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Next Generation Sequencing (NGS) technology is based on cutting DNA into small fragments, and their
massive parallel sequencing. The multiple overlapping segments termed “reads” are assembled into a
contiguous sequence. To reduce sequencing errors, every genome region should be sequenced several dozen
times. This sequencing approach is based on the assumption that genomic DNA breaks are random and
sequence-independent. However, previously we showed that for the sonicated restriction DNA fragments
the rates of double-stranded breaks depend on the nucleotide sequence. In this work we analyzed genomic
reads from NGS data and discovered that fragmentation methods based on the action of the hydrodynamic
forces on DNA, produce similar bias. Consideration of this non-random DNA fragmentation may allow one
to unravel what factors and to what extent influence the non-uniform coverage of various genomic regions.

he genome of a living organism resembles a bookshelf filled with books — chromosomes containing texts

made up of letters — nucleotides. The early methods of deciphering biological sequences were based on the

precise excision of a particular DNA fragment and its accurate reading. An alternative and, as it initially
seemed, incoherent, sequencing method was proposed back in 1979', whereby the multiple copies of a whole
genome DNA were to be broken up into small fragments, which were sequenced, and then these sequences
(termed “reads”) were assembled into a continuous text based on the overlapping ends. Nevertheless, the
explosive development of automated sequencers and advances in computational power determined the pre-
sent-time dominance of this method, called random shotgun sequencing. Modern sequencing machines are
capable of reading hundreds of millions of reads per day, where each read consists of tens or hundreds of
nucleotides.

The first step of DNA sequencing in the NGS technology is DNA fragmentation. Samples of purified DNA are
sheared into short fragments, using either mechanical methods (e.g., ultrasonication shearing and nebulization)
or enzymatic digestion®. The fragmented DNA is ligated at both blunt ends of each fragment with specific
adaptors, which serve as primer-binding sites for amplification. Then the adaptor-ligated DNA fragments are
size-selected through agarose gel electrophoresis or with paramagnetic beads; at this step the ligation duplicates
are removed. Subsequently DNA fragments are melted, and the single-stranded DNAs are immobilized either on
planar solid surfaces of a flow cell (Illumina sequencers), or on the surface of micron-scale beads (454-Roche and
SOLID sequencers), or on ionized spheres (Ion Torrent sequencers)’. Template amplification is performed by
PCR on solid surface, or by emulsion PCR into separate microreactors, beads or spheres within sequencers.
Finally, sequencing is achieved by detecting the emission of light or hydrogen ions from every dot on the solid
surface or spheres, during enzymatic attachment of complimentary nucleotides to the clusters of identical single-
stranded DNA fragments*.

The required level of resolution for an NGS experiment is achieved by providing sufficient coverage, which
generally refers to the average number of reads that align to each base within the sample DNA. Every DNA region
must be represented multiple times in different read frames or, in other words, the sequences of the fragments
(and thus the reads) must overlap. In today’s NGS protocols purified DNA is obtained from many cells, and DNA
shearing is performed on multiple genome copies providing a sufficient number of overlapping fragments. In
single-cell sequencing in order to generate the sufficient number of overlapping reads, DNA is PCR-amplified
prior to fragmentation®. In both approaches, for unambiguous determination of the whole genome sequence the
overall length of the sequenced reads has to exceed the genome size by a dozen of times®.
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A major stumbling block in shotgun sequencing is genomic
repeats, the length of which might significantly exceed the size of
reads. The repeats are abundant in genomes of eukaryotes”.
Transposable elements, for example, make up for 45% of the human
genome. Among them, Alu, a retrotransposon of ~300 bp in length,
is the most common repetitive element with more than a million
copies, which comprise 10% of the human DNA?®. In addition, eukar-
yotic DNA consists of very large arrays of short, repeated sequences
(satellite DNA) near the centromeric region (they can be several
megabases long without an interruption) and long repeated DNA
sequences in the telomeres (at the ends of linear eukaryotic chromo-
somes). The presence of repeats may lead to systematic sequencing
errors in regions containing many copies of repetitive elements®'".
The precise identification of the number of repetitive elements is
particularly important for medical research due to existence of poly-
morphic copy number variants between individuals'>. Moreover,
changes in copy number were found in different tissues of the same
organism and in cancer cells’®. Lately it has been shown that the
correct calling of copy number variants is crucial for studying spatial
dynamics of genome replication™.

