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graph correspond to the bases between the vertices. In this research, a graph reduction
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algorithm on the graph of 2-mers is designed in C++ programming where duplicate
vertices are combined and unnecessary edges are removed. The output of the

Keywords: algorithm presents a reduced graph which preserves essential information of the
DNA sequences; graph theory; graph corresponding DNA sequence. This algorithm provides an automated and scalable
reduction; algorithm framework for DNA sequence analysis by applying graph theory to bioinformatics.

1. Introduction

Deoxyribonucleic acid (DNA) is a macromolecule formed by smaller units called nucleotides which
consists of a sugar, a phosphate group and one of the four nitrogenous bases, namely, Adenine (A),
Cytosine (C), Guanine (G), and Thymine (T) [1]. The structure of DNA is a right-handed double helix
which is formed by chemically chaining together two long strands of nucleotides where the sugar and
phosphate on the outside are the backbone of the structure and the bases are located on the inside
of the structure [2]. In the chemical bond of DNA, the stability arises from the existence of the
hydrogen bonds of complementary base pairing where A is exclusively paired with T by two hydrogen
bonds; while Cis paired exclusively with G by three hydrogen bonds [3]. Here, a DNA sequence is the
specific order of the bases which gives genetic instructions for the development and function of a
living organism. Since the length of a DNA sequence can vary from a few bases to billions of bases,
short reads of DNA are frequently used in research [4]. These short reads are also known as the k-
mers of the sequence which enable sequence analysis through graph theory [5].

In graph theory, graphs which consist of vertices and edges can be used to model DNA sequences.
One example is the de Bruijn graph for DNA sequences where the k-mers of the DNA bases are the
vertices of the graph while the edges represent the overlaps between the k-mers [6]. Although de
Bruijn graphs are the most used graph in bioinformatics for genome assembly and gene editing, it
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fails to present the distance information between the k-mers of the DNA sequence [7]. To address
these limitations, a distance-based graph known as the graph of k-mers for DNA sequences is
introduced. This graph uses the consecutive k-mers in a DNA sequence as the vertices of the graph;
while the non-overlapping bases between the vertices serve as the edges of the graph.

As previously stated, there can be up to billions of bases in a DNA sequence. Therefore, the graph
formed by a DNA sequence is potentially large and complex. A graph reduction method, namely
graph coarsening, can be used to reduce the size of the graph [8]. The technique of graph coarsening
combines vertices by grouping them according to various properties instead of removing the vertices
as in other graph reduction techniques such as graph sparcification and graph condensation [9]. This
prevents the loss of genetic information during the graph coarsening for the graph of k-mers.
Furthermore, when storing DNA sequences as computer data, the reduced graph produced by the
coarsening is more compact as compared to directly storing large amounts of bases or large graph.

In this research, an algorithm is designed in C++ programming for the graph reduction of the
graph of 2-mers using graph coarsening. This algorithm aims to decrease both the time taken and
the error rate during manual calculation for graph reduction. In addition, this algorithm bridges the
gap of biology and mathematics by providing a platform where biologist can use the algorithm to
gain insights regarding structure of the DNA sequence.

2. Literature Review

Graph-based modelling of biological sequences, particularly DNA, has become an effective tool
in modern bioinformatics [10]. This approach transforms complex sequential data into mathematical
structures known as graphs, enabling analysis through established graph algorithms such as
Hamiltonian and Eulerian paths [11]. This literature review section discusses the key concepts used
in this research, focusing on k-mers, de Bruijn graphs, graph coarsening, and computational data
types and structures.

The fundamental unit for graph-based DNA sequence analysis are the k-mers, a substring of
length k € N extracted from a longer sequence [12]. The concept of k-mers has been used in
numerous applications, including genome assembly, sequence alignment, and metagenomic
classification [13]. Analyzing the frequency, distribution, and adjacency of these k-mers can also
provide insights on the composition, repeats, and sequencing errors in a DNA sequence. The value of
k is also important as smaller values increase sensitivity to repeats and errors, while larger values
offer more uniqueness but demand higher computational resources [14].

