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1. Introduction

During the past twenty years, the new DNA sequencing technologies have significantly
improved throughput and dramatically reduced the cost [1]. Currently, the available
commercial next generation sequencing (NGS) platforms include MiSeq, and HiSeq
from Illumina [2], SOLiD and Ion Torrent from Life Technologies [3], RS system from
Pacific Bioscience, and Heliscope from Helicos Biosciences [4] [5]. These sequencing
machines can sequence the whole genome in a shorter time, which inspired scientists to
sequence large kinds of animals and plants [6] [7]. NGS can be characterized by parallel
operation, higher throughput and much lower cost [8], but share a common disadvan-
tage of producing very short reads.

Furthermore, large researches indicated that repeats comprise a significant fraction
of genomes, for example, ~20% of Caenorhabditis elegans and Caenorhabditis briggsae

genomes [9] and ~50% of the human genome [10] have been identified as repeats. Most
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of them have some important biomedical functions and are closely related to some
complex disease [11] [12]. Therefore, it is an important step to analyze genome func-
tions from NGS data by aligning the sequencing data back to reference genome. Cur-
rently, there are two famous aligning tools, such as bowtie [13] and Soap [14]. Even
though, each of them can align millions of reads in one hour, but their performance of
detecting repeats also very poor.

In order to improve the completeness of aligning repeats, we proposed a new algo-
rithm aiming for distinguishing repeats and non-repeats, named HashRepAligner,
which is based on the combination of Hash index and sliding site math strategy. Hash-
RepAligner has the following properties: 1) estimating the copy number of detected re-
peats; 2) in terms of completeness of aligning repeats, HashRepAligner outperforms
others. Simulation data are used to assess the feasibility of HashRepAligner, while the
real sequencing data are used to cross comparison with other two aligners, Soap and
Bowtie. The results indicated that HashRepAligner outperformed others in terms of
aligning repeats. Consequently, HashRepAligner is a complete and accurate repeats

aligning tool.

2. Results

The principle of HashRepAligner is based on hash index and sliding site match. Hash
index is used to speed the aligning process, while sliding site match is to use the matched
number of every site to find the location of repeats, which can decrease the coverage
bias and increase the confidence of aligning repeats.

HashRepAligner runs in key four steps: hash index construction, sliding site match,
coverage depth estimation and boundary detection. The concrete steps and processes
are detailed as follows.

1) Constructing hash index (Figure 1(a)). In order to improve computing speed, an
indirect hash structure was designed and adopted in this part. Firstly, the index key
words are transformed into quaternary integers instead of the string itself. Secondly, the
identifiers of the unique reads are recorded in decimal list. Thirdly, the mapping rela-
tions between unique reads and decimal list are constructed.

2) Sliding site match (Figure 1(b)). Based on the hash index, the short sequences are
aligned back to the reference genome. For the repetitive seed, HashRepAligner align all
of them as long as the keywords are matched according to the hash index.

3) Coverage depth estimation (Figure 1(c)). After aligning the short sequences
back to the reference genome, the sliding window function was used to smooth the
bias of data, and then coverage depth of each point in reference genome was com-
puted.

4) Boundary detection (Figure 1(d)). According to the estimated coverage depth, read
count are merged in a continuous interval. After merging process, the mean read
counts M, of the interval will be compared with mean sequencing depth S, . If the
M, > S, , this region will be considered as the repeats, while if M, < S, this region
will be considered as the non-repeats.
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Figure 1. The graphic illustration of four steps of HashRepAligner. (a) Hash index construction.
The first column is the corresponding identify of every reads. The second column is unique
reads. The third column is index words of every reads. The subsequent column is the corre-
sponding identity of every index words. (b) Sliding site match. The Violet line represents refer-
ence genome, the green, blue and red short line represent the reads. (c) Coverage depth estima-
tion. The coverage information was estimated by using sliding window function. (d) Boundary
detection. For example, if S, = 2, the mean coverage depth of repeat region should meet A, > 3,
while the mean coverage depth of non-repeats region should meet M, < 2.

