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Abstract. As a great number of the genomic DNA sequences can now be generated in a day, the demand for a
very fast and accurate method for positioning genomic DNA sequences on a genome is high. A unique
marker is a sequence which appears only once in a genome. The unique marker method is an efficient method
to perform this task. The amount of time needed for positioning genomic DNA sequences grows rapidly when
we use longer unique markers. On the other hand, the success rate of short unique markers is not very high. In
this paper, we propose a multi-layer genome-wide unique marker positioning (MUGUP) technology for ob-
taining a high rate of accuracy as well as a high speed of computation. Our method combines the benefits of
both short and long unique markers. We also compared our method with two other famous methods: BLAST
and SSAHA. Our method was found much faster than these two methods.
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1 Introduction

DNA sequences can be obtained experimentally using expressed sequence tags (EST) and single nucleotide
polymorphisms (SNP). “Polymorphism” within the acronym SNP refers to the change of a nucleotide within the
DNA sequence, such as going from “Adenine (A)” to “Thymine (T)”. The information SNPs provides can be
used to predict a patient’s possible reaction to certain medicines by analyzing the link between the characteristics
of the medicine and the genes of the person [1]. Many new SNP sequences are found in laboratories each day.
The SNP positioning problem occurs in the step of locating the position of a SNP on the genome. Formally, the
SNP positioning problem is defined as follows:

If a genomic sequence G = (g1, g2,...,gn), a SNP sequence S = (S1, S2, ..., Sm), and the SNP position i on S
are given, find the corresponding address of i on G.

Several methods to solve problems regarding the position of a tag on a genome have been provided, the most
well known method being BLAST [2]. This method has been further improved by several researches [3] [4] [5].
In 2001, Ning et al.[6] proposed a hashing technology to solve this problem. Their method (SSAHA) runs much
faster than BLAST while RAM is large enough to load the entire hash table.

A unique marker is a sequence which appears on a genome only once. For example, a 14-mers unique marker
consists of 14 continuous bps appearing on the genome only once. Theoretically, one unique marker is sufficient
for positioning the sequence that includes the SNP. The idea of using unique markers to map SNPs was first
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suggested by Chen et al. Their unique marker (UM) method was the first that used personal computers to position
the entire sequence of the human genome in dbSNP {http://www.ncbi.nlm.nih.gov/SNP}.

dbSNP is an NCBI research project, and this database to serve as a central repository for both single base nu-
cleotide subsitutions and short deletion and insertion polymorphisms, and dbSNP distinguishes a report of how to
assay a SNP from the use of that SNP with individuals and populations [7]. Hence, we also use the data from
dbSNP to our experimental dataset.

Using unique markers to map SNPs on an entire genome, the amount of unique markers needs to be large
enough to cover the whole genome. Generally speaking, shorter unique markers are faster in positioning; how-
ever, their success rate in positioning is lower. Based on this theory, Chen et al. recommended to the use of
unique markers with a length of 15 bps as a landmark for positioning in order to obtain sufficient data in an ac-
ceptable time. But for increasing the success rate for positioning, longer unique markers must be used. Yet, the
time needed grows exponentially in that case. A comparison of the efficiency between unique markers with dif-
ferent lengths is shown in Table 1 and Fig. 1.

Table 1. Comparison of execution time and success rates for different lengths of unique markers
(adapted from Chen et al. 2002, p. 1107)

Length of unique Number of The ratio of exe- Success
markers unique markers on | cution time contrast rate
genome with 14-mers unique
(Build 28) markers
13 2,440,788 0.375 13.3%
14 30,234,168 1 57.5%
15 162,253,846 2.5 81.4%
16 646,229,602 17.5 88.3%
Time rate
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Fig. 1. Effect of lengths of unique makers on time rate

In this paper, we propose the MUIti-layer Genome wide Unique marker Positioning technology (MUGUP)
to position SNPs on a genome. Our method combines the benefits of both short and long unique markers. For the
human genome, we constructed a 14-mers, a 21-mers and a 28-mers unique marker table to form a 3-layer unique
marker table. By using this multi-layer unique marker table, we could successfully map all SNPs in dbSNP to the
genome. The time for SNP positioning by using the traditional one-layer unique marker table increases rapidly
when the length of a unique marker increases. Surprisingly, by using the multi-layer unique marker table, our
algorithm for solving SNP positioning problem was even faster than others that use only a 14-mers unique marker
table. Besides, our SNP assigning rate was 99.9%, thus much higher than that of the 14-mers unique marker table
(57.5%). Using four personal computers with Pentium III (1.0 GHz, 512M RAM), 9.0 million SNP sequences
(dbSNP build 121, http://www.ncbi.nlm.nih.gov/SNP) were mapped using this method with a success rate of
99.9% in 51.9 hours.
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Randomly selecting 10 SNP sequences from each chromosome, we mapped these 240 sequences using
MUGUP, SSAHA and BLAST with Celeron (2.2G Hz, 1G RAM). On average, it took 0.23, 1050 and 2640
seconds to map a single sequence by using MUGUP, SSAHA and BLAST respectively. Therefore, our method is
much faster than traditional methods.

