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Abstract

Background: Repeat breeding, which is defined as cattle failure to conceive after three or more inseminations

in the absence of clinical abnormalities, is a substantial problem in cattle breeding. To identify maternal genetic
variants of repeat breeding in Japanese Black cattle, we selected 29 repeat-breeding heifers that failed to conceive
following embryo transfer (ET) and conducted a genome-wide association study (GWAS) using the traits.

Results: We found that a single-nucleotide polymorphism (SNP; g.92,377,635A > G) in the upstream region of the
FOXP3 gene on the X chromosome was highly associated with repeat breeding and failure to conceive following
ET (P=151x10""). FOXP3 is a master gene for differentiation of regulatory T (Treg) cells that function in pregnancy
maintenance. Reporter assay results revealed that the activity of the FOXP3 promoter was lower in reporter
constructs with the risk-allele than in those with the non-risk-allele by approximately 0.68 fold. These findings
suggest that the variant in the upstream region of FOXP3 with the risk-allele decreased FOXP3 transcription, which
in turn, could reduce the number of maternal T..q cells and lead to infertility. The frequency of the risk-allele in
repeat-breeding heifers is more than that in cows, suggesting that the risk-allele could be associated with infertility

in repeat-breeding heifers.

Conclusions: This GWAS identified a maternal variant in the upstream region of FOXP3 that was associated with
infertility in repeat-breeding Japanese Black cattle that failed to conceive using ET. The variant affected the level of
FOXP3 mRNA expression. Thus, the results suggest that the risk-allele could serve as a useful marker to reduce and
eliminate animals with inferior fertility in Japanese Black cattle.
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Background

Over the past two decades, conception rates for breeding
programs using artificial insemination (AI) in Japanese
Black cattle have been gradually declining (e.g., first-Al
conception rates decreased from 67.4% to 56% between
1992 and 2012 in Japan) [1]. Notably, some cattle that fail
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to conceive after three or more inseminations, which are
referred to as “repeat breeding,” show a normal estrus
cycle and have no clinical abnormalities [2, 3]. Repeat
breeding is a major source of economic loss in both dairy
[4-7] and beef industries [8]. Therefore, researchers have
aimed to identify the genetic factors involved in repeat
breeding to improve reproductive performance and profit-
ability in cattle.

Genetic factors causing infertility in repeat breeding
could be separately attributed to three genetic compo-
nents: gametes (sperm and/or egg), zygote, and mother
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(Fig. 1a). Recently, embryo transfer (ET) technology has
been used to overcome infertility in several cases of repeat
breeding [9, 10], because the transfer of a high quality em-
bryo could bypass the effects of gametes and zygote in in-
fertility [11]. Therefore, ET to repeat breeders enables us
to directly identify the maternal genetic factors associated
with infertility in repeat-breeding heifers.

In this study, we conducted a genome-wide association
study (GWAS) in repeat-breeding heifers that failed to
conceive by ET with the aim of identifying maternal var-
iants associated with infertility in repeat-breeding Japa-
nese Black cattle. The current GWAS identified an
associated variant in the upstream region of the FOXP3
gene, which serves as a lineage-specific transcriptional
factor of regulatory T (T,cg) cells.

Results and discussion

Quantitative trait loci on the X chromosome were
associated with infertility in repeat-breeding heifers that
failed to conceive by ET

