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ABSTRACT: An association analysis was carried out 
using raw (intensity, colour) SNP data from SNPs on the 
Illumina OvineSNP50 BeadChip that could not be 
genotyped, and growth and meat yield traits in sheep. 
Seventeen associations were detected and validated in 
independent datasets. The heritability of the significant SNP 
terms were on average (h2=0.38) moderately heritable, 
suggesting that they may represent heritable genetic units 
and could be targets for selection. Two SNPs were in copy 
number variant regions. Associations between these non-
normal SNPs and traits remained significant after fitting 
SNPs used in genomic selection from a 1Mbp region 
around each non-normal SNP. This suggests that these 
associations are not currently well accounted for in genomic 
selection, and that including information from these “non-
normal” SNPs could improve the accuracy of EBVs, 
contributing to genetic improvement of growth and meat 
yield traits in the NZ sheep industry. 
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Introduction 
 

The Illumina OvineSNP50 BeadChip is a 
commonly used platform for generating SNP genotype 
information, with these data typically used to investigate 
genotypic relationships with sheep traits of interest.  The 
SNP assay yields two pieces of raw SNP data for each 
animal and SNP – the colour and the intensity, a 
combination of which is converted into genotypes for the 
majority of SNPs on the Illumina OvineSNP50 BeadChip.  
Usually only the genotype is tested for association with 
phenotype, but it is also possible that the intensity and 
colour (theta) values contain useful information about the 
DNA sequence in the vicinity of the probe. For instance, the 
intensity might indicate the number of copies of a copy 
number variant (CNV) or the presence of another 
polymorphism nearby (Rigaill et al., 2008; Bae et al., 
2010).  The various causes of variation in intensity and 
theta underlying some SNPs often make it impossible to 
call the SNP genotype accurately for these ‘aberrant’ SNPs, 
so they are typically discarded from genomic selection (GS) 
and the analyses of genotypic associations with phenotype. 
Therefore possible associations would be missed in genome 
wide analyses if they were not also in tight linkage 
disequilibrium with another SNP that was able to be 
genotyped.  

 
The objectives of this study were to develop 

methods to carry out association analyses with raw SNP 

data, to identify any associations that may be present 
between aberrant SNPs and growth and meat yield traits in 
sheep, to determine if these raw SNP variables were 
heritable, to identify if any of the significant SNPs were in 
CNV regions and to determine if the effect of any 
significant SNPs were already accounted for in genomic 
selection using nearby SNPs. 

 
Materials and Methods 

 
SNP Data. SNP data were obtained from the Illu-

mina OvineSNP50 BeadChip. SNPs (n=1081) that did not 
meet Illumina’s genotype clustering criteria were selected.  
Overall intensity (I) for each SNP (s) for each animal (i) 
was derived from the two normalized dye intensities (x and 
y) as, 

 

𝐼!" = 𝑥!"! + 𝑦!"!  

Average intensity over all autosomal SNPs used for genome 
wide selection (GWS, n=47,318) was calculated for each 
animal. The normalized intensity of each SNP for each an-
imal was calculated as a log2 ratio of the intensity of the 
SNP (Iis) to the average intensity of all GWS SNPs as, 
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Theta is the value that indicates what genotypes are likely 
present for a given SNP, as it is a function of relative dye 
colour fluorescence, and thus provides information about 
the alleles present at the SNP locus for each animal. Theta 
was obtained from Illumina Genome Studio software 
(Illumina Inc., USA). 
 
 Trait Data. Traits analysed were weaning weight 
(wwt), liveweight at 8 (lw8) and 12 (lw12) months, carcass 
weight (cwt), ultrasonic eye muscle depth (umd) and width 
(umw) and ultrasonic fat depth (ufd). The phenotypes used 
in the association analyses were adjusted phenotypes based 
on de-regressed estimated breeding values (EBV), which 
were estimated using correlated trait information and data 
from progeny. Records with a reliability <0.8h2 were 
excluded from the analysis.  
 
 Animal Data.  Animals with SNP and trait data 
were allocated into training and validation datasets at 
random, with approximately 500 animals allocated to a 
validation dataset and the remaining animals assigned to a 



training dataset. The number of animals in the training 
datasets ranged from 1383 to 1975, depending on trait. 
Animals consisted primarily of four breeds – Romney, 
Perendale, Coopworth and Texel – and were from multiple 
flocks (n=90-139), multiple years (n=19-22) and from 
genetically linked commercial ram breeding flocks. 

 
Model. ASReml was used to fit an animal model 

to test for association between each of the seven traits and 
the normalized intensity (logr) and theta values of each of 
the 1081 non-clusterable SNPs. The model used was, 

 
𝑦!" =   𝑝𝑐1! + 𝑝𝑐2! + 𝑝𝑐3! + 𝑝𝑐4! + 𝑝𝑐5! + 𝑝𝑐6! + 𝑏𝑟𝑒𝑒𝑑!

