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Abstract

Genomic sequences contain instructions for protein and cell production. There-
fore understanding and identification of biologically and functionally meaningful
patterns in DNA sequences is of paramount importance. Modeling of DNA se-
quences in its turn can help to better understand and identify such patterns and
dependencies between them. It is well-known that genomic data contains vari-
ous regions with distinct functionality and thus also statistical properties. In this
work we focus on modeling of such individual regions of distinct functionalities.
We apply the concept of context trees to model these DNA regions. Based on
the Minimum Description Length principle, we use the estimated compression
rate of a genomic region, given such models, as a similarity measure. We show
that the constructed model can be used to distinguish specific genes within DNA
sequences.

1 Introduction

The human genome contains information about human evolution and physiological
properties. The genetic research community put a lot of effort in projects like the
human genome project, the 1000 genomes project and the HapMap project, in or-
der to collect, analyze and understand the human genome. These efforts resulted in
the human reference genome sequence (that is a general representation of the human
genome) and many new insights regarding population evolution, functional properties
of the genome, as well as genetically inherited diseases and disease predispositions, and
their treatment.

It is known that certain regions of the genome encode for proteins. In these regions,
triplets of nucleotides (codons) encode for the amino-acids that together construct a
protein of specific shape. Research on automatic detection of protein-coding regions in
the genome, includes spectral analysis techniques [1],[2],[3] and Markov models [4],[5].
However, besides the protein coding regions, there are also regions in the genome with
other functionalities, such as e.g. regulatory elements (control transcription of a nearby
gene). To the best of our knowledge, there exists no general model that can be used
to automatically identify and distinguish between various regions of different function-
alities within genomic sequences.

It is our goal to construct a generic statistical model for genetic sequences. Since vari-
ous regions in the genome have different functionality, their statistical properties also
differ within the genome. Therefore, as a first step in constructing a generic model,
we focus on determining individual models corresponding to the different functional
regions in the genome. In [6] it was shown that context trees can be used to model and
distinguish between the human chromosomes. We propose to use a similar approach,
and construct models that can help discriminate between smaller regions of different
functionality. We propose to use context trees [7] to model genetic sequences. We show
that the context tree model can be used to distinguish regions of similar statistics
within a sequence.
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This paper is organized as follows. In the next section we first explain the proposed
methods for constructing and evaluating the model. In Section 3 we present our ex-
perimental results for modeling of different types of sequences. Finally, we discuss our
findings and future work in Section 4.

2 Methodology

In this work we propose to use a two-pass method, to construct the model that we can
use for DNA modeling. With the two-pass method, we first construct the maximum
a posteriori model corresponding to a given sequence, and then apply the constructed
model to estimate the compression rate of a sequence given the model. We use the
resulting compression rate as criteria to make a decision whether the sequence was
generated by the given model, and thus is functionally similar to the sequence(s) used
to estimate this model. In the following, we first summarize the properties of the DNA
data. Next, in Sections 2.2 and 2.3 we introduce the context tree model and describe
the two-pass method that we use to construct the maximum a posteriori tree model
of a sequence. Finally, we describe the application of this two-pass method to DNA
modeling.

2.1 DNA Sequences

Human genetic information is encoded in deoxyribonucleic acid (DNA) sequences. The
DNA sequence is composed of four different symbols that correspond to the DNA
building blocks, called nucleobases, i.e. Adenine (A), Cytosine (C), Guanine (G) and
Thymine (T). DNA sequences vary across populations and generations. These vari-
ants occur due to mutations and generally occur once per thousand nucleotides in the
sequence. Typical genetic variations include substitution of one nucleotide for another
and insertion or deletion of a short subsequence of nucleotides.

2.2 Context Tree Model for DNA sequences

A DNA sequence is a string of concatenated quaternary symbols, where each symbol
can take on a value from a quaternary alphabet (A,C,G,T) € A, corresponding to
the four different nucleobases. Let a DNA sequence xgxixs...2xn_1 of length N be
denoted by 2. We assume that the DNA sequence is generated by a tree source. For
a tree source the probability Pr{X; = a} of a symbol X; in the sequence to take on a
value a € A, is determined by its context, where the context is defined by at most D
preceding symbols in the sequence. Such a tree source can be described by a context
tree. A context tree is a set of nodes labeled with contexts s with 0 < len(s) < D, and
a set of leafs that correspond to the contexts of maximum depth, len(s) = D, with
len(s) the length of the context s. An example context tree is shown in Figure 1. Given

such a context tree, we can determine the probability Pr{X; = a|z!~}}, by starting at

the root A of the tree and moving along the nodes x; 1, x;_o, ... until a leaf of the tree
is reached. In this leaf, s, we find the corresponding parameter Q4 = {9;‘, 0%, 0%, GST},

that are the conditional probabilities of a symbol to take a certain value from the
alphabet A, given its context s. Therefore, using the context tree with parameters,
we can find the conditional probability of our symbol as Pr{X; = a|z!"},} = 62. The
suffix set, that represents the leafs of the tree, S is called the model of the source and
the corresponding parameters are stored in its leafs and denoted by ©. Furthermore,
we define the mapping from the context of depth D, to a suffix s in the model S as
S t—1y _
w>(z,_p) =s €S.
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Figure 1: Context Tree S and model parameters ©.

