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Abstract Genome-wide association studies with an
Illumina BovineS0K chip have detected 105 SNPs
associated with one or multiple milk production traits in
the Chinese Holstein population. Of these, 38 significant
SNPs detected with high confidence by both L1-TDT and
MMRA methods were selected to further mine potential
key genes affecting milk yield and milk composition. By
blasting the flanking sequences of these 38 SNPs with the
bovine genome sequence combined with comparative
genomics analysis, 26 genes were found to contain or be
near to such SNPs. Among them, the C/14HS8orf33 gene is
merely 87 bp away from the significant SNP, Hap-
map30383-BTC-005848. Hence, we report herein geno-
type-phenotype associations to further validate the genetic
effects of the CI4HS8orf33 gene. By pooled DNA
sequencing of 14 unrelated Holstein sires, a total of 18
with seven novel SNPs were identified. Among them, nine
SNPs were in the 5’ regulatory region, one in exon 6 and
the other in the 3' UTR and 3’ regulatory region. A total of
nine of these identified SNPs were successfully genotyped
and analyzed by mass spectrometry for association with
five milk production traits in an independent resource
population. The results showed that these SNPs were
statistically significant for more than two traits
[P <(0.0001—-0.0267)]. In addition, mRNA expression
analyses revealed that C/4HS8orf33 was ubiquitous in eight
different tissues, with a relatively higher expression level
in the mammary gland than in other tissues. These
findings, therefore, provide strong evidence for association
of Cl4HS8orf33 variants with milk yield and milk
composition traits and may be applied in Chinese Holstein
breeding programs.
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1 Introduction

QTL linkage analyses and fine mapping studies have
achieved remarkable results in recent decades [1-3].
However, the low density markers of the genetic variation
in the complex economic traits cannot be captured using
this method [4—7]. Genome wide association study
(GWAS), which utilizes a large number of high-density
genetic markers throughout the entire genome, provides a
new approach to detect causal variations underlying
complex traits [8,9]. So far, GWAS has been successfully
applied to identify genes involved in human diseases
[10,11], economical traits and various complex traits in
animals [12,13]. Our previous GWAS with an illumina
50K chip detected 105 SNPs which were significantly
associated with one or multiple milk production traits in
dairy cattle [14]. As the first step in gene discovery [15,16],
the results from GWAS still need further functional
annotation and validation by use of genetic association
studies. Thus, we selected 38 highly significant SNPs
detected with high confidence by two statistical methods
from these 105 significant SNPs. Through bioinformatics
and comparative genomics analysis, a total of 26 genes
were found to contain or be near to at least one of 38
significant SNPs, including the well-known DGATI and
GHR genes [17,18]. Of these, the chromosome 14 open
reading frame 33 ortholog (CI/4HS80rf33) gene had the
nearest location to the significant SNP, Hapmap30383-
BTC-005848 [14], and was considered as a promising
candidate gene for milk production traits.

The CI14H8orf33 gene is located on BTA14, which
includes a large number of QTLs for milk production traits,
i.e., DGATI [19—22]. The bovine CI14H80orf33 gene spans
2054 bp and contains 6 exons and 5 introns. The cDNA
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consists of 1220 bp with an open reading frame encoding a
188-amino acid protein. It is 313 kb away from the causal
mutation K232A of the DGATI gene. However, until
recently, almost no relevant reports have been available for
the CI4HS8orf33 gene. In this research, an association
study was conducted to confirm our previous GWAS result
and to search for potential variants of the CI/4H8orf33
gene affecting milk production traits in dairy cattle.

2 Materials and methods
2.1 Bioinformatics and comparative genomics analysis

To further validate the exact physical location of the 38
SNPs selected from the 105 significant SNPs, we
separately compared each of the 60 bp upstream and
downstream nucleotide sequences with NCBI (http://www.
ncbi.nlm.nih.gov) and UCSC (http://genome.ucsc.edu/)
website Btau 3.1 databases. From the exact physical
location, we inferred the gene that the SNP was located
within or near to.

