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Abstract

Background

Identification of single nucleotide polymorphisms (SNPs) for djgegenes involved in
reproduction might improve reliability of genomic estimates fosehlew-heritability traits,
Semen from 550 Holstein bulls of high 1.7; n = 288) or low< -2; n = 262) daughter
pregnancy rate (DPR) was genotyped for 434 candidate SNPs uimn@Gequenom
MassARRAY® system. Three types of SNPs were evaluateBs$ieviously reported to be
associated with reproductive traits or physically close tetygemarkers for reproductiop,

SNPs in genes that are well known to be involved in reproductive pes;esnd SNPs

genes that are differentially expressed between physiolagadglitions in a variety of tissues

associated in reproductive function. Eleven reproduction and production traits algzedn

Results

A total of 40 SNPs were associat&< 0.05) with DPR. Among these were genes invo

in the endocrine system, cell signaling, immune function and inhilafi@poptosis. A total

of 10 genes were regulated by estradiol. In addition, 22 SNPs wasoeiated with heife
conception rate, 33 with cow conception rate, 36 with productive life, 34neitimerit, 23

with milk yield, 19 with fat yield, 13 with fat percent, 19 wphotein yield, 22 with protein

percent, and 13 with somatic cell score. The allele subsetitwifect for SNPs associat
with heifer conception rate, cow conception rate, productive life abdnerit were in th
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same direction as for DPR. Allele substitution effects for m#vBNPs associated with
production traits were in the opposite direction as DPR. Nonethethess, were 29 SNRs
associated with DPR that were not negatively associated with production traits

Conclusion

SNPs in a total of 40 genes associated with DPR were iddnéifievell as SNPs for other
traits. It might be feasible to include these SNPs into gentasis of reproduction and other
traits. The genes associated with DPR are likely to be immgofta understanding the
physiology of reproduction. Given the large number of SNPs assbeitte DPR that were
not negatively associated with production traits, it should be possibéeléct for DPR
without compromising production.
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Background

There is a negative genetic correlation between milk yieldfamidity in dairy cattle [1-3].
Partly as a result, the large improvement in milk yield over lds 40 years was
accompanied by a decline in fertility [4-6]. Genetic selectarfdrtility is hampered by low
heritability. For example, the heritability for daughter pregyamate (DPR), the fertility trait
most widely measured in the United States, has been estima@®48b [2]. Genetic
estimates of fertility can be improved by genome-wide simgleleotide polymorphism
(SNP) arrays. Utilization of the BovineSNP50 chip from lllumisar{ Diego, CA, USA)
improved reliability for DPR [7,8] but the low heritability and pgéynic nature of the trait
has meant that improvements in reliabilities achieved by incatipar of genomic
information was less than for other traits. Thus, while the incaiparaf information from
the SNP50 chip increased reliability of DPR by 17% in Holstéims,improvement was one
of the lowest of the 12 traits examined [8].

One possible way to improve the accuracy of genomic estiraffestility is to incorporate

SNPs for specific genes involved in reproduction into SNP panels. Thaebgenome
contains over 20,000 genes, and over 14,000 of those do not contain a single SNP on the
BovineSNP50 chip [9]. Incorporation of candidate gene SNPs into genasis tor
reproduction would allow selection of causative SNPs or SNPs plysmore close to
causative SNPs. Such an approach has been successful for improvityg tabdetect
genomic associations with disease [10].

Many genes have been associated with reproduction in the dairy coongithese are SNPs
related tan vitro fertilization or development, such 83AT5A11], FGF2[12,13] andPGR
[14]), DPR CAST[15]), sire conception rate includir@TAT5A16], FGF2 [16], andITGB5
[17], calving interval GHR[18]), superovulation responseHR[19]), twinning rate IGF1
[20]) and incidence of still birthNLRP9[21] andLEP [22]). In beef cattle, SNPs related to
reproductive function include those HHSPALA, associated with calving rate [23], and
PAPPAZ associated with calving interval [24].



The previously mentioned SNPs only represent a small portion ofethesgnvolved in
reproductive processes. Recent studies have revealed genes whessiex in tissues or
cells of importance to reproduction vary with reproductive stahgset genes are candidates
for containing SNPs that impact fertility. For example, gemere identified that were
differentially regulated in the brain of cows displayingosty estrus compared to those
displaying weak estrus [25], in the endometrium of heifers which peadui@ble embryos
compared to those which produced non-viable embryos [26], and in biopsiesnifanyoe
that resulted in live calves as compared to embryos that diesviio embryo transfer [27].
Genetic variants in the genes differentially expressed in theeraentioned studies and
others may be responsible for differences in fertility among animals.

The goal of the current study was to identify SNPs in candghaies affecting reproductive
processes. The approach was to evaluate effectiveness of SNEadidate genes for
explaining genetic variation in DPR. Three types of SNPs wakiaed: SNPs previously
reported to be associated with reproductive traits of daibeef cattle or physically close to
genetic markers for reproduction, SNPs in genes that arekweltn to be involved in
reproductive processes, and SNPs in genes reported to be diffgreaxmiessed between
physiological conditions in a variety of tissues associated prodective function. As an
additional goal, SNPs were also evaluated for their relatiortehiggther traits. Given the
negative genetic correlation between milk yield and reproducli€d],[it was hypothesized
that some SNPs associated with DPR would have an antagonistionghip with
production traits.

Methods

Selection of bulls

Straws and ampules of semen were obtained from 550 Holstein bullbdtar@en 1962 and
2010. Bulls were chosen based on their predicted transmitting ability (PTAglatwlity for
DPR. In particular, bulls were chosen to have either a high PTBR&t & 1.7) or low PTA

for DPR € —2) with reliability as high as possible. The PTA for the low DPR group (n = 262)
ranged from -5.9 to -2 (average = —-3.5), and the PTA for the high @& (n = 288)
ranged from 1.7 to 5.3 (average = 2.87). Reliabilities ranged from 0.46 tqRdIs <
50%, 17 between 50 and 60%, 150 between 60 and 70%, 213 between 70 and 80%, 47
between 80 and 90%, and 120 greater than 90%). The distribution of radiglilas similar
between the low (average = 79%) and high (average = 77%) DPR grawpokctdl
transmitting abilities for a variety of traits of the bullee presented in Additional file 1:
Table S1. Semen was obtained from the Cooperative Dairy DNA Rapo$CDDR
(Beltsville, MD, USA; 445 bulls)], Alta Genetics (Watertown, VWSA; 38 bulls), Genex
Cooperative Inc. (Shawano, WI, USA; 31 bulls), Taurus-service Inc.dMeny, PA, USA;

26 bulls), Foundation Sires Inc. (Listowel, ON, CAN; 5 bulls), Aecsted Genetics
(Baraboo, WI, USA, 2 bulls), Interglobe Genetics (PontiaclJ8A, 2 bulls), and Nebraska
Bull Service (McCook, NE, USA, 1 bull). Five bulls were born in the 1960%) 1t%e 1970s,

54 in the 1980s, 154 in the 1990s, and 322 in the 2000s.

SNP discovery

The choice of 434 SNPs to be used for genotyping was made using -atéprgeocess:
candidate gene selection, SNP identification, and SNP selectitist & candidate genes



affecting reproduction was compiled using two methods. The first twasclude genes
commonly known to affect reproductive processes such as steroidog&iesis, HSD17B3
etc.), follicular developmentLHB, FSHB,etc.), oocyte maturatiorBMP15, GDF9 etc.),
and early embryonic developme@SF2, IGF1,etc.), as well as nutritional genes including
orexins \\PY, HCRTetc.) and anorexinCCK, LER etc.). Furthermore, genes that were in
physical proximity to SNPs related genetically to inteteainsemination IGFBP7, IRF9,
etc. [28]) and 56 d non-return ratBAIAP2, SCRN1etc. [29]) were included. In addition,
genes reported to be differentially expressed between phywial@onditions in a variety of
tissues associated with reproductive function were incorporated.li$himcluded genes
differentially regulated in the following conditions: the brain of sassplaying strong vs.
weak estrusGALCR, POMC etc. [25]), embryos after cryopreservatid@AK, DSC2 etc.
[29]), superovulated embryos compared to embryos from unstimulated G&h&A4, KIT
etc. [30]), embryos which survived to term compared to embryos thdtirdivivo after
embryo transfer ATP5A1, OCLN etc. [27,31]), embryos treated with CSF2ACNALG,
MADD, etc. [32]) or IGF1COQ9, CREG,letc. [33]) compared to control embryos, embryos
culturedin vitro in the well-of-the-well system compared to embryos culturedroups
(CSNKL1E, ZP4etc. [34]), oocytes compared to 8-cell embryBkIC4, PDGFR etc. [35])
and blastocysts@JALl, TAF9 etc. [36]), oocytes at different stages of oocyte maturation
(CPS1F, ZP2etc. [37]), endometrium related to embryo survilaGKA, BSP3etc. [26]),
endometrium in lactating cows compared to non-lactating c&WwW8B1, ST13etc. [38]) or
pregnant cows compared to non-pregnant coMSL( GPLD1,etc. [38]), cumulus cells
regulated by the LH surgeDHCR24, HAS2.etc. [39]), at different stages of oocyte
maturation AP3B1, CLU etc. [40]), or from embryos producedvivo embryos compared to
embryos producedn vitro [LPL, MAGEDJ] etc. [41]), dominant follicles compared to
subordinate folliclesGYP19A1, FSTetc. [42-45]), liver during the transition peric8iGLY,
PCCB,etc. [46]), mammary tissue during lactatigxBCA1, INSRetc. [47]), and oviduct at
diestrus compared to estrid3, OVGP1etc. [48]).

Using the procedures described above, a total of 1532 candidate gaeesientified. The
SNPs in each of these genes were identified by queryingNifedatabase maintained by the
National Center for Biotechnology Information (dbSNP; http://www.mdim.nih.gov/snp).
Then, SNPs were screened to only include those in the coding regtbe gene which
resulted in a nonsense, frameshift, or missense mutation. Of the 1532 ggreened, 553
genes containing a total of 1644 SNPs fit those criteria. Iniaddd these markers, SNPs
previously linked to fertility were considered for inclusion. That 6§ candidate SNPs
included CAST[15], FGF2 [16], FSHR[19], GHR [18], HSPA1A[23], ITGB5 [17], LEP
[22], NLRP9[21], PAPPA2[24], PGR[14], SERPINA1449], andSTAT5A11,16].

In order to determine the final list of SNPs to be used iratisay, each SNP was graded
based on primer designability and predicted change in protein funéach.SNP causing an
amino acid change was evaluated for the likelihood that the SNP wioaihdje the structure
of the encoded protein using an exchangeability matrix [50]. Theage exchangeability
value was calculated for each substitution of pairs of amino acidsSEPs were ranked in
order of exchangeability. For final selection of 434 SNPs, amaxi of one SNP per gene
was selected. Nonsense mutations were selected first, theasfidts, followed by SNPs
with the lowest score in the exchangeability matrix (those tiiady to cause a change in
protein function). The selection criteria were also applied tosShieady linked genetically
to reproduction. Of the final selected SNPs, 5 were the exact 8B in the literature:
STAT5A[11], FGF2 [16], PGR[14], HSPA1A[23], and PAPPA2[24], and 7 SNPs were
replaced with the best option using the criteria mentioned alddveBb, GHR, FSHR,



NLRP9, LEP, CASTandSERPINA1A The final list of genes used in the assay is shown in
Additional file 1: Table S2 and the SNPs that were chosen from tjerses are shown in
Additional file 1. Table S3. The SNP panel included 10 nonsense, 22 h#m&97
missense, 1 synonymous, 3 intron region, and 1 promoter region SNPs.

