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Abstract

A new concept of a counting array allows us to map the problem of
finding appearances of all possible patterns of size n (n-mers) in a
sequence or text of size m, for large m, onto a useful data structure.
The run time operation count estimation O(4"+m) makes it
computationally convenient to accomplish calculation of the
statistics of the presence of all possible 7-20-mers in more than 250
genomes, including human genome.

Introducing the problem

Statistical analysis of appearance of short subsequences in different
DNA sequences, from individual genes to full genomes, attracts
attention for various reasons. An incomplete list of its applications
includes PCR primer, microarray probe design, and genome
identification based on frequency distribution of short subsequences
(n-mers or motifs). Algorithmically, such type of analyses employ a
repeatable search for the short patterns in genomes, also known as
exact string matching problem.

Exact string matching is a well-developed area in computer science.
The traditional definition of this problem is the following: Given a
string P of size n called the pattern and the longer string T of size m
called the text, the exact matching problem is to find all occurrences,
if any, of pattern P in text T.

Algorithms applying precomputing to pattern or the sequence have
been developed in the area of computer science and applied in the
area of genomics. However, no studies have been performed for
n>11 due to the rapid increase of the computational difficulties which
appear because the total number of different n-mers grows
exponentially fast when n increases, 4". The operation count
estimation - O(47km) for existing algorithms which precompute
patterns and O(4"kn) for algorithms which precompute sequence
(here k is the number of texts that must be searched) is simply
unacceptable.

Introducing the solution

There are four specific points that characterize our problem versus
previous algorithmic studies:

(1) Relatively short pattern lengths: max(N)=25;

(2) Only 4 characters in the alphabet. All DNA sequences contain
only 4 nucleotides A (adenine), T (thymine), C (cytosine),
and G (guanine);

(3) For each value of n, the search has to be performed
simultaneously for all possible (4") n-mers.

(4) Regarding each n-mer (pattern), we are interested only in its
presence/absence in each genome (text), or in some rare
cases how many times it appears in genome.

To take advantage of the specifics of our problem, in particular the
fact that we can perform at once all calculation for all n-mers for
each given value of n, (which is relatively small), we decided to
employ an approach similar to the one used in the well-known
counting-sort algorithm. The basic idea is to set in correspondence
to each of 4" n-mers a particular element of counting array A and
define the procedure to convert the n-mer character sequence to the
index of an element in such an array.

Calculation of presence of all possible n-mers in a given text

NUMBER-OF-N-MERS-IN-TEXT-2(T, n, n,)
1 sum+«0
2 for prefix <0 to -1

3 do for i « 0 to 471
4 do A[] « 0

5 for j « 0 to length [T]-n

6 if (prefix=CONVERT_TO_INTEGER_VALUE(T, j+n,-1))

7 then index=CONVERT_TO_INTEGER_VALUE(T(j+n,, j#n-1))
8 if Alindex|=0

9 then sum « sum+1

10 Alindexi=1

11 return sum

In this algorithm, T(j,, j,) stands for substring of the string T, starting in position j, and ending
in position j,. The function CONVERT_TO_INTEGER_VALUE(s) is needed to convert string
s of length n, which in our case is created using only a 4 character alphabet, to a unique
integer value — corresponding to an index in the array A. Using a naive algorithm this
function can be implemented to have running time O(n) but we can utilize the fact that only 2
bits are needed for each character and that we read the text T sequentially, so that each
string T(j,, j,) already contains n-1 elements of the next one T(j,+1, j,+1). We can implement
the function CONVERT_TO_INTEGER_VALUE() using simple binary shift operations so it
will be executed in O(1) time.

The operation count of this algorithm is O(4"(4"" +m))= O(4" + 4™ m). In fact, in the case
mentioned above, if the available computer has more than 2.5 Gb RAM, which means it can
handle an array A necessary to keep track of 17-mers, it takes only about 4 times longer to
count all 18-mers and 64 times longer to count all 20-mers. In practice, using this algorithm,
the number of 20-mers in Mycobacterium tuberculosis H37Rv genome can be calculated in
less than a minute on a 1 GHz CPU. We also were able to perform such calculation for 20-
mers for the human genome (available from GenBank at http://www.ncbi.nih.gov/) for all
chromosomes in less than one hour.
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The presence/absence statistics for human genome of size 2,874,736,094 pairs of

nucleotides. Calculation was performed using both (original and complementary)

DNA sequences.

Calculation of frequency of presence of all possible n-mers

FREQUENCY-OF-N-MERS-IN-TEXT(T,n)
1 fori« 0to4n1

4 for j « 0 to length [T}-n

5 do index=CONVERT_TO_INTEGER_VALUE(T{(j, j+n-1))
6 if Alindex]=0

7 then sum <« sum+1

8 Alindex]=1

9 Use value of sum to reserve memory for arrays R and Q of size sum
10 counter -0
11 forj« 0to 41

12 doif Afj=1
13 than Rcounter]=i

14 counter « counter +1

15 for i « 0 to sum

16 do Q[ « 0

17 for j < O to length [T]-n

18 do index=CONVERT_TO_INTEGER_VALUE(T{(j, j+n-1))
19 QIRlindex]j= Q[Rlindex]]+1

20 return QR

Here we use the fact that for 4”>>m the majority of n-mers are absent from text, thus most of
the counting array A will be filled with zeros (sparse). In fact, the number of different n-mers
cannot be larger than m-n. We also cannot expect number of n-mers which appear more
than once larger than (m-n)/2. Thus, to conveniently keep information about all present n-
mers we need two arrays: one (Q) to keep the “sequence” of n-mers and another (R) to keep
the integer number of times of appearance.

The estimation of the memory usage is straightforward. For the array Ritis r, ., (m-n)/2 =
rlmege,m/Z, where Tinteger is the size reserved for the integer variable. For the array Q it is
r,(m-n)2 = r,m/2, where r, is the size reserved for the n-mer. In practice, memory usage is
a lot less than worst case described above.

The Algorithm produces two synchronized arrays Q and R of dynamically defined size sum.
The run time estimation of Algorithm 4 is O(4" +m+4" +4" +m))= O(4"+m). Because the
array Q of present n-mers appears to be sorted, this allows a logarithmic time for search
O(log(sum)), so that the worst case would be O(log(m)).

Estimation of memory usage

Memory usage estimation
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Worst case memory usage for array R with size of R from Human genome in
logarithmic scale. Note that due to extreme size of human genome the two
estimators begin to differ only after 15-mers. In smaller genomes (microbials)

these curves separate

around n =11.

Conclusion

The group of algorithms for the problem of finding appearances of all possible
patterns of size nin a text or sequence of size m was presented. The operation
count estimation O(47+m) makes it possible to accomplish the calculation of the
statistics of the presence of all possible 7-20-mers ranging in size from viral to
human genome. By using the concept of a counting array and parallel
processing we can go to much higher lengths.
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