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Summary 

Here we present the results of two experiments that a). serve as proof in principal of a 
CRIPSR-Cas9 genome editing platform designed to screen candidate causative variants for 
quantitative trait loci (QTL), and b), visualise the effects of ‘stacked’ QTL alleles that would 
be attainable through the use of genome editing.  

We have used large-scale genome and transcriptome sequencing, genome-wide association 
studies (GWAS), and expression QTL (eQTL) mapping to identify numerous regulatory 
haplotypes with major impacts on dairy production traits in cattle. To functionally dissect the 
strings of near perfectly correlated, trait-associated variants highlighted by these analyses, we 
have developed a CRISPR-Cas9-based screening platform that systematically breaks linked 
alleles to test the effects of individual alleles on target gene expression. In our first trials of 
these methods in bovine MAC-T cells, we report genome editing of 19 candidate causal loci 
representing MGST1 and AGPAT6 eQTLs. Efficiencies ranged from 1-57% for non-
homologous end joining (NHEJ) mediated editing, and 0-8% for homology directed repair 
(HDR; i.e. precise) editing. We also report the generation of isogenic cell lines using flow 
cytometry, demonstrating the overall feasibility of this pipeline for scale-up. 

As a conceptual experiment to visualise phenotypic consequences of what multiply genome-
edited, QTL-stacked animals might look like, we also present a survey of 65,500 mixed breed 
dairy cattle to identify animals enriched for favourable QTL alleles at large effect milk yield 
loci. Using imputed genome sequence data, and filtering animals by combinatorial genotype 
at the MGST1, GHR, and DGAT1 QTL, we identify compound triple homozygotes for low 
(N=12171), and high (N=16) milk yield alleles in the general population. Association 
analysis between stacked genotype classes reveals large impacts on milk yield between 
opposing homozygote classes (451 litres per 270 day lactation). Importantly, these effects 
were similar to the sum of additive effects estimated on a per-locus basis (454 litres per 
lactation), demonstrating the genetic gain that would be attainable when using genome 
editing to bank the variance of multiple QTLs for a complex quantitative trait. 
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Introduction 

Through application of large-scale whole genome sequencing and genome-wide association 
studies (GWAS), we have catalogued multiple loci with major impacts on dairy production 
traits1,2,3,4. RNA-sequencing and expression quantitative trait loci (eQTL) mapping 
demonstrates that the majority of these effects operate through gene expression-based 
mechanisms, highlighting co-locating, co-segregating cis eQTL for individual genes1,2,3,4. 
Although these observations strongly implicate the causative gene for the QTL, identifying 



the causative variants among the clusters of near-perfectly correlated, linked candidates 
remains difficult. To probe the functionality of candidate variants directly, we present a high 
to medium throughput gene editing pipeline aimed at functional dissection of lactation-
modulating eQTL haplotypes. Candidate regulatory variants are systematically recombined in 
cell culture, with cell populations then sorted by flow cytometry to create clonal lines. Cell 
clones are then screened using multiplex amplicon sequencing to identify on target edits. We 
focus only on eQTL effects to unify ‘phenotype’ collection (i.e. gene expression analysis) 
across diverse loci, where successfully edited clonal cell lines are assayed using qPCR gene 
expression assays. In an approach similar to those applied by others5, when comparing across 
synthetically generated haplotypes for a given eQTL, variants demonstrated to impact the 
expression of target genes can be deemed to be causal for the eQTL, and by extension, the 
lactation trait in which they were first implicated. In this paper, we provide proof of principle 
for application of these methods, reporting editing efficiencies and clonal line generation in 
bovine mammary cells. 