The most common graph model in genomics which uses the k-mers is the de Bruijn graph [15].
In this model, each unique k-mer is represented as a vertex, and a directed edge connects two
vertices if the suffix of length k — 1 of a vertex equals the prefix of another vertex [16]. This structure
represents sequence overlaps and is used in de novo genome assemblers [15]. However, a limitation
of the de Bruijn graph is its loss of positional and distance information between each k-mer [7].
Therefore, to address this limitation, the graph of k-mers is introduced in this research to preserve
distance information between k-mers in DNA sequences, making it suitable for studies of sequence
structure, repeat spacing, and mapping.

Meanwhile, graph coarsening is a method in graph reduction where vertices are grouped
according to their properties. This produces a coarsened graph of reduced size while preserving
important graph properties such as the spectral properties of a graph [17]. This method is especially
useful in machine learning in which graph coarsening is used for Graph Neural Network (GNN)
acceleration, where large graphs are coarsened to reduce training and inference time while
attempting to maintain model performance [18].
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Next, the literature review proceeds with a discussion on the data types and structures used in
C++ programming. Here, data types such as “int” and “string” are used to classify different types of
data, signalling the complier on how the data should be used and stored in memory [19]. Data
structures, however, is an organized collection of items for efficient access, modification, and
processing [20]. In this research, the two main data structures that are used are “queue” and “map”.
A queue is a linear data structure that follows the First In, First Out (FIFO) principle [21]. This means
the first element added to the queue is the first one to be removed. The data structure of map stores
elements as a collection of unique key-value pairs, where a unique key is used to access its associated
value [21].

3. Methodology

In this section, the methodology of this research is discussed, starting with the construction of
the graph of 2-mers. For this graph, the vertices are the consecutive 2-mers of a DNA sequence. For
example, given the DNA sequence of TGTGAGT, the vertices in the graph of 2-mersare v; =TG, v, =
GT,v3 =TG, v, = GA, v5 = AG, and vg = GT. A visual example for the graph of 2-mers for TGTGAGT
is shown in Figure 1. Note that the brackets indicate the DNA bases for the edge weight.

3 (TGA)

2(GA)
Fig. 1. Graph of 2-mers for TGTGAGT

Here, the number of vertices is always the length of the DNA sequence minus one. Next, the
edges of the graph of 2-mers are directed and are only formed between vertices with non-
overlapping DNA bases. For instance, v; and v, have an overlapping base of G, hence no edge can
be formed. However, v; and v; does not have overlapping bases, hence an edge can be formed. In
addition, the edge weight for the graph of 2-mers is obtained from the number of DNA bases
between the vertices. Hence, the edge connecting v, to v; will have an edge weight of zero as there
are no bases between these two vertices; while the edge connecting v; to vz has an edge weight of
two as the bases of T and G are between the vertices.

The graph reduction for the graph of 2-mers is then done by method of graph coarsening where
duplicate vertices are merged. In Figure 1 there are two instances of the vertices TG and GT,
therefore, these vertices are merged, leaving only four vertices in the reduced graph, namely v; =
TG, v, = GT, v3 = GA, and v, = AG. The graph after merging the vertices is shown in Figure 2.
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2(GA)

Fig. 2. Graph of 2-mers for TGTGAGT after vertex merge

In Figure 2 it can be observed that the graph has loops and multiple edges connecting the vertices.
Thus, only the edge with lowest edge weight is kept to form the reduced graph. Hence, the reduced
graph of 2-mers for TGTGAGT is shown in Figure 3.

0
0 TG AG
C@ A

1(T)

1(G)
/C<])

GA GT 2(GA)
0
Fig. 3. Reduced graph of 2-mers for TGTGAGT

From this process of reducing the graph of 2-mers, the flowchart of the algorithm is formed, as
presented in Figure 4.
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[ Takes the user input of a DNA sequence ]

A valid DNA sequence
has been input

Outputs error
message

Obtains the consecutive 2-mers

of the DNA sequence

Calculates the vertex set of the
reduced graph of 2-mers

!

Reduces the graph of 2-mers via
graph coarsening

Calculates the number of edges in
the reduced graph

Fig. 4. Flowchart of the algorithm

From Figure 4, a validation algorithm is first used to check whether a user has input a valid DNA
sequence. This is followed by the algorithm to obtain the consecutive 2-mers of the DNA sequence,
which corresponds to the vertices of the graph of 2-mers. Next, an algorithm for obtaining the vertex
set of the reduced graph of 2-mers is designed. This algorithm corresponds with the vertex merging
in reducing the graph. In addition, an algorithm for reducing the graph in order to keep the lowest
edge weight is also designed.