SNP genotyping

Total DNA was extracted from each straw of semen using MeaBy Blood and Tissue kit
(Qiagen, Valencia, CA, USA) according to the manufacturer®gructions. Amount of
double-stranded DNA was assessed using the QU¥nRitogreen® dsDNA kit (Invitrogen,
Grand Island, NY, USA), and DNA was resuspended to a concentration of/pD. ng
Genotyping was performed by GeneSeek Inc. (Lincoln, NE, USA) usiagSequenom
MassARRAY® system (iPLEX GOLD; Sequenom, San Diego, CA, U&#prding to the
manufacturer’s instructions. The technique is based on the analyBINA products using
matrix-assisted laser desorption ionization time-of-flighssngpectrometry [51]. The region
of DNA containing the SNP was amplified by PCR, a primer resité reaction was
performed to generate allele-specific DNA products, and tleeagid amount of each allele-
specific product was determined using chip-based mass spectrometry.

Quiality control

Samples with call rates < 70% were removed from all aeslyBhe average call rate prior to
removing those samples was 88.2%. After removing the failed sartipesyerage call rate
was 91.2%. Reliability was assessed by duplicating 18 SNRwvéoy DNA sample, and by
assaying 63 DNA samples twice. Of the duplicated SNPs, 16 wieetesd based on interest
(CAST, CSF2, CYP19A1, FGF2, GHR, HSPA1A, IFNT, ITGB5, LEP, LHCGR,INALP
PAPPA2, PGR, POU5SF1, STAT5&nd UTMP) and the other two were selected based on
poor primer designabilityHTF1 and POMC). The primers for the duplicated SNPs were
designed based on the sequence of the opposite DNA strand of wherigitia¢ primer was
designed. The duplicated DNA samples were randomly selectedce Wasr 99.2% identity
between SNPs duplicated within an assay and 98.6% identity betweecathtpsamples.
After quality control was assessed, duplicated samples wemgetef any genotype at a
given SNP did not match between samples, both genotypes were @dglétedated as a no
call. Duplicated SNPs were merged in the same manner. Thatealfter merging samples
and SNPs was 91.5%.

Statistical analysis

Minor allele frequency (MAF) was determined using the FREQ guoe of SAS (V9.3;
SAS Institute Inc., Cary, NC). Distributions of genotypes westetk for deviation from
Hardy-Weinberg equilibrium (HWE) using a chi-square test. Inteaidichi-square was used
to determine whether MAF differed between high and low DPR bulls.

The association of genetic variants with each trait was evdluateg the MIXED procedure
of SAS. The full model included:

Y, =byr, +BSNR + POLY+¢,



where Y is the deregressed PTA of the trait of interest for ‘theull (i=1,2,...,550), byr

is the fixed effect of thgh birth year (j = 1, 2, ..., 5; where birth year is grouped by decade:
1960 to 2010) of thé" bull, B is the linear regression coefficient for tHR &NP, SNRis the
number of copiesk(= 0, 1, or 2) of the major allele, POLM¥ the random polygenic effect
(including all available pedigree information) of tHebull, ands; is the random residual
effect. The POLY~ Ac.? ande; ~ o>, where A is the numerator relationship matrix, | is an
identity matrix, o5 is the additive genetic variance of the trait of interest, @Ads the
residual error variance. All of the available pedigree infoiondbr each bull was used when
modeling the covariance among the polygenic effects [52].

SNP effects were estimated using two analyses. In thie gemotype was considered a
continuous variable to determine the allele substitution effectifibar effect of the number
of copies of the major allele; least-squares means repneslans for 0,1 and 2 copies of the
major allele). In the second, genotype was considered a catdgwddable, and an
orthogonal contrast was used to estimate dominance effectsH{(a#)/2 vs. Aa]. SNPs in
which the linear or dominance effect wBs< 0.05 were noted. To control for multiple
testing, false discovery rate was controlled for by calngatihe Q value using the Q-value
package in R [53]. The acceptable false discovery rate for treu®@ analysis was chosen as
0.05.

Pathway analysis

The list of genes significantly related to DPR was subgedb pathway analysis using
Ingenuity Pathway Analysis (IPA) software (Ingenuity Systemsw.ingenuity.com). The
reference set was the Ingenuity Knowledge Base (genes onlyWadinddirect and indirect
relationships that were experimentally observed were included.e Tamalyses were
conducted. The first was to identify canonical pathways in which thare genes were
overrepresented. The program was also used to build customized nativgekes based on
direct and indirect relationships. Finally, upstream regulatorshicshagenes related to DPR
were overrepresented were identifiedPAalue of 0.05 or less was considered significant for
all analyses.

Results

Genetic characteristics of bulls used for genotypin

The range of PTAs for bulls are shown in Additional file 1: Table S1, while the eff@fR
class (high or low) on PTAs are shown in Table 1. Daughtemprey rate class had a
significant effect on all other traits examined. In particubadls in the high DPR class had
higher PTAs for heifer conception rate (HCR), cow conception(@2@R), productive life
(PL), net merit (NM), fat percent (FPC), and protein perceRC)Pand lower PTAs for milk
yield (MY), fat yield (FY), protein yield (PY), and somatic lcetore (SCS) than bulls in the
low DPR class (Table 1). Correlations among PTAs are shown irtidwilifile 2: Table S4.
Daughter pregnancy rate was significantly and positivelyetated with HCR (0.61), CCR
(0.91), PL (0.81), NM (0.49), FPC (0.16), and PPC (0.31) and was significamdly a
negatively correlated with MY (=0.45), FY (-0.35), PY (-0.34), SCS (—-0&%] birth year
(BY; -0.15). These results are consistent with correlationsrtegpaearlier [54] for traits
included in the lifetime net merit selection index. Since the udie selected from the two
extremes of DPR, correlations within DPR class (DPRC) alks@ examined (Additional file



2: Table S5). Within the high DPRC, DPR was positively coredlavith HCR and CCR and
negatively correlated with NM, MY, FY, PY, and BY. Within the |@PRC, DPR was
positively correlated with CCR, PL, and NM and was negaticelyelated with SCS and
BY.

Table 1Effect of daughter pregnancy rate class (high or low) on predicted trasmitting
ability for selected traits of bulls used for genotyping

Least-squares means  Standard error

Trait P-value High Low High Low
Daughter pregnancy rate <.0001 2.86 -3.49 0.04 0.04
Heifer conception rate <.0001 1.20 -1.00 0.08 0.09
Cow conception rate <.0001 3.20 -4.16 0.11 0.11
Productive life <.0001 3.51 -2.96 0.13 0.13
Net merit <.0001 232.97 -156.40 13.32 13.97
Milk yield <.0001 -332.21 394.10 42.81 44.90
Fat yield <.0001 -2.70 16.04 1.60 1.68
Percent fat 0.0008 0.04 0.01 0.01 0.01
Protein yield <.0001 -3.90 9.90 1.18 1.23
Percent protein <.0001 0.02 -0.01 0.00 0.00
Somatic cell score <.0001 2.83 3.07 0.01 0.01

Minor allele frequencies

Of the 434 SNPs, only 107 had MARS% and only 98 of those that had MAR% and had

a call rate > 70%. Nine SNPs had MAFS% but failed the genotyping process (call rate <
70%; AHCYL2, APBBL1IP, FXC1, HSF1, PHGDH, POMC, SLC1A5, sahd@8TTF1) and

were removed from all further analyses. The probability that MAF was> 5% was
dependent upon the type of SNP. Four of the 5 genes in which the SNP was in the non-coding
regions or was synonymous had a MAF5% (80%) whereas only 20% (2/10) of the
nonsense, 25% of the missense (99/397), and 9% (2/22) of the frameshikbmsutat> 5%

MAF (4 for non-coding/synonymous vs others, 8 34; 0.01).

Hardy-Weinberg equilibrium

Characteristics of the 98 SNPs in which MAPB% and call rate was > 70% are shown in
Additional file 2: Table S6. A total of 26 SNPs were not in equilioriAVP, BOLA-DMB,
C17H220rf25, CCDC88B, CCT8, CD2, CFDP2, COQ9, DEPDC7, DTX2, FUT1, HSD17B6,
IBSP, IFNT2, MARVELD1, NEU3, RALGPS1, SEC14L1, SREBF1, STAT5A, SYTL2, TAF9,
TSPYL1, UHRF1, WBPBndZP2). All but one of these SNPs caused a missense mutation.
The exception was fddHRF1, which was a frameshift mutation where the mutation causing
the frameshift had a frequency of 91.7%. The genes most out of equilitreueCCT8,
MARVELD1andSYTLZ2 in which the number of minor allele homozygotes was lower than
expected,CD2, DTX2, NEU3andRALGPS] in which the number of heterozygotes was
lower than expected, anBAF9 and TSPYL1 in which the number of heterozygotes was
greater than expected.



SNP effects on daughter pregnancy rate

Each of the 98 SNPs with MAF5% and a call rate > 70% were analyzed for effects on DPR
and other genetic traits. Two types of analyses were performeegression analysis to
determine the allele substitution effect of each SNP (0, lcopkes of the major allele) and
use of an orthogonal contrast to determine the dominance effeaofhgote vs. the average
of the two homozygotes). Both values and Q values corrected for multiple testing were
determined. Since the Q value correction for multiple testirngisly conservative in cases
where few tests are significant, both #@alue and the Q value were used to identify SNPs
associated with genetic traits.

Results for DPR are shown in Table 2. Allele substitution &fieere different from O for 40
genes ACAT2, AP3B1, APBB1, BSP3, C17H22or{2%erim symbolTANGO2), C1QB,
C7H190rf60, CACNA1D, CAST, CCDC86, CD14, CD40, CFDP2, COQ9, CPSF1, CSNKIE,
CSPP1, DEPDC7, DSC2, DYRK3, FUT1l, GPLD1, HSD17B12, HSD17B7, LDBS3,
MARVELD1, MON1B, MRGPRF, MS4A8B, NEU3, NFKBIL1, NLRP9, OCLN, PARM1,
PCCB, PMM2, RABEP2, TBC1D24, TDRK&hdZP2. These effects were significant based

on bothP and Q values. In addition, there were 4 genes exhibiting dominance draBed
values, including two in which the allele substitution effect wasifstgnt (CD14 andFUT1)

and two in which the allele substitution was not significakRI(6IP1 and TSHB. After
correcting for multiple testing, none of the dominance effects achievedcanci.

