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Abstract—Next-generation sequencing (NGS) and its applications 
are widely used in studying gene regulation and epigenetic 
mechanisms due to its decreasing cost and high throughput. Here 
we used MNase-seq technology to determine the nucleosome 
positions in human erythroleukemia k562 cells by direct 
sequencing of nucleosome ends with the SOLiD high-throughput 
sequencing technique. However, during the reads mapping and 
data pre-analysis steps, only 40% of the sequenced reads can be 
mapped to the reference genome hg19 and there are some 
extremely high peaks (EHPs) in the profiles of mapped reads on 
the reference genome. Mathematical models were developed to 
analyze the unmapped reads and nearly 25.3% of the unmapped 
reads were found due to genome variants, base-calling errors and 
gaps of the reference genome. We also investigated EHPs and 
proposed methods to deal with the EHPs for the downstream 
data analysis. 

Keywords- MNase-seq, SOLiD, sequence mapping, EHPs 

I.  INTRODUCTION  
Next-generation sequencing (NGS) technologies, which 

were first introduced to the market in 2005, have had a 
tremendous impact on genomic research because of its 
massively parallel throughput and relatively low cost[1]. 
Commercially available next-generation technologies, from 
Illumina/Solexa, ABI/SOLiD, 454/Roche, and Helicos, have 
been applied in a variety of contexts, including whole-genome 
sequencing, targeted resequencing, discovery of transcription 
factor binding sites, and noncoding RNA expression profiling, 
etc. [1]. 

Micrococcal nuclease digestion followed by sequencing 
(MNase-seq), which distinguishes nucleosome positioning 
based on the ability of nucleosomes protecting associated 
DNA from digestion by micrococcal nuclease, is an efficient 
and precise method to map genome-wide nucleosome 
positions in the human genome. In this method, crosslinked 
chromatin is digested by micrococcal nuclease, which 
preferentially digests linker DNA and leaves nucleosomal 
DNA intact [2]. Mononucleosomes DNA is isolated through 
gel electrophoresis and nucleosomal fragments are assayed by 
ultra high-throughput sequencing. Later on, short sequence 
reads are mapped to the reference genome to determine the 
positions of their origins and find the nucleosomes' positions 
in the genome. 

In this study, the ends of the mononucleosome-sized DNA 
isolated from MNase-digested human k562 cells’ chromatin 

were sequenced by SOLiD 3 sequencing technique. Generated 
MNase-seq data were then mapped to reference genome hg19 
by bowtie [3] and Corona-lite [4] software with a maximum 
mismatch of 3 at 50bp reads length. The mapping result 
revealed that only 40% reads could be mapped to the reference 
genome, the majority part of the data remains unmapped. The 
similar rate of mappable reads is also found on other published 
MNase-seq data [5] generated by SOLiD sequencing 
technique [6]. We plotted the profiles of 5’ ends of uniquely 
mapped reads on every human chromosome and found the 
abnormity that on every chromosome there were extremely 
high peaks (EHPs) near centromere regions which indicate 
that reads are highly enriched in these positions. An example 
is shown in Fig. 1. Similar phenomenon is also found on 
published MNase-seq data [5, 7]. 

 

Figure 1.  (A) The profile of 5’ends of mapped reads on human chromosome 
1. The number of 5'end of every uniquely mapped reads is plotted against base 
position on chromosome 1 of reference genome hg19. An extremely high peak 
is shown at the left edge of the centromeric region. The similar phenomenon is 
also observed in Anton Valouev et al.’s MNase-seq data of human T cells [5] 
on chromosome 1. 

II. ANALYSIS OF UNMAPPED READS 
In our MNase-seq experiment, we generated 122,353,182 

reads at the length of 50 bp with SOLiD 3 sequencing 
platform and mapped the data to reference genome hg19 by 
Bowtie and Corona-lite program at the parameter of three 
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mismatches. Table 1 summarizes the mapping result, where 
nearly 60% of the sequenced data can’t be mapped to 
reference genome. While Bowtie translates the mapping result 
to letters form, which means the mismatches in reads are also 
in letters form, corona denotes the mismatches in the original 
color space form. 

TABLE I.  THE MAPPING RESULT. 