To select fully infertile individuals from 174 repeat-
breeding cattle, we selected 75 repeat-breeding heifers that
had never given birth; the 99 other repeat-breeding cows
had at least one parturition and were therefore not in-
cluded in GWAS. To further select repeat-breeding heifers
whose failure to conceive was caused by maternal genetic
factors, we selected 29 heifers (of the 75 repeat-breeding
heifers) that had additionally failed to conceive by once or
more ET (Fig. 1a). As control animals, we selected 238
cows that had at least three parities by AL We performed
a GWAS using the traits as a binary variable, as is com-
monly done in case-control studies. A total of 42,105
SNPs that passed our quality control criteria from 54, 609
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SNPs were used for the association study. Analysis was
performed using GEMMA software [12], which is based
on a linear-mixed model approach using a genetic-
relationship matrix estimated by SNP genotypes to model
the correlation between the phenotypes of the sample sub-
jects. The genomic-inflation factor (A GC) in this analysis
was 0.9421, indicating that the sample was appropriate for
an association study. A quantile-quantile (Q-Q) plot
showed that 13 SNPs significantly deviated from the dis-
tribution under the null hypothesis (Additional file 1).
Thirteen SNPs on the X chromosome reached the
Bonferroni-corrected threshold for genome-wide signifi-
cance (P<1.19x10°% Fig. 1b, Table 1). These 13 SNPs
consist of six associated quantitative trait loci (QTL),
QTL_1 to QTL_6 (Table 1). Of the 13 SNPs, the six SNPs
within QTL_2, ARS-BFGL-NGS-42972 to Hapmap53698-
rs29016346, were located within a 1.45-Mb window from
91,098,633-92,552,271 bp and were in linkage disequilib-
rium (LD) with each other (P<2.51 x 1078-6.79 x 1071,
OR = 8.24-18.54, 1* = 0.877-1), as shown in Fig. 2, Table
1, and Additional file 2: Table S1 . In addition, three SNPs
within QTL_4, ARS-BFGL-NGS-36429 to ARS-BFGL-
NGS-109515, were located within a 9.34-Kb window from
106,841,261-106,934,611 bp and were in LD with each
other (P<3.31x107°-1.15x 10™%, 7* = 0.942-1), as shown
in Table 1 and Additional file 2: Table S1. These two LD
blocks were 14.8 Mb apart and were not in LD with each
other. The other four associated SNPs from QTL_1,
QTL_3, QTL_5, and QTL_6 were not in LD (+* =0.199—
0.653) with each other or with the two LD blocks from
QTL_2 and QTL_4. Thus, six independent associated
quantitative trait loci (QTL), QTL_1 to QTL_6, were de-
tected in the present study (Table 1).

a Repeat-breeding heifer Male b
(©) 1: Gametes if
Fertilization quq— Artificial insemination
2: Zygote
—+ <4— Embryo transfer
Implantation —+
(19 — 21 days)
3: Mother
Parturition =
(285 days)

Fig. 1 SNPs associated with infertility in repeat-breeding heifers that failed to conceive by ET. a Schematic representation of the protocol of embryo transfer
(ET) to repeat-breeding heifers. Genetic factors of infertility in repeat breeding could be separately attributed to three groups: (1) gametes (sperm and/or egg),
(2) zygote, and (3) mother. The transfer of an embryo could bypass the effects of (1) gametes and (2) zygote in infertility. b Manhattan plot of the association of
42,105 SNPs with infertility in repeat-breeding Japanese Black heifers that failed to conceive following ET. Chromosomes are distinguished with alternating
colors (blue, odd numbers; red, even numbers). Dashed line is the Bonferroni-corrected threshold for genome-wide significance (—log;o (P) = 593)
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Fig. 2 Regional plot of QTL_2 on chromosome X associated with infertility in repeat-breeding heifers that failed to conceive by ET. a Plot of regional
SNPs of QTL_2. b The lower panels show estimates of the square of the correlation coefficient () calculated for each pairwise comparison of SNPs.
The 7 values are indicated by a black/white gradient: white represents r* = 0, shades of gray represent 0 < < 1, and black represents = 1. ¢ Genes in
QTL_2 on the X chromosome in Japanese Black cattle. The Ensembl IDs of genes are labeled at the left side of the plot. The details of Ensembl ID of

genes are provided in Additional file 2: Table S2

Characterization of genes within and near each QTL and QTLs
ARS-BFGL-NGS-67406 (8,602,946 bp, QTL_1, shown in
Table 1) was localized in intron five of TENMI
(ENSBTATO00000057265) (Additional file 2: Table S2).
Although the molecular function of TENMI related to
conception is unknown in cattle (reviewed in [13, 14]; for
a cattle QTL database (QTLdb), see [15]), Tenml knock-
out mice were shown to have an altered ability to sense
odors [16] and a SNP in TENM 1 was associated with litter
size in dairy goats [17], suggesting that TENM1I could be
associated with conception in repeat breeders.