Table 2 SNPs associated with daughter pregnancy rate

SNP Gene Least-squares means Linear Dominance
(SEM)
0 1 2 Effect Pvalue Q value P value Q value
rs10996777ACAT2 0.85 0.33 -0.98 -1.00.0015 0.0040 0.4072 0.5155
(.58) (0.36) (0.37)
rs13370019AP3B1 1.67 046 -0.70 -1.1D.0026 0.0058 0.9680 0.5492
(1.04) (0.42) (0.32)
rs41766835APBB1 0.20 0.78 -0.63 -0.99.0163 0.0175 0.1417 0.5155
(1.05) (0.44) (0.31)
rs110541593RL6IP1 -0.40 0.63 -0.92 -0.50.1337 0.0849 0.0079 0.4213
(0.58) (0.37) (0.41)
rs11021785BSP3 -1.82 -0.21 0.24 0.810.0169 0.0176 0.2764 0.5155

(0.73) (0.37) (0.35)

rs13345568817H220rf25 0.83 -0.16 -0.76 -0.7D0.0150 0.0166 0.6773 0.5155
(0.53) (0.37) (0.40)

rs1353903281QB -3.43 -1.23 025 1.510.0061 0.0091 0.8484 0.5155
(3.62) (0.53) (0.28)

rs10933265€7H190rf60 -1.40 -0.37 0.20 0.690.0558 0.0478 0.6871 0.5155
(0.84) (0.39) (0.34)

rs13574405€ACNAID 0.29 0.69 -0.81 -1.08.0038 0.0072 0.1000 0.5155
(0.88) (0.37) (0.32)

rs13760135CAST -1.35 -0.45 0.79 1.090.0004 0.0015 0.6970 0.5155
(0.52) (0.35) (0.41)

rs10944710£CDC86  -1.48 -0.74 0.33 1.000.0125 0.0153 0.8179 0.5155




rs109621328€D14
rs41711496CD40
rs41857027CFDP2
rs10930158€0Q9
rs13443244ZPSF1
rs13344916€SNK1E
rs10944358ESPP1
rs11027075DEPDCY7
rs10950372®SC2
rs10956186®YRK3
rs41893756 FUT1

rs109516716PLD1

rs1097115881SD17B12

rs110828058i1SD17B7

rs111015912DB3

rs13401156MARVELD1

rs41859871MON1B

rs10924865MRGPRF

rs10976167MS4A8B

rs13376260NEU3

rs133497176/FKBIL1

rs109383758ILRP9

(1.10)
6.90
(2.10)
-0.76
(0.45)
~2.53
(0.80)
~1.42
(0.44)
~1.90
(0.94)
0.60
(0.55)
-0.61
(3.63)
~2.66
(0.94)
~1.06
(0.45)
~1.58
(2.06)
~1.08
(0.95)
~1.60
(0.57)
0.76
(0.52)
0.79
(1.09)
2.43
(1.03)
~0.33
(3.63)
4.57
(2.06)
N/A
N/A
~1.78
(0.88)
~1.51
(0.60)
~1.22
(1.38)
0.57
(0.45)

(0.44)
0.65
(0.63)
0.03
(0.35)
0.04
(0.57)
-0.16
(0.39)
-0.36
(0.41)
-0.22
(0.36)
~1.68
(0.65)
~0.69
(0.43)
-0.14
(0.35)
~1.06
(0.51)
~1.51
(0.44)
-0.22
(0.36)
~0.04
(0.34)
0.80
(0.42)
0.80
(0.39)
0.07
(0.32)
0.78
(0.49)
~1.42
(0.63)
-0.77
(0.37)
~1.39
(0.94)
~1.31
(0.50)
-0.22
(0.34)

(0.31)
-0.28
(0.28)
0.73
(0.45)
0.34
(0.30)
1.16
(0.42)
0.24
(0.33)
~0.86
(0.40)
~1.68
(0.29)
0.31
(0.31)
0.52
(0.45)
~0.06
(0.29)
0.61
(0.30)
0.38
(0.40)
~0.69
(0.42)
~0.62
(0.31)
-0.74
(0.31)
~1.76
(0.67)
~0.47
(0.29)
0.03
(0.28)
0.65
(0.34)
0.07
(0.30)
0.11
(0.28)
-0.78
(0.45)

-1.66.0043

0.740.0150

0.920.0029

0.0072

0.0166

0.0058

1.2%0.0001 0.0006

0.820.0255

—-0.7D.0224

1.610.0131

1.250.0010

0.790.0099

0.950.0538

1.470.0001

0.920.0043

-0.7D2.0258

-1.12.0044

0.0239

0.0226

0.0155

0.0031

0.0136

0.0473

0.0006

0.0072

0.0239

0.0072

-1.540.0001 0.0006

-1.79.0107

-1.50.0019

1.450.0288

1.310.0004

0.840.0064

1.140.0117

—-0.6D.0253

0.0141

0.0047

0.0260

0.0015

0.0091

0.0149

0.0239

0.0291 0.5155

0.9815 0.5510

0.1016 0.5155

0.9458 0.5426

0.4347 0.5155

0.8492 0.5155

0.4607 0.5155

0.4458 0.5155

0.7673 0.5155

0.8323 0.5155

0.0448 0.5155

0.4062 0.5155

0.086030.5155

0.2996 0.5155

0.9462 0.5426

0.5477 0.5155

0.2680 0.5155

N/A

N/A

0.7240 0.5155

0.4928 0.5155

0.3687 0.5155

0.7887 0.5155




rs13426456®CLN 092 031 -0.81 -0.98.0048 0.0075 0.6312 0.5155
(0.80) (0.36) (0.34)

rs11102772@ARM1 221 011 -2.38 -2.320.00010.0006 0.6458 0.5155
(0.47) (0.34) (0.40)

rs109813896@CCB 151 0.11 -0.71 -1.02.0014 0.0040 0.5355 0.5155
(0.62) (0.36) (0.37)

rs109629628MM2 1.43  0.03 -0.99 -1.16.0004 0.0015 0.6895 0.5155
(0.61) (0.35) (0.38)

rs13372910RABEP2  -1.36 -0.38 0.53 0.940.0027 0.0058 0.9448 0.5426

(0.57) (0.36) (0.37)
rs110660625BC1D24  1.21 0.32 -0.89 -1.10.0006 0.0021 0.7474 0.5155
(0.65) (0.37) (0.36)

rs11080580ZDRKH -6.62 -1.64 0.67 2.7&0.00010.0006 0.1513 0.5155
(1.59) (0.49) (0.29)

rs13278948TSHB -3.05 0.50 0.40 0.600.2270 0.1145 0.0493 0.5155
(1.49) (0.56) (0.33)

rs11088360ZP2 -1.83 -0.11 1.09 1.4%20.00010.0006 0.6224 0.5155

(0.56) (0.42) (0.40)

®Single nucleotide polymorphism represented as the rs number givea National Center for
Biotechnology Information data base SNP.

SNP effects on other fertility traits

For HCR, there were allele substitution effects for 19 SN&R3B1, APBB1, C1QB,
CACNA1D, CD14, CPSF1, CSNK1E, DEPDC7, DSC2, FSHR, FYB, GPLD1, HSD17B7,
LDB3, MS4A8B, NFKBIL1, PARM1, TDRKHnNdZP2) and dominance effects for 5 SNPs
(ARPL6IP1,CACNALD, CD14, DZIPandGOLGA4 Table 3). None of the dominant effects
remained significant after correcting for multiple testingeTonly SNPs significant after
correcting for multiple testing were allele substitution @€or DEPDC7, LDB3, MS4A8B,
PARM1,andTDRKH

Table 3 SNPs associated with heifer conception rate

SNP Gene Least-squares means Linear Dominance
(SEM)
0 1 2  Effect Pvalue Q value Pvalue Q value

rs133700198P3B1 3.74 272 124 -1.38.0204 0.1290 0.8236 0.9592
(1.59) (0.63) (0.46)

rs41766835APBB1 237 249 113 -1.09.0288 0.1410 0.4152 0.9592
(1.40) (0.61) (0.44)

rs110541598RL6IP1  1.28  3.36 0.50 -0.89.0977 0.2380 0.0010 0.0713
(0.87) (0.53) (0.59)

rs13539032810Q8B 237 249 113 1.870.0224 0.1290 0.7779 0.9592
(1.40) (0.61) (0.44)

rs13574405€ACNAID 2.00  3.42 0.95 -1.5D.0041 0.0519 0.0229 0.5439
(1.30) (0.56) (0.49)

rs10962132€D14 1297 234 165 -2.08.0192 0.1290 0.0068 0.2153




(3.16) (0.95) (0.41)

rs13443244ZPSF1  -0.61  1.18 235 1.310.0212 0.1290 0.7404 0.9592
(1.44) (0.61) (0.48)

rs13344916€SNK1E  2.82 215 0.86 -1.09.0321 0.1410 0.6649 0.9592
(0.82) (0.53) (0.59)

rs11027075DEPDC7 -1.71  0.64 2.66 2.100.0003 0.0095 0.8625 0.9592
(1.44) (0.65) (0.47)

rs10950372BSC2 088 176 279 0.950.0386 0.1438 0.9054 0.9592
(0.67) (0.51) (0.66)

rs13317599DZIP3 652 176 1.44 -1.18.0556 0.1677 0.0435 0.6897
(1.77)  (0.63) (0.45)

rs43745234FSHR -0.38 152 253 1.270.0149 0.1290 0.5717 0.9592
(1.14) (0.53) (0.51)

rs109262355YB 1.17 094 277 1.040.0302 0.1410 01484 0.7832

(0.87) (0.53) (0.55)

rs42339105GOLGA4 -17.26 1.73 1.78 0.990.3028 0.3760 0.0015 0.0713
(5.65) (0.87) (0.40)

rs10951671&PLD1 0.42 1.63 252 1.020.0369 0.1438 0.8243 0.9592
(0.85) (0.53) (0.59)

rs1108280581SD17B7 1.74 3.15 1.17 -1.2D0.0334 0.1410 0.1038 0.6897
(1.64) (0.62) (0.44)

rs111015912DB3 4.41 2.72 1.16 -1.59.0067 0.0707 0.9491 0.9592
(2.57) (0.59) (0.46)

rs109761678MS4A8B  -0.58 0.94 295 1.880.0006 0.0127 0.7764 0.9592
(1.29) (0.55) (0.50)

rs133497176IFKBIL1  -1.09 0.82 2.04 1.350.0474 0.1580 0.7885 0.9592
(2.07) (0.74) (0.42)

rs111027720ARM1 3.78 2.19 -0.28 -2.060.00010.0057 0.5129 0.9592
(0.72) (0.52) (0.62)

rs11080580ZDRKH -6.06 0.90 2.53 2.420.0010 0.0158 0.0673 0.6897
(2.48) (0.77) (0.44)

rs11088360ZP2 0.48 1.76 2.45 0.940.0433 0.1524 0.6904 0.9592
(0.81) (0.61) (0.59)

®Single nucleotide polymorphism represented as the rs number gitba biational Center for

Biotechnology Information database SNP.

For CCR, there were allele substitution effects for 29 SNRBAT2, AP3B1, APBB1,
BCAS1, C10QB, CAST, CCDC86, CCT8, CFDP2, COQ9, CPSF1, CSNK1E, CSPP1, FUT1,
GPLD1, HSD17B7, LDB3, MARVELD1, MON1B, NEU3, NFKBIL1, OCLN, PARM1,
PMM2, RABEP2, TBC1D24, TDRKH, WBRIhdZP2 and dominance effects for 4 SNPs
(ARL6IP1, SEC14L1, SERPINE2nd SLC18A2 Table 4). All but one of the allele
substitution effects were significant after correction fortipld testing, the exception being

for ARL6IPJ but none of the dominance effects were significant based on Q values.