Our cell-based experiments are motivated by a desire to definitively identify causative 
variants for dairy production QTL, but the pace of improvements in genome editing 
efficiency may soon permit use of these methods to produce large animals as part of routine 
breeding practice. Importantly, such methods could be used to ‘stack’ favourable, large effect 
QTL alleles for various traits, banking the variance of these QTLs by fixing the alleles in a 
small number of generations.  As an exploration of what such animals might look like, we 
used a database of 65,500 mixed breed cattle for which imputed sequence-based genotypes 
were available, representing QTL alleles from three major milk yield genes (MGST1, GHR, 
and DGAT1). Filtering animals by combinatorial genotype, we present the effects for these 
QTL when analysed as single loci, and together where genotypes are compounded for high 
and low milk yield alleles. 
 
Results & Discussion 
 
CRISPR-Cas9 method development 
 
Optimisation of CRISPR-Cas9 transfection 
We optimised a variety of parameters to efficiently introduce CRISPR-Cas9 genome editing 
components into bovine MAC-T mammary cells. These included differential delivery of the 
Cas9 nuclease (plasmid-based expression versus direct transfection of ribonucleoprotein 
(RNP) complexes), cell sorting based on fluorescence of a co-transfected GFP plasmid (to 
enrich cell pools for transfectants), and altering the concentration of plasmids, 
gRNA/tracrRNAs, transfection reagents, and RNP complexes. Optimisations used a synthetic 
gRNA targeting a proposed causal mutation in the 5’UTR of the AGPAT6 gene1, with editing 
efficiency quantified as the proportion of indels apparent from high-depth amplicon sequence 
data. A detailed description of the results of these experiments is beyond the purview of this 
paper, however all experimental samples exhibited indel rates above those detected in 
sequence data from control samples, with the highest efficiencies (~30% indel content) 
demonstrated for fluorescence enriched, plasmid-based transfections, and RNP transfections 
that used 2 µL of Lipofectamine® RNAiMAX reagent and 20 nM RNP complex per well of a 
96-well plate. Since the former method involved a more complicated protocol involving two 
transfection steps, we adopted the latter approach for all subsequent experiments. 
 
Editing efficiency assessment at multiple loci 
Using the optimised RNP-based transfection conditions described above, 26 candidate 
regulatory variants representing the MGST1 and AGPAT6 genes1,2 were targeted for genome 



editing. Of these loci, 19 yielded sequence data of sufficient quality for downstream analysis 
(eight representing MGST1, 11 representing AGPAT6). For the MGST1 loci, transfections 
were conducted with and without single stranded oligodeoxynucleotide (ssODN) donor 
templates for knock-in of SNP alleles (i.e. precise gene editing). Table 1 shows editing 
efficiencies for pools of cells, quantified as the proportion of indel bases for NHEJ-targeted 
samples, and proportion of alternative allele counts for HDR-targeted samples. Median NHEJ 
efficiency was 32% across all samples, with all but two loci showing targeting at efficiencies 
>10%. As expected, efficiency of HDR-mediated editing was substantially lower, with only 
two of seven samples for which sequence data was available showing successful ssODN 
incorporation.  
 
Optimisation of clonal cell line generation 
To optimise the generation of large numbers of isogenic cell lines, we performed single cell 
sorting of MAC-T cells varying the following parameters: sorting cells into conditioned 
versus non-conditioned media, sorting cells into 10% or 30% serum-enriched media, and 
sorting transfected or non-transfected cells. The use of conditioned media had a major impact 
on cell survival, where the smallest number of viable colonies (~15%) was demonstrated for 
cells plated into unconditioned media, and the highest for cells grown in conditioned media 
plates (~55%). Transfection status and serum content did not appear to impact viabilities.  
 