4. Results and Discussion

In this research, an algorithm is designed in order to obtain the reduced graph of 2-mers. For the
clarity of discussion, the algorithm is split into five. The first algorithm is for checking the validity of a
user input, shown in Algorithm 1.

Algorithm 1 Checking input validity

1)
2))
3)
4.)
5.)
6.)
7.)
8.)
9.
10.)
11.)
12.)

START
DECLARE the string of dna_seq
the integers of length and sum
OBTAIN dna_seq from user
SET length to the number of characters in dna_seq
SET sum =0
COUNT the number of “A” in dna_seq and add the number to sum
REPEAT step 6 with “C”, “G”, and “T”
IF sum = length THEN
OUTPUT “Valid input”
ELSE
OUTPUT “Invalid input”

Algorithm 1 (cont.)

13.)
14.)

END IF
END
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Algorithm 1 validates a user input of a DNA sequence by ensuring that it exclusively consists the
four DNA bases which are A (adenine), C (cytosine), G (guanine), and T (thymine). This algorithm
works by first calculating the total length of the input string and then computing a sum by counting
the occurrences of each of the four valid characters. If the sum of all A, C, G, and T equals the
total length of the string, then every character in the sequence is a valid nucleotide, and the program
outputs "Valid input". If the sum is less than the length, it means the string contains at least one
invalid character such as “B”, “5”, or “t”, and the program outputs "Invalid input".

The next algorithm continues with obtaining the 2-mers of the input DNA sequence which is
presented in Algorithm 2.

Algorithm 2 Obtaining the 2-mers of the input DNA sequence

1) START

2.) DECLARE the string of dna_seq and pair
3.) the integers length and i

4) the queue two_mers

5.) SET length to the number of characters in dna_seq

6.) FORi =1TO i =length

7.) SET pair to be the concatenation of the ith and i 4+ 1th character of dna_seq
8.) ENQUEUE pair into two_mers

9.) END FOR

10.) RETURN two_mers

11)) PRINT two_mers

12.) END

This algorithm works by iterating through the sequence one character at a time, starting from the
first position, and concatenating each character with the following character to form a pair. Each pair
isthen added into a queue named as “two_mers”. For example, the sequence "ACTG" would produce
the 2-mers of AC, CT, and TG. After processing the entire sequence, the algorithm returns the queue
containing all consecutive 2-mers of the DNA sequence so that it can be used in the subsequent
algorithms.

Following that, Algorithm 3 which is used to obtain the vertex set of the reduced graph of 2-mers
is presented.

Algorithm 3 Obtaining the vertex set of the reduced graph of 2-mers

1) START

2.) DECLARE the string of dna_seq

3.) the array of strings all_two_mers

4.) the queue two_mers and reduced_vertices

5.) SET all_two_mers to to have all possible 2-mers in a DNA sequence (i.e. [AA, AC, ...])
6.) FOR each 2-mer in all_two_mers

7.) COUNT the number of occurrences of the 2-mer in two_mers

8.) IF the number of occurrences is more than 0 THEN

9.) ENQUEUE the current 2-mer into reduced_vertices
Algorithm 3 (cont.)

10.) END IF

11.) ENDFOR

12.) RETURN reduced_vertices
13)) PRINT reduced_vertices
14.) END

This algorithm generates the vertex set for the reduced graph of 2-mers by creating an array
named all_two_mers which lists all 16 possible 2-mers for the four DNA bases, namely, AA, AC, AG,
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AT, CA, CC, CG, CT, GA, GC, GG, GT, TA, TC, TG, and TT. The algorithm then checks this list with the
queue two_mers from Algorithm 2. Here, only the 2-mers that appear at least once in two_mers are
added to another queue called reduced_vertices which represent the unique 2-mers that are in the
input DNA sequence.

The next algorithm which is shown in Algorithm 4 reduces the graph of 2-mers via graph
coarsening method.