Table 4 SNPs associated with cow conception rdte

SNP Gene Least-squares means Linear Dominance
(SEM)

0 1 2 Effect Pvalue Qvalue Pvalue Q value

rs10996777ACAT2 1.89 1.03 -0.61 -1.39.0216 0.0334 0.6559 0.3915
(2.09) (1.03) (-0.61)

rs133700196P3B1 3.89 193 -0.82 -2.58.0004 0.0023 0.7487 0.3915
(1.95) (0.78) (0.59)

rs41766835APBB1 2.78 164 -0.19 -1.60.0255 0.0361 0.7889 0.3915
(1.98) (0.84) (0.60)

rs110541593RL6IP1 -0.23 190 -0.97 -0.84.1781 0.1081 0.0059 0.1180
(2.09) (0.69) (0.76)

rs109669578BCAS1 -1.68 1.01 1.16 1.24 0.03590.0421 0.1387 0.3915
(2.00) (0.67) (0.76)

rs13539032€10B -2.74 -220 1.26 3.35 0.00120.0058 0.6761 0.3915
(6.74) (0.99) (0.51)

rs13760135CAST -1.33 0.06 2.01 1.71 0.00320.0086 0.7283 0.3915
(0.98) (0.65) (0.76)

rs10944710ZCDC86 -2.22 -0.40 114 1.60 0.03240.0408 0.9181 0.3992
(2.06) (0.82) (0.57)

rs13767369€CT8 -10.00 0.18 414 4.16 0.01200.0204 0.5150 0.3915
(9.38) (0.52) (1.66)

rs41857027 CFDP2 -3.70 0.78 0.87 1.65 0.00680.0128 0.0517 0.3915
(2.31) (0.93) (0.48)

rs109301586€0Q9 -1.53 0.51 258 2.06 0.00020.0014 0.9796 0.4125
(0.83) (0.73) (0.79)

rs13443244ZPSF1 -3.08 -0.14 1.26 1.77 0.01110.0199 0.5051 0.3915
(2.77) (0.76) (0.60)

rs133449166€SNK1E 2.02 0.77 -1.42 -1.8M.0026 0.0086 0.5917 0.3915
(2.03) (0.67) (0.75)

rs10944358ZSPP1 1.04 -2.44 0.97 3.01 0.00260.0086 0.5917 0.3915
(6.88) (1.23) (0.56)

rs41893756 FUT1 -1.16 -129 156 2.10 0.00330.0086 0.2157 0.3915
(2.79) (0.82) (0.57)

rs109516716GPLD1 -2.36 0.67 1.40 1.67 0.00550.0110 0.1921 0.3915
(1.06) (0.68) (0.75)

rs1108280581SD17B7 1.96 217 -0.55 -2.1®.0039 0.0091 0.2472 0.3915
(2.01) (0.78) (0.57)

rs111015912DB3 4.74 156 -0.28 -2.12.0029 0.0086 0.5836 0.3915
(2.94) (0.74) (0.59)

rs13401156MARVELD1 2.54 0.72 -2.83 -3.48.0029 0.0086 0.7852 0.3915
(6.20) (0.54) (1.13)

rs41859871MON1B 7.15 156 -0.01 -1.9®.0296 0.0387 0.3455 0.3915
(3.85) (0.92) (0.54)

rs13376260NEU3 -2.06 -156 1.03 1.62 0.00500.0106 0.5700 0.3915




(1.13)

rs133497176lFKBILL ~ —2.45
(2.57)
rs13426456®CLN 1.70
(1.49)
rs11102772@ARM1 4.31
(0.89)
rs109629628MM2 3.09
(1.13)
rs13372910RABEP2  -1.44
(1.07)
rs136746215EC14L1  -1.70
(1.02)
rs43321188SERPINE2  4.29
(1.51)
rs110365063LC18A2  7.68
(2.61)
rs110660625BC1D24  2.36
(1.21)
rs11080580ZDRKH  -10.71
(3.00)
rs134282928VBP1 3.78
(5.57)
rs11088360ZP2 -2.77
(1.10)

(1.76)
~1.24
(0.93)
1.11
(0.68)
0.39
(0.64)
1.10
(0.64)
-0.14
(0.67)
3.44
(1.23)
0.09
(0.73)
0.44
(0.86)
1.49
(0.69)
-2.18
(0.92)
~1.21
(0.89)
0.94
(0.81)

(0.56)
0.81
(0.54)

-0.57

(0.63)

-2.30

(0.77)

-1.29

(0.71)
1.79
(0.70)
0.83
(0.72)
0.24
(0.60)
0.41
(0.57)

-0.90

(0.67)

1.66

(0.53)
1.16
(0.58)
2.76
(0.78)

1.90 0.02510.0361

-1.30.0352 0.0421

-3.250.0001 0.0010

—-2.249.0002 0.0014

1.68 0.004

0.98 0.09880.0819

-1.1®.0972 0.0819

-1.19.1468 0.0998

-1.8®.0021 0.0086

4.53 <0.000D.0010

2.03 0.02960.0387

2.62 <0.00010.0010

0.0091

0.7873

0.5920

0.4499

0.8245

0.7211

0.0037

0.0389

0.0197

0.4047

0.1826

0.2062

0.3468

0.3915

0.3915

0.3915

0.3915

0.3915

0.1180

0.3890

0.2627

0.3915

0.3915

0.3915

0.3915

®Single nucleotide polymorphism represented as the rs number givire iiNational Center for

Biotechnology Information database SNP.

SNP effects on productive life and net merit

For PL, there were allele substitution effects for 33 SMESAT2, AP3B1, ASL, CCDC86,
CD40, CFDP2, COQ9, CSPP1, DEPDC7, DSC2, FSHR, FUT1, GPLD1, HSD17B12,
HSD17B6, HSD17B7, HSPA1A, LDB3, LHCGR, MARVELD1, MON1B, MS4A8B, NEU3,
OCLN, PARM1, PCCB, PMM2, RABEP2, SYTL2, TBC1D24, TDRKH, WBEZP2) and
dominance effects for 5 SNPARL6IP1, AVP, CSPP1, DEPDCandIBSP, Table 5). After
correcting for multiple testing, none of the dominant effects were sigrifican



Table 5SNPs associated with productive life

SNP Gene Least-squares means Linear Dominance
(SEM)

0 1 2 Effect Pvalue Q value Pvalue Q value

rs109967779ACAT?2 2.05 1.24 -0.18 -1.180.0006 0.0014 0.5495 0.9408
(0.65) (0.41) (0.42)

rs133700190AP3B1 3.74 1.16 0.15 -1.420.0006 0.0014 0.2684 0.9053
(2.11) (0.47) (0.36)

rs110541595ARL6IP1 0.22 149 -0.12 -0.450.2040 0.1193 0.0051 0.4845
(0.63) (0.41) (0.45)

rs110127056ASL 1.49 090 -0.11 -0.820.0159 0.0204 0.6685 0.9798
(0.55) (0.40) (0.47)

rs43114141 AVP 0.23 1.24 0.15 -0.120.7144 0.2797 0.0446 0.8474
(0.56) (0.45) (0.47)

rs109447102CCDC86 -0.42 -0.16 1.17 1.18 0.00740.0112 0.6685 0.9798
(2.21) (0.49) (0.35)

rs41711496 CD40 -0.50 0.71 2.28 1.39 <0.0000.0004 0.4864 0.9408
(0.50) (0.40) (0.50)

rs41857027 CFDP2 -0.69 0.87 1.27 0.81 0.04820.0489 0.4461 0.9408
(0.90) (0.64) (0.36)

rs109301586C0OQ9 -0.67 0.71 2.34 150 <0.0000.0004 0.8009 0.9798
(0.50) (0.44) (0.48)

rs109443582CSPP1 3.16 -1.02 1.08 1.74 0.01470.0204 0.0124 0.5059
(3.99) (0.72) (0.34)

rs110270752DEPDC7 -3.30 0.48 1.09 1.41 0.00090.0014 0.0202 0.5059
(2.02) (0.48) (0.36)

rs109503725DSC2 0.28 0.35 1.61 0.67 0.04450.0478 0.2216 0.9053
(0.51) (0.40) (0.50)

rs43745234 FSHR -1.14 0.36 1.34 1.13 0.00230.0045 0.6438 0.9708
(0.82) (0.40) (0.39)

rs41893756 FUTL1 -0.86 -0.96 1.60 1.88 <0.0000.0004 0.0546 0.8487
(2.04) (0.49) (0.35)

rs109516714GPLD1 -0.34 0.55 1.17 0.73 0.03510.0403 0.7998 0.9798
(0.63) (0.41) (0.45)

rs109711583HSD17B12 2.01 0.80 -0.08 -1.030.0030 0.0053 0.7318 0.9798
(0.57) (0.39) (0.47)

rs109769865HSD17B6 0.25 -0.80 1.16 1.35 0.00540.0090 0.0915 0.8487
(1.42) (0.56) (0.34)

rs110828053HSD17B7 2.01 1.24 0.34 -0.870.0397 0.0441 0.9303 0.9830
(2.18) (0.47) (0.35)

HSP70C895HSPALA 1.39 1.27 0.07 -0.900.0155 0.0204 0.3526 0.9053
(0.84) (0.43) (0.38)

rs110789098IBSP 0.65 1.36 -0.25 -0.580.0888 0.0664 0.0213 0.5059
(0.56) (0.42) (0.47)

rs111015912L.DB3 3.01 1.87 -0.12 -1.8k0.0001 0.0004 0.5322 0.9408




(1.10) (0.44) (0.36)

rs41256848 LHCGR 1.97 071 0.03 -0.940.0061 0.0097 0.5546 0.9408
(0.60) (0.38) (0.46)

rs134011564MARVELD1 2.34 0.81 -0.87 -1.670.0188 0.0232 0.9690 0.9830
(3.77) (0.36) (0.71)

rs41859871 MON1B 554 172 031 -1.650.0018 0.0040 0.3340 0.9053
(2.25) (0.55) (0.33)

rs109761676MS4A8B  -1.96 0.33 1.46 1.43 0.00040.0014 0.3471 0.9053
(0.96) (0.43) (0.39)

rs133762601NEU3 -0.81 -1.29 0098 099 0.00300.0053 0.1963 0.9053
(0.66) (1.02) (0.34)
rs1342645630CLN 1.84 1.03 001 -0.960.0113 0.0164 0.8560 0.9798

(0.88) (0.41) (0.38)
rs111027720PARM1 3.06 077 -1.03 -2.030.0001 0.0004 0.6161 0.9708
(0.54) (0.39) (0.46)

rs109813896PCCB 2.00 105 007 -1.060.0023 0.0045 0.9700 0.9830
(0.68) (0.41) (0.41)
rs109629628PMM2 3.26 094 -0.48 -1.7&0.0001 0.0004 0.3833 0.9408

(0.66) (0.39) (0.43)

rs133729105RABEP2  -0.86 0.25 1.68 1.30 <0.0000.0004 0.7495 0.9798
(0.62) (0.40) (0.42)

rs42158454 SYTL2 N/A 188 042 -1.460.0261 0.0311 N/A N/A
N/A  (0.63) (0.33)

rs110660625TBC1D24 2.12 1.00 -0.11 -1.170.0006 0.0014 0.9830 0.9830
(0.70) (0.41) (0.39)

rs110805802TDRKH  -4.35 -0.47 1.20 2.00 <0.0000.0004 0.2737 0.9053
(1.72) (0.55) (0.33)

rs134282928WBP1 2,73 -0.26 101 1.07 0.04840.0489 0.2112 0.9053
(3.26) (0.53) (0.35)

rs110883602ZP2 -1.06 1.05 1.67 1.25 0.00050.0014 0.1876 0.9053

(0.64) (0.48) (0.47)
®Single nucleotide polymorphism represented as the rs number givéie Bational Center for
Biotechnology Information database SNP. For entries not beginnirg raitthe abbreviation
given by previous researchers was used.

For NM, there were allele substitution effects for 30 SNREAT2, AP3B1, ASL,
C17H220rf25, CCT8, CD2, CD40, COQ9, CSNK1E, DEPDC7, EPAS1, FST, FUTL1,
HSD17B12, HSD17B6, HSPAlA, IBSP, LDB3, LHCGR, MON1B, MRPL48, MS4A8B,
NEU3, OCLN, PARM1, PCCB, PMM2, RABEP2, TBC1D&# TDRKH) and dominance
effects for 6 SNPs (SNPs ARL6IP1, CD14, DEPDC7, FGF2, IBSBNdSLC18A2 Table

6). Except forHSPA1A the allele substitution effects were significant aftereximg for
multiple testing, but dominance effects were not significant.