Population survey for animals bearing stacked, major effect milk yield alleles  
Although animals with naturally occurring, multiply stacked QTL alleles can be presumed to 
exist, we are unaware of instances where these individuals have been systematically 
identified from the population. In the context of genome editing as a potential future breeding 
technology, we aimed to identify such ‘extreme’ animals to visualise the gains achievable 
through fixing of favourable alleles. Imputed sequence-based genotypes representing the 
DGAT1 K232A6 mutation, the GHR F279Y7 mutation, and a tag SNP representing the 
MGST1 milk yield locus2 (chr5:93945738C>T), were retrieved for a population of 65,500 
dairy cattle for which milk yield records were available. When conducting association 
analysis using a least squares additive model, highly significant effects were confirmed for 
each of the DGAT1 (P < 2.2 × 10−308), GHR (P = 2.8 × 10−43), and MGST1 (P = 4.9 × 10−23) 
variants. When recoding and summing alleles based on their sign of effect on milk yield, 
compound triple homozygotes for low (N=12,171 animals), and high (N=16) milk yield 
alleles could be identified in the population (Figure 1). The difference in 270-day lactation 
milk yield between compound homozygotes was 451L, similar to the sum of allelic effects 
estimated for individual loci (~454L). 
 
Discussion 
 
We present the results of two complementary analyses that conceptually explore genome 
editing as a method to validate and introgress major effect quantitative trait variants. Using a 
mammary cell model, we show high efficiency CRIPSR Cas9-based editing that should 
permit the systematic testing of candidate causative variants for regulatory eQTL. Although 
HDR-mediated editing was not apparent for five of the loci targeted, it should be noted that 
as a first attempt at precise editing, and as an experiment to attempt true ‘scarless’ knock-in, 
repair templates did not incorporate protospacer adjacent motif mis-matches, a design feature 
that would be anticipated to substantially reduce efficiency due to Cas9 retargeting. Given the 
high efficiency of NHEJ-mediated cleavage shown for the majority of gRNAs, we expect that 
HDR frequencies could be substantially improved with ssODN re-design. Further, for future 
designs where SNP knock-in proves to be too difficult, NHEJ indels overlapping the variant 



of interest may still provide an alternative genotype for expression testing, assuming the 
hypothetical regulatory feature is equally impacted by an indel as it is by the native SNP. We 
also demonstrate the generation of large numbers of clonal cell lines. At single cell survival 
rates of ~50%, and an estimated HDR-mediated editing efficiency of 1%, these methods 
would yield 2.1 on-target edited lines per 384-well plate of sorted cells. These numbers 
demonstrate the feasibility of our proposed approach, and at the time of writing we have 
derived >1000 clonal MAC-T lines using the described methods. 
 
Using genetic data from the New Zealand dairy population, we have shown the results of a 
simple ‘simulation’ experiment as exemplification of what allele-stacked, multiply genome 
edited cows might look like. Notably, compound triple homozygotes exist in the population, 
and effects are similar to the sum of those estimated for individual loci. Although it is 
unknown whether these additive relationships would hold out with the further stacking of 
additional major effect alleles, the impacts of these three variants alone accounts for 
substantial proportions of genetic and phenotypic variance2, 6,7. In combination with other 
animal selection strategies such as genomic prediction, using genome editing as a breeding 
tool could therefore be expected to enable rapid, major shifts in milk yield, or any other 
quantitative or Mendelian trait for which major effect mutations have been identified.   
 
Methods & Materials 
 
CRISPR-Cas9 method development 
Initial optimisations for genome editing used a combination of plasmid and RNP-based Cas9 
delivery methods, though the majority of results presented used the latter. All experiments 
used synthetic Alt-R® gRNAs and tracrRNAs from IDT following the transfection protocols 
outlined in the Alt-R® user guide8, in conjunction with Lipofectamine® RNAiMAX reagent 
(Life Technologies). For HDR experiments, DNA Ultramer® oligos were used as ssODN and 
sourced from IDT. To permit ssODN design, the wild type alleles of the MAC-T cell line9 
were catalogued by whole genome sequencing on the Illumina Hiseq 2000 instrument, 
yielding >30x genome-wide read depth. Two days post transfection, DNA from cell pools 
was extracted and PCR products encompassing target mutations amplified using KAPA2G 
Robust PCR reagents (Kapa Biosystems). Amplicons were then barcoded, pooled, and 
sequenced on the Illumina MiSeq platform. Sequence data were mapped to the UMD3.1 
genome using bwa mem (version 0.7.12), and for amplicon data, igvtools (version 2.3.82) 
was then used to quantify base identity at target loci. The proportion of non-wild-type bases 
overlapping gRNA target sites was used to calculate indel and HDR editing frequencies, 
referenced against amplicon sequence data from un-modified MAC-T control samples. 
 