The potential biochemistry and physiology of the gene
based on its genome sequence was predicted by searching
for the homologous and similar sequences from cattle,
human and mouse. For the purpose of precise and accurate
prediction, we used the websites; NCBI (http://www.ncbi.
nlm.nih.gov), Ensemble (http://asia.ensembl.org/index.
html), Uniprot (http://www.uniprot.org), KEGG (http://
www.genome.jp/KEGG), GeneCards (http://www.gene-
cards.org) and wikipathways (http://www.wikipathways.
org) to achieve functional annotations for each gene.

2.2 Animal resource and DNA extraction

A daughter design was employed in this study. A total of
742 daughters from 14 corresponding sires were selected
to construct the study population. The numbers of
daughters for each of the 14 sires ranged from 22 to 125.
These daughters were from 15 dairy farms in Beijing
Sanyuanlvhe Dairy Farming Center. The official estimated
breeding values (EBVs) for the five milk production traits,
including milk yield (MY), fat yield (FY), protein yield
(PY), fat percentage (FP) and protein percentage (PP) were
provided by the Dairy Data Center of the Dairy
Association of China (DAC) (http://www.holstein.org.
cn). Genomic DNA was isolated from whole blood
samples of cows and frozen semen of sires. A DNA pool
was constructed from the DNA of 14 sires at the same
concentration of 50 ng-uL™".

2.3 SNP identification and genotyping
A total of 18 pairs of PCR primers (Appendix A, Table S1)

were designed with Primer Premier 3 (Premier, Canada),
according to the genomic sequence of the bovine

CI14H8orf33 gene, to amplify all exons plus 5" and 3’
franking regions. The SNPs identified using the pooled
DNA from daughters of 14 sires, further SNPs were
genotyped for all experimental cows using the iPLEX
MassArray system (Sequenom Inc.). In addition, the SNP
Hapmap30383-BTC-005848 from a previous GWAS [14]
was genotyped for the purpose of replication in this study.

2.4 Statistical analyses

Allele and genotype frequencies were compared between
the mutant and wild type through a chi-square test. The
chi-square tests were also used to determine whether
individual variants were in equilibrium at each locus by
comparing the expected and observed genotype frequen-
cies (Hardy—Weinberg equilibrium). Pedigrees of the
population were traced back for three generations to create
the relationship matrix. We calculated linkage disequili-
brium between all pairs of biallelic loci using HAPLO-
VIEW 4.2. For single locus and haplotype analyses, the
mixed procedure in SAS 9.1.3 with the animal model was
fitted as follows:

y=1lpu+bx+Za+e

where y is the vector of EBVs for each trait, x is the overall
mean, b is the regression coefficient of EBVs on SNP
genotypes, x is the fixed effect vector, Z is the 742x742
indicator matrix, a is the vector of polygenetic effects with
a~N (0, A8%) (where A is the additive kinship matrix and
32 is the additive variance), and e is the vector of residual
errors distributed as e~N (0, Wa?2) [23].

2.5 Total RNA isolation and cDNA synthesis

Total RNA from 8 different tissues, i.e., heart, liver, small
intestine, kidney, mammary gland, ovary, uterus and
gluteus, was extracted using Trizol Reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
protocols and DNA contamination removed from RNA
extracts with RNase-free DNase I for 30 min at 37°C. RNA
integrity was checked by 1% agarose gels and the quantity
was detected with NANODROP 2000 (Thermo Scientific,
DE, USA). One microgram of total RNA for each tissue
was reverse transcribed by PrimeScript® RT reagent Kit
(TaKaRa, Ostn, Japan) to obtain the cDNA. Each cDNA
sample was amplified to ascertain its quality with a pair of
specific primers for GAPDH, which covers two partial
adjacent exons and the whole intron between those two
exons.

2.6 Real-time quantitative RT-PCR

With the primers as shown in Appendix A (Table S1),
quantitative real-time RT-PCR was carried out with a
LightCycler 480 Real-Time PCR System (Roche, Her-
cules, CA, USA). The reaction condition were as follows:
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pre-denaturation at 95°C for 10 s; amplification 45 cycles
of 95°C for 10s, 60°C for 10s, and 72°C for 10s. The
relative expression level was normalized by the GAPDH
with 224" method as described previously (Livak and
Schmittgen, 2001). All the measurements of C/4H8orf33
gene expression in different tissues were performed in
triplicate, and the average values obtained. These data were
analyzed by a r-test using the SAS9.0 program (SAS
Institute, Inc., Cary, NC, USA), with a P value of < 0.05
considered significant.