Table 6 SNPs associated with net meft

SNP Gene Least-squares means Linear Dominance
(SEM)
0 1 2 Effect PvalueQ value Pvalue Q value
rs109967779ACAT?2 178.42 98.35 15.01 -82.00.0012 0.0070 0.9660 0.8362
(48.24) (30.35)(31.97)
rs133700190AP3B1 263.47 105.2839.78 -86.360.0043 0.0134 0.3700 0.7538
(82.15) (35.29)(27.83)
rs110541595ARL6IP1 19.00 102.0834.27 -7.02 0.78720.4223 0.0471 0.6280
(47.24) (31.27)(33.92)
rs110127056ASL 126.52 92.90 15.06 -58.08.0190 0.0386 0.5267 0.7538
(40.99) (30.18)(35.27)
rs133455683C17H220rf25153.24 81.81 33.74 -58.18.0227 0.0441 0.7567 0.8181
(44.49) (32.19)(34.16)
rs137673698CCT8 -66.96 64.02 218.87154.21 0.0254 0.0456 0.9513 0.8362
(384.43)(25.15)(70.34)
rs109621328CD14 -330.45 75.08 92.99 71.41 0.112®.1167 0.0429 0.6280
(164.59)(51.21)(24.82)
rs133747802CD2 25.05 51.73 124.9050.51 0.01780.0378 0.6950 0.7831
(37.20) (57.91)(31.41)
rs1711496 CD40 -34.02 78.45 177.35105.65<0.00010.0011 0.8510 0.8362
(37.54) (30.39)(37.44)
rs109301586C0OQ9 12.99 76.86 180.4783.46 0.00020.0016 0.5816 0.7538
(36.38) (32.52)(35.29)
rs133449166CSNK1E 148.36 74.03 5.10 -71.1P.0057 0.0166 0.9420 0.8362
(45.78) (31.33)(34.49)
rs110270752DEPDC7 -205.46 57.40 89.30 90.54 0.0028.0104 0.0236 0.6280
(76.20) (35.94)(27.20)
rs43676052 EPAS1 47.14 10.96 121.9484.96 0.00770.0211 0.1892 0.7538
(94.81) (33.14)(27.62)
FGF2ag FGF2 31.03 118.2243.39 -12.880.6165 0.3509 0.0341 0.6280
(49.04) (31.03)(31.60)
rs109247499FST 14259 75.63 -3.82-73.25 0.0023 0.0102 0.8578 0.8362
(37.96) (30.09)(37.54)
rs41893756 FUT1 -54.03 -39.78134.76 133.31<0.00010.0011 0.1074 0.7538
(75.53) (36.51)(26.92)
rs109711583HSD17B12 168.57 73.40 18.20 -72.80.0041 0.0134 0.5686 0.7538
(42.46) (29.38)(35.19)
rs109769865HSD17B6  -17.39 -12.91101.86 92.53 0.00910.0222 0.3951 0.7538
(104.02)(41.89)(25.95)
HSP70C895MSPALA 102.78 107.0627.50 -55.770.0417 0.0671 0.3526 0.9053
(62.61) (32.41)(28.95)
rs110789098IBSP 75.84 127.06-15.18 -56.10 0.0276 0.0460 0.0105 0.5680
(42.40) (32.00)(35.38)
rs111015912L.DB3 180.77 129.6523.71 -94.510.0018 0.0093 0.5936 0.7538




rs41256848 LHCGR

rs41859871 MON1B

rs43703916 MRPL48

rs109761676MS4A8B

rs133762601NEU3

rs1342645630CLN

rs111027720PARM1

rs109813896PCCB

rs109629628PMM2

rs133729105RABEP2

rs110365063SLC18A2

rs110660625TBC1D24

rs110805802TDRKH

(83.38) (33.53)(27.55)
144.34 66.31 37.07
(44.56) (29.33)(34.33)
459.24 148.9943.67 -125.760.0010 0.0067
(163.85)(40.47) (25.54)

13.22 88.01 118.2652.03 0.04880.0735
(41.27) (30.70)(40.09)

~72.05 50.4 112.4577.88 0.00950.0222
(71.38) (33.00)(30.27)

~23.09 -94.09 83.89 61.77 0.01150.0256
(49.33) (75.68)(26.51)
147.95 84.23 21.84
(65.06) (31.17)(29.23)
209.58 73.79 -18.2-111.8<0.00010.0011
(41.04) (30.13)(35.56)
177.33 99.87 21.02
(50.88) (30.79)(30.85)
290.06 103.79-34.46 —156.4<0.00010.0011
(49.07) (29.91)(32.43)

-8.85 48.97 117.4664.29 0.00880.0222
(46.79) (30.72)(31.97)
~63.33 160.24 50.69
(115.05)(38.53)(26.17)
178.3 71.03 12.25
(52.52) (31.02)(29.81)
~280.61-25.67 95.88 141.8 0.00020.0016
(126.98)(41.26) (25.52)

—-49.68.0452 0.0703

—62.760.024 0.0448

—78.36.0024 0.0102

-57.220.0998 0.1136

—-75.7 0.0020.0104

0.5546

0.2594

0.461

0.5108

0.1105

0.9878

0.5531

0.9856

0.5195

0.8863

0.0142

0.528

0.3684

0.9408

0.7538

0.9408

0.7538

0.7538

0.8362

0.7538

0.8362

0.7538

0.8362

0.568

0.7538

0.7538

®Single nucleotide polymorphism represented as the rs number givae biational Center for
Biotechnology Information database SNP. For entries not beginnitgrsyitthe abbreviation
given by previous researchers was used.

SNP effects on production traits

There were fewer effects on production traits compared toitfettiits, which is consistent
with the conclusion of Cole et al. [55] that yield traits generally consistent with an
infinitesimal model, in which the trait is controlled by maniglaks of small effect. For MY,
there were allele substitution effects for 18 SNPs and domiredffexets for 6 SNPs (Table
7). Only linear effects ofCD14, CPSF1, FAM5Cand PARM1 were significant after
correcting for multiple testing. For FY, there were allele stion effects for 13 SNPs and
dominance effects for 7 SNPs (Table 8). Only the lineacesffef CPSFlandPARM1were
significant after correcting for multiple testing. For FERI@&re were allele substitution effects
for 10 SNPs and dominance effects for 4 SNPs (Table 9). Afteeating for multiple
testing, only linear effects o€PSF1, DEPDC7, FAM5C, MS4A8Bnd SREBF1were

significant.



Table 7 SNPs associated with milk yield

SNP Gene Least-squares means (SEM) Linear Dominance
0 1 2 Effect Pvalue Q value P value Q value
rs110127056 ASL 129.19 76.85 -110.46 -125.970.0325 0.1316 0.4235 0.6041
(93.50) (65.52) (78.95)
rs43114141 AVP -219.62 28.79 119.38 163.02 0.0070 0.0655 0.4035 .604Q

(96.69)  (76.21)  (80.43)
rs109032590 BOLA-DMB ~ -196.31 -48.42  84.09 137.68 0.0348  0.1316 0.9396 .679
(132.92) (72.66) (63.57)

rs135744058 CACNAID  -91.04 -11853 12513 177.10 0.0103  0.0785 0.2251 0.5234
(169.91) (71.28)  (61.36)

rs137601357 CAST 194.98 5025 -101.42 -148.69.0150  0.0922 0.9681 0.6799
(100.40)  (63.19) (76.03)

rs109621328 CD14 -1561.65 -111.12 87.57 365.61 0.0010  0.0165 0.0071 0.4733
(401.52) (117.92) (47.23)

rs134432442 CPSF1 -415.14 -181.24 170.79 323.52 <0.00010.0059 0.6155 0.6557
(178.65)  (75.87)  (59.25)

rs110270752 DEPDC7 166.55  144.62 -83.06 -175.30.0171  0.0933 0.0498 0.5180
(183.04) (81.13) (57.35)

rs109503725 DSC2 137.43  -34.35 12623 -4.14 0.9427  0.6564 0.0498 518D
(81.39)  (61.57) (80.26)

rs42075611 DTX2 419.42  268.38 -514 -235.630.0292 0.1274 0.7702 0.6642
(264.53) (162.59) (53.42)

rs133175991 DZIP3 -468.80 -87.50 114.47 236.29 0.0041  0.0537 0.5411 0.6557
(238.09) (84.96) (60.92)

rs135071345 FAM5C 91.43  273.07 -85.79 -281.47.0007  0.0153 0.0993 0.5234
(282.11) (82.89) (54.42)

rs42339105 GOLGA4 1083.08 -215.11 19.03 159.55 0.1543  0.3156 0.0341 0.5180
(686.77) (108.30) (53.55)

rs110828053 HSD17B7  -131.10 -142.60 93.43 183.95 0.0155  0.0922 0.3517 0.6041
(2096.70) (79.17)  (55.37)

rs110789098 IBSP -33.11 13444 -6821 -36.41 05439 05221 0.0406 .518D

(96.27)  (70.23)  (78.36)
rs134011564 MARVELD1 1364.97  26.81  117.22 34.81 0.7874  0.6199 0.0432 5180.
(686.88)  (52.94) (122.41)

rs109761676 MS4A8B 20.93  161.86 -101.57 -159.13.0260  0.1216 0.0703 0.5180
(168.91) (71.07) (63.97)

rs109383758 NLRP9 ~125.31  4.68  171.33 148.48 0.0108  0.0785 0.8290 6642
(86.14)  (64.67) (84.75)

rs111027720 PARM1 -119.34 -35.61 272.73 204.66 0.0005  0.0153 0.1875 0.5234
(90.81)  (63.47) (77.68)

rs109506766 PGR -180.89 -39.99 150.10 172.17 0.0059  0.0644 0.7877 0.6642
(117.82) (66.65) (69.77)

rs110805802 TDRKH 77.83 14285 -96.03 -194.340.0362  0.1316 0.4145 0.6041
(317.74)  (96.21) (53.67)

rs132789482 TSHB 399.97 219.67  0.15 -211.990.0240  0.1208 0.9107 0.6799
(280.14)  (102.03) (56.95)

rs134031231 TXN2 -37.85 12246 -76.26 -44.81 0.4682  0.4715 0.0420 .518D
(102.08)  (63.64) (77.60)

rs134031231 TXN2 -37.85 12246 -76.26 -44.81 0.4682  0.4715 0.0420 .518D

(102.08)  (63.64) (77.60)

®Single nucleotide polymorphism represented as thewumber given by the National Center for Biotedbgp
Information database SNP.



Table 8 SNPs associated with fat yiefd

SNP Gene Least-squares means Linear Dominance
(SEM)

0 1 2 Effect Pvalue Q value Pvalue Q value

rs41766835APBB1 -0.06 6.22 1264 6.39 0.0259.1474 0.9883 0.9719
(7.57) (3.16) (2.20)

rs110541598RL6IP1 3.52 583 12.47 4.88 0.03410.1516 0.5205 0.9719
(4.03) (2.53) (2.80)

rs43114141AVP 3.31 6.03 1253 4.76 0.02910.1474 0.5786 0.9719
(3.56) (2.82) (2.97)

rs13367483BDH2 7.70 3.71 13.03 4.18 0.643 0.2443 0.0431 0.5703
(4.15) (2.57) (2.74)

rs13760135CAST 18.50 8.56 487 -6.38%.0033 0.0587 0.3021 0.9719
(3.70) (2.48) (2.89)

rs109621328D14 -15.29 -0.36 10.42 11.39€.0055 0.0733 0.8097 0.9719
(14.91) (4.49) (1.94)

rs41711496 CD40 3.72 794 1240 4.34 0.04790.1965 0.9705 0.9719
(3.20) (2.48) (3.17)

rs13443244ZPSF1 37.64 19.88 -0.39 -19.6D.0001 0.0048 0.7696 0.9719
(6.52) (2.79) (2.19)

rs133449166€SNK1E  15.18 9.75 472 -5.19.0216 0.1474 0.9518 0.9719
(3.92) (2.57) (2.85)

rs11062923DNAH11 -1.91 7.78 1096 5.40 0.01970.1474 0.3446 0.9719
(4.66) (2.61) (2.55)

rs13317599DZIP3 -2.51 565 1190 6.61 0.02900.1474 0.8583 0.9719
(8.81) (3.21) (2.36)

FGF2ag FGF2 1.05 756 1143 4.87 0.03040.1474 0.6946 0.9719
(4.24) (2.58) (2.61)

rs10924749¢ST 1159 1096 1.75 -4.99€.0265 0.1474 0.1831 0.8095
(3.27) (2.50) (3.25)

rs43703916 MRPL48 0.50 1251 6.04 259 0.25810.3471 0.0042 0.3149
(3.43) (2.48) (3.33)

rs1110277260ARM1 5.09 484 18.09 7.01 0.00140.0373 0.0330 0.5651
(3.45) (2.48) (2.97)

rs13645744RPL26 15.50 6.36 13.19 -0.84.7208 0.5003 0.0136 0.3149
(83.55) (2.43) (3.35)

rs43321188SERPINE2 -5.08 11.63 8.10 2.24 0.37350.3831 0.0118 0.3149
(5.73) (2.75) (2.27)

rs110365068LC18A2 -4.30 1421 7.25 2.98 0.34070.3634 0.0366 0.5651
(5.73) (2.75) (2.27)

rs13403123TXN2 3.94 13.18 5.89 -0.2D.9263 0.5256 0.0119 0.3149
(3.80) (2.38) (2.90)

®Single nucleotide polymorphism represented as the rs number givéye Bational Center for
Biotechnology Information database SNP. For entries not beginnirg raitthe abbreviation

given by previous researchers was used.



