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S H O R T  C O M M U N I C A T I O N

Fine mapping highlights ITGAL and MUS81 loss-of-function 
mutations modulating recessive impacts in dairy cattle

Abstract
We recently described several major-effect recessive 
loci impacting anatomical and lactation traits in 
dairy cattle. Two of these loci in particular presented 
multiple candidate causative variants, comprising 
tightly linked coding variants that could not be easily 
differentiated on a statistical or functional basis. 
Here, we re-examine the candidacy of these variants 
by leveraging a dataset of 1 million genotyped 
animals. Assessing lactation and bodyweight effects 
in conjunction with rare, recombined genotypes for 
the IL4R, KIAA0556, ITGAL, DPF2, and MUS81 
candidates, we highlight ITGAL and MUS81 as 
the most likely causative genes for the two QTL. 
Recombinant homozygotes for these genes present 
larger, more significant effects than other candidates 
at the same loci, with both representing premature 
stop mutations anticipated to inactivate ITGAL and 
MUS81. We further examined homozygotes for the 
ITGAL mutation to better understand the range of 
phenotypes impacted. While outwardly normal, 
ITGAL mutants showed significant differences in the 
number and composition of circulating leukocytes, 
consistent with the role of ITGAL as a key mediator 
of leukocyte signalling, adhesion, and migration. 
These results demonstrate how near-perfectly linked 
candidate mutations can be differentiated given 
population-scale data, and highlight the ITGAL 
and MUS81 mutations as diagnostic targets to help 
manage the frequency of these variants.

We recently reported two large sequence-resolution 
screens of cattle (Reynolds et al., 2021, 2022) with the aim 
of discovering non-additive quantitative trait loci (QTL) 
for bodyweight, lactation traits, and other phenotypes. 
These studies highlighted multiple recessive loci, some 
with large effects probably reflective of undiagnosed ge-
netic disorders (Reynolds et al., 2021). While some of the 
QTL presented single compelling candidate mutations 
that could be assumed to underlie these effects (e.g. see 

Dittmer et al., 2022), two of the QTL harboured multi-
ple mutations as plausible candidates. These included 
a DPF2 missense and MUS81 premature stop muta-
tion for a recessive QTL on chromosome 29 (Reynolds 
et  al.,  2021), and missense variants (IL4R, KIAA0556) 
and a premature stop (ITGAL) for a QTL on chromo-
some 25 (Reynolds et al., 2022). These variants were in 
strong to very strong LD with each other, presenting 
r2 values of 0.74–0.90 for chromosome 25, and r2 ~ 0.98 
for the chromosome 29 locus. These LD relationships 
prevented easy differentiation between causative and 
non-causative variants using these datasets. Hence, we 
reasoned that very large sample sizes might provide 
added power. We therefore added all five candidate vari-
ants to two iterations of a low-density Illumina Infinium 
XT SNP-chip. These panels included an additional 492 
variants used for calculation of genotype-based princi-
pal components in the current study, representing par-
entage markers or other custom content common to the 
two panels. At time of writing, >2 million animals had 
been physically genotyped on these platforms, with ap-
proximately 1 million of these animals also measured for 
lactation traits, and approximately 160 000 measured for 
juvenile bodyweight. Table S1 and Figures S1–S3 show 
summary statistics and trait distributions for genotypes 
and phenotypes of interest, and the Appendix S2 describe 
filtering and modelling of these data prior to analysis.

Since differentiation of candidate mutation effects 
would require observation of rare haplotypes separating 
the alleles of interest, we first assessed the relationships 
between these variants in the new datasets and found mod-
est numbers of animals that are uniquely homozygous for 
each of the candidate variants of interest. For example, 
amongst 941 388 genotyped cows measured for the lacta-
tion traits, there were 22 animals uniquely homozygous for 
the IL4R chr25:24904939C>T variant, four animals for the 
KIAA0556 chr25:25161613G>A variant, and 13 animals for 
the ITGAL chr25:26689392G>A variant. For the chromo-
some 29 locus, 28 animals were uniquely homozygous for 
the DPF2 chr29:43546966A>G variant and 17 animals for 
the MUS81 chr29:43979681G>T variant for the lactation 
traits. For bodyweight, six and four animals, respectively, 
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were uniquely homozygous. To assess whether rare haplo-
types of these alleles might represent spurious genotype 
calls, we manually visualised genotype clusters from all 
uniquely homozygous animals using GenomeStudio soft-
ware (v2.0; Illumina). This analysis supported the valid-
ity of these genotypes, with animals of interest presenting 
clean calls that were well delineated within clusters.