The 145-Mb LD region (91098633-92,552,271 bp,
QTL_2, shown in Table 1, Fig. 2b) harbors 56 Ensembl tran-
scripts and 39 annotated genes (Fig. 2c, Additional file 2:
Table S2). The 39 annotated genes had a wide spectrum of
molecular functions (Additional file 2: Table S3) [18]. Three
QTLs for daughter pregnancy rate [19] have been reported
within QTL_2 in Holsteins [20] (Additional file 2: Table S4).

ARS-BFGL-NGS-68512 (104,393,600 bp, QTL_3,
shown in Additional file 3) was located in the intergenic
region between ENSBTATO00000065986 and FUNDCI
(ENSBTAT00000002144) at distances of 58.8 kb and
135.4 kb (Additional file 2: Table S2), respectively. The
93.4-Kb LD region (106841261-106,934,611 bp, QTL_4,
shown in Additional file 3) was located in the intergenic
region between PPPIR2P9 (ENSBTAT00000052924) and
U6 (ENSBTAT00000062540) at distances of 575.5 kb
and 12.6 kb (Additional file 2: Table S2), respectively.
This locus has not been previously reported for
conception-related traits in cattle (reviewed in [13, 14];
for a cattle QTLdb, see [15]).

ARS-BFGL-NGS-16664 (108,144,345, QTL_5, shown in
Additional file 3) was located in the intergenic region be-
tween USP9Y (ENSBTAT00000050390) and MEDI4
(ENSBTAT00000015654) at distances of 281.8 kb and
97.3 kb (Additional file 2: Table S2 ), respectively. A QTL
for first service conception has been reported within
QTL_5 in Brangus, a cross between an Angus and a Brah-
man [21] (Additional file 2: Table S4).

Hapmap34819-BES10_Contig519_871 (108,731,811, Q
TL_6, shown in Additional file 3) was located in the
intergenic region between ATP6AP2 (ENSBTAT0000000
23668) and BCOR (ENSBTATO00000065036) at distances
of 307 kb and 152 kb (Additional file 2: Table S2 ),
respectively. The locus has not been previously reported
for conception-related traits in cattle (reviewed in [13,
14]; for a cattle QTLdb, see [15]).

A variant in the upstream region of FOXP3 was associated
with infertility in the repeat-breeding heifers that failed
to conceive by ET

Of the six QTLs identified, the 1.45-Mb LD region
(91098633-92,552,271 bp, QTL_2 as shown in Table
1, Fig. 2a, b) was most significantly associated with in-
fertility in the repeat-breeding heifers that failed to
conceive by ET. To comprehensively determine asso-
ciated variants in exons of the 56 Ensembl transcripts
and 39 annotated genes in QTL_2 (Fig. 2c, Additional
file 2: Table S2 ), we first exploited exome data from
517 Japanese Black sires, which include 30 animals
with heterozygous risk haplotype and 487 animals
with homozygous non-risk haplotype that were
defined by the genotypes of ARS-BFGL-NGS-42972
(91,098,633 bp) and Hapmap53698-rs29016346
(92,552,271 bp) (Additional file 2: Table S5 ). Align-
ment of filtered sequence reads resulted in 61.8-fold
read depth coverage of the targets in the 517 animals.
Alignment of the sequence reads from all individuals
against the QTL_2 region identified 241 sequence
variations (220 SNPs and 21 indels), whereas none of
them was consistent with the risk haplotype (Add-
itional file 2: Table S6).

Among the 39 annotated genes, FOXP3 was located
on the telomeric side in the LD, and it was the closest
and most-associated SNP (Fig. 2c). This gene is a strong
candidate for infertility. FOXP3 serves as lineage-
specific transcriptional factor of regulatory T, cells
[22, 23]. Maternal T, cells accumulate in the blood
and the placenta during pregnancy [24-28] and abla-
tion of maternal FOXP3 (+) T,.q cells triggers fetus-
specific effector T-cell activation, which, in turn, leads
to pregnancy loss [29].