Algorithm 4 Reducing the graph of 2-mers via graph coarsening method

1) START

2.) DECLARE the queue of two_mers and reduced_vertices

3.) the integers of distance and min

4.) the map of red_graph

5.) SET red_graph to have all possible pairings of 2-mers from reduced_vertices
6.) note that these pairings are denoted as (start, end)

7.) SET all the pairings of 2-mers in red_graph to infinity
8.) FOR each pair, (start, end)

9.) OBTAIN all positions of start and end from two_mers
10.) SET min= infinity

11.) FOR each position of start and end

12)) SET distance = start position — end position—2
13)) IF distance < min and distance > 0

14)) SET min = distance

15.) END IF

16.) END FOR

17.) MAP (start, end) to min in red_graph

18.) ENDFOR

19.) RETURN red_graph
20.) PRINT red_graph
21.) END

Algorithm 4 constructs the reduced graph of 2-mers or red_graph, where vertices are the 2-mers
obtained from reduced_vertices. This algorithm first creates all possible directed pairs of vertices,
which represents edges in the reduced graph, and initializes each pair of vertices to infinity. Then, for
each pair of vertices, the position of the 2-mers represented by the start and end vertices are found
in the two_mers queue. Next, for all positions obtained, the formula of “start position — end
position—2" is used to calculate the number of bases between the vertices where only the minimum
value is kept. This is as shown in line 12 and 13 of Algorithm 4. This minimum value is then mapped
to the corresponding vertex pairs in red_graph.

Furthermore, Algorithm 5 shows how the number of edges is obtained from the reduced graph
obtained in Algorithm 4.

Algorithm 5 Calculating the number of edges in the graph of 2-mers

1) START
2.) DECLARE the map of red_graph
3.) the integer of edge_num

4.) COUNT the number of pairs in red_graph that is not mapped to infinity
5.) SET edge_num to the number obtained

6.) RETURN edge_num

7.) END
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Since the graph was initialized with all possible edges set to infinity, only vertex pairs with a
minimum value calculated during the coarsening process have a finite value. Hence, Algorithm 5
counts the number of finite value edges and returns that total as edge_num.

Lastly, the algorithms have been developed into a C++ programming code. The visual output after
running the C++ program is shown in Figure 5 where a prompt to input a DNA sequence is given to
the user.

C:\Users\ASUS\Desktop\PhD
p

Input DNA string = |

Fig. 5. Prompt given after running the C++ program

If an invalid DNA sequence is input such as “CCAgTT1”, an error notification is output to the user
as shown in Figure 6.

Microsoft Visual Studio Debu; X + v

Input DNA string = CCGAgTT1
Input error, please input a valid DNA string

Fig. 6. Error given after an invalid DNA sequence of “CCAgTT1” is input

The algorithm only gives the reduced graph after a valid DNA sequence is input, which is shown
in Figure 7 where the previous DNA sequence of TGTGAGT is input.

Microsoft Visual Studio Debu; X + | v

Input DNA string = TGTGAGT

Input correct, continue...

The vertex set of the reduced graph = {AG GA GT TG }
Number of vertices in the reduced graph = 4

The reduced graph of 2-mers

[Base pair][AG ][GA J[GT 1[TG ]
[AG ] - - - -
[GA ] - =
[GT ] 1
[TG ] 0 1 1 0
Number of edges in the reduced graph = 8

Fig. 7. The reduced graph after a valid DNA sequence is input

Next, the output of the reduced graph is presented in table form due to the constraint of C++
programming which needs an external library to visualize the graphs. In the table, the row labels
indicate the start vertices; while the column labels indicate the end vertices. Furthermore, each
entry in the table specifies the weight of the directed edge from the start vertex to the end vertex. A
numerical entry indicates the edge weight, and a dash indicates that there are no edges. For example,
the value of “1” in row three and column one in the table shows that the edge directing from GT to
AG has an edge weight of one. It should also be stated that the graph obtained from the table in
Figure 7 is the same as the reduced graph of 2-mers obtained in Figure 3, where both graphs have
the same number of vertices and edges, which are four and eight respectively. The two graphs also
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have four edges with edge weight of zero, three edges with edge weight of one, and one edge with
edge weight of two.

5. Conclusion

In conclusion, this research designed a C++-based graph reduction algorithm for DNA sequences
using the graph of 2-mers model. By applying graph reduction techniques to merge duplicate vertices
and to retain edges with lowest edge weight, the algorithm transforms complex DNA sequences into
graphical representations that preserve distance information. This algorithm thus provides a
systematic and automated tool for DNA sequence analysis through computational graph theory.
Future works for this research include extending the algorithm to larger k-mers and parallelization
for more efficient analysis of large-scale genomic sequences.
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