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Abstract
Copy number variations(CNVs) are known as one of the most important factors in susceptibility to genetic

disorders because they affect expression levels of genes. In previous studies, pyrosequencing, mini-sequencing,
real-time polymerase chain reaction(PCR), invader assays and other techniques have been used to detect CNVs.
However, the higher the copy number in a genome, the more difficult it is to resolve the copies, so a more accurate
method for measuring CNVs and assigning genotype is needed. PCR followed by a quantitative oligonucleotide
ligation assay(qOLA) was developed for quantifying CNVs. The aim of this study was to compare the two meth-
ods for detecting and quantifying the CNVs of duplicated gene: the published pyrosequencing assay(pyro CNV)
and the newly developed qOLA CNV. The accuracy and precision of the assay were evaluated for porcine KIT,
which was selected as a model locus. Overall, the root mean squares(RMSs) of bias and standard deviation of
qOLA CNV were 2.09 and 0.45, respectively. These values are less than half of those of pyro CNV.

Keywords: Copy number variation, quantitative oligonucleotide ligation assay, pyrosequencing
assay, root mean square.

1. Background

Genetic disorder susceptibility is known to be associated with genetic variation such as single nu-
cleotide polymorphisms(SNPs) and structural variation including copy number variations(CNVs) (Re-
don et al., 2006; Stranger et al., 2007; Kehrer-Sawatzki, 2007). Therefore, once identified, a CNV
needs to be analyzed at the locus level, and ultimately, the genotype and haplotype must be determined
to elucidate its relationship with a particular genetic alteration. Pyrosequencing, mini-sequencing,
real-time PCR and invader assays are among the techniques that have been used to detect CNVs
(Pielberg et al., 2003; Nevilie et al., 2002; Aldred et al., 2005).

The porcine KIT was selected for this study because it is a well characterized and functionally
important CNV. The Dominant White/KIT locus that determines white coat color is located in Sus
scrofa chromosome 8(SSC8) (Johansson, 1996; Hirooka et al., 2002). Two KIT mutations cause the
Dominant White phenotype in pigs: a gene duplication associated with a partially dominant pheno-
type, which is depicted as normal and duplicated in Figures 1(a) and (b), and a splice mutation leading
to the fully dominant allele (Johansson, 1996; Marklund, 1998), which is marked in Figure 1(a) as an
SNP(G/A) at the first nucleotide of intron 17.

As shown in Figure 1(c), there are four known major alleles at the KIT locus: the recessive i
allele for the Color phenotype, the IP allele for the Patch phenotype, the dominant I allele for the
White phenotype and IBe for the Belt phenotype (Johansson et al., 1992; Giuffra et al., 1999). I allele
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Figure 1: (a) A schematic description of tandem duplication at the porcine KIT locus; (b) Nucleotide sequence
around the breakpoint; (c) Schematic descriptions of KIT alleles

diversity has been reported and classified in detail as I1, I2, I3 and IL (Pielberg et al., 2003). All
possible genotypes, which are derived from the alleles shown in Figure 1(c), and theoretical ratios
of spliced and duplicated copies corresponding to each genotype are presented in Table 1. The two
ratios of each polymorphism were used as reference values when the genotypes of experimental pig
samples were assigned in this study.

To analyze the KIT locus, RFLP (Marklund et al., 1998), minisequencing, real-time PCR (Piel-
berg et al., 2002), invader and pyrosequencing assays (Pielberg et al., 2003) have been used. Pyrose-
quencing has provided the best resolution for quantifying KIT CNV giving more accurate results than
real-time PCR amplification and invader technologies. However, as the copy number increases, it
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Table 1: Theoretical genotype description of the KIT locus by the splice mutation and copy number variation

Genotypea Spliced copy Ratio of b Ratio of c
Seed Number d

to Total copy spliced(%) duplicated(%)
i/i(IBe) 0 : 2 0 0 1
IP/i(IBe) 0 : 3 0 33.3 2
IP/IP 0 : 4 0 50 3
I2/IP 1 : 5 20 60 4
I1/IP 1 : 4 25 50 5
I2/i(IBe) 1 : 4 25 50 5
I2/i(IBe) 1 : 3 33.3 33.3 6
I2/I2 2 : 6 33.3 66.7 7
I1/I2 2 : 5 40 60 8
I3/IP 2 : 5 40 60 8
I1/I1 2 : 4 50 50 9
I3/i(IBe) 2 : 4 50 50 9
I2/I3 3 : 6 50 66.7 10
I1/I3 3 : 5 60 60 11
I3/I3 4 : 6 66.7 66.7 12

a: IL allele is not included because it is a very rare allele that has been reported once in a synthetic line by crossing
Large White and Meishan breeds (Pielberg et al., 2003).

b: This is the reference ratio for pyro Splice.
c: This is the reference ratio for qOLA CNV and pyro CNV. Duplicated copy number = Total copy number − 2.
d: These are numbers of class centroids used for nearest centroid sorting.

gradually becomes more difficult to use the pyrosequencing method to accurately distinguish among
genotype classes that differ by only one copy. This is because the relative increase in the signal
from the duplicate breakpoint becomes smaller (Pielberg et al., 2003). An underestimated CNV ratio
may result in an ambiguous genotype assignment in samples for which family information, including
parental genotypes, is not available.