+ 𝑠𝑒𝑥! + 𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚! + 𝑙𝑜𝑔𝑟! + 𝑡ℎ𝑒𝑡𝑎!
+ 𝑙𝑜𝑔𝑟! . 𝑡ℎ𝑒𝑡𝑎! + 𝑎𝑛𝑖𝑚𝑎𝑙! 

 
where, trait, j, is either wwt, lw8, lw12, cwt, umd, umw or 
ufd; pc1-pc6 are the first six principal components of a 
PCA analysis performed on an animal by animal genomic 
relatedness matrix (VanRaden 2008) that was calculated 
using the 47,318 SNPs used in GWS – these were fitted to 
adjust for underlying population sub-structure (Price et al 
2006); breed was fitted as Coopworth, Perendale, Romney, 
Texel or Composite; sex was fitted as female, male or un-
known; logr is normalized intensity; theta was fitted with an 
indicator variable so that only those SNPs deemed to have 
legitimate theta values were included in the analysis; the 
interaction between logr and theta was fitted and also in-
cluded the indicator variable, if the interaction was not sig-
nificant it was omitted from the model; and animal is the 
random animal effect. Trait information was weighted 
based on the reliability of the de-regressed EBV, where the 
weight was calculated as reliabilityij/(1-reliabilityij) for each 
animal (i) for each trait (j). Wald F statistics were obtained 
for normalized intensity (logr), theta and their first order 
interaction from ASReml output files. The probability of 
observing the F statistic by chance was calculated and re-
sultant probabilities corrected for multiple testing using the 
Bonferroni method (Hochberg and Tamhane, 1987).  Sig-
nificant terms were tested in validation datasets. The above 
model was also applied and Wald F statistics and probabili-
ties obtained, however, there was no correction for multiple 
testing in the validation datasets. Instead, consistency in the 
direction of SNP effects between the training and validation 
datasets was taken into account. Collectively, the signifi-
cance of the associations was determined by calculating the 
probability that the proportion of SNPs observed to have 
the same direction of effect in the training and validation 
datasets occurred by chance. The absolute difference in 
adjusted phenotype was calculated for each significant as-
sociation as the difference between the minimum and the 
maximum predicted adjusted phenotype, based on the effect 
size of the association as derived in the validation dataset. 
 
 Presence of CNVs.  Sheep CNV positions on the 
genome were available from previous unpublished work. 
Non-clusterable SNPs found to be significantly associated 
with any of the seven traits were cross checked against the-
se CNV results to determine if they were in CNV regions. 
 

 Surrounding SNPs. Genotypes (0,1,2) from eight 
SNPs flanking either side of each significant SNP (n=16 for 
each SNP, representing approximately 1Mbp of DNA) were 
obtained for animals in the training datasets. Genotypes of 
all 16 flanking SNPs were fitted as fixed effects in the asso-
ciation analysis model simultaneously to determine if col-
lectively they could account for the association. If the Wald 
F statistics for the significant term remained significant 
(Bonferroni corrected p <0.05) this was used as an indica-
tion that the variation in the significant term associated with 
the trait was not explained by flanking SNPs. 
 

Results and Discussion 
 

In the training datasets, eleven of the 1081 non-
clusterable SNPs were found to be associated with between 
one to four traits, with a total of twenty associations. If the 
twenty associations identified in the training population 
occurred by chance, then approximately half would be ex-
pected to have the opposite effect in the validation dataset. 
Seventeen associations observed in the training dataset had 
the same direction of effect in the validation dataset. The 
binomial probability of this occurring by chance is 0.001. 
Furthermore, four of the associations were significant 
(p<0.05, not Bonferroni corrected) in their own right in the 
validation dataset (Table 1). Therefore, we can say with 
some certainty that these seventeen associations are real 
associations between either the normalized intensity or the-
ta or their interaction and adjusted phenotypes of the ana-
lysed traits. Of the seventeen validated associations, eleven 
involved the normalized intensity term, five the theta term 
and one the interaction between normalized intensity and 
theta (Table 1). There were no significant associations in-
volving the growth traits wwt, lw8 or lw12. The absolute 
observed difference in each trait due to the significant term 
is presented in Table 2. This was the range of predicted 
adjusted phenotype observed in both the training and vali-
dation datasets – that is, the difference between the ob-
served minimum and maximum values. These values are 
reasonable in comparison to phenotypic standard deviations 
reported in the literature (Waldron et al. 1992; Greeff et al 
2008). Of the nine SNPs found to be significantly associat-
ed with a trait, four were significantly associated with more 
than one of the traits. For each of these four SNPs, the same 
term (either theta or intensity) was significantly associated 
with each of the traits and the effect of the term had the 
same direction of effect on each trait. As cwt, umd, umw 
and ufd are positively genetically correlated with each other 
(Waldron et al. 1992; Greeff et al 2008) it is possible that 
some of the shared associations are due to the SNP term 
having a pleiotrophic effect on correlated traits. However, 
as these traits were used as correlated traits to derive adjust-
ed phenotypes, multiple associations between one SNP and 
many traits can not be viewed independently.  