To detect associated polymorphisms in FOXP3, we se-
quenced all exons (Additional file 2: Table S7, primer pairs
are shown in Additional file 2: Table S8) and upstream re-
gions, beginning 3078 bp upstream of the start codon, in
three animals with homozygous risk, heterozygous, and
homozygous non-risk haplotypes that were defined by the
genotypes of the six SNPs (ARS-BFGL-NGS-42972 to
Hapmap53698-rs29016346) (Additional file 2: Table S5).
We did not find any variants in the exons of FOXP3,
whereas we found a SNP (g.92,377,635A > G) in the up-
stream region of FOXP3 (2174 bp upstream of the start
codon, Fig. 3a). To ascertain whether the variant
(8.92,377,635A > G) in the upstream region of FOXP3 was



Arishima et al. BMC Genetics (2017) 18:103

Page 6 of 12

-log10 (P)

\

a FOXP3
11 10 9 8 76 54 32 1
- + » (1 - iH i —
B exon | -2174 bp v |
<1
92375252 92375461 9.92,377,635A>G

9.92,377,635A>G ._

*

Fig. 3 Association of a SNP in the 5" upstream region of FOXP3 with infertility in repeat-breeding heifers that failed to conceive by ET. a Schematic
representation of FOXP3 exons and the positions of g.92,377,635A > G (arrowhead) in the 5" upstream region of FOXP3. b A conditioned analysis
was performed by including a genotype of g.92,377,635A > G (arrow) in the upstream region of FOXP3 (2174 bp upstream of the start codon), as
a covariate in the model. The blue filled diamond indicates the g.92,377,635A > G (arrow). The red unfilled circles and yellow filled diamonds
represent P values in -log; scale before and after conditioning, respectively

associated with infertility in the repeat-breeding heifers
that failed to conceive by ET, we genotyped the variants
in the 267 animals used in the GWAS and analyzed the
association with the traits, using GEMMA software
with a genetic-relationship matrix for the animals. The
SNP (g.92,377,635A > G) produced a strongly signifi-
cant signal (P=1.51x10""% OR=15.38, Table 2, the
blue diamond shown in Fig. 3b). Thereafter, we per-
formed conditioned analysis to ascertain whether there
were any other significantly associated SNPs in the
region. The SNP (g.92,377,635A > G) was individually
included as a covariate in the linear-mixed model. After
conditioning, the associations of the other SNPs were
no longer evident (Fig. 3b), indicating that the region
contained a single QTL within QTL_2 and that the
SNP in the upstream region of FOXP3 could be a
causative variant of the trait.

Variants in the 5-upstream region of FOXP3 were
involved in the promoter activity of FOXP3

The SNP (g.92,377,635A > G) is located 2175 bp upstream
of the start codon of FOXP3. We observed that the SNP
resided in the binding site of several SOX-related tran-
scriptional factors (Additional file 4). Although it is
unknown whether the site including the SNP
(g.92,377,635A > G) is a binding site for the SOX-related
transcriptional factor and whether the risk-allele (G)
affects binding ability, the SNP (g.92,377,635A > G) in the
upstream region of the FOXP3 gene could potentially
affect the activity of the FOXP3 promoter. Because an
increase in FOXP3 promoter activity was observed in co-
transfection of RUNX [30] (RUNX binding sites in the
upstream region are shown in Additional file 2: Table S9),
we co-transfected HEK 293 T cells with the 2439-bp
fragment upstream of FOXP3 including the SNP

Table 2 A SNP upstream of FOXP3 showing significant genome-wide associations with infertility in repeat-breeding Japanese Black

heifers that failed to conceive by ET

SNP_ID Chr  Position

Minor allele  Minor allele frequency in case  Minor allele frequency in control

Major allele OR* P

9.92377635A>G X 92377635 G 0.52

0.07 A 1538 151E-14

Positions are based on the UMD3.1 assembly of the bovine genome
?Odds ratio
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(g.92,377,635A > G), into luciferase-reporter constructs
and CAGGS-RUNX3 expression constructs. Thereafter,
the resulting luciferase activities were measured 24 h post-
transfection. The luciferase activity was lower for the risk
constructs than for the non-risk constructs, with a differ-
ence of approximately 0.68 fold (¢-test, P =0.016) (Fig. 4).
These results suggest that the SNP (g.92,377,635A > G) in
the upstream region of FOXP3 could affect the level of
FOXP3 mRNA expression, which, in turn, might decrease
in differentiation of maternal FOXP3 (+) Ty cells [22,
23]. Consequently, a decrease in the number of T, cells
triggers fetus-specific effector T-cell activation, which in-
duces infertility recurrence in cattle. Further studies about
the level of FOXP3 mRNA expression and the number of
Tcg cells in repeat-breeding cattle are needed to elucidate
the mechanism underlying FOXP3 functions in infertility.