We have therefore developed PCR followed by a quantitative oligonucleotide ligation assay(qOLA)
which gives high resolution data for determining KIT CNV, especially if the copy number is high
(> 4). The development of qOLA is based on the strategy previously described in Pielberg et al.
(2003), but it improves on the pyrosequencing method (Pielberg et al., 2003) for analyzing CNV of
the locus. We have also established a nearest centroid sorting procedure to verify the reliability of
the genotype assignment for random animal samples. The qOLA used on a platform with an ABI
sequencer is sensitive enough to analyze DNA from a few hair follicles, so DNA from various sources
could be used for qOLA.

2. Results

2.1. Verifying the specificity of the PCR primers used for analyzing KIT CNV

The PCR primers designed for the published pyrosequencing method (Pielberg et al., 2003) were
used in this study. The primer sequences selected from the KIT duplication breakpoint are located on
repetitive elements, L1MC1 and L1ME1 (Figure 1(a) and (b)). The forward primer (KITBPF) shows
80% sequence identity with the L1MC1 consensus sequence and the two reverse primers, KIT1BPR
for the normal copy and KIT2BPR for the duplicated copy, show 63.2% and 94.7% sequence identity
with L1MC1 and L1ME1, respectively. This finding raised the question of whether the PCR products
may contain nonspecific amplification products from other genomic regions. To evaluate the speci-
ficity of the PCR primers, somatic cell hybrid panel mapping was performed prior to the quantification
assay. The two amplicons were located in SSC8p11, where the KIT locus exists (assignment prob-
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Figure 2: (a) A schematic description of tandem duplication at the porcine KIT locus; (b) Nucleotide sequence
around the breakpoint

(a) reference vs. peak (b) reference vs. area

(c) reference vs. pyro

Figure 3: Standard curves (or Regression plots): Expected ratio (reference) of duplicated copies (horizontal axis)
vs. (a) Ratio of peak height in qOLA CNV; (b) Ratio of peak area in qOLA CNV; (c) Ratio in pyro CNV

ability/correlation: 0.8789/0.9250 for normal and 0.8791/0.9250 for duplicated), indicating that the
amplifications of the primer sets were specific. As shown in Figure 2, the primer sets were clearly
amplified.

2.2. Evaluation of the established qOLA to measure the CNV of KIT (qOLA CNV)

The amplicons of the duplicated and normal copies were cloned into the pCRr2.1-TOPO vector (In-
vitrogen, USA). The cloned amplicons were re-amplified using the M13 forward and reverse primers,
and were then purified and serially diluted from 0% to 100% duplicated copy vs. normal copy. PCR
followed by qOLA CNV was performed on four replicates and two standard curves were obtained for
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(a) reference vs. peak (b) reference vs. area

(c) reference vs. pyro

Figure 4: Calibration plots: Expected ratio (reference) of duplicated copies (horizontal axis) vs. (a) Ratio of peak
height in qOLA CNV; (b) Ratio of peak area in qOLA CNV; (c) Ratio in pyro CNV

peak height (abbreviated as “peak” in the plots) and peak area (abbr. “area”), as depicted in Figure
3(a) and (b). qOLA CNV was compared with the published pyrosequencing assay (Pielberg et al.,
2003) for KIT CNV (pyro CNV) (abbr. “pyro”). The same serial dilutions used for qOLA CNV were
used to obtain the standard curve for pyro CNV, as depicted in Figure 3(c).

All the three standard curves or regression lines in Figure 3 seemed to show almost the same
linearities, indicating almost the same performance concerning the type and magnitude of errors.
Actually correlation coefficients were 0.999 for both standard curves in qOLA CNV and 0.995 (0.997
in Pielberg et al., 2003) in the standard curve of pyro CNV. The correlation coefficient is simply an
index of the linearity of the standard curve or the regression line. To examine the hidden patterns
of errors, however, we ought to compare data values to the calibration lines of the reference values,
rather than to the regression lines of the fitted values. Calibration plots in Figure 4 display the data
values with the calibration lines and reveal part of the real performances of the three methods, as was
expected. Error plots in Figure 5 highlight the magnitudes and the nonlinear patterns of errors.