 Bowtie Corona Description 

aN  122,353,182 122,353,182 All the reads 

mN  52,404,374 51,934,975 Mapped reads 

uN  68,841,474 70,417,207 Unmapped reads 

a  46,855,798 17,124,596 Mismatch 0 

b  4,927,152 12,586,666 Mismatch 1 

c  592,742 10,204,132 Mismatch 2 

d  28,683 7,085,316 Mismatch 3 

 

The question occurs as: where does these unmapped reads 
come from or what causes these reads unmapped? Four 
reasons may contribute to this. 1. Genome variants in k562 
cells and reference genome hg19 will produce some reads 
whose mismatch number is greater than 3. 2. Errors generated 
during sequencing procedure. Types and causes of SOLiD 
sequencing errors are diverse. First, library preparation steps 
introduce errors or artifacts into the sample before it enters the 
sequencer, the in vitro amplification (i.e., emulsion PCR) steps 
performed for the sequencing preparation cause a high 
background error rate, in addition, in bead preparation, beads 
carrying a mixture of sequences and beads in close proximity 
to one another create false reads and low quality bases. 
Secondly, errors occurred in the sequencer: signal decline, a 
small regular phasing effect, and incomplete dye removal 
result in increasing error as the ligation cycles progress [8]. 3. 
Gaps of reference genome make most reads sequenced from 
these regions can’t be mapped to reference genome; 4. 
Bacterial contamination introduced during cell culture process 
will lead to some reads which do not belong to the human 
genome. 

A random probability model was established to estimate 
the number of unmapped reads caused by genome 
polymorphism and base-calling error. Genome polymorphisms 
of human individuals are usually due to SNPs and structural 
variants [9]. We assume that they are randomly distributed in 
the human genome, and under this situation the expected 
number of unmapped reads is pN , let 21 ppp += , 

where 1p and 2p are the rate of mutation and base-calling error 
of every sequenced base pair, respectively. 

The SOLiD sequencing system uses probes with dual base 
encoding [10], and reads sequenced by SOLiD technique are 
encoded in color space where four colors represent as 0, 1, 2 
or 3, respectively. These reads usually include a primer base, 
the primer base and the adjacent color are both trimmed away 
by bowtie prior to alignment. So the length of mapped reads is 
48 in our experiment. 

Then pN can be estimated by the equations as follows: 
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Using the least square method and the mapping result of 

Bowtie software, we solved the overdetermined equations and 
got that 

                            ≈p 0.00348,  ≈pN 2976631. 
So the number of unmapped reads due to genome 
polymorphisms is about 2,976,631, which makes up 4.32% of 
all the unmapped reads.  

Among all the unmapped reads exported by bowtie, there 
are some reads which can't be mapped due to containing dots 
as '.' caused by low sequencing qualities. The number of this 
kind reads calculated by a perl script is 

=dN 8719697, 

which makes up 12.67% of all the unmapped reads. 

Next, we estimated the unmapped reads caused by 
heterochromatin gaps by the proportion of the length of 
heterochromatin regions and the whole human genome at the 
assumption that micrococcal nuclease has the same digestion 
rate on heterochromatin and euchromatin. Querying on UCSC 
website [11], the length of the whole human genome is 

=aL 3,095,694,227 bp, among which, =hL 144,477,000 bp 
belong to centromeric and heterochromatin regions. 
Let hN and aN denote the number of heterochromatin reads 
and the total number of sequenced reads, respectively. 
According to the length scale of heterochromatin and 
euchromatin region the formula to calculate hN is defined 
below: 

                                    ahah NNLL // = ,               
(2) 

The number of reads generated from heterochromatin is  

=hN 5710214, 

which makes 8.29% of all the unmapped reads. 

      Finally, the unmapped reads is mapped to the total 
available bacteria genomes downloaded from NCBI website 
by bowtie software at a maximum mismatch of three to 
determine the quantity of reads coming from bacterial 
genomes. The mapping result revealed that the number of 
reads caused by bacterial contamination is 
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=bN 641823, 

The total number of the four parts of unmapped reads is 

=+++ bhdp NNNN
 

2976631+5710214+8719697+641823=18048365 , 

which makes up 26.2% of all the unmapped reads. The rest 
part may mainly caused by sequencing errors occurred before 
base-calling step, e.g. artifacts introduced in library preparation 
steps, errors caused by emulsion PCR or bead preparation, or 
signal decline during the sequencing, etc. 