Surveillance of the risk-allele frequency in the Japanese
Black cattle in local subpopulation

We genotyped 1373 cows that had one to three parities
from the local subpopulation, from which the repeat-
breeding heifers used in the present GWAS were sam-
pled. The frequencies of the risk-allele and that of the

upstream (+1 bp ~ - 2364 bp)
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Fig. 4 The upstream region of FOXP3 including a SNP
(9.92,377,635A > G) affects FOXP3 expression. Luciferase reporter
assays for the 5" upstream region of FOXP3-derived risk- and
non-risk-alleles. The 5" upstream region (2364-bp fragment upstream,
92,375,328-92,377,691 bp) derived from the non-risk- and risk-alleles
were cloned into the firefly luciferase pGL3-non-risk and pGL3-risk
plasmids, respectively. The Firefly-to-Renilla luminescence ratios
observed after cotransfecting HEK293T cells were measured to
evaluate the effects of the 5" upstream region. Mock is a backbone
plasmid without Luciferase gene of pGL3-basic plasmid. Bars
represent the mean + standard error obtained in triplicate from each
of three independent experiments. P values determined by t tests
are shown
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risk-allele homozygote were 0.23 and 0.06, respectively
(Table 3), indicating that the risk-allele has a higher fre-
quency in this population than in the nationwide
Japanese Black cattle population. The frequency of the
risk-allele in the latter was 0.07. Notably, the risk-allele
homozygous cows were found in the local subpopula-
tion, indicating that the homozygote had an ability to
conceive under certain conditions; thus, the risk-allele
could be a QTL for infertility.

To determine whether the risk-allele was associated
with infertility in repeat breeding, the frequency of the
risk-allele in 76 repeat-breeding heifers was compared
with that in cows. The frequencies of the risk-allele and
that of the risk-allele homozygote were 0.43 and 0.16, re-
spectively, in the repeat-breeding heifers (Table 3), which
are higher than those in cows, suggesting that the risk-
allele could be associated with infertility in the process
of repeat breeding. Further, to determine whether the
risk-allele was associated with infertility owing to mater-
nal effects, the frequency of the risk-allele in repeat-
breeding heifers that successfully conceived following
ET was compared with that in repeat-breeding heifers
that failed to conceive by once or more ET. The fre-
quency of the risk-allele in repeat-breeding heifers that
successfully conceived following ET (0.38) was less than
that in those that failed to conceive by once or more ET
(0.52) (Table 3), suggesting that the risk-allele is associ-
ated with infertility due to maternal effects. Additionally,
this result suggests that ET to repeat-breeding heifers
effectively selected repeat-breeding heifers that were
fully infertile due to maternal effects.

Conclusion

The current GWAS detected six QTLs on the X
chromosome and identified a maternal variant in the up-
stream region of the FOXP3 gene, which is located in
QTL_2, which was associated with infertility in repeat-
breeding Japanese Black heifers that failed to conceive
following ET. In the present GWAS, we adopted the ET
protocol to bypass the effects of gametes and zygotes on
infertility in repeat-breeding heifers, which allowed the
selection of individuals with infertility problems that
were caused by maternal genetic factors. The variant
identified in the promoter region of the FOXP3 gene
may affect the level of FOXP3 mRNA expression, which
in turn, might decrease the differentiation of maternal
FOXP3 (+) T, cells. Consequently, a decrease in the
number of T, cells may trigger fetus-specific effector
T-cell activation, which induces recurrent infertility. The
frequency of the risk-allele in repeat-breeding heifers is
more than that in cows, suggesting that the risk-allele
could be associated with infertility in repeat breeding.
Although further investigation is required to estimate
the effect size of the risk-allele in the repeat-breeding
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heifers that failed to conceive by ET, the present results
suggest that the risk-allele could serve as a useful marker
to reduce or eliminate animals with impaired female fer-
tility in Japanese Black cattle.