2 Methods

2.1 Properties and distribution of unique markers

First, the length of unique markers used for mapping SNPs on the genome has to be decided. In the human ge-
nome build 34, there is no unique marker shorter than 10-mers. The amount of unique markers increases rapidly
when more than 14-mers are used, but this rate saturates when the length is increased to more than 23-mers as
shown in Table 2 and Fig. 2.

Table 2. Number of unique markers found on the human genome for different lengths of the markers

Mer Number Mer Number Mer Number
10 857 17 1,334,437,75 24 2,363,762,93
8 8
11 242,023 18 1,802,518,64 25 2,365,922,14
4 3
12 3,287,574 19 2,039,323,56 26 2,368,517,30
5 8
13 18,771,860 20 2,147,586,80 27 2,374,140,72
7 2
14 40,261,150 21 2,194,639,73 28 2,374,587,71
2 8
15 185,253,818 22 2,317,292,05
6
16 666,608,575 23 2,350,639,37
9
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Fig. 2. Amount of unique markers in correspondence to their length
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Fig. 3. Any 3-mers marker containing a 2-mers unique marker is also unique

Any sequence containing a unique marker is also a unique marker. For example, in Fig. 3, if the sequence
“AATCGAACACCGTACCGT” is given, “GA” is a 2-mers unique marker. Thus the 3-mers “CGA” and “GAA”
which contain “GA” are unique as well. Note that each 14-mers unique marker is contained in eight 21-mers
unique markers.

2.2 Elongation of unique matching markers

In order to speed up processing, our algorithm uses the idea of elongation. In order to elongate, the unique match-
ing marker have first to be defined as follows:
Let GTj, j] and S[k, 1] denote (gi, gi+1, ..., gj) and (sk, sk+1, ..., sl), respectively. Suppose G[i, i+m] is a m+1-
mers unique marker and is identical to S[k, k+m], then G[i, i+m] and S[k, k+m] form a unique matching marker.
In fact, sk-1 may also equal gi-1. Similarly, sk+m+1 may equal gk+m+1. In our algorithm, we find the maxi-
mal unique matching marker (MUM) by elongating both sides. The elongation process can save a lot of computa-
tion time.

2.3 Clustering of maximal unique matching markers

After finding all MUMs using our algorithm, these MUMs are sorted according to their position on the ge-
nome. MUMs may be located on different contigs.

Contig can be seems to the unit of chromosome when we assemble the genomic. The sequence length of se-
quencing result is usually about to 600 nucleotides and the length of a chromosome usually between millions to
the hundred millions nucleotides. Hence, we need assemble the EST sequence to the small part, and take these
parts to the full chromosome. These small parts of sequences called the contigs.

MUMs located on different contigs are considered as belonging to different clusters. In some cases, e.g. if
transposition or reversal between the genomes occurs, some positions are not in ascending order in that cluster.
After positioning MUMs by their positions on the genome, we employ a variation of the “Longest Increasing
Subsequence” algorithm (LIS) [8] to find the longest set of MUMs occurring in ascending order both on G and S.
For instance, if the order of positions is given by the sequence {1, 2, 10,4, 5, 8, 6, 7, 9, 3}, the result of LIS is {1,
2,4,5,6,7,9}.

2.4 Multi-Layer Unique Markers

Let U, denote the set of unique markers of G with the length k. The larger k, the higher the probability of S to
contain any element in Uy. Yet, the larger £, the higher the number of elements in U will become. The amount of
time to map S to G grows rapidly. In order to have the benefits of both shorter and longer UMs, we introduced
the concept of multi-layer unique markers. For the human genome, a 3-layers unique marker table can be con-
structed as follows: The three layers consist of U;,, U,; and U,s. Why choose the 14, 21, and 28 as the length is
because we use 7-mers to the smallest unit to record a unique marker. Use short length of unique marker to build
the table will have the less result, and use too long length of marker will increase the size of search table. In Fig.
2, we can found if the length of unique marker more than 28, the quantity of unique markers will not increase, but
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it will increase the search table size. And if choose length of unique marker less than 14-mers, the quantity of
unique markers will not decrease continuously. Hence, we choose the 14, 21 and 28 as our pattern length.

Elements in U,, are sorted in the first layer. Each entry of the first layer consists of three fields: the unique
markers, the position of the unique markers on G and a pointer pointing to the next layer. The second and third
layers are constructed in the same way. Note that it is possible to store the entire first layer data in the RAM of a
personal computer. In Fig. 4, a conceptual view of the first two layers is shown.

