. An effect was considered sig-
nificant if P < 0.0045 (the Bonferroni corrected signifi-
cance level for eleven tests, i.e., breeding values). We
considered only breeding values with a reliability of at
least 40%.
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