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Assessing DNA sequence features underlying copy number variants
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Summary

Two goals of this study were to investigate the impact of sequence complexity on CNV
formation and the impact of sequence quality on false positive CNV calls. Sequence
complexity was expressed by the variation of base pairs near CNV breakpoints, sequence
quality – by the number of unknown base pairs in the UMD3.1 reference genome at CNV
sites. The sequence complexity coefficient of the 400 bp flanking the beginnings of
duplications varied between 199 and 370 (285.92±18.72), while the ends between 212 and
371 (285.74±18.37). The complexity of sequence flanking beginnings of deletions ranged
between 181 and 399 (281.30±14.95), while of the ends between 144 and 399
(281.57±14.68). The comparisons of probability distributions of complexity coefficients
underlying deletions with complexity coefficients of permuted sequences, representing a
randomised sequence complexity, revealed highly significant (P<10-15) differences between
both, beginnings of true and permuted sequences, as well as between true and permuted ends
of duplications. DNA sequence complexity flanking true duplication breakpoints revealed a
higher variance than that of permuted sequences and a shift of probability density underlying
true deletion sequence complexity towards lower values than a probability density underlying
permuted sequences. The same trend was observed for deletions - differences between
distributions of complexity coefficients underlying empirical (i.e. permuted) and true
sequences were significant (P<10-15). As for duplications, there was a higher variability of
true vs. permuted sequences and the probability distribution of complexity coefficients of true
deletions tended towards lower sequence complexity that in the case of permuted data.
Moreover, a significant difference was obtained for comparing distributions of the numbers of
unknown nucleotides in sequences underlying begins/ends of CNV deletions with begins/ends
of CNV duplications (both P<10-15). CNVs appear to be preferentially initiated in regions of
low sequence complexity. However, CNV detection is still subjected to errors. One source of
false positive calls for deletions arises from the incompleteness of reference genomes.
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Introduction

The aim of the study was twofold. From a biological perspective we were interested in the
impact of DNA sequence complexity on CNV formation following the hypothesis that CNVs
result from NAHR (non-allelic homologous recombination) which predominantly occurs in
low copy repeat regions (LCR), i.e. regions which show high sequence identity (Conrad et
al., 2010). From a technical perspective the goal was to assess whether quality of the
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reference genome, expressed by the number of unknown base pairs (N), results in a locally
lower coverage and then consequently in a false positive CNV deletion calls.

Material and methods

Dataset

The data comprises 32 cows from the Polish Holstein-Friesian breed which form 16 paternal
half-sibs with whole genome DNA sequences available. Szyda et al. (2015) provided a
detailed description of the data set and the sequencing procedure. Based on this data set copy
number variants were detected following the pipeline described by Mielczarek et al. (2017).
In brief, the CNVnator software (Abyzov et al., 2011) which identifies genomic regions with
especially high and especially low coverage and respectively assigns them as CNV
duplications and deletions was used for variant detection. 747,610 CNV deletion breakpoints
and 123,578 CNV duplication breakpoints were analysed in this study.

Reference sequence at CNV breakpoint sites

Each CNV breakpoint position was mapped to the UMD3.1 reference genome. Since
breakpoints could only be determined with the resolution of 200 bp, for each breakpoint a
400 bp long reference sequence 200 bp upstream and 200 bp downstream of an estimated
breakpoint was extracted. If a CNV was located in a telomeric region for which 200 bp
downstream or upstream of a breakpoint were not available it was not used for further
analysis. The number of unknown base pairs, which are marked by N letter in the reference
genome, were used to express the quality of each such sequence. Furthermore, for the 400 bp
sequences, which contained less than 1% (i.e. < 4) missing nucleotides, the number of
nucleotide changes was used to quantify sequence complexity. Using a 4-base sequence as an
example: the complexity measure is 3 for a “ACTA” sequence, 2 for a “TTCA” sequence, and
zero for a “AAAA” sequence. Consequently, the minimum complexity was as zero and the
maximum as 399. In order to compare the sequence complexity observed at CNV breakpoints
a “reference” level of complexity was required. This was constructed by permuting each of
the analysed sequences 1,000 times and calculating a complexity coefficient for each
permuted sequence.

Testing sequence features of CNV breakpoint sites

In order to decide whether the application of parametric or nonparametric procedures are
required for further analyses, the first step was to test the normality of the distribution of
sequence quality and complexity. The Cramér–von Mises normality test was applied for this
purpose. Differences in distributions of sequence complexity coefficients and the numbers of
unknown nucleotides were tested using the Kolmogorov-Smirnov test.