The development of modern sequencing technologies requires
novel methods for precise identification of copy number variants
or the number of repetitive elements in the genomes. However the
existing methods are hindered by sequencing bias, which leads to
over- or undersampling of certain regions of the genome, lowering
their resolution and undermining the researcher’s ability to accur-
ately identify the mutations and duplicated regions'. To avoid
sequencing ambiguity produced by the modern sequencers the gen-
ome coverage must be high and even'®.

The bias in NGS data has been extensively observed'”>, but there
is no agreement with respect to the sources of the observed bias.
Thus, Benjamini and Speed'” reported the regularities in the GC bias
patterns, and found that GC content influences fragment count the
most. Since both GC-rich and AT-rich fragments were underrepre-
sented in the sequencing results, the authors hypothesized that the
most important cause of the GC bias was PCR. Hansen et al.** noticed
the existence of bias for PCR with random hexamer priming. The
authors also reported bias in the first position of reads, but did not
determine the source of this bias**. Van Heesch, S. et al.*® found that
the bias is tissue-specific and related to specific chromatin character-
istics. Out of four tissues sampled, brain tissue showed the lowest
variation in NGS read coverage, while more homogeneous tissues
like blood and liver exhibited the largest bias in read coverage.
Auerbach et al*® showed that in addition to non-uniform read cov-
erage, the read mapping procedure could generate regional bias.
Heavy amplification in single-cell sequencing induces bias, which
can lead to uneven coverage’.

We propose to investigate the bias that originated at the frag-
mentation stage of NGS sequencing procedures. For the first time
we venture to show that the bias in NGS reads strongly correlates
with the bias produced by sonication of pure restriction DNA frag-
ments, which was shown to be sequence-specific”’. Hence we report
and analyze bias produced by three DNA shearing methods, sonica-
tion, nebulization and Covaris, and demonstrate that the instances of
bias in different fragmentation methods highly correlate with each
other and are common for all of the hydrodynamic DNA shearing
methods.

Results

In 2006 we discovered that double-strand breaks resulting from
sonication at 22 and 44 kHz of double-stranded DNA fragments
with the known nucleotide sequences occurring preferentially in
5'-CpG-3’ dinucleotides®. The strand was broken between C and
G so that the phosphate group was at the 5" side of G in the products.
The cleavage rate proved to be dependent on the sequences flanking
the cleavage site. Subsequent statistical investigations of the

sequence-specific influence on cleavage intensities of individual
phosphodiester bonds were performed on a data set, which consisted
of approximately 20 thousand bands of high-resolution sequencing
gels®*. A data set of cleavage rates for all possible di- and tetranu-
cleotides was obtained. This testified to a remarkable enhancement of
the cleavage rates of phosphodiester bonds after deoxycytidine,
which diminished in the following row of dinucleotides: d(CpG) >
d(CpA) ~ d(CpT) > d(CpC). Thus, sonication of DNA restriction
fragments leads to the sequence-dependent distribution of the posi-
tions of double-stranded DNA breaks. Since DNA fragmentation is
the first stage of the contemporary NGS technology, we decided to
test if similar regularities were observed when fragmentation was
done with ultrasound.

In different NGS platforms three physical shearing methods are
now commonly used: nebulization, sonication and adaptive focused
acoustics technology (Covaris). These methods produce DNA frag-
ments with heterogeneous ends containing 5'- or 3’-overhangs. To
produce blunt ends for primers ligation, T4 DNA polymerase is
commonly used, which has single-strand exonuclease activity that
removes 3'-overhangs, and DNA polymerase activity that fills in 5'-
overhangs. DNA treatment with DNA polymerase could change the
initial cleavage points of the double-stranded DNA from the 3'-end,
but the cleavage point from the 5’-end remains intact.

First of all we took thirteen samples of human DNA-sequencing
data from 1000 Genomes Project®, one sample of E.coli DNA-
sequencing data from the Sequence Read Archives (SRA) at NCBI,
one sample of Drosophila mauritiana genome from University of
Veterinary Medicine, Vienna®', and one sample from Arabadiposis
thaliana genome from 1001 Genomes project (see Supplementary
Table 1 for details). Raw reads were aligned to the reference genomes
and frequencies of all 4 nucleotides, 16 dinucleotides and 256 tetra-
nucleotides were calculated for each sample at the positions of DNA
breaks (see Methods and Supplementary Tables 2-4). The process of
read library creation leaves intact the positions prior to the cleavage,
which corresponds to the 5'-ends of the reads, so the alignment of the
reads to the reference genomes provides the required information
about the sequence-specificity of fragmentation.