III. ANALYSIS OF EXTREMELY HIGH PEAKS OF THE MAPPED 
READS 

The presence of EHPs of mapped reads can cause false 
positive signals or be problematic for downstream analysis 
such as normalization in nucleosome detection, it is necessary 
to understand what caused these EHPs and how to handle 
these EHPs appropriately in data analysis. 

A related issue about the EHPs is that they often appear at 
the edges of centromere regions of the chromosomes which 
are gaps on reference genome hg19. And it is well appreciated 
that characteristics of the reference genome influence the 
mapping results, for example, some sequences in the genome 
are present in multiple copies, leading to ambiguity when 
determining the origin of sequencing reads [12]. Some 
sequences which present in a single copy on the available 
reference genome are present in multiple copies in all or some 
individuals in reality [13]. So the sequence structure of human 
centromeres may have an important impact on the generation 
of EHPs. 

Centromere contains large amounts of DNA which are 
often packaged into heterochromatin [14], these DNA 
sequences are usually large arrays of repetitive DNA (e.g. 
satellite DNA), where the sequence within individual repeat 
elements is similar but not identical. Centromeric and 
heterchromatin regions were largely omitted by the Human 
Genome Project because of their repetitive nature and the 
expected paucity of genes[15]. Although such regions are 
often considered to be difficult to sequence, in fact it is the 
assembly, not the sequencing itself, which presents a 
challenge because of the high degree of sequence 
homogeneity among many hundreds or thousands of copies of 
a given repeated sequence [16]. But in MNase-seq 
experiments, the heterochromatin could also be digested by 
micrococcal nuclease [17] which means that the centromere 
DNA makes part of the sequencing reads. In reference genome 
hg19, the centromere or heterochromatin regions queried in 
UCSC are estimated areas so it is possible for the edges 
containing monomeric repeating units of centromere DNA. 
We made an assumption that if the monomeric repeating unit 
of centromere DNA is assembled in limited areas of the 
reference genome, the sequenced heterochromatin reads will 
mainly map to these regions and make the tremendous high 
peaks. As the sequences of individual repeat elements are 
similar but not identical to each other, this explains why the 
repetitive DNA of centromere is not eliminated under the 

condition of allowing only uniquely mapped reads, and we 
could also conclude that only a very small part of the 
centromere DNA can be mapped to reference genome. 

To test this hypothesis, we identified positions where the 
5’end depth correspond to the top 0.1,0.01,0.001,0.0001% of 
the per-base 5’end depths, and searched for the sequences of 
these positions in reference genome hg19 on all human 
chromosomes. The threshold corresponding to the top 
0.0001% is shown in the base-10 logarithm result of mapped 
reads on chromosome 1 in Fig. 2. The positions whose per-
base 5’end depth was above the threshold were filtered out. 
For all the four groups of data, the compositions of those 
filtered reads were scanned by RepeatMasker [18], the results 
of sequences at the positions whose 5'end depth above the top 
0.0001% are shown in Table 2. Among which, the 
composition of Satellites are shown in Table 3. 

 

Figure 2.  The threshold corresponds to the top 0.0001% (3.1844) in the base-
10 logarithm result of mapped reads on chromosome 1. The logarithm of the 
depth of 5'end of uniquely mapped reads is plotted against base position of 
chromosome 1. 

TABLE II.  THE COMPOSITION OF SEQUENCES AT THE POSITIONS 
CORRESPONDING TO THE TOP 0.0001% OF THE PER-BASE 5'END DEPTH. 

Threshold  
as 0.000001 

Elements 
number 

length 
occupied 

Percentage 
of sequence 

SINEs: 0 0 bp 0.00% 

LINEs: 2 96 bp 3.10% 

LTR elements: 0 0 bp 0.00% 

DNA elements: 0 0 bp 0.00% 

Unclassified: 0 0 bp 0.00% 

Total interspersed 
repeats: 

2 96 bp 3.10% 

Small RNA: 0 0 bp 0.00% 

Satellites: 51 2463 bp 79.45% 

Simple repeats: 5 208 bp 6.71% 

Low complexity: 0 0 bp 0.00% 
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TABLE III.  THE COMPOSITION OF SATELLITES OF FILTERED READS. 