3 Results

3.1 Function annotation

Based on the 38 SNPs selected with high confidence from
the 105 significant SNPs identified by our initial GWAS, a
total of 26 genes were obtained through bioinformatics and
comparative genomics analysis, and their functions placed
into seven major categories: including body metabolism
and nutrient balance; cytoskeleton or extracellular matrix
components; regulation of cell proliferation and apoptosis;
cell signal transduction and salt ion channel composition;
kinase activity; mRNA transcription and translation
regulation (Table 1).

3.2 SNP identification and selection

By sequencing of pooled DNA from daughters of 14
unrelated sires in a Chinese Holstein population, a total of
18, including seven novel SNPs were identified (Table 2).
Among them, nine SNPs were in the 5’ regulatory region,
one in exon 6 and the remainder in the 3" UTR and 3’
regulatory region. The SNP in exon 6 was a non-
synonymous SNP with the amino acid alteration from
proline (CCC) to histidine (CAC). Nine out of these
identified SNPs were successfully genotyped by mass
spectrometry and analyzed for association with five milk
production traits in an independent resource population.
Chi-square test showed all nine SNPs were in Hardy—
Weinberg equilibrium (P > 0.05). The genotypic and allele
frequencies are shown in Table 3.

3.3 Associations analyses

The association results are shown in Table 4. These SNPs
were significantly associated with protein yield
[P <(0.0001 -0.0267)] but not associated with other
milk production traits (P> 0.05) in present study. In
addition, the SNP Hapmap30383-BTC-005848 identified
in our initial GWAS [14] was successfully confirmed to
have significant associations with MY, PY, FP and PP in
this independent dairy cattle population. This provided
convincing statistical evidence for our previous study.

3.4 Linkage disequilibrium analysis

The LD block generated by all nine SNPs within 5 kb
(Fig. 1), consisted of three haplotypes, TCACCGTTT,
AACTGACAC and TCACCGCTT with frequencies of
0.44, 0.39 and 0.15, respectively. The statistical analysis of
the haplotypes with EBVs of five milk production traits
showed that the haplotypes were associated with PY (P =
2.31x10%) (Table 5). The results were consistent with the
associations of single SNPs.

3.5 Expression analysis of the bovine C/4H8orf33 gene

The relative mRNA expression of C/4H8orf33 in eight
different tissues was determined by quantitative real-time
PCR. The results revealed that C/14H8o0rf33 was ubiqui-
tous in these eight tissues, and at a relatively higher
expression level in the mammary gland than in other
tissues. In addition, the expression of C/4H8orf33 in small
intestine, kidney, ovary and uterus was also relatively
higher than in three other tissues (Fig. 2).

4 Discussion

In this study, we annotated the function of 26 genes that
correspond to 31 of 38 SNPs identified as highly
significant via bioinformatics and comparative genomics
analysis, and identified several novel C/4H80rf33 variants
associated with milk production traits.

In previous studies, the known functional genes DGAT
[24], ABCG2 [25] and SCD1 for milk production traits [26]
have been observed to have high expression in mammary
tissue of mammals. In this study, we found that the
C14H8orf33 gene was also expressed at a relatively higher
level in the mammary gland compared with seven other
tissues, indicating its importance in mammary biologic
processing in dairy cattle. Furthermore, our association
data showed that the nine identified SNPs, including the
SNP Hapmap30383-BTC-005848 identified by our initial
GWAS [14], in the CI4H80rf33 gene were significantly
associated with at least one milk trait. Therefore, it was
inferred that the CI4HS8orf33 gene showed relatively
independent effects on the milk traits. At the same time,
our findings provided convincing evidence for our
previous GWAS study by a replication study. In conjunc-
tion with association analyses, the SNP Hapmap30383-
BTC-005848 in the 3' UTR in the C/4H80rf33 gene could
be selected to examine whether this mutation is involved in
interaction with some miRNA in a follow-up investigation.