3. Assessments
3.1. Metrics
In this part, we evaluated the performances of HashRepAligner in simulated Datasets

and compared with others in real NGS datasets. We use some widely recognized met-

rics including Family, Total size, Family-accuracy, Size-accuracy, Repeat-accuracy, Copy-
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accuracy, Location-error to evaluate the performance. Some of them are widely recog-
nized and used in reference [15]. Their definitions and effectiveness are as follows:

1) Family: Total size (7-size): the total size of detected repeats, which is used to
evaluate the completeness of length of detected repeats, and which is defined as follows.

L =2 (3.1)

N
i=1

where L; is the total length of all detected repeats, |,

is the iy, family of repeat, Nis
the number of family.
2) Family-accuracy (F-acc): the accuracy of detected repeats, which is used to evalu-

ate the accuracy of detected repeats and it is defined as follows:

F-acc = % (3.2)

a

where N, is the number of detected family, N, is the number of families.
3) Size-accuracy (S-acc): the length accuracy of the detected repeat, which is defined

as follows:

L,

S-acc=—
La

(3.3)

where L, is total length of the detected repeat, L

a

is total length of the actual repeat.
4) Repeat-accuracy (R-Acc): the global matching of the detected repetitive sequence
and the actual repetitive sequence, which is defined as follows:

R-Acc = Zt:nwalign(A ,B,)/nwalign(A, A) (3.4)

where R-Acc is the global matching value of the repetitive sequence, ¢ is total copy
number, nwalign is the global matching function of MATLAB software, A, is the actual
repetitive sequence, B is the detected repetitive sequence.

5) Copy Accuracy (C-Acc): the accuracy of the copy numbers of detected repeats,

which is defined as follows.

Tc
Z|Nri - Nei |/Nri
C-Ace =1 (3.5)

c

where T, is the total copies of repeats. N, is the real copy numbers of iy, family of

ri

repeat, N isthe estimated copy number of corresponding repeat.

6) Copy-accuracy (C-Acc): the accuracy of detected copy number, which is used to

evaluate the accuracy of detected copy number and defined as follows:

C-Acc=C,/C, (3.6)

where C,is the detected total copy number, C, is the actual total copy number.

7) Location-error (Z- Err): the location error of the repeat, which defined as follows:

L-Err = é“DSi —A|+|Dy - Aai|)/(|Dei —Dy|+|Ai —A) (3.7)
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where D,; is the starting location of i, detected repeat, D,; is the ending location of 7,
detected repeat, A is the starting location of 7, real repeat, A, is the ending location of
I, real repeat. p is the total number of all repeats. All the repeats are detected by using
repeat finding tool HashRepeatFinder [16]. In order to compute this metric, sequences
similarity are computed with real repeats using swa/ign function in MATLAB201b.

For evaluating the accuracy, the metrics, such as Repeat accuracy, Copy accuracy and
Location-error are computed by aligning the corresponding items back to the reference

genome.

3.2. Simulation Study

We validated the performances of HashRepAligner in three kinds of simulated datasets
containing interspersed repeats, tandem repeats and compound repeats, respectively.
And then the effect of read depth, read length and the threshold value to HashRe-
pAligner was evaluated, respectively. The detailed results were shown in Table 1.

Three sequences with length Z = 500 kb, 300 kb, and 500 kb contain different types of
repeats. Location of repeat and non-repeat is generated independently by HashRe-
pAligner with basic parameters: read length Z, = 50, read depth = 2, the threshold value =
160 and step-size = 10. Repeat length smaller than 200 is removed.

From Table 1, three kinds of simulated datasets containing interspersed repeats,
tandem repeats, and compound repeats were used to validate the performances of Hash-
RepAligner. The repetitive contents contained in these three sequences represented a
wide range of repeats with different copies and lengths. The Family-accuracy and Re-
peat-accuracy were almost up to 100% and 99%, respectively, which indicated that the
family were all absolutely correct, and the error tolerance and Location-error of the re-
petitive sequence were lower than 2% and 15%. All of these indicate that HashRe-
pAligner not only can find different kinds of repeats and non-repeats independently

but also can seek out the starting and ending location of the repetitive sequence.