Methods

Experimental animals

A total of 174 repeat-breeding Japanese Black cattles,
which were reared in a local subpopulation (Kagoshima,
Japan), were first selected based on their failure to con-
ceive after three artificial inseminations (AI). From this
population (n =174 repeat-breeding cattle), we further
selected a total of 75 repeat-breeding heifers that had
never given birth (< 2 years old and originating from 46
farms). The other 99 repeat-breeding cows were dis-
carded since they experienced at least one parturition.
The repeat-breeding heifers had normal estrus cycles
and did not exhibit clinical signs of uterine disorders,
e.g., endometritis, and had no abnormalities of the ovar-
ies, e.g., ovarian cysts. The procedures of choosing em-
bryo recipients, embryo collection, and embryo transfer
were previously described [31] and performed at the
Kagoshima prefectural Cattle Breeding Development In-
stitute or farms in Kagoshima, Japan. The repeat
breeders received grade one or two seven-day-embryos
(morulae or blastocysts), which were classified according
to the criteria defined by the International Embryo
Transfer Society [32]. Both fresh embryos and frozen
embryos were used in the ET because there are no dif-
ferences in the pregnancy rates between cattle that re-
ceive fresh embryos and those that receive frozen
embryos [31]. ETs were performed according to the pro-
cedures used by Isobe et al. [33]. Of the 75 repeat
breeders, 29 heifers that failed to conceive after once or
more ET were selected as case animals (Fig. 1a). As con-
trol animals, we randomly selected 238 Japanese Black
cows that had more than three parities by Al, based on
1709 records for reproductive females born on 11 farms
in locations across Japan from 1992 to 2006 [34].

Whole blood was collected from each cow and heifer,
and genomic DNA (gDNA) was isolated using the Easy-
DNA gDNA Purification Kit (Invitrogen, Cat. #K1800-
01). The DNA qualities were confirmed by 0.8% agarose
gel electrophoresis and spectrometry.

Genome-wide association study

A total of 267 DNA samples were individually genotyped
using the BovineSNP50K version 2 BeadChip (Illumina,
Cat. #WG-450-2001), which includes probes for 54,609
SNPs. The UMD3.1 assembly of the bovine genome [35]
was used to map the positions of the SNPs. A total of
42,105 SNPs that passed our quality control criteria (call
rate > 95%, minor allele frequency > 0.01, Hardy-Weinberg
equilibrium P >0.001 [34]), which were analyzed using
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PLINK v1.07 software [36], were used for the association
study. We performed a GWAS using the trait as a binary
variable (i.e., repeat-breeding heifers that failed to conceive
by following ET and control animals), as is commonly
done in case-control studies. Association analyses were
performed using GEMMA software [12], which is based
on a linear-mixed model approach using a genetic-
relationship matrix estimated by SNP genotypes to model
the correlation Sbetween the phenotypes of the sample
subjects.

Linkage disequilibrium and diplotype analysis

Haploview 4.2 software [37] was used to analyze linkage
disequilibria between the all SNPs that were located
within or near identified QTLs. The diplotypes of the
GWAS samples were estimated using Beagle 3.3.2 soft-
ware [38, 39].

Gene annotation and Gene ontology analysis

Gene content within and near each identified QTL was
assessed based on the gene annotation of the UMD3.1
assembly of the bovine genome using Ensembl (Cow
release 83) [40]. The PANTHER gene ontology classifi-
cation system (PANTHER 9.0) [18] was used to assess
the genes within the protein family and the biological
functions of the proteins.

QTL annotation

To determine whether previously identified QTLs
associated with bovine fertility are located within or near
the six QTLs identified in the current study, Cattle
Quantitative Trait Locus (QTL) Database (Cattle QTLdb)
was used [15].

Exome sequencing

Semen gDNA (200 ng/50 pL) samples from 517 Japa-
nese Black sires (key ancestor sires of Japanese Black
cattle) in low-EDTA TE buffer (Life Technologies, Cat.
#12090-015) were individually sheared to 150-200 bp
using Covarise (M & S Instruments Inc., Cat. #5220).
Individual paired-end libraries were prepared and cap-
tured using a SureSelect XT Bovine All Exon (Agilent,
Cat. #G9496B (#S-SN34)) [41] and Bravo automated
next-generation sequencing liquid handing system
(Agilent) and sequenced on an Illumina HiSeq2500
sequencing system (2 x 101 bp). Initial sequence pro-
cessing, base-calling, and de-multiplexed sequence
reads were performed using Illumina CASAVA v.1.8.0.
Sequence reads (FASTQ) for each sample were aligned to
the UMD3.1 assembly of the bovine genome using
Burrows-Wheeler Aligner [42]. Duplicates were marked
using Picard software [43], and indexed, merged, and
sorted using SAMtools [44]. The UnifiedGenotyper and
HaplotypeCaller tools of the GATK utility were used to
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identify and extract the SNPs and indels [45]. Functional
variant annotation and effect prediction was performed
using SnpEff [46], PolyPhen-2 [47], and Variant Effect Pre-
dictor (VEP) [48] based on gene annotation of the
UMD3.1 assembly of the bovine genome.