For the reads fragmented with ultrasound, a typical dependence of
mononucleotide frequencies for the region of 200 bp (+/—100 bp)
around break point is presented in Fig. 1. One can clearly see the
enrichment of C at the position 100, which corresponds to a position
prior to the cleavage in the reference genomic sequence adjoined to
the 5'-end of the read. Similarly, bias around the break point for all
di- and selected NCGN tetranucleotides is presented in Fig. 2 and
Fig. 3, correspondingly. Dependence for all 16 NCGN tetranucleo-
tides is presented in Supplementary Fig. 1. In all these figures one
may observe bias around breakpoints, which was previously reported
by Lazarovici et al.”>. We also observed similar bias of mono-, di- and
tetranucleotide frequencies for the region around break point for
reads fragmented with nebulization and Covaris (data is not shown).
Here we present a comparison of different fragmentation methods
for different genomes and sequencing centers with our experimental
data at the level of mono-, di- and tetranucleotides.

We begin the exploratory studies looking for structure in these
data with the Pearson’s correlation matrix for dinucleotide and tetra-
nucleotide relative frequencies centered at the 5'-ends of the reads.
At the level of mononucleotides the relative cleavage rates of raw
sequencing data from several independent laboratories, where frag-
mentation was done with ultrasound, and the relative cleavage rates
of our experimental data are shown in Fig. 4.

For dinucleotides, all seven analyzed samples from several inde-
pendent laboratories, where fragmentation was done with ultra-
sound, show significant correlation with our data (Pearson r =
0.816-0.951). The best correlation (r = 0.961) is observed between
our data set and the average data sets of seven ultrasound samples
(see Supplementary Table 5).
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Figure 1| Mononucleotide frequencies for the region of 200 bp (+/—100 b

Similarly, for tetranucleotides all seven ultrasound samples show
significant correlation with our data (r = 0.669-0.866). The best
correlation (r = 0.872) is observed between our data set and the
average data sets of seven ultrasound samples (see Supplementary
Table 6).

NGS data from experiments that employed other methods of
DNA fragmentation, that is, nebulization and Covaris, were taken
from 1000 Genomes Project, 1001 Genomes Project and from the
University of Veterinary Medicine, Vienna. Remarkably, our ultra-
sonic cleavage rates showed high correlation with the average cleav-
age rates for nebulization and Covaris both for dinucleotides (r =
0.972 and r = 0.925; Supplementary Table 5) and tetranucleotides (r
= 0.902 and r = 0.824; Fig. 5, Supplementary Table 6).

Then, for all analyzed samples, we performed hierarchical cluster
analysis and the resulting tree is presented in Supplementary Fig. 2.
The choice of clustering algorithm did not affect the shape of the
cluster tree. As one can see from the cluster tree, neither fragmenta-
tion methods nor species group together. This result indicates that all

p) around break point for sonication method.

investigated fragmentation methods have common physicochemical
nature coupled with mechanochemical breakage of DNA due to
shearing forces, which originate in high-gradient liquid flows***.

Therefore a comparison of the cleavage rates obtained from the
studied fragmentation methods with the values resulting from our
experiment on DNA restricted fragments, which characterize purely
the ultrasonic fragmentation specificity bias, might elucidate another
cause of the systematic bias. The bias may originate from various
procedures, such as PCR amplification, primer ligation, primary frag-
ment separation in agarose gel or computer processing of sequenced
data®>***. Moreover, the enhancement in cleavage rates observed for
d(CpG) dinucleotide might be caused by epigenetic modifications,
such as cytosine methylation. According to our preliminary results
methylation of cytosine in the 5-position increases the relative cleav-
age intensity of the d(CpG) dinucleotide, but the stability of this effect
and its physical nature require further investigations.

It is evident from the analysis of DNA cleavage rates for genomes
of E. coli, Drosophila mauritiana, Arabidopsis thaliana, as well as for
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Figure 2 | Dinucleotide frequencies for the region of 200 bp (+/—100 bp) around break point for sonication method.
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Figure 3 | Four selected tetranucleotide frequencies for the region of 200 bp (+/—100 bp) around break point for sonication method.

the human genome, that cleavage rates of mono-, di- and tetranul-
ceotides do not depend on species. However, in general, this may not
be true because different species can have various base modifications.