1st UM|Location 1 Index to
next layer e . e
o e o -
e e o e 2
o o o —_—
[
i-th UM| Location i Index to
next layer
U]4 UZ[

Fig. 4. Conceptual view of the first two layers of multi-layer unique markers

The reason why we did not just use longer unique markers to map SNPs was the huge amount of computa-
tion time needed. Besides, due to nucleotide polymorphism and sequencing errors, shorter unique markers some-
times can provide valuable information that longer unique markers can not. Normally, any 28-mers containing a
14-mers unique marker is also a unique marker. We may say that it is sufficient to search for U,s only. However,
suppose there are some sequencing errors on the 28-mers unique marker region but no sequencing error on the
14-mers UM region (see Fig. 5), then the 28-mers UM cannot be used for mapping S to G. Yet, the 14-mers UM
can be used to map S to G. Therefore, in this case, the 14-mers UM provides valuable positioning information
while the 28-mers UM does not.

sequencing errors or polymorphisms

/ N

1 1 -‘\‘l
L | u

--
/ N
Usg

Fig. 5. Possibility of U14 providing valuable information that U28 does not

Uy

2.5 Positioning a SNP sequence on a genome

Suppose we have built a multi-layer unique marker table as stated above, if a SNP sequence S, is given, then the
position S on the genome G is determined as follows: By scanning S, we find UMs on S and its corresponding
address on G (see Fig. 6). Thus, UMs can be used to map S. With our method, we search for all MUMs contain-
ing UMs in U,,, U,; or Uy. Starting from S[1,14], we first search on the first layer. If none is found, we try to
find S[1,21] in the second layer. If none is found, we try to find S[1,28] in the third layer. If a matched unique
marker is found, we elongate it to find a MUM.

By elongation, we can skip the unnecessary query of the unique marker table. The flow chart of finding
MUMs starting from S; is shown in Fig. 7. Scanning S, all MUMSs can be found. By applying the LIS algorithm,
we find the longest MUM cluster which assign SNP sequence at the same location. In this way, S can be posi-
tioned on G more efficiently.

7
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Fig. 6. Positioning a SNP sequence on a genome
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Fig. 7. The flow chart of finding MUMs starting from Si

3 Algorithms

In this section, we will describe our algorithms step by step. Our algorithms have two phases: the preprocessing
phase and the query phase. In the preprocessing phase, our algorithm constructs the 3-layer unique marker table
of the genomic sequence G. In the query phase, our algorithm positions a SNP sequence S on G by using the 3-

layer unique markers.

3.1 Algorithms of building the multi-layer unique marker table

Step 1: Convert every 7-mers of G into a two bytes integer

For each 7-mers of G, we convert its DNA sequence into the corresponding two bytes integer. Because 47 <
216, we can use two bytes to represent a 7-mers. Note that if any 7-mers contains any unknown base-pair, we use

-1 to represent this 7-mers.
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Step 2: Sort all 28-mers of G

By combining four consecutive non-overlapping 7-mers, we get the corresponding value of every 28-mers of
G. In order to avoid maintaining huge files and to speed up, we sort all 28-mers of G as follows. By hashing, we
partition all 28-mers into 1024 files. Data in the same file have the same first 5-mers. Therefore, only the last 23-
mers need to be stored in files. Then we perform sorting in each file.

Step 3: Create multi-layer unique marker table

By keeping records of the data which appear on G exactly once, we get U28 from all the sorted 28-mers of G.
By examining the first 21-mers of U28, we can construct U21. We can construct U14 in the same way. Then, we
construct a multi-layer unique marker table as follows. U14, U21, and U28 are kept in the first, second and third
layer, respectively. Each entry of the first layer consists of three fields: the unique marker, the position of the
unique marker on G and a pointer pointing to the next layer. The second and third layers are constructed in the
same way. Note that it is possible to store the entire first layer data in the RAM of a personal computer.

3.2 Algorithms of mapping SNP on a Genome

Step 1: Convert each 7-mers of S into a two bytes integer

Similar to the first step of building a multi-layer unique marker table, we convert every 7-mers of S into a two
bytes integer.

Step 2: Find MUMs

Starting from i = 1, we search for the MUM containing S[i, i + 13] as follows: First, we search for S[i, i + 13]
on the first layer of the multi-layer unique marker table. If found, we elongate both sides of S[i, i + 13] to find the
MUM. Otherwise, we use the searching result as index to search for S[i, i + 20] on the second layer of the multi-
layer unique marker table. If found, we elongate both sides of S[i, i + 20] to find the MUM. If we can’t find any,
we use the current searching result as index to search for S[i, i + 27] on the third layer of the multi-layer unique
marker table. If found, we elongate both sides of S[i, i + 27] to find MUM. Otherwise, if no element in U14, U21
or U28 is found at the current position, we increase i by 1.

