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Abstract

DNA sequencing with nanopores (nanopore sequencing) is a method for determining the order in
which nucleotides occur on a strand of DNA. One particular way to analyze this method is by using
concepts from graph theory. In this paper, we propose a new method for reading a DNA sequence
with nanopores.

1. Introduction

Since Watson and Crick [1] proposed the helical structure of DNA, many problems about
this structure are posed. An important problem is how to read and recognize primary structure
of a DNA sequence. One particular way to analyze DNA sequences and their properties is by
using the concept of graph theory. Up to now, many papers published about applications of
graph theory in analyzing DNA sequences, for example see [2-14]. There are various
methods for DNA sequencing which use concepts of graph theory such as hybridization
(SBH) and DNA fragment assembly. In 1999, Ludry and Waterman presented an algorithm
for DNA sequencing by hybridization (SBH) by using concepts of graph theory [15]. Pevzner
presented graph theoretical approaches to DNA sequencing and fragment assembly [16, 17].
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Another way to DNA sequencing is using nanopores. Nanopore sequencing is a method
under development since 1995 [18, 19] for determining the order in which nucleotides occur
on a strand of DNA. Nanopore devices are used in DNA sequencing with the hopes of

enabling large and complete strands of DNA to be read completely.

These nanopores are a few atoms in diameter, and single stranded DNA passes through them
by optical or electrical means. Through this passage, each individual base of the strand is
identified, producing a seemingly endless chain of A, T, G and C. Based on the work of
Watson and Crick [20], we know that DNA is a double-stranded structure and with each
single strand of DNA there exists a complement, as A matches with T, and C is

complementary with G.

There are some key issues in DNA sequencing with nanopores. The first issue lies on the fact
that an entire single strand rarely makes it through the nanopore in one piece. Rather,
substrings of lengths around 100,000 bases in length are produced. Further, the problem of
the coinciding Watson-Crick complement causes confusion regarding whether or not the
original strand of its coinciding complements is being passed through the nanopore.
Similarly, there is another issue involving the specified orientation of single strand as it
passes through. Upon passage and decomposition into substrings, the direction (3'-5" or 5'-3")
of the DNA is lost [21]. Bokhari and Saure [22] identify and address the problems that occur
in this form of sequencing. They use de bruijn graphs representing DNA data upon
determining an algorithm which aids the process of DNA sequencing with nanopores, their de
bruijn graph G must be constructed with k-long oligonucleotides (k-mers) of complete DNA
sequence which & should be selected so that G contain four paths such that the union of all
paths is equivalent to G. Further, no two paths have any equivalence in their intersections.
Testing these paths with a permutation further determines whether or not that are, in fact
complements and reversals of each other. If this holds true, then the strand being examined

comes from an authentic sequence of DNA data [21].

Some authors have tried to solve important computational biology problems with relations

between DNA sequences and particular graphs. For example see [23, 24].

In 1999, Blazewicz provided definition of DNA graph and some of its properties [25]. After
that some authors work by this graph and discuss about its properties and its applications [26-
32].
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In this paper we give a new method to DNA sequencing with nanopores using concept of
DNA graph which is independent on the long of oligonucleotides (k). We will show that this
method is simpler of above method proposed by Bokhari and Saure [22].

2. The relation between DNA graph and line digraph

First, we give definition of DNA graph and then discuss about its properties and its role to

DNA sequencing with nanopores.

Definition 2.1. [33]. Let k£ > 2 be an integer. We say that a directed graph D with a set of
vertices V(D) and a set of ordered pairs of points (directed edges) E(D), is DNA graph if it is
possible to assign a label (1;(x),...,Ix(x)) of length k to each vertex x of V(D) such that:

(a) li(x) € {A,C,T,G}, for every i € {1,...,k};
(b) All labels are different, that is, (1;(x),...,1(x)) # (L(),....1k()) if x#y;
(c) (x,y) € E(D) if and only if (Io(x),...1xx)) = (LL(y),...1k1(1))-

For any multiset which consists of some k-long oligonucleotides, a DNA graph is often

constructed as follows:

Each &-long oligonucleotide from the multiset becomes a vertex; two vertices are connected
by an arc vertex if the &-1 rightmost nucleotides of first vertex overlap with the -1 leftmost

nucleotides of the second one.

For example let S = {ACTG, CTGT, TGTA, GTAC, TACT, ACTT, CTTG} be a multiset of
all 4-long oligonucleotides of a DNA sequence, the DNA graph of “S” is made as follows:

CTTG ACTG CTGT
n
TGTA
ACTT TACT GTAC

Figure 1. DNA graph of “S”
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The above approach, however, leads to an exponential-time algorithm since looking for a

Hamiltonian path is in general strongly NP-complete [22].

To obtain the relationship between DNA graphs and line digraphs (directed line graphs), we

need some definitions and theorem:

Definition 2.2. [34]. A graph G is a p-graph if for any ordered pair x, y of vertices for G,

there are at most p parallel arcs from x to y.

