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Gene splicing QTL illuminate casual variants associated with bovine
complex traits
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Summary

Sequence variants affecting complex traits are usually located in the non-coding regions with
regulatory functions. One important type of regulatory variant is the splicing quantitative trait
nucleotide, sQTN, which changes the balance between transcripts from the gene. To identify
bovine sQTN, RNA from white blood and milk cell samples covering Holstein and Jersey
breeds were sequenced for 131 cattle, all of which had imputed whole genome sequences.
Exon inclusion and intron excision ratios, both representing the splicing phenotype, were
computed using the counts of genes, exons and introns from the RNA sequence. The effects
of breed and the sequence genotype (sQTN) on the splicing phenotype were both determined.
A significant splicing event was only called if the breed or genotype effects on the exon
inclusion were matched with an effect of the same variable on the adjacent intron(s). 148
genes in the milk cells were significantly (FDR<0.01) differentially spliced between Holstein
and Jersey. In white blood and milk cells, 138,796 and 28,907 significant (FDR<0.01) sQTN
were identified, respectively. These sQTN were significantly enriched for SNPs associated
with dairy complex traits. An allele within CSN3 increased the proportion of transcripts
including the 5th exon. This allele was at higher frequency in Holstein than Jerseys and
explained the difference between the breeds in splicing. Multiple lines of evidence support
this sQTN as a causal candidate for milk protein production. Our study presents a novel way
to identify and annotate causal mutations for livestock complex traits.
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Introduction

Most economically important traits of cattle and other livestock species are complex and
controlled by a large number of polymorphisms with small effects. Therefore, all assayed
single nucleotide polymorphisms (SNPs) are typically included when estimating breeding
values, i.e., genomic selection (Meuwissen et al., 2016). However, evidence from human
studies suggest that mutations within or close to the transcription factor binding sites could
explain more variations in disease traits, than other types of variants (Gusev et al., 2014).
Thus, using SNPs with biological importance, especially those with genomic regulatory roles,
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may further advance genomic selection.

A regulatory SNP can quantitatively change the transcription level of a related gene, i.e., gene
expression. Sequence variants affecting gene expression are termed expression quantitative
trait nucleotides or eQTN. After transcription, RNAs are spliced by removing the introns and
joining the exons to create different mature mRNA transcripts. Thus, SNPs associated with
the variation in RNA splicing, i.e., splicing sQTN, are an important type of regulatory
variant. In humans, sQTN have been reported to affect variations in disease traits (Li et al.,
2016b). However, a systematic study of sQTN is lacking in cattle and other livestock species.

Herein, we utilized counts of genes, exons and provisional introns (Li et al., 2016a) estimated
from RNA sequence to study differential splicing. We estimated the extent to which splicing
was affected by breed and sequence SNP genotypes (sQTN) in cattle. We also tested if sQTN
are enriched within variants associated with economic traits in cattle.

Material and methods

Transcriptomes from the white blood cells and milk cells of 105 lactating Holstein cows and
26 Jersey cows were analysed. The sampling was approved by the DEDJTR Animal Ethics
Committee (applications 2013-14 and 2014-04). The RNA extraction and sequencing details
can be found in the related WCGALP2018 paper (Chamberlain et al., 2018). These cows had
imputed whole genome sequences generated as part of the 1000 bull genomes project
(Daetwyler et al., 2014) using all Bos taurus as the reference and Eagle/Minimac (Pausch et
al., 2017) for imputation. Gene counts were generated by HTSeq (Anders et al., 2015) and the
exon counts were generated by featureCounts (Liao et al., 2013) in R v3.3.2 (Team, 2013).
The exon inclusion was the exon to gene expression ratio and the intron excision was
produced by leafcutter package (Li et al., 2016a). A significant effect of either the breed or
SNP on splicing was declared when a significant exon inclusion (FDR<0.1) was matched
with a significant effect (FDR<0.1) of the same variable on the adjacent intron excision. The
overall FDR of such detection was considered as 0.1× 0.1 = 0.01. The breed effects were