Discussion

Previously we have shown that for the sonicated restriction DNA
fragments the comparative rates of double-stranded breaks depend
on the nucleotide sequence®**. Here we analyzed genomic DNA
reads from NGS data generated by the ultrasonic shearing methods.
After aligning the reads to the reference genomes we found that at the
positions of DNA breaks the nucleotide relative frequencies at their
5'-ends are in good agreement with the cleavage rates obtained in our
experiments. We analyzed reads from other DNA fragmentation
methods - nebulization and Covaris — and discovered that these
methods, based on the action of hydrodynamic forces, also produce
similar bias.

Since NGS methods commonly use hydrodynamic cleavage DNA
and basically imply that this cleavage is non-specific, the observed
effect of the sequence specificity of ultrasound DNA cleavage should
be taken into account in order to avoid systematic errors during
sequence assembly. Thus the sequence-specific fragmentation bias
evaluation might lower the uncertainties arising during DNA copy
number calculation'>*.

M RFragm

1,34 = NA12878
CINA11930
12 CINA19222
g NA18603
2 = NA18558
S 114 = NA18579
)
g =1 SRR072099
&
£ 1,0+
-]
=
[
0,9 -
0,8
0,7

A C G T

Figure 4 | Comparison of the relative cleavage rates for 4
mononucleotides derived from NGS data fragmented by ultrasound and
from our experiments®.

It is generally accepted that in regions of elevated GC content the
number of reads was increased due to the PCR-amplification
step'®**7. But in accordance with our results, excessively intense
ultrasound treatment of genomic DNA could induce amplified cleav-
age of GC-rich areas of genome. Further removal of the shortest
fragments in agarose gel may actually cause AT-bias. So, an estima-
tion of the effect of the relative cleavage rates is complicated and the
proposed bias corrections are not straightforward and require fur-
ther development.

An analysis of this non-random DNA fragmentation allows one to
unravel what factors and to what extent influence the non-uniform
coverage of various genomic regions. A selection of some specific
conditions and reagents might diminish the bias in the DNA frag-
mentation, and reduce the amount of repetitive sequencing runs.
Moreover, further studies of the comparative DNA cleavage rates
of the base modified nucleotides might serve as basis for the develop-
ment of new methods for identification of the epigenetic patterns.

Recently we demonstrated that addition of particular metallic ions
(Ag", for example) results in sufficient impairment of the observed
ultrasonic fragmentation bias®. So, by choosing the proper chemical
agents, it is possible to lower the systematic bias associated with the
action of high-gradient liquid flows.
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Figure 5 | Comparison of the relative cleavage rates for 16 dinucleotides
derived from NGS data fragmented by various methods and from our
experiments®.
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The observed sequence dependence of DNA breakage by ultra-
sound, nebulization and Covaris and the high correlation of DNA
relative cleavage rates between all three methods are quite surprising.
It seems that sequence-specificity of hydrodynamic shearing reflects
local variations in DNA structural dynamics. Hence, the reported
DNA cleavage bias may also provide a basis for developing new
methods of studying sequence effects on local structural dynamics
of the DNA sugar phosphate backbone.

Thus, the reported specificity of DNA fragmentation with ultra-
sound, nebulization and Covaris is important not only for improve-
ment of DNA sequencing protocols, but may also be interesting for
the study of DNA structure and its dependence on sequence context.
In tetranucleotides the effect of flanking nucleotides on the cleavage
rates of all 16 types of central dinucleotides was also reported as
statistically significant. The sequence-dependent ultrasonic cleavage
rates of dinucleotides were consistent with the reported data on the
intensity of the conformational motion of their 5’-deoxyribose. The
sequence specificity of ultrasonic cleavage is the result of sequence-
dependent conformational dynamics, and is likely modulated by the
intensity of the sugar ring S<<=>>N interconversion*”***. Moreover,
the enhanced ultrasonic cleavage of dCpG dinucleotide might also
reflect its functional role: epigenetic mechanisms based on d(CpG)
methylation***’ might be the consequence of the unique properties of
this dinucleotide. DNA methyltransferase enzyme may recognize the
unusual conformational dynamics of the d(CpG) dinucleotide and
flip cytosines out of the DNA helix during methylation more effi-
ciently than the other bases.

It is of particular interest that cleavage rates for complementary
pairs of dinucleotides are not identical”’. Moreover, they differ from
each other to a varying degree. The most pronounced is the differ-
ence between the cleavage rates in two complementary dinucleotides,
namely AG/CT and CA/TG. This difference exceeds a quarter of the
average level of their cleavage rates. Thus we propose that the sticky
ends, which originated after mechanochemical fragmentation of
DNA, derive their existence from these differences in cleavage rates
of complementary dinucleotides.