Table 9 SNPs associated with fat perceft

SNP Gene Least-squares means Linear Dominance
(SEM)
0 1 2 Effect Pvalue Qvalue Pvalue Q value
rs109621328CD14 0.177 0.016 0.029 -0.010.4151 0.1531 0.0033 0.1760
(0.051) (0.015) (0.006)
rs133747802CD2 0.009 0.037 0.037 0.0140.0348 0.0870 0.9223 0.9719
(0.010) (0.017) (0.008)
rs134432442CPSF1  0.207 0.105 -0.025 -0.1230.0001 0.0018 0.2690 0.4658
(0.019) (0.008) (0.006)
rs110270752DEPDC7 -0.003 0.007 0.046 0.0330.0004 0.0040 0.3477 0.4920
(0.023) (0.010) (0.007)
rs135071345FAM5C  0.039 0.001 0.042 0.0300.0053 0.0285 0.0616  0.4480
(0.036) (0.011) (0.007)
rs43079452 HSD17B3 0.040 0.055 0.023 -0.0250.0208 0.0693 0.4153 0.9719
(0.040) (0.011) (0.007)
HSP70C895MHSP70  0.020 0.051 0.020 -0.0140.1009 0.1185 0.0174 0.3413
(0.019) (0.009) (0.008)
rs109761676MS4A8B 0.036 0.012 0.051 0.0230.0116 0.0464 0.0256  0.3413
(0.021) (0.009) (0.008)
rs1342645630CLN 0.050 0.038 0.019 -0.01M.0468 0.0968 0.5628 0.9719
(0.019) (0.009) (0.008)
rs41912290 SREBF1 0.053 0.035 0.012 -0.0210.0057 0.0285 0.8490 0.5196
(0.012) (0.009) (0.009)
rs110805802TDRKH 0.028 0.007 0.038 0.0230.0484 0.0968 0.9191 0.9719
(0.041) (0.012) (0.007)
rs132789482TSHB 0.007 0.007 0.040 0.0140.0265 0.0757 0.6093 0.9719
(0.037) (0.014) (0.008)
rs137248155VCAN -0.011 0.040 0.032 0.0100.1928 0.1441 0.0249 0.3413
(0.018) (0.009) (0.008)

#Single nucleotide polymorphism represented as the rs number givére Byational Center for
Biotechnology Information database SNP. For entries not beginnthgsyithe abbreviation given
by previous researchers was used.

For PY, there were allele substitution effects for 17 SNPdandnance effects for 4 SNPs
(Table 10). None of the effects were significant afteresziing for multiple testing. For PPC,
there were linear effects of 21 SNPs and 1 SNP with a domiredfexs (Table 11). After

correcting for multiple testing, only the linear effectsB8P3, CPSF1, FAM5C, FCER1G,

FUT1, HSPA1A, MS4A8B, PARMINdTDRKH were significant.



Table 10SNPs associated with protein yieft

SNP Gene Least-squares means Linear Dominance
(SEM)

0 1 2 Effect Pvalue Qvalue Pvalue Q value

rs43114141AVP -3.77 2.87 542 4.420.0144 0.0800 0.4680 0.7313
(2.96) (2.35) (2.48)

rs13760135CAST 9.16 514 -152 -5.53.0028 0.0575 0.6131 0.7424
(3.09) (2.00) (2.37)

rs10962132&8D14 -39.70 -0.10 5.04 9.790.0035 0.0575 0.0146  0.3650
(12.16) (3.65) (1.58)

rs41857027 CFDP2 12.23 -1.35 431 -1.10.6037 0.4223 0.0209 0.3919
(4.90) (3.47) (1.89)

rs13344916&€SNK1E  10.22 436 -0.42 -5.23.0046 0.0575 0.8397 0.7524
(3.21) (2.12) (2.39)

rs13317599DZIP3 -458 -0.03 6.11 5.840.0206 0.0942 0.8601  0.7589
(7.33) (2.67) (1.96)

rs43676052EPAS1 -2.57 0.11 5.63 5.020.0307 0.1171 0.7324 0.7424
(6.94) (2.28) (1.83)

rs135071345AM5C 4.42 7.84 1.09 -5.28.0383 0.1226 0.3144  0.7275
(8.71) (2.59) (1.72)

rs109247499ST 6.97 529 -3.76 -5.30.0033 0.0575 0.1623  0.6407
(2.66) (2.03) (2.64)

rs10983088GCNT3 14.32 1053 1.60 -8.2®.0126 0.0788 0.7110 0.7424
(12.06) (3.41) (1.99)

rs1108280581SD17B7 -2.55 -2.60 519 6.140.0073 0.0729 0.3258 0.7275
(6.34) (2.45) (1.78)

rs133497176lFKBIL1 -16.34 9.12 202 -1.1®m.6802 0.4316 0.0010 0.0750
(8.03) (2.91) (1.67)

rs109383758ILRP9 0.15 1.30 8.03 3.970.0226 0.0942 0.2734 0.7275
(2.64) (2.01) (2.60)

rs11102772@ARM1 1.28 1.13 8.95 4.150.0211 0.0942 0.1269 0.6309
(2.84) (2.04) (2.45)

rs109506766GR -4.20 2.38 6.25 4.850.0102 0.0729 0.6220 0.7424
(3.59) (2.06) (2.15)

rs10962962&8MM?2 10.21 4.58 0.05 -4.90.0095 0.0729 0.8427 0.7524
(3.60) (2.09) (2.29)

rs43572154R0OR2 -6.90 -1.15 430 5.490.0328 0.1171 0.9776 0.7789
(9.46) (2.61) (1.72)

rs43321188SERPINE2 -5.56 2.32 5.06 4.210.0413 0.1226 0.4365 0.7275
4.72) (2.29) (1.90)

rs13403123TXN2 3.77 753 -1.97 -3.810.0417 0.12264 0.0135 0.3650

(3.14) (2.00) (2.41)

®Single nucleotide polymorphism represented as the rs number givéye B ational Center for

Biotechnology Information database SNP.



Table 11SNPs associated with protein perceft

SNP Gene Least-squares means (SEM) Linear Dominance
0 1 2 Effect Pvalue Q value Pvalue Qvalue
rs109967779 ACAT2 0.018 0.016 0.006 -0.0070.0495 0.1650 0.3982 0.3071
(0.006) (0.004)  (0.004)
rs110217852 BSP3 -0.005 0.009 0.020 0.022 0.0012 0.0222 0.7556 29.31

(0.008)  (0.004)  (0.003)

rs109332658 C7H190rf60 0.005  0.009  0.018 0.008 0.0442  0.1628 0.6785 0312
(0.009)  (0.004)  (0.003)

rs135744058 CACNAID  0.012  0.020  0.007 -0.0080.0411  0.1628 0.0915  0.3040
(0.010)  (0.004)  (0.003)

rs109447102 CCDC86 0.005 0006  0.017 0.009 0.0322  0.1507 0.5579  0.312
(0.012)  (0.005)  (0.003)

rs134432442 CPSF1 0.048 0027  0.001 -0.02%0.0001 0.0063 0.7109  0.3129
(0.010)  (0.004)  (0.003)

rs110270752 DEPDC7 -0.013 0.012  0.015 0.009 0.0323  0.1507 0.1169  40.30
(0.010)  (0.004)  (0.003)

rs109561866 DYRK3 -0.014  0.002  0.016 0.013 0.0143  0.1001 0.9134 1632
(0.023)  (0.005)  (0.003)

rs133175991 DZzIP3 0.040 0018 0010 -0.0110.0201  0.1109 0.4166  0.3071
(0.013)  (0.005)  (0.003)

rs135071345 FAM5C 0.007 -0.002 0.018 0.016 0.0006  0.0210 0.1168  40.30
(0.016)  (0.005)  (0.003)

rs109137982 FCER1G -0.001 -0.002 0.016 0.016 0.0056  0.0490 0.6054 1293
(0.033)  (0.006)  (0.003)

rs109247499 FST 0.022 0011  0.006 -0.0080.0163  0.1037 0.4741  0.3129
(0.005)  (0.004)  (0.005)

rs41893756 FUT1 -0.010  0.007  0.017 0.012 0.0046  0.0460 0.6355 2931
(0.010)  (0.005)  (0.003)

rs109262355 FYB 0.009 0007  0.020 0.007 0.0423  0.1628 0.1740  0.304
(0.006)  (0.004)  (0.004)

rs43079452 HSD17B3  -0.008  0.021  0.011 -0.0050.2902  0.4731 0.0488  0.3040
(0.017)  (0.005)  (0.003)

HSP70C895D HSPA1A 0.019 0023 0005 -0.0120.0016  0.0222 0.0534  0.3040
(0.008)  (0.004)  (0.003)

rs109761676 MS4ASB 0.001 0005 0.021 0.013 0.0014 0.0222 0.3892  Q.307
(0.009)  (0.004)  (0.004)

rs111027720 PARM1 0.023 0013  0.002 -0.0100.0019  0.0222 0.8492  0.3129
(0.005)  (0.003)  (0.004)

rs109629628 PMM2 0.029 0011  0.009 -0.0080.0206  0.1109 0.1396  0.3040
(0.007)  (0.004)  (0.004)

rs43572154 ROR?2 0.000 0005 0016 0010 0.0481  0.1650 0.8169 0312
(0.018)  (0.005)  (0.003)

rs41912290 SREBF1 0.019 0015 0006 -0.0070.0378  0.1628 0.6750  0.3129
(0.006)  (0.004)  (0.004)

rs110805802 TDRKH -0.001  0.001  0.017 0.014 0.0064  0.0498 0.5183 2931

(0.017)  (0.005)  (0.003)

®Single nucleotide polymorphism represented as sheumber given by the National Center for Biotedbgy
Information database SNP. For entries not beginmiit rs, the abbreviation given by previous reskars was
used.




Results for SCS are shown in Table 12. There were alleletstibst effects of 8 SNPs and
dominance effects for 6 SNPs. After correcting for multipking, the linear effects of
CFDP2, CPSF1, DSC2, FST, PMM2, SEC14L1, TEN2the dominance effect SFKBIL1

were significant.