Satellite Number Percentage 

Alpha satellite   44 86.27 % 

HSATII satellite   6 11.76 % 

Beta satellite 1 1.96 % 

Other satellite   0 0 %. 

Total satellite   51 100% 

 

The results of RepeatMasker revealed that EHPs are mainly 
caused by α-satellite. From the data in Table 2, satellites 
makes 79.45% of all the filtered sequences, among witch, α-
satellite makes 86.27% of all the satellites. And the other three 
groups data demonstrate that although the proportion of 
satellites decreases with the threshold, the proportion of α-
satellite to satellites is always high(71.68% at the threshold 
corresponding to the top 0.1% of the per-base 5’end depths).  

Normal human centromeres often consist of megabases of a 
satellite DNA, mainly a repeat family containing ~171-bp 
monomers called α-satellite [19], although a number of other 
sequence types are also found in this region. There are two 
major types of α-satellite, higher-order and monomeric [16]. 
Higher-order alpha satellite is the predominant type in the 
genome (megabase quantities at each centromere) and made 
up of ~171 bp monomers organized in arrays of multimeric 
repeat units that are highly homogeneous (typically 97–100% 
identical). In contrast, monomeric alpha satellite lies at the 
edges of higher-order arrays and lacks any higher-order 
periodicity; its monomers are only on average~70% identical 
to each other. 

The results of RepeatMasker and the nature of α-satellite 
confirmed our assumption that EHPs near centromere are 
mainly caused by α-satellite DNA sequences from centromere 
regions while EHPs of other positions on reference genome 
are caused by interspersed repeats or simple repeats. In 
reference genome hg19, the monomeric repeating units of α-
satellite DNA is assembled at the edges of centromere or 
heterochromatin regions, the mass amounts of 
heterochromatin reads are then mapped to these limited areas 
to build the EHPs. As the monomeric α-satellite usually occurs 
at the edges of higher-order arrays and its monomers are only 
on average~70% identical to each other, this fact indicates that 
the α-satellites assembled in the reference genome are 
monomeric α-satellite and only a small proportion of the 
sequenced α-satellite reads can be mapped to the reference 
genome, the main part of centromere sequences may still 
remain unmapped. 

Since these EHPs are mainly caused by heterochromatin 
sequence which mainly consists of genetically inactive 
satellite sequences [20], we can simply neglect the reads 
forming EHPs by finding the coordinates of these EHPs and 
masking out the reads mapped there. Alternatively, as the 
EHPs occur at very limited areas relative to the whole length 
of every chromosome, they can be suppressed to a normal 
scale by ranking the per-base 5'end depths. 

IV. CONCLUSION 
Next generation sequencing technologies make it possible 

for even single research groups to generate large amounts of 
sequence data very rapidly and at substantially lower costs than 
traditional Sanger sequencing, providing a huge variety of 
sequencing applications to many researchers and projects[21]. 
In this study, we used MNase-seq technology to map whole 
genome's nucleosome positions in human erythroleukemia 
k562 cells. However, during data analysis procedure, two 
unusual phenomena that only 40% reads sequenced by SOLiD 
3 technology could be mapped to the reference genome hg19 
and massive amounts of mapped reads enriched in limited 
areas causing very high peaks, had drawn our attention.  

In conclusion, mathematical models to estimate the 
unmapped reads caused by genome variants, base-calling errors 
and heterochromatin gaps of reference genome of our MNase-
seq experiment were built here, and it revealed that these 
factors contribute to 25.3% of all the unmapped reads. In 
addition, the sequencing errors generated before base-calling 
step of SOLiD sequencing platform were also discussed here. 
Next, we focused on the cause of EHPs in the profiles of the 
uniquely mapped reads and found that they are mainly caused 
by α-satellite DNA from the centromere regions. Two ways to 
deal with these EHPs were also proposed. 
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