Allele stacking 
For association analyses between major effect QTL alleles and milk yield, a database of 
imputed genome sequence data (described and referenced elsewhere2) was used to derive 
genotypes for the DGAT1K232A6, GHR F279Y7, and MGST1 chr5:93945738C>T2 variants. 
Milk volume phenotypes comprised test-day yield deviations10, with an intersect of 65,500 
mixed breed animals between genotyped and phenotyped populations. Association analyses 
were conducted using least squares regression, with alleles coded as quantitative variables 
based on the number of allele copies for single loci, and categorical variables for multiply 
stacked allele classes. Association models also incorporated population structure covariates to 
address stratification due to breed and pedigree, based on identity by state and 
multidimensional scaling calculations implemented in PLINK software (version 1.9), using 
Illumina SNP50 SNP-chip genotype data. 
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Table 1. NHEJ and HDR editing efficiency of gRNAs targeting 19 loci in MAC-T mammary 
cells 

 Table showing CRISPR-Cas9 guide RNA sequences, AGPAT6 and MGST1 editing targets, and the efficiencies 
of NHEJ and HDR-mediated modifications at these loci. ND not done, N/A no sequence data available 

 

 Chr bp gRNA Target 
variant 

Indel 
frequency 

HDR 
efficiency 

MGST1 5 93945655 AAGATTCTCATAGAATCAGA T/G 42.86% 3.88% 
 5 93946027 TTATCTTGCACTGAGAAATG T/A 33.53% 0% 
 5 93946548 GTGCACTGTGAAGTCGGAGA G/C 29.27% 0% 
 5 93947761 TTTATTAACCTCATGTTGCA C/T 29.23% N/A 
 5 93948357 GGTGGGGGTGGGATTCTAGG C/T 48.48% 0% 
 5 93948646 AAAGAGAAAAGACAGTTCAG C/G 20%  8.33% 
 5 93948718 CTTCAGGGCCCAGGTGTTCG G/C 11.03% 0% 
 5 93954748 TAATCTTACAAAGATTATTG T/C 1.05% 0% 
AGPAT6 27 36198117 TTACGCACGCCTGGGGCTGG TGGC/T 42.64% ND 
 27 36200968 TTACGTCTTCCTGTATCATT T/C 45.00% ND 
 27 36202188 TGAGCTGTAAAAACAGACAC T/A 57.14% ND 
 27 36202636 TGTGCCGTCAGGGAAGTTTG GT/G 37.10% ND 
 27 36203904 TGTAAGAAACTTGCTTGAGT G/C 45.45% ND 
 27 36204066 CCTGGGCTCTATTTTGCTCT T/C 57.17% ND 
 27 36206783 AGACCACCTTCCCTCCCGAA C/A 15.78% ND 
 27 36209319 AAAGTGGCCAGAAAGGCTGG T/G 28.57%  ND 
 27 36211257 GCACACTCCAAGGAGAAGAT GA/T 11.11%  ND 
 27 36211708 AAACCTGGATGAAACGCCTG T/C 42.42% ND 
 27 36212352 GCTCTTGGGCAGGAGATACA G/A 3.52% ND 



 

Figure 1.  
Scatter plot of milk volumes for visualisation of combinatorial genotype effects at the 
DGAT1, GHR, and MGST1 variants. Alleles are coded according to the sign of effects for 
milk yield when considered as individual loci, where 0=homozygous low yield, 
1=heterozygous, and 2=homozygous high yield for each variant. Milk volumes represent 
least squares residual values based on fitting population structure covariates to account for 
breed and pedigree, as otherwise used in the association models. Data are also coloured 
according to breed proportion (based on database records where Jersey = blue, Holstein 
Friesian = red) to visualise allele distribution by breed. 

 