3.3. Cross Comparison

In this part, we use the real NGS dataset. A bacterial genome Rhodobacter sphaeroides
(R.s) with genome size 4.6 Mb was downloaded from http://gage.cbcb.umd.edu/data/.

All reads were error-corrected.

The Rhodobacter genome has two chromosomes and five plasmids. Thus even the
bacteria had multiple chromosomes. Its repetitive structures were detected by HashRe-
peatFinder tool [16]. 23 families of repeats with total size 8.1 kb were detected. The
following results can be concluded from Table 2. Firstly, there is 24, 20 and 26 family of

Table 1. The performances of finding different kinds of repeats.

Seque.n‘ce Family ‘Total Family Size Repeat Copy Location
(Containing) Size (Kb)  Accuracy Accuracy Accuracy Accuracy  Error
Interspersed repeats 6 83.321 100% 100.38% 99.20% 95.55% 14.85%
Tandem repeats 3 90.095 100% 100.11% 99.86% 99.08% 0.97%
Compound repeats 6 86.148 100% 100.17% 99.59% 98.25% 4.37%
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Table 2. The performances of three tools in R.s.

. Total Family Size Repeat Copy Location
Tools Family .
Size (Kb)  Accuracy  Accuracy Accuracy  Accuracy Error
HashRepAligner 24 8.56 95.8% 93.21% 95.45% 92.1% 3.21%
Bowtie 20 7.32 86.9% 91.51% 86.31% NA 6.78%
Soap 26 12.89 86.7% 83.87% 87.64% NA 8.96%

repeats detected by HashRepAligner, Bowtie and Soap respectively. Their correspond-
ing accuracy is 95.8%, 86.9% and 86.7%. Therefore, in terms of completeness, Hash-
RepAligner outperformed others. Secondly, the total size of aligned repeats by three
tools are 8.56 kb, 7.32 kb and 12.89 kb, the corresponding accuracy of which is 93.21%,
91.51% and 83.87% respectively. Therefore, in terms of size accuracy, HashRepAligner
also outperformed others. Thirdly, HashRepAligner can estimate the copies of each
aligned repeats with accuracy of 92.1%, but Bowtie and Soap cannot be used to estimate
the copies of aligned items. Lastly, HashRepAligner has the minimum location error of

aligned repeats.

4. Conclusions and Discussions

Genome repeats of eukaryotes occupy a significant fraction of the eukaryotes genomes.
Most of them have played and are continuing to play critical roles in genome evolution.
In order to align these repeats more completely and accurately, we proposed a short
sequence aligning algorithm for repeats, named HashRepAligner, which is based on
Hash index and sliding site match. In order to evaluate the performance, simulation
study and cross comparison were conducted. The results indicated that 1) HashRe-
pAligner can align the repeats more completely; 2) HashRepAligner also can estimate
the copy numbers of each corresponding items; 3) HashRepAligner can find the start-
ing and end location of the repetitive sequence. In one word, HashRepAligner is a
complete and accurate ab repeat finding tool.

The alignment of repeats from sequencing data is difficult task for genome analysis
and is still challenging many aligners, due to the complex repetitive structures and big
datasets. Although a large number algorithms including Soap and Bowtie have been
proposed to facilitate this problem, but this work is still not finished due to the follow-
ing reasons. 1) Similarity: repeats can be classified as identical repeats and high similar
repeats. For identical repeats, it is a little bit easy to detect as long as the length of repeat
is determined. But for the similar repeats, it is difficult to unify the consensus sequences
and detect them due to the uncertainty of similarity. Different researchers define dif-
ferent repeats similarity according to the different research task. 2) Types: interspersed
repeats, tandem repeats and the compound repeats. The complexity of types of repeats
is also the challenge of finding repeats. Eukaryotes genomes always contain different
types of repeats. Notably, the compound repeats are almost everywhere. Different aligner
has different advantages and specific applications. For the whole genome alignment,

Soap or Bowite would be preferred. But for the repeat alignment, HashRepAligner
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should be preferred.
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