We next performed two different association analyses 
to compare the candidacy of these variants. For the first 
analysis, we restricted the genotype dataset to exclude 
animals that were homozygous across multiple candi-
dates for each locus (i.e., only the informative animals 
uniquely homozygous for the derived alleles highlighted 
above were retained, see Table 1; Appendix S2). We then 
fitted linear models with recessive genotype encoding 
for each phenotype using R software (v4.2.1, R Core 
Team,  2021), incorporating genotype-based principal 
components to address confounding due to population 
stratification (see Appendix S2). Tables 1 and 2 show the 
effect estimates for the non-reference allele and p-value 
ranges from these models (details about genotype coding 
can be found in the Appendix S2).

For the chromosome 25 locus, only the ITGAL 
chr25:26689392G>A SNP showed significant negative 
effects for homozygous animals (smallest p = 6.9 × 10−10 
for fat yield). The same was true for the MUS81 
chr29:43979681G>T SNP at the chromosome 29 locus 

with negative effects on all traits (smallest p = 8 × 10−8 for 
milk volume) in contrast to the DPF2 SNP. Together, 
these data highlighted the ITGAL and MUS81 variants 
as the better candidates for the two QTL. For the sec-
ond analysis, we performed similar association testing 
yet used all the genotype data, including animals that 
were multiply homozygous for the different candidate 
variants (see Appendix S2). Comparing the effect sizes 
and P-values between variants yielded a similar result 
and implication to the primary analysis, with ITGAL 
and MUS81 mutations presenting the largest and most 
significant effects for all traits (Tables S2, S3). Notably, 
differential effects were more clearly resolved for the 
chromosome 25 locus for these ‘all data’ models, since 
the lower LD between these candidates enabled more ef-
fective fine mapping of the QTL.

The ITGAL gene (aka CD11a) encodes the integrin α L 
chain, a protein that is expressed on all white blood cells 
as part of the integrin lymphocyte function-associated 
antigen-1 (LFA-1; Nueda et al., 1993). LFA1 plays multi-
ple roles in cellular adhesion and signalling in the immune 
system, and a loss-of-function variant in ITGAL has pre-
viously been associated with compromised immunity in 
mice (Zhang et al., 2019). Human ITGAL variants have 
also been implicated in various autoimmune phenotypes 
and disorders (de Lange et al., 2017; Knight et al., 2014; 
Park et  al.,  2014). Having demonstrated the ITGAL 

TA B L E  1   Effect size estimates for the mutant allele when only using the homozygous individuals that are unique to each chromosome 25 
candidate variant (retained diplotypes are shown in column one) and excluding animals that are homozygous across more than one of these 
variants. All other animals are included without filter.

Chromosome 25 locus Fat yield Protein yield Milk volume

IL4R KIAA0556 ITGAL Count # Estimate SE Estimate SE Estimate SE

1|1 1|0 1|0 21 22 −7.4 6.2 −3.8 4.9 −36.4 133.3

1|1 1|0 0|0 1

0|1 1|1 0|1 4 4 −27.6 14.6 −13.9 11.6 −256.0 312.6

0|1 0|1 1|1 10 13 −50.1*** 8.1 −39.1*** 6.4 −931.0*** 173.4

0|0 0|0 1|1 3

Observations 941 327

Note: The traits under investigation for this locus were milk fat yield (kg/lactation), milk protein yield (kg/lactation) and milk volume (L/lactation). Focal 
diplotypes are highlighted in bold. Count = number of times this specific diplotype occurred. # = total count of uniquely homozygous animals for each variant. 
Observations = total number of animals included in model. SE = standard error. p-values: *p < 0.05; **p < 0.01; ***p < 0.001.

TA B L E  2   Effect size estimates for the mutant allele when only using the homozygous individuals that are unique to each chromosome 29 
candidate variant (retained diplotypes are shown in column one) and excluding animals that are homozygous across more than one of these 
variants. All other animals are included without filter.