Sequence analysis of exons in FOXP3

The FOXP3 exons and the upstream region were directly
sequenced by the Sanger sequence method. Polymerase
chain reaction (PCR) products using primer pairs are
listed in Table S8 (Additional file 2). PCR products were
sequenced using the forward and reverse primers, respect-
ively (Table S8) and the BigDye Terminator v.3.1 Cycle
Sequencing Kit (Applied Biosystems), followed by electro-
phoresis using an ABI 3730 sequencer (Applied
Biosystems) and SNP identification was performed using
SeqScape software, V2.5 (Applied Biosystems).

Transcriptional binding site analysis of the FOXP3
promoter region neighboring the g.92,377,635A > G SNP
Position-specific scoring matrices (PSSM), scoring
scales, scores, and relative scores, for the neighboring
2.92,377,635A > G sequence (+ 20 bp) were analyzed
with the JASPAR database [49]. Graphical representation
of the frequency matrix was represented by SeqLogo [50].

Luciferase reporter assays

A luciferase reporter assay was conducted to determine if
SNPs identified in the 5’-upstream region of the FOXP3
gene might affect FOXP3 expression. The 2364-bp frag-
ment upstream (92375328-92,377,691 bp) of FOXP3, in-
cluding that of a SNP (g.92,377,635A > G), was amplified
using PrimeSTAR Max DNA Polymerase (Takara, Cat.
#R045A). PCR was performed using gDNA, a forward pri-
mer (5'- cccAAGCT Taaagttgtccctgggetett —3'; uppercase
letters indicate the HindIll linker), and a reverse primer
(5'- ccgCTCGAG aacatcctccatgtggette -3'; uppercase let-
ters indicate the Xhol linker). The PCR products were
cloned into the HindIIl and Xhol sites of the pGL3-Basic
Vector (Promega, Cat. #E1751). The sequence and orien-
tation of the insert were confirmed by sequencing.

To co-express the RUNX3 protein, a transcription
factor that can increase the activity of the FOXP3 pro-
moter [30], the coding region of RUNX3 (NM_001193
158, 1-1263 bp) was amplified from cDNA of mono-
cytes derived from Japanese Black cattle using a forward
primer (5'- cgGAATTCatgcgtattcctgtagacccgage-3'; up-
percase letters indicate the EcoRI linker) and a reverse
primer (5'- ccgCTCGAGctaAGCGTAATCAGGAACGT
CGTAAGGGTAgtagggccgecacacggectc —3'; uppercase
letters indicate the Xhol linker, and underlined letters in-
dicate the C-terminal hemagglutinin (HA) tag for
RUNXS3, respectively). The PCR product was cloned into
the EcoRI and Xhol sites of the pCAGGS vector [51].
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The sequence and orientation of the insert were con-
firmed by sequencing.

For cell culture, the human embryonic kidney 293 T cell
line (HEK 293 T) was maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma, Cat. #D5796) with 10%
fetal calf serum (FCS; Sigma, Cat. #F-2442) supplemented
with 2 mM L-glutamine (Gibco, Cat. #25030-081) and
100 units mL™" penicillin and 100 ug mL™" streptomycin
(Gibco, Cat. #15140-122). Using Lipofectamine 2000
(Invitrogen, Cat. #11668—019), we transfected 5 x 10* cells
per well in a 24-well plate with a mixture of 400 ng of the
FOXP3 promoter-reporter vector, 100 ng of pCAGGS-
RUNX3, and 10 ng of pRL-TK Renilla (Promega, Cat.
#E2241) to determine transfection efficiencies. Luciferase
assays were performed 24 h post-transfection using the
Dual Luciferase Reporter Assay System (Promega, Cat.
#E1910) and the GloMax detection system (Promega, Cat.
#E6521).