analysed in a linear model: ; yk = exon inclusion or intron excision ratios in the
milk transcriptome, breedk = breeds (k=2, Holstein and Jersey). The widely used Matrix
eQTL package (Shabalin, 2012) was employed to map cis sQTN (± 1Mb). Breed was fitted as
a covariate for milk transcriptome. Based on the SNP coordinates, the 800K SNP chip based
significant (FDR<0.01) pleiotropic variants associated with 24 dairy cattle traits (Xiang et al.,
2017) were compared with the significant sQTN. Fisher’s exact test was applied to determine
the significance of the overlap between sQTN and significant dairy cattle pleiotropic variants.

Results and Discussion
<1 line>
There were 148 genes in the milk cells displaying significant differences in splicing between
Holstein and Jersey. These genes included Kappa Casein, CSN3, which has been reported as
containing a QTL for milk protein yield (Kemper et al., 2015; MacLeod et al., 2016). In the
current study, the 5th exon (6:87,392,578-87,392,750) of CSN3 was more commonly included
in the transcript in milk cells in Holstein than in Jersey cattle (Figure 1). This caused an
increase in expression of the 5th exon despite there being no overall difference in CSN3
expression (Figure 1).
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Figure 1. The breed effects on splicing of the 5th exon of CSN3. From left to right, the three
groups of bars represent the inclusion ratio of the 5th exon, the expression of the 5th exon and
the expression of the whole CSN3 gene.

Based on both exon and intron analyses, 138,796 and 28,907 sQTN were called from white
blood and milk cell transcriptomes, which were mapped to 929 and 283 genes in the
respective tissues. Dairy cattle pleiotropic SNPs (based on 800K SNP chip data) significantly
overlapped with white blood cell sQTN and with milk cell sQTN in a number of chromosome
regions (Figure 2).

Figure 2. Overlap between sQTN and dairy pleiotropic SNPs. The colour scale represents the
log2 counts of overlapped SNPs (indicated in the bar on the right), where the darker the
colour the greater the number of overlapping SNP. p is the significance of the Fisher-exact
test for overlap.

One significant milk sQTN was Chr6:87392580 (Figure 3A). In our study, this variant had a
significant effect on the inclusion ratio of the 5th exon in the transcript with a weaker effect on
the total expression of the 5th exon and an insignificant effect on the total CSN3 gene
expression (Figure 3A). The allele that increases the expression of the 5th exon (Figure 3A) is
more frequent in Holstein than Jersey cattle (Figure 3B) and this explained the above
observed increased expression level of the 5th exon in Holstein compared to Jersey cattle
(Figure 1). Moreover, the Chr6:87392580 variant is predicted as a ‘splice region variant’
(McLaren et al., 2016), suggesting it is located in the active splice site of the gene. There is
other evidence supporting this splicing variant as significantly linked to milk protein
production: a) it is only 12 bp away from a SNP chip based significant pleiotropic variant
Chr6:87392592 (Figure 2), b) it has a perfect LD (r =1) with the variant 6:87390576 which
was reported previously (MacLeod et al., 2016) as a possible causal variant. Thus, our results
imply that the causal mechanisms by which this variant contributes to milk protein production
are more complex than a simple linear model of variantà transcriptà proteinà phenotype.
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Figure 3. The effects and allele frequency of Chr6:87392580. A: the three bars from left to
right represent effects (b/se, t value) of the B allele of the SNP on the inclusion ratio of the 5th

exon of CSN3, on the expression level of the 5th exon and on the expression level of CSN3
gene. B: The B allele frequency in different breeds.

Overall, using transcriptomic and genomic sequence data we have identified a substantial
number of significant splicing variants, even with a stringent threshold which demanded
matching results between exon inclusion and intron excision analyses. Detected sQTN were
also significantly enriched for variants associated with cattle complex traits. Amongst these
trait-associated sQTN, a likely causal variant at Chr6:87392580 was identified. Our findings
provide a novel angle to identify and interpret causal variants for animal complex traits.
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