Chromosome 29 locus Fat yield Protein yield Milk volume Bodyweight

DPF2 MUS81 # Estimate SE Estimate SE Estimate SE # Estimate SE

1|1 0|1 28 −1.7 5.5 0.9 4.3 37.6 118 6 −2.4 3.4

0|1 1|1 17 −32.8*** 7.1 −26.8*** 5.6 −812.9*** 151.4 4 −8.4* 4.2

Observations 948 377 161 191

Note: The traits under investigation for this locus were milk fat yield (kg/lactation), milk protein yield (kg/lactation), milk volume (L/lactation) and bodyweight 
(kg). Focal diplotypes are highlighted in bold. Count = number of times this specific diplotype occurred. # = total diplotype count of uniquely homozygous animals 
for each variant. Observations = total number of animals included in model. SE = standard error. p-values: *p < 0.05; **p < 0.01; ***p < 0.001.
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chr25:26689392G>A variant as the likely causative muta-
tion for the chromosome 25 QTL, we wondered whether 
direct immunological effects might also be apparent in 
animals homozygous for this variant. As a simple way to 
investigate these effects, we weighed and sampled blood 
from seven homozygous cows, and seven broadly matched 
control animals (Appendix S2). Analysis of blood metab-
olites and haematology found significant differences in 
white blood cell count (5.1 ± 1.0 × 109/L; p = 0.002), abso-
lute lymphocytes (3.0 ± 0.6 × 109/L; p = 0.001), and absolute 
number and proportion of eosinophils (−4.9 ± 1.5 × 109/L; 
p = 0.02 and − 0.3 ± 0.1%; p = 0.04; Table  S4, Figure  S4). 
Differences were also apparent in the amount of albumin 
(−2.9 ± 0.7 g/L; p = 0.01), bicarbonate (2.6 ± 1.0 mmol/L; 
p = 0.03), haemoglobin (−8.0 ± 3.1 g/L; p = 0.04), and haema-
tocrit/packed cell volume ratio (−0.02 ± 0.01 L/L; p = 0.02). 
Although most cows were within the reference range for 
these measures, four (of five) homozygous cows had bi-
carbonate ranges above the reference range (>30 mmol/L), 
although the significance of this is uncertain.

The main takeaways from this study are several-fold. 
First, we have validated the chromosome 25 and 29 QTL ef-
fects first reported by Reynolds et al., 2021, 2022, highlight-
ing major recessive impacts on lactation and bodyweight 
traits in a much larger dataset. These effects are substan-
tial and include per-season reductions in milk volume by 
~750 L and ~ 620 L for the chromosome 25 and chromo-
some 29 loci respectively. Second, we highlight ITGAL and 
MUS81 premature stop mutations as probably responsible 
for these effects. In the Reynolds et al. (2021) and Reynolds 
et al. (2022) papers, candidates at these QTL each proved 
difficult to differentiate—despite sample sizes of ~100 k 
animals. While this was an issue of statistical power, the 
genetic properties of the two QTL were also subtly differ-
ent, with the chromosome 25 effect presenting low minor 
allele frequency (MAF) mutations in moderately strong 
LD (MAF ~ 0.01; r2 ~ 0.74–0.90) and chromosome 29 pre-
senting higher MAF candidates that were near perfectly 
linked (MAF ~ 0.04; r2 ~ 0.98). In the current study, we used 
physical genotype data in ~1 million animals to overcome 
these challenges, enabling identification of sufficient num-
bers of diplotypes representing the very rare (chromosome 
25) and very tightly linked (chromosome 29) candidate 
variants. Third, these results should enhance biological 
understanding of these QTL and support future diag-
nostic testing to manage the frequencies of the variants 
within breeding schemes. Diagnostics will be of particu-
lar relevance in dairy animals of New Zealand ancestry, 
and other international breeds if these variants are found 
to segregate in those populations. Analysis of leukocytes 
in animals homozygous for the ITGAL p.Trp731* prema-
ture stop mutation showed changes consistent with altered 
immune function in these cows. While this was a relatively 
superficial analysis, we can speculate that the lactation ef-
fects attributed to the variant are secondary to some form 
of immune dysfunction, that may extend to other immune 
phenotypes such as those observed in humans and mice 

(de Lange et al., 2017; Knight et al., 2014; Park et al., 2014; 
Zhang et al., 2019). While we did not perform functional 
studies of MUS81 mutant homozygotes, it is intriguing 
to consider how these effects may manifest—given that 
Mus81 knockout mice show differences in DNA replica-
tion, repair, and structure (Fu et al., 2015). Whether the in-
creased number of chromosomal abnormalities observed 
in Mus81 null cells (Dendouga et al., 2005) is relevant to 
the bodyweight and lactation effects demonstrated in cows 
is unknown, although future analyses could attempt to 
quantify DNA replication and/or integrity effects to assess 
this possibility.

In summary, we report fine mapping of two major re-
cessive QTL impacting lactation and bodyweight traits 
in dairy cattle, highlighting ITGAL and MUS81 prema-
ture stop mutations as probably responsible. These find-
ings demonstrate how population-scale data can be used 
to differentiate rare and tightly linked candidate vari-
ants, and present a starting point to better understand 
the biology and practical management of these effects.

K EY WOR DS
dairy cattle, genomic variation, genotyping, lactation 
traits, linkage, non-additive association, recessive 
variants
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