Sequence specificity of mechanochemical breakage of DNA due to
shearing forces is also important as it helps us to understand the role
a nucleotide sequence may play in functional potential of DNA
regions. Really, it reveals the diversity of conformational dynamics
in both complementary strands, which now can be characterized
independently by the relative cleavage rate. Such numerical evalu-
ation may be useful for identifying promoter regions in the genome
as well as assessing preferences for nucleosome positioning*'.

Methods

Sequencing data. For analysis of the bias at the 5" ends of the reads we used publicly
available data from various sequencing centers. For human genome we took the
available sequencing data from 1000 Genome Project (ftp.1000genomes.ebi.ac.uk/
voll/ftp/data/); for Arabadiposis thaliana genome we choose the sequencing data
from 1001 Genomes project (http://1001genomes.org/data/), specifically from the
JGIHeazlewood2011 project sequenced by the DOE Joint Genome Institute (http://
1001genomes.org/data/JGI/JGIHeazlewood2011/releases/2012_05_30/TAIR10/
strains/Alc-0/); for Drosophila mauritiana genome we used the sequencing data of the
group from the University of Veterinary Medicine, Vienna®' (http://www.
popoolation.at/mauritiana_genome/index.html), and for the genome of Escherichia
coli the raw data was downloaded from the Sequence Read Archives (SRA) at NCBI
(http://www.ncbi.nlm.nih.gov/sra) under the number SRR072099. A full list of data
replete with accession numbers, fragmentation method and names of the sequencing
centers is presented in Supplementary Table 1. For all data except E. coli, we used
alignment files in .bam format, already prepared by the sequencing centers and
available for downloading. For E. coli we downloaded the raw sequencing data from
SRA archive, and then aligned the raw reads with bwa aligner, version 0.6.2, to the
reference genome of Escherichia coli K 12 substr MG1655 (accession number
NC_000913), downloaded from ftp.ncbi.nlm.nih.gov/genomes/Bacteria.

Mono, di and tetra-nucleotides relative frequence calculations at the 5'-ends of the
reads. To obtain the relative frequencies at the 5’-ends of the reads we selected reads
that were 100% aligned, without a single mismatch, to the positive strand of the
reference genome (bam FLAG = 99) and composed datasets consisting of 500 000
fully mapped reads. Prior to the analysis we tested if the size of a dataset influences the

relative frequence calculations. For that purpose we extracted, for one dataset from
MPIMG (NA12878), all reads fully aligned to the positive strand from the entire
genome, and obtained a set of 31 000 000 reads. A comparison of the relative
frequencies of mono-, di- or tetranucleotide occurrence at the 5'-ends of the reads,
obtained from a set of 500 000 and a set of 31 000 000 reads, showed a very high
Pearson’s correlation, r = 0.999, proving that the size of a dataset does not
significantly affect the results. The analysis of relative frequencies of mono-, di- and
tetranucleotide occurrence at the 5'-ends of the reads for all other samples was
confined to the sets composed of 500 000 reads.

The values of mono-, di- and tetranucleotide frequencies at positions of the 5’-ends
of the reads were calculated as the number of occurrence of a given mono-, di- or
tetranucleotide nucleotide divided by the size of the data set (here, 500 000). The
relative frequencies were calculated as the ratio between the numbers of mono-, di- or
tetranucleotides at the positions of the cleavage normalized to the average frequencies
of mono-, di- or tetranucleotides from two regions covered: —10 + —20 and the +10
+ +20 bp positions around the break point.

For estimation of the frequency of mononucleotides, we counted the number of
nucleotides right before the 5'-end of the read. For an estimation of the frequency of
dinucleotides, the first position was taken right before the 5’'- end of the read, and the
second position coincided with the beginning of the read. For an estimation of the
frequency of tetranucleotides, two first positions were taken right before the 5'- end of
the read, and the third and the fourth positions corresponded to the first and the
second nucleotides of the read.

Correlation analysis. Pearson’s correlation matrices of relative cleavage rates of the
reads obtained in different experiments by the same or different fragmentation
methods for all 16 dinucleotides and all 256 tetranucleotides are given in
Supplementary Tabes 5 and 6. The correlations, which are significant at p < 0.05, are
marked in red.

Cluster analysis. Hierarchical cluster analysis was performed for all analyzed samples
using the Ward’s Method and the (1 — r) distance, where r is the Pearson r for relative
frequencies of tetranucleotides centered at the 5'-ends of the reads (Supplementary
Table 6).
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