Table 12SNPs associated with somatic cell scére

SNP Gene Least-squares means Linear Dominance
(SEM)

0 1 2 Effect Pvalue Qvalue Pvalue Q value

rs11012705ASL 4.36 3.87 404 -0.130.2141 0.5831 0.0305 0.3684
(0.16) (0.11) (0.149)

rs13367483BDH2 3.81 4.19 3.92 -0.010.8913 0.7535 0.0403 0.3993
(0.19) (0.11) (0.12)

rs10933265&8 7H190rf60 4.65 3.89 400 -0.130.2968 0.5831 0.0234 0.3684
(0.28) (0.12) (0.11)

rs133747802D2 3.99 4.66 3.92 -0.280.0281 0.0281 0.3365 0.5851
(0.15) (0.25) (0.12)

rs41857027 CFDP2 4.31 4.34 3.89 0.26 0.0394 0.0394 0.6166  0.5851
(0.28) (0.20) (0.10)

rs13443244ZPSF1 3.73 3.83 414 0.26 0.0394 0.0394 0.6166  0.5851
(0.32) (0.13) (0.10)

rs10950372DSC2 3.80 3.88 4.48 0.34 0.0008 0.0008 0.0846  0.3993
(0.14) (0.11) (0.149)

rs10924749¢ST 3.90 3.89 441 0.25 0.0083 0.0083 0.0759  0.3993
(0.14) (0.11) (0.149)

rs133497176/FKBIL1 6.52 3.91 3.97 -0.420.0030 0.1167 0.0001 0.0054
(0.45) (0.16) (0.09)

rs109629628MM2 3.84 3.90 424 0.23 0.0359 0.0359 0.4032 0.5851
(0.20) (0.11) (0.12)

rs136746215EC14L1 4.19 3.99 3.88 -0.150.0183 0.0183 0.7550 0.5851
(0.11) (0.124) (0.08)

rs132789482 SHB 4.49 3.81 3.95 -0.020.8513 0.7535 0.0307 0.3684
(0.30) (0.11) (0.06)

rs13403123TXN2 3.83 3.94 4.26 0.23 0.0352 0.0352 0.5155 0.5851
(0.17) (0.10) (0.13)

®Single nucleotide polymorphism represented as the rs number givére byational Center for

Biotechnology Information database SNP.

Relationship between allele substitution effects flGNPs related to DPR with

effects on other traits

It was determined whether SNPs affecting DPR had assocmaith other traits and, if so,
whether the allele substitution effect was in the same or dppdsection as for DPR.
Results are shown in Figure 1. As expected, many SNPs asdoaitteDPR were also
associated with HCR and CCR and in the same direction as f&r OP40 SNPs in which
there was a linear effect on DPR (Q < 0.05), 13 also wereiassbavith HCR and 25 were



associated with CCR. In all cases, the allele substitutionteffas in the same direction for
DPR and either HCR or CCR. Similar results were observedlfand NM. Of the 40 SNPs
associated with DPR, 26 were also associated with PL and BPONM&t and the allele
substitution effect was in the same direction for DPR and either PL and NM.

Figure 1 Allele substitution effects of SNPs on fertility and production taits. Only

effects withP values and/or Q values < 0.05 are included. Numbers represent the magnitude
of the allele substitution effect. Dark blue rectangles are lineat®ffethe same direction as
DPR (Q < 0.05), light blue rectangles are linear effects in the sameafirastDPRP <

0.05 but Q value 0.05), red rectangles are linear effects in the opposite direction asFDPR (
and Q value < 0.05), and pink rectangles are linear effects in the opposite dire@ieR &

< 0.05 but @> 0.05). Empty cells indicate that there was no significant effect of the SNP on
the trait based oR or Q values. Abbreviations are as follows: CCR, cow conception rate;
DPR, daughter pregnancy rate; FPC, fat percent; FY, fat yield; HCIRr kbeiiception rate;

MY, milk yield; NM, net merit; PL, productive life; PPC, protein percent; PY, mmoteld;

SCS, somatic cell score.

Fewer SNPs associated with DPR were also associategmidluction traits. Furthermore,
when occurring, the direction of the effect was often in the ompdsieéction as for DPR,
especially for yield traits. There were 10 SNPs associaiiddMy and all but oneCPSF)
were in the opposite direction as for DPR (i.e., genotypes favoiiR)\Were unfavorable for
milk yield). There were 7 SNPs associated with FY and 5 ofetesre in the opposite
direction as for DPR. There were 7 SNPs associated with PY5 afdthese were in the
opposite direction as for DPR. For other production traits, however, there fewer
negative relationships between allele substitution effects on DBRFFFC, there were 5
SNPs but only 1 was in the opposite direction as DPR. For PPCwbieredl 3 SNPs but only
1 was in the opposite direction as DPR. For SCS, there were § 8ifNPthree in the same
direction as DPR and two in the opposite direction.

Of the 40 SNPs related to DPR, there were 29 that were ndivedgassociated with yield
traits (milk, fat and protein). Thus, it should be possible to s@edpecific SNPs affecting
DPR without compromising yield traits.

Relationship between SNPs associated with DPR antiiBs reported
previously to be related to fertility

Of the 434 SNPs analyzed, 17 were chosen because they had previoushpbeead to be
associated with reproduction or to be close to SNPs related teainteinsemination or 56-d
non-return rate (Additional file 1: Table S2). Of these, only 8 aaddAF > 5% (CAST,
FGF2, FSHR, HSPA1A, IRF9, NLRP9, P@RdSTAT5A and only 2 CASTandNLRP9
were significantly associated with DPR (Table 2).

The physical location of each SNP associated with DPR in thentwstudy was compared to
markers from the BovineSNP50 chip previously associated with DPRifi(jre 2 shows the

relative location of the SNPs and the SNP50 marker effects. TRee8étts from the current
custom array have a much greater effect on DPR than those fodimel BovineSNP50 chip.

The largest genetic standard deviation on the BovineSNP50 chip fomRBR.07 genetic

standard deviations [7]; however, in the current study, the marlesat efinged from 0.44 to
1.78 (Additional file 3: Table S7).



Figure 2 Manhattan plots comparing SNP effects on daughter pregnancy rate from ¢h
current study (UF SNP) to marker effects from the BovineSNP50 chify]. Each
chromosome is represented in a different color along the x-axis. Theig-thesmarker
effect on daughter pregnancy rate (genetic standard deviations). Thesaaiekeolor
coordinated according to their chromosome location.

A literature search was conducted to determine if any SNRsopsty related to fertility
were within 100,000 bases of any of the SNPs related to DPR iouthent study. The
literature provided evidence for 3 other SNPs located close to fetiRs$he current study. A
SNP inDGAT], which is about 65,000 bp from the SNPARSF1 was associated with 28
and 56 day nonreturn rate to first service, age at puberty, numbeserhinations per
conception, and conception rate [56-58]. A SNH NF, which is about 25,000 bp from the
SNP inNFKBIL1, was associated with early first ovulation in postpartum cows f880o, a
SNP inHSD14B14 which is about 60,000 bp from the SNPHUT1, was associated with
DPR [7]. Since these SNPs are close in distance, there couidkbge disequilibrium
between them. Therefore, it is possible that either gene in eattte girevious locations
could contain the causative SNP.

Effect of tissue type used for SNP discovery on pbability of identifying SNPs
associated with DPR

An analysis was performed to determine whether the tissueutsgx to identify genes for
SNP discovery affected the probability that a gene was relat&@PR (Additional file 3:
Table S8). Using chi-square analysis, fewer SNPs identiiiggemes identified as expressed
in the brain or pituitary were significantly associated wittRO(B8%) than for embryo genes
(51%), endometrium or oviduct genes (50%) or ovary genes (48%r(brain/pituitary vs
others, 3.74P = 0.05).

Pathway analysis of genes with SNPs associated wiP?R

There were a total of 5 canonical pathways in which 2 or more genes wergmsantedi

< 0.05). These were Estrogen BiosynthesiSD17B7andHSD17B12, Estrogen-Dependent
Breast Cancer SignalingHED17B7 and HSD17B12, Hepatic Fibrosis/Hepatic Stellate
Activation (CD14 andCD40), Tight Junction SignalingdDSF1andOCLN), and Dopamine-
DARPP32 Feedback in cAMP SignalinGgACNAID and CSNK1B. The IPA software also
built 4 networks of genes related to DPR. The most revealingmasghat included 16 genes
(ACAT2, AP3B1l, COQ9, CPSF1, CSPP1, DEPDC7, DSC2, GPLD1l, HSD17B12,
MARVELD1, MON1B, NFKBIL1, PMMZ2, RABEP2, TBC1DZ2hd TDRKH) which
interacted directly or indirectly with UBC (Additional file 3: Figure S1).

The list of genes related to DPR was also examined for apstregulators in which
regulated genes were significantly & 0.05) overrepresented. A total of 5 transcription
factors were identified (Additional file 3: Figure S2) includid§yF4A, which regulates 8
genes associated with DPRCF3, which regulates 3 DPR genasd CTBP2, FOSB, and
SP100, which each regulate one gene. Additional regulators of gewesast with DPR
were two hormones (estradiol and prostaglandin E1) and one groettr {8 GFB1).
Estradiol regulates 10 DPR genes, TGFBL1 regulates 6 genkprastaglandin E1 regulates
2 genes (Figure 3).



Figure 3 Growth factors and steroids which regulate daughter pregnancy rate genes.
Only significant pathways are show € 0.05). Red symbols are genes in which SNPs were
associated with daughter pregnancy rate and arrows represent regulation.

Discussion

The results of this study verified that the candidate geneoagprcould be a successful
method of determining markers for DPR. It was anticipated thate she SNPs used for
genotyping were specifically chosen for their function in reprodeigbrocesses, a larger
proportion of them would be associated with reproductive traits thrapréduction traits.
Such a result was obtained. Of the 98 genes that met théadiateanalysis (MAFE> 5% and
call rate> 70%) and where effects welke< 0.05, there were 42 genes associated with DPR
(Table 2) but only 23 associated with MY (Table 7). Moreover, alhefdignificant SNP
effects for DPR in this study were between 5 and 25 timestgr than the largest marker
effect from the BovineSNP50 chip [7] (Figure 2 and Additional 3ildable S7). This result
is probably due to the differences in SNP selection between theéthods. The majority of
SNPs on the BovineSNP50 chip are between genes (63%) and over 14,00@rgenes
represented by a SNP on the Bovine SNP50 chip [9]. In the curregt atawst all of the
SNPs examined were located within the coding region of the gehéha remainder were
close physically to the coding region. Moreover, SNPs were chtisanaximize the
probability that there would be a change in the characteristiceoprotein encoded for the
gene. Thus, it is likely that many of the SNPs that have laffgcts on DPR do so because
they are causative SNPs resulting in changes in protein function.rérhainder may
represent linkages to causative SNPs. The SNPs identified istuldis may be closer to the
causative SNPs than the SNPs on the BovineSNP50 chip. Allele stidstieffects were
estimated individually with a linear mixed model, rather tharukaneously as described in
Cole et al. [7], which also could explain some of the differences.

Polymorphisms in the current study were chosen for having theegteattobability of
changing protein function. In order to maximize the possibilityrafihg causative SNPs, we
prioritized the selection of SNPs within a gene to favor thossimg the greatest change in
protein function. This decision may have been one reason why thsra high rate (75%) of
SNPs with MAF < 5% because the SNP would be subjected to pgriglection. Only 20%
of the nonsense, 25% of the missense and 9% of the frameshiftamsitaid MAF> 5%
whereas this frequency was 80% of the 5 SNPs that were in a nowgecedion or did not
result in an amino acid substitution. Many of the SNPs were matlardy-Weinberg
equilibrium and this, too, may reflect the effect of the SNPs on protein function.