Results

Sequence complexity

The sequence complexity coefficient of the 400 bp flanking the beginnings of duplications
(i.e. downstream CNV breakpoints) varied between 199 and 370 with an average of
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285.92±18.72. The complexity corresponding to the 400 bp flanking the ends of duplications
(i.e. upstream CNV breakpoints) varied between 212 and 371 (Figure 1), with an average of
285.74±18.37. As it could have been anticipated from the similarity of descriptive statistics, a
hypothesis test confirmed that the probability distributions of complexity measures
underlying down- and upstream breakpoints of CNV duplications do not differ (P=0.4517).
Furthermore, we constructed a reference sequence underlying CNV deletion breakpoints by
permutations, separately for beginnings and ends. The complexity of permuted begin
sequences varied between 230 and 301 with an average of 293±7.2 while the complexity
coefficient of for permuted ends ranged between 230 and 302 (Figure 1) with a mean of
393.49±7.2. The probability distributions of sequence complexity coefficients for true and
permuted CNV duplication breakpoints revealed highly significant (P<10-15) differences both,
for sequences flanking begins as well as ends of CNV. A visual assessment of distributions
shown in Figure 1 indicated that DNA sequence flanking true CNV duplication breakpoints
revealed a higher variance than that of permuted sequences. Moreover, the probability density
distribution of complexity coefficients underlying true duplication breakpoints was shifted
towards lower values as compared with the probability density distribution corresponding to
permuted sequences.

The complexity of sequence flanking beginnings of deletions ranged between 181 and
399 with a mean of 281.30±14.95. The values of the complexity coefficients underlying ends
of deletions were similar, resulting in a mean of 281.57±14.68 and ranging from 144 to 399.
In addition, the Kolmogorov-Smirnov resulted in no significant differences in distributions of
complexity coefficients of deletion-begins and deletion-ends. The complexity level
corresponding to the permuted sequences underlying deletion breakpoints amounted to the
mean of 292.66±7.41 (223.40-301.66) for begin- and 292.53±7.45 (196.89-301.00) for end-
sequences and was therefore very similar to permuted sequences underlying CNV
duplications. The differences between distributions of complexity coefficients underlying
empirical (i.e. permuted) and true sequences were significant (P<10-15). As for duplications,
there was higher variability of complexity coefficients among true then among permuted
sequences. In addition, there was higher probability to observe a low sequence complexity
near a true deletion breakpoint, than in a permuted sequence – a phenomenon already
reported above for duplications (Figure 1).

Reference genome quality

The maximal number of unknown nucleotides among the 400 bp flanking CNV duplication
breakpoints was 271 for begins and 267 for ends, both with the similar means of 36.95 and
36.19 for begins and ends, respectively. In case of deletions many more unknown nucleotides
were present in the flanking sequences – with a single sequence for CNV deletion begin
consisting entirely of N letters! The maximum number of unknown nucleotides for CNV
deletion ends was 284. In addition, the mean number of unknown bp across all deletions was
higher than for duplications and amounted to 40.46 for sequences flanking CNV deletion
begins and 40.16 for sequences flanking CNV deletion ends. Both for deletions and
duplications, a large number of breakpoint flanking regions consisted of either complete
sequences (i.e. with no unknown nucleotides) or sequences with 100 unknown bp. The latter
do not consist of exactly 100 unknown base pairs, but correspond to gap sizes of any
unknown length, which are represented by 100 N letters in reference genomes (GeneBank
https://www.ncbi.nlm.nih.gov/genbank/wgs_gapped/#all_unknown). In addition, a higher
density of unknown nucleotides among sequences flanking CNV deletions, than CNV
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duplications was visible. Moreover, the comparison of distributions of the number of N bp
contained in flanking sequences underlying begins of CNV deletions with begins of CNV
duplications was significant (P<10-15). A significant difference was also obtained for
comparing distributions of Ns in sequences underlying ends of CNV deletions with ends of
CNV duplications (P<10-15).

Figure 1. Distributions of sequence complexity coefficients underlying sequence flanking CNV
duplication (left) and deletion (right) breakpoints.

Conclusions

CNVs cover a large proportion of the genome and are thus a very interesting type of variation
with a potentially high impact on phenotypes. They appear to be preferentially initiated in
regions of low sequence complexity. However, as results of this and other studies indicated,
the precision of CNV detection is still low with one source of false positive calls for deletions
being the incompleteness of reference genomes.
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