Definition 2.3. [27]. The adjoint G' = (V,U) of a graph G = (X,V) is the 1-graph with vertex
set V and such that there is an arc from a vertex x to a vertex y in G’ if and only if the

terminal endpoint of the arc x in G is the initial endpoint of arc y in G.

Definition 2.4. [27]. A graph is a directed line-graph (line digraph) if and only if it is the
adjoint of a 1-graph.

Theorem 2.5. [27]. Let H be the adjoint of graph G. then there is an Eulerian path/circuit in

G if and only if there is a Hamiltonian path/circuit in H.
Since line digraphs are especial cases of adjoints, we get the following corollary:

Corollary 2.6. [27]. Let H be the line digraph of 1-graph G. then there is an Eulerian

path/circuit in G if and only if there is a Hamiltonian path/circuit in /.

Now we construct a new DNA graph by another approach which presented by Pevzner [35]

as follows:

Each k-long oligonucleotide from the multiset becomes an arc which its initial end point is k-

1 rightmost nucleotides of arc and its terminal end point is 4-1 leftmost nucleotides.

For example, the new DNA graph of the graph in Figure 1 according to above approach is

made as follows:

CTT ACT cTG
CTGT

CTTG TGT

TGTA

TIG TAC GTA

Figure 2. The new DNA graph of Figure 1
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Easily seen that, line digraph of this new DNA graph is the DNA graph which is made by the
previous approach which is shown in Figurel. Then using corollary 2.6, we find that there is
an Eulerian path in this new DNA graph, and it is known that finding an Eulerian path can be

done in polynomial time.

3. A new method for DNA sequencing

In this section, by creating and analyzing DNA graph with the approach which discuss in the
previous section, we will propose a new method to read a DNA sequence with nanopores.
This method is simpler than the method proposed by Bokhari and Sauer in [22], since this is

independent on the long of oligonucleotides (k).
There are two certain key issues in DNA sequencing with nanopores as follows:

1. Each DNA helix would be split up into the original and its Watson-Crick complement.
Since these would be further broken up into smaller pieces, there is no way for the

nanosequencer's signals to reveal which of these two is passing through at any time.

2. There is no control on the orientation in which the strings pass through the nanopore. DNA
has well defined orientations (the 3'-5" direction and vice versa). Since the single strand DNA

is broken into subsequences, all information on orientation is lost.

We will try to solve these problems by our method. Since in DNA sequencing with
nanopores, we use the complete DNA sequence, there are four different strings to be
recognized. These are the original 3'-5' string, the reversed 5'-3’ string and the two Watson-
Crick complements of these. Our approach is to identify all four of these. Now we give our

new method:

Let M be a multiset of all k-long oligonucleotides of a complete DNA sequence, we construct

a graph G with these oligonucleotides as follows:

Each oligonucleotide becomes an arc which its initial end point is k-1 rightmost nucleotides
of arc and its terminal end point is k-1 leftmost nucleotides. This graph (G) may be connected
or disconnected, but this graph includes four connected DNA graphs :Gy, G», G3, G4, which
G, is DNA graph of all - long oligonucleotides from the original 3'-5' string, G, is DNA
graph of all £~ long oligonucleotides from the reversed 5’-3' string, G5 is DNA graph of all k-
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long oligonucleotides from the Watson-Crick complements of the original 3'-5" string and G4
is DNA graph of all k- long oligonucleotides from the Watson-Crick complements of the
reversed 5'-3' string. According to the corollary 2.6, each G;, i = 1,...,4 includes an Eulerian
path. These paths determine structure of primary DNA sequence. Our goal is finding these
paths.

Suppose that 4 is a set of all subgraphs of G which include an Eulerian path. Now we define

the set B as follows:
B={{G1,G2 G3,G4} |Gi€EA & GIUGUG3UGs =G &E(G)NE(G)=8,V,1j,i#]}

Let R(p) represent the reversal of a sequence p and C(p) represent the Watson-Crick
complement of p. We define a property for the members of the set B.

T-property: Let pi, p2, p3, pa be four paths ,we say these paths satisfy t-property if ones can
find a permutation t(p;) for every i=1,...,4, such that ©(p;) = R(t (p2)) = C(t (p3)) =
R(C(x(pa))).

Assume that {G}, G», G3, G4} € B and p; is an Eulerian path of G;, for i = 1,2,3,4. If this set of

subgraphs of G satisfies the t-property, we can get result that p; is single string of DNA

sequence. Therefor by this method, we can read a DNA sequence.
Now we give an example for our method.