Surveillance of the risk-allele frequency

For the validation study, we used 1373 cows reared in
Kagoshima, Japan that had one to three parturitions. The
FOXP3 variant (g.92,377,635A >@G) was genotyped by
directly sequencing PCR products using the following
forward primer (5'- TCAGATGCAGACCCCGATAC-3")
and a reverse primer (5'- CTGAGTCAGGGCAGCATA
GA -3’). The PCR products were sequenced using the
reverse primer and the BigDye Terminator v.3.1 Cycle
Sequencing Kit (Applied Biosystems), followed by electro-
phoresis using an ABI 3730 sequencer (Applied Biosys-
tems). SNP identification was performed using SeqScape
software, V2.5 (Applied Biosystems).

Additional files

Additional file 1: Quantile-quantile plots of the genome-wide associ-
ation results for infertility in repeat-breeding Japanese Black heifers that
failed to conceive by ET. Red dots represent the observed -log;q P values,
and the straight line represents the expected -log;o P values under the
null hypothesis. Dashed line is the Bonferroni-corrected threshold for
genome-wide significance (—log;o (P) =5.93) (PDF 140 kb)

Additional file 2: Table S1. Detailed features among SNPs in QTL_2
and QTL_5 for infertility in repeat-breeding Japanese Black heifers that failed
to conceive by ET Positions are based on the UMD3.1 assembly of the bovine
genome. * QTL_No. are shown in Table 1. Table S2. Neighboring Ensembl
genes in QTLs on the X chromosome associated with infertility in repeat-
breeding Japanese Black heifers that failed to conceive by ET. Positions are
based on the UMD3.1 assembly of the bovine genome. # QTL_No. are shown
in Table 1. Table S3. PANTHER gene ontology analyses of genes in the QTLs.
Positions are based on the UMD3.1 assembly of the bovine genome. ©
QTL_No. are shown in Table 1. Table S4. Cattle QTLdb hits within and near
QTL_2 and QTL_5. Positions are based on the UMD3.1 assembly of the bovine
genome. ® QTL No. are shown in Table 1. ® QTL_ID and Trait_ID were assigned
using Cattle QTLdb. © PUBMED_ID were assigned using Cattle QTLdb. Table
S5. The risk-haplotype in the QTL_2 for infertility in repeat-breeding Japanese
Black heifers that failed to conceive by ET. Positions are based on the UMD3.1
assembly of the bovine genome. Table S6. Sequence ontology in QTL_2.°
Sequence ontology was assigned to an allele by Ensembl variant effect
predictor (VEP). Table S7. Detailed features of FOXP3 (ENSBTATO0000017660)
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transcript and the exon positions. Positions are based on the UMD3.1
assembly of the bovine genome. Table S8. Primer information for FOXP3
(ENSBTAT00000017660). Table S9. Detailed features of RUNX binding site in
FOXP3 reporter construct (92375252-92,377,691 bp). Positions are based on
the UMD3.1 assembly of the bovine genome. (XLSX 78 kb)

Additional file 3: Genes in the QTL_3, 4, 5, 6 on the X chromosome in
Japanese Black cattle. (a) Plot of regional SNPs of QTL_3 to _6. (b) The
Ensembl IDs of genes are labeled at the left side of the plot. The details of
Ensembl ID of genes are provided in Additional file 2: Table S2. (PDF 53 kb)

Additional file 4: Transcriptional binding sites of neighboring
9.92,377,635A > G in the upstream region of FOXP3. (a) Transcriptional
binding site analysis of neighboring 9.92,377,635A > G was analyzed by
JASPAR. Position Frequency Matrix (PFM) was converted to Position
Specific Scoring Matrices (PSSM). PSSM scoring scales are represented by
superscripted letters as follows: ¢ score; sum of values from indicated cells
of the matrix, ° relative scores; normalization of the scores to the range
of 0-1. (b) SeqLogo; a graphical representation of frequency matrix. Y-axis
is information content, which reflects the strength of the pattern in each
column of the matrix. A magenta arrow indicates g.92,377,635A > G.

(PDF 518 kb)
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