 
 
 
 
 
 



Table 1. Validation dataset results – significance level 
(p-value) and effect of the significant term on corre-
sponding trait. The effect of the significant term is in 
bold. 
SNP Trait p-

value 
Effect on adjusted 
phenotype 
logr theta logr. 

theta 
OAR3_6020829 cwt 0.44 -0.2 2.5 n/a 
OAR3_6020829 ufd 0.45 -2.5 5.6 n/a 
OAR4_51124454 ufd 0.66 -3.1 4.1 n/a 
OAR7_107700805 cwt 0.26 -0.4 3.7 n/a 
OAR7_107700805 umd 0.04 -2.0 44.1 n/a 
OAR7_107700805 umw 0.07 -3.5 10.0 n/a 
OAR7_107700805 ufd 0.26 -2.6 -14.2 n/a 
OAR10_66578028 ufd 0.76 0.7 5.2 n/a 
OAR15_82673184 umd 0.84 0.2 -0.9 -0.3 
OARX_111246658 cwt 0.03 0.8 -3.0 n/a 
OARX_111246658 umd 0.04 3.3 -9.1 n/a 
OARX_111246658 umw 0.004 3.4 6.6 n/a 
OARX_111246658 ufd 0.06 1.8 5.1 n/a 
s56153 umd 0.22 -1.2 -0.1 n/a 
s56153 ufd 0.20 -0.8 -0.3 n/a 
s58818 umd 0.52 -3.8 8.1 n/a 
s67314 umd 0.63 -2.7 -1.2 n/a 

 
Table 2. Absolute difference in adjusted phenotype - the 
difference between the minimum and the maximum 
predicted adjusted phenotype, based on the effect size of 
the association as derived in the validation dataset. 
SNP Trait Absolute difference 

OAR3_6020829 cwt 0.7kg 
OAR3_6020829 ufd 1.55mm 
OAR4_51124454 ufd 0.72mm 
OAR7_107700805 cwt 0.49kg 
OAR7_107700805 umd 1.98mm 
OAR7_107700805 umw 4.00mm 
OAR7_107700805 ufd 2.97mm 
OAR10_66578028 ufd 0.63mm 
OAR15_82673184 umd 0.69-1.28mm 
OARX_111246658 cwt 1.81kg 
OARX_111246658 umd 6.96mm 
OARX_111246658 umw 7.18mm 
OARX_111246658 ufd 3.76mm 
s56153 umd 2.65mm 
s56153 ufd 1.74mm 
s58818 umd 1.18mm 
s67314 umd 1.16mm 

 
 
Heritability estimates for the significant terms 

were on average (0.38) moderately heritable and ranged 
from small (0.07) to very high (0.92). This suggests that 
while some of these SNPs are not “normal” in a genotyping 
sense, they may be heritable genetic units. Two of the non-
clusterable SNPs with terms significantly associated with 
adjusted phenotypes were found to be in CNV regions iden-
tified in unpublished work. Given that ~2.7% of the ovine 

genome consists of CNV regions, the binomial probability 
of observing at least two of these SNPs in CNV regions is 
0.02. This provides evidence that at least some of these 
non-clusterable SNPs may be due to CNVs. For all of the 
seventeen validated associations, simultaneously fitting the 
genotypes of all 16 SNPs surrounding each significant term 
in each of the association analyses did not affect the signifi-
cance of the SNP terms association with the trait. This 
means that the variation in the SNP term that is associated 
with variation in the trait is not accounted for by nearby 
SNPs, suggesting that it’s unlikely that SNPs used in GS 
and GWAS would account for observed associations be-
tween SNP terms and the growth and meat yield traits ana-
lysed in this study. 
 

Conclusion 
 

A method has been developed to use intensity and 
theta data from currently discarded non-clusterable SNPs 
on the Illumina OvineSNP50 BeadChip to test for 
association with growth and meat yield traits. Some of these 
SNPs were found to be significantly associated with growth 
and meat yield traits. Of the significant SNPs, some were 
found to be in CNV regions. The validated associations 
were not accounted for by nearby SNPs and therefore there 
is benefit in directly testing associations involving these 
aberrant SNPs. The model developed to test for associations 
in this study could be used in the future to omit the 
genotyping step, particularly for aberrant SNPs, which will 
result in using more potential sources of genetic variation in 
the association studies and genome wide selection. These 
methods could also be applied to polyploid species, which 
are harder to genotype than diploid organisms. 
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