In addition, the C/4H80rf33 gene is 313 kb away from
the causal mutation K232A of the true QTL for milk
composition, i.e., the DGAT1 gene. Although the sig-
nificant associations of the C/4H8orf33 gene with milk
production traits were associated with higher expression in
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Table 2 SNPs detected by sequencing in the C/4HS80rf33 gene

No. Position on UMD _3.1 Gene region Mutation Polymorphism type Amino acid substitution
1 72576 5' flanking region C/A SNP -
2 72793 5" flanking region T/A SNP -
3 73189 5’ flanking region -IT ins/del -
4 73306 5' flanking region T/G SNP -
5 73466 5" flanking region T/A SNP -
6 73551 5" flanking region A/C SNP -
7 73552 5" flanking region T/C SNP -
8 74412 5' flanking region -/ACC ins/del -
9 74484 5" flanking region T/C SNP -
10 74654 Intron 1 T/C SNP -
11 75863 Exon 6 C/A SNP A/D
12 76100 3" UTR C/T SNP -
13 76321 3" UTR A/G SNP -
14 76378 3" UTR C/G SNP -
15 76589 3' UTR A/G SNP -
16 76703 3’ flanking region C/T SNP -
17 77377 3’ flanking region A/T SNP -
18 78386 3' flanking region C/T SNP -

Table 3 Genotypes and allele frequencies of the nine identified SNPs in the C/4H8orf33 gene

SNP ID Location SNP position Genotype Genotype frequency Allele Allelic frequency
SNP1 5" flanking region 72793 TT (244) 0.368 T 0.609