If there is a MUM found at the current position, we increase i according to the result of the elongation. The
flow chart of finding all MUMs is shown in Fig. 7. Note that the value of S[i, i + 13] can be computed by com-
bining S[i, i + 6] and S[i + 7, i + 13] which are pre-computed in the first step. The value of S[i, i + 20] and S[i, i
+ 27] are computed in the same way. By this method, all MUMSs containing any element in U14, U21, and U28
can be found.

Step 3: Find the largest MUM cluster

Once we have found all MUMs in the previous step, we use the LIS algorithm to find the largest MUM cluster.
Then, we compute the total length of the largest MUM cluster and its corresponding address on G.

4 Result and Discussion

Using the traditional UM method (U,,), on average it takes 28.93 seconds to map 100 SNP sequences. In the UM
method, every 14-mers needs to be scanned in S. In our method, once one unique marker is found, we elongate its
both sides to get a MUM. On average, it takes 23.04 seconds to map 100 SNP sequences by using the U, table
with elongation. We also build a 2-layer (U,, and U,;) unique marker table. Since, it needs less searches on
the 2-layer unique marker table, it runs faster than using U;, only. On average, it takes 12.2 seconds to
map 100 SNP sequences by using the 2-layer unique markers table with elongation. On average, it takes only 8.3
seconds to map 100 SNP sequences, using the 3-layer (U;,, U,;, and U,s) unique marker table with elongation.
These results are shown in Fig. 8.

By using a personal computer, it took 207 hours to map the entire dbSNP (Corresponding dbSNP release:
Version 121, include 9,015,165 sequences) using the 3-layer unique marker table. The success rates for Uy, U,;,
and U,g were 57%, 96.8%, and 99.9%, respectively. The comparison of the rate of time used and success rates
for both methods is given in Fig. 9.

In dbSNP, there were 8,682,269 SNPs assigned by NCBI. Those SNPs were also 100% assigned by MUGUP.
There were 332,896 SNPs not assigned by NCBI. Our MUGUP method successfully assigned 325,405 these
SNPs and only 7,491 SNPs were not assigned by MUGUP. (See Table 3.)
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Fig. 8. Time used for positioning 100 SNP sequences with different methods
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Fig. 9. Comparison of our MUGUP method and the UM method

Table 3. Performance of the MUGUP Method

No. of SNPs in dbSNP 9,015,165 %
Assigned by NCBI 8,682,269 96.31%
Not assigned by NCBI 332,896 3.69%
Assigned by MUGUP 9,007,674 99.92%
Not assigned by MUGP 7491 0.08%
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Table 4. Positional Offsets between MUGUP and NCBI assignments

Offset(bp) SNPs %
0 801457 92.31
3 %
1 331472 3.82%
2 20684 0.24%
3 8184 0.09%
4 7825 0.09%
5 3069 0.04%
6 4131 0.05%
7 2246 0.03%
8 1599 0.02%
9 831 0.01%
=10 286632 3.30%

For those SNPs successfully assigned by MUGUP and NCBI, the agreement with the NCBI method was very
high. In the compassion with the assignments reported in NCBI, the positional offsets between MUGUP and
NCBI assignment is shown in Table 4.

In order to compare our method with BLAST and SSAHA, we randomly selected 10 SNP sequence from each
human chromosome. Since BLAST and SSAHA need larger RAM to execute, we used Celeron 2.2 GHz with 1G
RAM to perform mapping. On average, it took 0.23, 1050 and 2640 seconds to map a single SNP sequence by
using MUGUP, SSAHA and BLAST respectively. Therefore, our method is much faster than these two methods.

Our method combines the benefits of both short and long unique markers and shows high efficiency and accu-
racy. Yet, since there are some homologous regions in the genome, the UM based method fails when a SNP is
located at such a region. We have analyzed the distribution of unique markers on the human genome. For U,,, we
have computed the distance between every two consecutive unique markers. We also performed the same task for
U,s. The results are shown in Table 5. In the human genome, there are 397,505 (396,501+1,004) intervals larger
than 153 bases containing not one 28-mers UM (see Table 3). For the SNP sequences located at these regions, a
UM based method with 28-mers UM can not be used to locate them. Thus a new indexing technique is needed to
overcome this shortcoming of the UM based method.

Table 5. Distance distribution of two consecutive Ums

Distances 1 2~9 10~153 154~591 5,914~409,11 >409,11
3 3 3
No. of 2,342,490,01 23,446,61 7,946,50 396,501 1,004 0
28-mers 1 9 3
No. of 16,817,723 11,163,32 7,083,47 5,191,683 3,132 0
14-mers 7 8
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