Example: Let M = { CTG, TCT, CTG, TGA, GAC, ACT, GAG, AGA, GAC, ACT, CTG,
TGA, TCA, CAG, AGT, GTC, TCT, CTC, GTC, TCA, CAG, AGA, GAG} be a multiset of
all 3-long oligonucleotides of a complete DNA sequence, we construct a graph G with these

oligonucleotides as follows:

Figure 3. DNA graph of M
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Then we obtain four subgarphs of G according to section 3 as follows:

Figure 4. Subgraph G, of graph G

Figure 7. Subgraph G, of graph G

We see that Gj , i = 1,...,4 include an Eulerian path so that G; UG, UG3 UGy = G and
E(G) NE(G) =2 V, ij iz j. As you see in figures 4,5,6,7, for each subgraph G;, we have

an Eulerian path p; , i = 1,...,4, as follows:
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p1=CTGACTCT
p>=TCTCAGTC

p3 = GAGACTGA

pa=AGTCAGAG

Take t(p1)= CTCTGACT, t(p;) = TCAGTCTC, 1(p3)= GAGACTGA, 1(ps)= AGTCAGAG

Then we have t©(p;) = R(t (p2)) = C(t (p3)) = R(C(x(p4))). Therefore p, is original single strand
of DNA sequence.

Finally for illustrating the utility of this method, we use this method for sequencing of a
complete segment of the first exon of B-globin human gene [12]. First we take £ = 4 and use
our new method to sequencing this gene and then we take k£ = 8 and then we will compare

results.

Let M'= { ATGG, TGGT, GGTG, GTGC, TGCA, GCAC, CACC, ACCT, TACC, ACCA,
CCAC, CACG, ACGT, CGTG, GTGG, TGGA, GGTA, TGGT, GTGG, CGTG, ACGT,
CACG, CCAC, TCCA, CCAT, ACCA, CACC, GCAC, TGCA, GTGC, GGTG, AGGT} be a
multiset of all 4-long oligonucleotides of a complete segment of the first exon of p-globin

human gene, we construct a graph G’ with these oligonucleotides as follows:

D = G L)
~

Figure 8. DNA graph of M’
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Then we obtain four subgarphs of G' according to section 3 as follows:

>@>@

CO—CO——(D

Figure 9. Subgraph G'; of graph G’
oot )
GTA ) GGT ) TGG
‘\\—/\

CDe—C
CAC )e CCA e
N

Figure 10. Subgraph G", of graph G’

(D

Figure 11. Subgraph G’ of graph G’
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Figure 12. Subgraph G'; of graph G’

As you see in figures 9, 10, 11 and 12, {G"|, G", G5, G'4s}€ B and for each subgraph G'; we

have an Eulerian path p';, i=1,....,4, as follows:

p'1=ATGGTGCACCT

p»=TCCACGTGGTA

p's=TACCACGTGGA

p's= AGGTGCACCAT

Take 1 = identity permutation, we have t(p';)= ATGGTGCACCT, t(p">)= TCCACGTGGTA

, 1(p"3)= TACCACGTGGA, t(p'y)= AGGTGCACCAT

Then we have 1(p"1) = R(t (p")) = C(t (p5)) = R(C(x(p's))). Therefore p'; = ATGGTGCACCT

is original single strand of DNA sequence.

Now let M" = { ATGGTGCA, TGGTGCAC, GGTGCACC, GTGCACCT, ACGTGGTA,
CACGTGGT, CCACGTGG, TCCACGTG, TACCACGT, ACCACGTG, CCACGTGG,
CACGTGGA, TGCACCAT, GTGCACCA, GGTGCACC, AGGTGCAC} be a multiset of
all 8-long oligonucleotides of a complete segment of the first exon of B-globin human gene,

we construct a graph G"' with these oligonucleotides as follows:
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Figure 13. DNA graph of M"

Then we obtain four subgarphs of G” according to section 3 as follows:

—»—»—»

Figure 14. Subgraph G"; of graph G”

Creencor > ———cencots

Figure 15. Subgraph G"; of graph G”
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B

Figure 16. Subgraph G"; of graph G”

D

A

Figure 17. Subgraph G", of graph G”

As you see in figures 14-17, {G", G"», G"5, G"4}E B and for each subgraph G";, we have an

Eulerian path p";, i = 1,...,4, as follows:
p'1=ATGGTGCACCT
p'»=TCCACGTGGTA
p's=TACCACGTGGA
p"s= AGGTGCACCAT

Same as above take T = identity permutation, we have t(p"))= ATGGTGCACCT, 1(p">) =
TCCACGTGGTA, t(p"3)= TACCACGTGGA, t(p"s)= AGGTGCACCAT

Then we have ©(p"y) = R(t (p")) = C(t (p'3) = R(C(x(p"s))). Therefore p"; =
ATGGTGCACCT is original single strand of DNA sequence. Comparing the above two
cases, can be easily found that the results are similar, in other words p'; = p"\, ph =p"s, ph =

pn3 and pl4 :pu4.

As seen in the example above, this method gives the same result for each k.
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4. Conclusion

We give a new method to read a DNA sequence using concepts of graph theory, which work
in DNA sequencing with nanopores. Compared with the method proposed by Bokhari [22]
our method is simpler. In their method, first we are supposed to find a suitable £ and then
construct a de bruijn graph with k-oligonucleotides of a DNA sequence, but our method is
independent of the length of oligonucleotides (k), in other words, this method does not
require a specific amount for k. on the other hand steps of the algorithm according to this
method will be less than the previous methods. These advantages make our method simpler

and more useful.
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