TA (319) 0.481

AA (100) 0.151 A 0.391
SNP2 5’ flanking region 73306 AA (131) 0.174 A 0.429

CA (383) 0.509

CC (238) 0.316 C 0.571
SNP3 5" flanking region 73551 AA (239) 0.318 A 0.573

CA (384) 0.511

CC (129) 0.172 C 0.427
SNP4 Intron 1 74654 TT (131) 0.174 T 0.428

CT (381) 0.507

CC (240) 0.319 C 0.572
SNP5 3' UTR 76100 GG (114) 0.174 G 0.406

GC (304) 0.464

CC (237) 0.362 C 0.594
SNP6 3" UTR 76321 GG (242) 0.322 G 0.575

GA (380) 0.506

AA (129) 0.172 A 0.425
SNP7 3’ UTR 76703 TT (122) 0.162 T 0.402

CT (361) 0.480

CC (269) 0.358 C 0.598
SNP8 3’ flanking region 77377 TT (237) 0.315 T 0.570

AT (384) 0.511

AA (131) 0.174 A 0.430
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(Continued)
SNP ID Location SNP position Genotype Genotype frequency Allele Allelic frequency
SNP9 3’ flanking region 78386 TT (239) 0.318 T 0.573
TC (382) 0.509
CC (130) 0.173 C 0.427
Table 4 The association analysis between C14H8orf33 and EBVs of 5 milk production traits
SNPs Genotype MY FY FP PY PP
SNP1 AA 230.36+111.63 4.5142.68 —0.0640.023 13.76%43.26 0.03040.010
TA 203.11466.05 1.35+2.92 ~0.0540.014 5.385+1.91 0.00740.006
TT 212.72+77.87 3.1546.26 —0.03+0.019 4.18%42.26 —0.01240.007
P value 0.9781 0.7021 0.4739 0.0003%* 0.2864
SNP2 AA 276.57+97.61 2.09+6.43 —0.0540.023 16.73%42.72 —0.022+0.009
CA 220.88+59.18 0.7142.94 ~0.054+0.014 5.465+1.62 ~0.007+0.006
cC 206.90+£78.91 3.2342.68 ~0.0340.087 44354224 ~0.01240.008
P value 0.8465 0.7073 0.4901 <0.0001%* 0.3655
SNP3 AA 204.38-£64.67 3.0542.89 —0.0340.018 1.48%42.01 —0.01140.008
CA 226.90-£60.74 1.01+2.72 —0.05+0.014 5.66"£1.91 —0.007+0.006
cC 265.01+83.64 1.56+3.55 —0.0640.023 15.9154+2.48 ~0.025+0.010
P value 0.8909 0.7994 0.5159 0.0003%* 0.2618
SNP4 cC 211.62+78.40 3.5042.51 —0.03+0.019 8.44°+2.99 —0.009+0.008
CT 218.27+59.41 —0.0542.14 —0.06+0.014 8.84°+2.93 —0.008+0.006
TT 276.57+97.61 1.21+2.98 —0.0540.033 12.34°£2.79 0.027+0.010
P value 0.8531 0.6227 0.4540 0.0193* 0.3587
SNP5 cC 236.77+80.33 3.3242.68 ~0.0440.019 2.14%42.28 ~0.01440.008
GC 209.75+68.08 6.0942.92 ~0.06+0.016 6.04*£1.86 —0.002+0.006
GG 282.54+107.78 0.9943.37 —0.0740.025 12.48%+3.05 —0.027+0.010
P value 0.8479 0.5916 0.5983 0.0003%* 0.0948
SNP6 AA 265.01-£98.62 1.56+3.07 —0.0640.023 13.91442.78 0.0050.008
GA 216.68+59.41 0.6341.85 ~0.0540.014 527°+1.63 0.00440.009
GG 222.39+77.91 3.6642.43 ~0.0340.017 2264221 —0.035+0.025
P value 0.9130 0.6115 0.5092 0.0004%* 0.2711
SNP7 CC 299.274470.23 0.1942.68 ~0.08540.016 11.13%41.98 ~0.025"0.007
CT 144.818461.55 1.8042.92 —0.02%40.014 3.485+1.73 0.001%40.006
TT 309.96*+106.82 4.94+6.41 ~0.04"540.025 3.89%43.08 ~0.014*540.010
P value 0.0074%* 0.4932 0.0267* 0.0106* 0.0078%**
SNP8 AA 276.57+97.60 4.74+2.64 —0.06+0.023 11.28%42.74 —0.024+0.009
AT 226.75+59.07 5.8943.92 —0.05+0.014 5.495+1.63 —0.007+0.006
TT 196.26:£79.17 1.99+6.11 —0.0340.018 1.37%42.24 —0.01140.008
P value 0.8153 0.7299 0.6034 0.0001%* 0.3281
SNP9 cC 262.45+98.11 1.79+1.05 ~0.0640.027 11.82%42.76 ~0.02540.008
TC 227.33459.30 0.9341.84 —0.05+0.010 5.59P+1.63 —0.008+0.009
TT 205.17+£78.41 3.2142.44 —0.0340.018 4.62542.23 —0.01040.007
P value 0.9012 0.7570 0.4739 0.0003%* 0.3108

Note: *°: within the same column with different superscripts means P < 0.05, *®: within the same column with different superscripts means P< 0.01; *: P < 0.05;
**: P<0.01; MY: milk yield; FY: fat yield; FP: fat percentage; PY: protein yield; PP: protein percentage.
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SNP1
SNP3
SNP6 — |
SNP9

Block 1 (5 kb)

Fig. 1 The haplotype block and LD pattern for nine SNPs in the C/4HS80rf33 gene. The length of the block is provided in kilobases (kb),
and pairwise linkage disequilibrium (LD) is given for each SNP combination. The darker shading indicates higher linkage disequilibrium.

Table 5 Main haplotypes of the C14H80rf33 gene, their frequencies and significant associations with the EBVs of protein yield in dairy cattle

Haplotypes SNP1  SNP2 SNP3 SNP4 SNP5 SNP6 SNP7 SNP8 SNP9 Frequency/% PY(P-value)
TCACCGTTT T C A C C G T T T 43.9 2.31x10"
AACTGACAC A A C T G A C A C 389
TCACCGCTT T C A C C G C T T 14.9

70 -

60

D
(=)

Relative quantification
(normalized by GAPDH)
b
e

ﬁ‘.:aiii

Mammary Liver Kidney Gluteus Small Uterus Ovary

intestine

Fig. 2 Relative quantification of the C/4H80rf33 mRNA in eight tissues

mammary gland of lactating cows, it is suspected thatthese 5 Conclusions

significant associations could be due to the linkage

disequilibrium (LD) between CI/4HS8orf33 and DGATI.

We found a total of 25 genes between CI14H8o0rf33 and This study provided strong evidence for association of
DGATI and further investigations are needed in order to ~ C14H8orf33 variants with milk yield and milk composi-
verify whether the strong LD exist between these two tion traits and may be applied in Chinese Holstein breeding
genes. programs.
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