Of the 9 SNPs most out of equilibrium, onlyGGT8 MARVELD1andSYTL2 had less than
expected frequencies of minor allele homozygotes. The intetiprets that few of the
mutations in which MAF was 5% were lethal. Interestingly, for six genes, the heterozygote
was more or less frequent than expected. Some of the decrease in hetesozgglustie due

to inbreeding, which is high in Holstein cattle [60]. Other changé®ierozygosity could be
due to either an advantage or disadvantage of the heterozygote. Hpi&zoagvantage
could be due to the ability of receptors to recognize more forntiseopeptides they bind
(e.g. MHC class | [61]), heterozygotes having the optimal levgkok expression [62], or in
theory, the optimal allele being different for different ceppdg. A reason for heterozygote
disadvantage is not clear.



The antagonistic genetic relationship between fertilitygraitd milk production [1-3] was
verified here. There was a negative correlation between DPRMandcross DPR classes
(Additional file 2: Table S4) and within cows in the high DPR €lg&dditional file 2: Table
S5). Nonetheless, there were many SNP related to DPR (and aifien,reproductive and
health traits) that were not antagonistic for MY. Accordinglghould be possible to select
for DPR without reducing MY. Of the 40 SNPs linearly related ®RD only 11 were
negatively associated with MY, FY, or PY (Figure 1).

SNPs that affected DPR were also positively related withr dérglity traits (HCR, CCR,
and NM). Other studies have also shown a positive genetic corredationg fertility traits
[3,28,63]. It is not surprising that these traits are affectethé®\5NPs associated with DPR.
One determinant of DPR is CCR. In addition, PL depends in part on thépitglzd culling
for reproduction. The equation to calculate NM includes DPR and Ré.fdct that SNPs
associated with DPR are also associated with HCR, CCR, PNMnaeans that selection of
genes that improve DPR are likely to improve other reproductis &and traits that depend
upon reproduction.

SNPs linked to traits in the current study that were previolisked to other traits are
summarized in Table 13. Of the 17 genes with SNPs previously liokiedtitity or close to
SNPs related to fertility traits, 9 SNPs had MAF < BAIAP2, GHR, LEP, IGF1, IGFBP7,
ITGB5, PAPPA2, SCRNAnd SERPINA1% and were not analyzed. Of the other 8, 2 were
significantly associated with DPRCASTand NLRP9 and one tended to b&GF2). The
exact SNP irCASTanalyzed here was previously associated with DPR, PL, and NMA15].
different SNP ilNLRP9than the one studied here was associated with incidence ofrgtill bi
[21]. Another genelFGF2, tended to have an association with DPPR=(0.08), with the AA
genotype being superior to the GG genotype. Previously, the AA genotyp@F2 was
associated with higher estimated relative conception rate in[t6llslthough, surprisingly,
associated with lowein vitro embryo development [12]. Another SNP, RGR, was
previously associated witin vitro fertilization rate and development [14] amd vivo
fertilization [64] and pregnancy rates [65], and while not sigaificP = 0.16), the GG
genotype was superior to the CC genotype for DPR in agreemitbnithe superior genotype
seen earlier [14,64,65]. A SNP IBSHR was previously associated with superovulation
response [19,66] and, while not significantly associated with DPR inuttrent study, was
associated with HCR and PL. There was no significant effect of genfiyfour other SNPs
in genes previously associated with reproductive traits, includ®BA1A,associated with
calving rate in beef cattle [23IRF9, which was physically close to a SNP for interval to
insemination [28], andTAT5A associated witlin vitro embryo development [11] and sire
conception rate [16]. Note thEISPA1Awas significantly associated with PL and NM (Table
13) and both of these traits depend upon reproductive function.



Table 13SNPs associated with at least one trait in the current study that were @viously
linked to one or more other traits'

SNP Gene Traits in current SNP in literature Trait in literature Reference
symbol study
rs137601357CAST DPR, CCR, MY, Different location DPR, PL, NM, SCS [15]
FY, PY
rs109621328CD14 DPR, HCR, NM, Same SNP PY, FY (tendancy for MY$4]
MY, FY, FPC, PY
FGF2ag FGF2 NM, FY Same SNP ERCR (bulls) [16]
Same SNP FY, FPC, SCS, PL [13]
Same SNP In vitro embryo survival to[12]
d7
rs43745234 FSHR HCR, PL Different location Superovulation response  [19]
Different location Superovulation response  [65]
HSP70C895MSPAL1APL, NM, FPC, PPGame SNP Calving rate (beef cattle) [23]
rs41256848 LHCGR PL, NM Same SNP Superovulation response  [66]
Different location Superovulation response  [19]
rs109383758NLRP9 DPR, MY, PY Different location Incidence of stillbirth [21]
rs109506766PGR MY, PY Same SNP Fertilization rate aimd ~ [14]

vitro embryo survival tod 7
Different location Superovulation response  [67]
Different location Pregnancy rate [68]

#Single nucleotide polymorphism represented as the rs number givére bByational Center for
Biotechnology Information database SNP. Abbreviations are as foll@@R: cow conception rate;
DPR daughter pregnancy rateRCR estimated relative conception rakd2C, fat percentFY, fat
yield; HCR heifer conception rat®]Y, milk yield; NM, net merit;PL, productive life;PPC, protein
percentPY, protein yield; and SCS, somatic cell score.

The genes in the current study with SNPs that were associdteDRR participate in a wide
range of physiological functions associated with reproductive procesaag.fivhction in the
endocrine system, either in synthesis of hormones or in cell isignalhe estrogen
biosynthesis pathway was one of the pathways in which genes &sdogith DPR were
significantly overrepresented. The geR€AT2is involved in cholesterol metabolism [67],
and expression AACATZ2in cumulus cells is increased for infertile women as comptared
fertile women [68]. The genelSD17B12encodes for an enzyme that converts estrone to
estradiol [69]. It is also involved in the synthesis of arachidonid and is essential for
embryo survival in mice [70]. Another gene related to DRBD17B7 also converts estrone

to estradiol [71] and is essential fde novocholesterol synthesis in the fetus [72-74]. In
addition to genes involved in steroid synthe$SHB a gene which codes for tRestrand of

the pituitary hormone, TSH, was associated with DPR. Thyroid funatibich is under the
control of TSH [75], can impact reproductive function in cattle [76,3dne genes related

to DPR may also affect release of neurotransmitters cbngrohypothalamic-pituitary
function. One AP3B1,is involved in formation of synaptic vesicles [78], éi@BBlcontrols
GnRH-1 neurogenesis [79]. AnotheFBC1D24, stimulates primary axonal arborization
[80,81]. Polymorphisms inTBC1D24 have been associated with shortened axons and
epileptic seizures [80,81].



Among the DPR genes involved in cell signaling are the G protein@dumceptors
MRGPRF and MS4A8B [82], GPLD1, which cleaves cell surface proteins anchored by
phosphatidylinositol glycans [83], the sialidabdEU3, which is important for insulin
signaling [84],CACNA1D,a component of calcium channels [85], &8C2 an important
component of membrane rafts and cell-cell junctions [86] and whialka$sed in blastocoel
formation [87]. Similarly,OCLN is a major component of tight junctions and is involved in
barrier stability [88]. Another gene involved in cell-cell binding tedato DPR isPMM2,
which isomerizes mannose 6-phosphate into mannose 1-phosphate [89], which lgvientual
converted to GDP-fucose and used to make fucosylated glycans [90]ylatedgylycans
serve several functions, including leukocyte-endothelial adhesion, hostb@iinteractions,
embryo compaction, and signal transduction [90].

One gene associated with DRESNK1E,s involved in paracrine regulation of cell function
as a positive regulator of the canonical WpBCatenin pathway [91,92]. The WNT pathway
plays important roles in cell differentiation [93,94], preimplantatagvelopment [95],
formation of the epiblast [96] and implantation [97]. Moreo&8NK1Eregulates circadian
rhythm by controlling nuclear entry of PER1, a regulatoiCafOCK [98]. Expression of
PER1was associated with depth of anestrus at the start of tedibgeseason in beef cattle
[99].

Three genes related to DPR are involved with the function of spezrazain the female tract.
The geneBSP3aids in maintaining sperm motility during storage in the ovidd@oO].
Protein concentrations are associated with bull fertility [10id she mRNA is down-
regulated in the endometrium of heifers which carried a pregrtarteym compared to those
in which the embryo died after transfer [26]. Another g&®&ST plays an important role in
sperm capacitation and the acrosome reaction [102-104] and may ptdg B roocyte
calcium-mediated processes that occur during oocyte activatas].[The same SNP in
CASTfound to be associated with DPR in this study was earlier iagsdavith DPR, PL,
NM and SCS [15]. The embryonic geAB2 encodes for a protein that makes up part of the
zona pellucida and is the location that sperm bind on the zona pelluc&ladZp One of the
genes related to DPRILRPY is likely to play an important function in the oocyte. The gene
is expressed in the oocyte, and steady-state amountdLBP9 mMRNA decline after
fertilization and become undetectable after the maternal to zygotditaf$08-110].

There is much evidence to implicate immune function in the estaigishof pregnancy
[111]. Seven of the genes with SNPs associated with DPR are involiadune function.
The geneC1QB is involved in complement activation [112[}D14 is a co-receptor for
recognition of bacteria [113]CD40 regulates cell surface receptor signaling [114], and
NFKBIL1 regulates dendritic cell function [115]. AdditionallfON1B and RABEPZ2help
regulate phagocytosis and endocytosis [116,117] and mutatiorfSUiL have been
associated with disease resistance [118-120]. PolymorphisniJTil have also been
associated with total number of piglets born [121,122] and number of @dletsat weaning
[119]. It is possible that allelic variants in these genes tlegbasitively associated with DPR
improve immune function and decrease incidence of diseases such ateidpmetritis,
and mastitis that disrupt reproduction [123-125].

Three genes related to DPR are anti-apopt&tRL61P1, DYRK3and PARM1I[126-128].
Induction of apoptosis in the oocyte and associated cumulus cellsosased with reduced
fertilization rate [129-131]. Two molecules that improve embryo coemoet for



establishment of pregnancy after transfer into recipients @88 IGF1 [132,133], are anti-
apoptotic in embryos [32,134].

A variety of other roles are also represented by the genbBsSMPs associated with DPR.
Two genes are involved in energy pathwa@OQ9 and PCCB. The COQ9 protein is
necessary for the synthesis of CoQ10 [135], which is needed foratjageATP [136].
PCCB is an enzyme that converts proponyl CoA to methylmalongyA Gluring
gluconeogenesis [137]. THESPP1gene plays a role in spindle formation and cytokinesis
[138], MARVELD1 inhibits cell cycle progression and migration [139], draB3 helps
organize actin and-actinin binding in sarcomeres [140]. FinallyPSF1is involved in 3
end-processing of pre-messenger RNAs into messenger RNAs [140].

Several gene networks were significant among the genesdd¢@aDPR but most contained
only two genes. The exceptions were estrogen biosynthesis, édamdier, and a network
of genes associated with ubiquitin C (UBC). It is not surprisingthtieproteins encoded for
by so many genes bind to UBC because ubiquitin is involved in a laugeer of
intracellular functions [141-144]. Five transcription factors (HNFZ&F3, CTBP2, FOSB,
and SP100), two hormones (estradiol and prostaglandin E1), and one griati{T&FB1)
were determined by the IPA software to be significantly opeesented as regulators of
DPR genes. Each of these upstream regulators could be studied forttiee potential to
improve fertility by regulating activation of pathways controlled by tme&cules.

Conclusions

In conclusion, SNPs in a total of 40 genes associated with DP& identified as well as
SNPs for other traits. It might be feasible to include thes®sSMto genomic tests of
reproduction and other traits. The genes associated with DPRelsetb be important for
understanding the physiology of reproduction and manipulating reproductiotiofuric
cattle. Given the large number of SNPs associated with DPRwitie not negatively
associated with production traits, it should be possible to selectDRR without
compromising production.
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