Now we need to evaluate the three methods in terms of precision and accuracy. Precision refers to
random errors, whereas accuracy refers to systematic errors (Ahn, 2007; Westgard and Hunt, 1973).
We will measure accuracy using the bias, which is the difference between the mean of the replicates
and the reference point, and measure precision using the standard deviation(SD) of replicates for a
reference point,

As shown in Table 2 and Bias plots in Figure 6 and SD plots id Figure 7, peak height values in
qOLA CNV fit the reference values better and show the least variation. In particular, for accurate
genotyping of individuals with a total of more than 4 KIT copies, the assay needs better resolution in



1042 Jin-Tae Jeon, Sung Jin Ahn

(a) reference vs. peak error (b) reference vs. area error

(c) reference vs. pyro error

Figure 5: Error plots for (a) ratio of peak height in qOLA CNV; (b) ratio of peak area in qOLA CNV; (c) ratio
in pyro CNV

Table 2: Bias and SD of each method for each duplicated ratio
Duplicated Bias of SD of Bias of SD of Bias of SD of
copy ratio qOLA CNV qOLA CNV qOLA CNV qOLA CNV pyro CNV pyro CNV

(%) (Height, %) (Height, %) (Area, %) (Area, %) (%) (%)
0 0.00 0.00 0.00 0.00 3.64 0.38
10 1.55 0.51 1.91 0.24 −1.13 1.30
20 3.43 0.42 3.67 0.46 −5.87 0.31
30 4.01 0.56 3.31 0.93 −4.48 0.69
40 3.09 0.31 1.92 1.08 −7.17 1.04
50 2.32 0.58 3.40 1.95 −7.48 1.49
60 1.27 0.61 −1.65 1.32 −5.23 0.97
70 0.51 0.33 −2.07 0.93 −3.75 0.93
80 −0.56 0.72 −2.91 1.34 −1.04 0.92
90 −0.87 0.13 −2.01 1.03 −3.62 1.81

100 0.00 0.00 0.00 0.00 6.98 0.52
RMS1a 2.09 0.45 2.16 1.03 5.05 1.04
RMS2b 0.85 0.51 2.21 1.17 3.73 1.21

a: Overall RMS
b: RMS for the zone between 60–90%

the zone between 60% and 90% in the standard curve. We can summarizes the sizes of biases and
SDs at 10 reference points by RMS(root mean squares).

In this zone, the peak area values in qOLA CNV showed RMSs of the bias and SD as 2.21 and
1.17, respectively. In contrast, the RMSs of the bias and SD of the peak height values in qOLA CNV
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Figure 6: Bias plots for (a) ratio of peak height in qOLA CNV; (b) ratio of peak area in qOLA CNV; (c) ratio in
pyro CNV

Figure 7: SD plots for (a) ratio of peak height in qOLA CNV; (b) ratio of peak area in qOLA CNV; (c) ratio in
pyro CNV

were 0.86 and 0.51, respectively, in the same zone. The overall RMSs of the bias (5.05) and SD (1.04)
in pyro CNV were more than twice those for the peak height in qOLA CNV (2.09 and 0.45).

The RMS plot displays the RMSs of biases and SDs for the three methods in Figure 8. In conclu-
sion, CNV estimation for porcine KIT using the peak height values in qOLA CNV showed the lowest
systematic errors and variations of the studied methods, and therefore was used in further experiments
to analyze KIT CNV and assign genotypes.
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Figure 8: RMS plot of biases vs. SDs for (a) ratio of peak height in qOLA CNV; (b) ratio of peak area in
qOLA CNV; (c) ratio in pyro CNV

2.3. Application of the proposed method to CNV and genotyping tests

Another pyrosequencing assay pyro Splice (Pielberg et al., 2002) for quantifying KIT copies with a
splicedonor mutation in intron 17 was combined with qOLA CNV. qOLA CNV gives information
about the total KIT copy numbers in a sample, and pyro Splice gives additional information about the
ratio of spliced KIT copies to the total copies estimated by qOLA CNV. As shown in Table 1, several
different genotypes have identical ratios in each polymorphism. Therefore, combined information
from the two polymorphisms should yield better discriminating power in assigning genotype.

CNV and genotyping tests using a combination of qOLA CNV and pyro Splice were performed to
verify KIT allele segregation. For genotype assignment we used two classification methods based on
the clusters of measurements on a scatter plot and the clusters of observations at 12 seed points using
nearest centroid sorting (Everitt, 1974) implemented in PROC FASTCLUS of the SAS 9.1 package
(SAS, 2004). The genotyping results showed 100% agreement between the two methods and were in
good agreement with both the theoretical genotype ratios and phenotypes. The detailed procedures
and results were presented in Seo et al. (2007).

3. Conclusion

We have compared the two methods for detecting and quantifying the CNVs of duplicated gene: the
published pyrosequencing assay(pyro CNV) and the newly developed qOLA CNV. The accuracy and
precision of the assay were evaluated for porcine KIT, which was selected as a model locus. CNV
estimation for porcine KIT using the peak height values in qOLA CNV showed the lowest systematic
errors and variations among the studied three procedures: the peak-height qOLA CNV, the peak-
area qOLA CNV, and the pyro CNV. And therefore the peak-height qOLA CNV was used in further
experiments to analyze KIT CNV and assign genotypes. Further, we have established a reliable assay
for measuring tandem CNV that could be applied for a variety of samples, such as those in a known
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pedigree, those with predictable segregation, those without pedigree information, and genomic DNA
of poor quality. Combining this method with a verification procedure using statistical clustering,
genotypes can be successfully assigned with high confidence. This development could be widely
applicable to studies of the function and mechanism of CNV in other species, and may be particularly
useful for tandemly repeated CNV.
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