Now, given the example tree model with parameters, in Figure 1, the probability of a
subsequence ACGTC,inz¥ = (...CAAACGTCGG ...), can be estimated as follows:

Pr{ACGTC|S,®} = 04,05 ,05.0565,. (1)

In general we do not know the actual source model that corresponds to the DNA se-
quence. In [7] the context tree weighting algorithm (CTW) is proposed to estimate
the unknown sequence distribution. In CTW they estimate a good coding distribution
that can be used to compress data in the sequential way. Instead, we want to find
the model that best describes the sequence and evaluate its performance. This can be
achieved by the CTW two-pass method [8], which uses the techniques to determine the
maximum a posteriori (MAP) model after observing the complete sequence. In [8] this
MAP model is first estimated and then used for compression of the sequence.

Here we propose to use this two-pass method to first estimate an optimized statisti-
cal model corresponding to a given training sequence. Then we evaluate the model
performance, based on the compression rate of a sequence, given this model.

2.3 Maximum a posteriori (M AP) model selection

In this section we summarize the algorithm that is used for the MAP model selection.
Our implementation is based on the two-pass method as proposed by Willems et al.
in [8]. First, we construct a context tree where we assume a maximum depth D.
Then, we process the training sequence sequentially, and estimate the probabilities
of the subsequences that correspond to each of the contexts s in the tree. Finally,
we evaluate the estimated sequence probabilities at different nodes in the tree to find
the MAP model, selecting the nodes as either leafs or nodes based on the estimated
probabilities.

First of all, for each context that corresponds to a node in the tree, we count the
symbols that occur with this context in the training sequence. We store the counts c?
that correspond to symbol a € A, occurring with context s € S in the corresponding
node. We use the KT-estimator from [9] to estimate the probability of the subsequence
P? with context s, given the counts in the corresponding node, as follows:

ot —1/2
(et cf.ch) = Rt B8, ®
[hiZo (k +[A[/2)
with Ty = > ,cac?, the length of the subsequence with context s. Similarly, the

probability of a single symbol X; to have value a € A can be estimated, given its
context s and the counts in the corresponding node of the tree, as follows:

cg+1/2
Pr{X; = alef', ¢{, ¢, cl} = Ts+|-/4/|/2 (3)
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In the next step, we use the method proposed in [8] to find the maximum a posteriori
tree model. That is, we estimate for each node the maximum a posteriori probability
of the corresponding subsequence,

s max (a - P2 (1 —a) - Tl,eq P%) if depth(s) < D,
P = ¢ mn : (4)
mn P’ otherwise.
where a = ‘“?lT_Il, is a penalty for the model complexity. Note that the penalty is

increasing with the depth of the tree, see also [9]. We find the nodes corresponding
to the MAP model, by tracking the above maximization procedure, starting from the
root. If in a node s in the context tree a - P¥ > (1 — «) - [[,eq P2, this node is
a leaf in the MAP model and the corresponding context s is added to the model S.
Otherwise this node is an internal node in the MAP model and we continue to evaluate
the children that are deeper in the tree: {As,Cs,Gs,T's}. In this way we find all the
leafs corresponding to the MAP model S. Finally, we can compute the parameters @
of our model using equation 3.

2.4 DNA sequence model evaluation

As explained in Section 2.2, the CTW two-pass algorithm for MAP model approxima-
tion, was originally developed for compression of the corresponding sequence. However,
we would like to apply this model to evaluate or to detect sequences of similar func-
tionality. The Minimal Description Length principle [10], states that the model that
describes the data in the shortest possible way is the model that produced the data.
Therefore, we use the estimated compression rate of a sequence, given the model, as
a measure of the correctness of the model. We can estimate the compression rate,
by using the constructed model S and corresponding probabilities ®, to estimate the
probability of the sequence given the model. We have shown in Section 2.2 how to
estimate the probability of a sequence (or a single symbol) given the model.

We estimate the compression rate of the sequence z! as follows:

t
R(zt) = = Y- 1oga(0% i )/t (5)
i=1 -

with ws(x;jj) € S the context of X; (a symbol in the sequence) that corresponds with
a leaf in the model S, and GZJS (1) the corresponding probability of the symbol X

having its corresponding value a;. Furthermore, we can also estimate the contribution
of a symbol X, to the compression rate, as

R(X;) = —logy(Pr{X: =alzi1...24-p}) = — logQ(Qgs(xtlD)), (6)

with wS(2!"})) € S is the mapping of the context of X; to a leaf in the model S, and
0%s (@) the corresponding probability of the symbol X; = a. Finally, we note that
t—D

the compression rate is measured in bits per base-pair, which means that for our data,
a compression rate smaller than 2, i.e. log,(4), corresponds to actual compression of
the sequence.
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(a) MAP model of coding sequences. (b) MAP model of non-coding sequences.

Figure 2: Achievable compression rates for coding and non-coding sequences, using
MAP context tree model. Two models were trained, one on coding (2a) and one on
non-coding (2a) DNA compound sequences. For both models the performance is shown,
when applied to the sequence used for training, when applied to a sequence of similar
functionality, and when applied to a sequence of the opposite functionality

3 Experimental results

We evaluate the performance of the maximum a posteriori tree model in two exper-
iments. In each experiment we first use the techniques explained in Section 2.3 to
construct the MAP model corresponding to the training sequence. Then we test the
performance of the model, by estimating the resulting compression rate for various
sequences.

3.1 Coding and non-coding sequences

In the first experiment we construct two MAP tree models for (protein) coding and non-
coding sequences respectively. We use a set of sequences from the Human Reference
Genome (build: GRCh38.p2) annotated as mRNA (coding) and ncRNA (non-coding)
in the NCBI Homo sapiens Annotation Release 107 [11].

First, we construct one coding and one non-coding sequence of 10° base-pairs long, by
compounding the subsequences of corresponding functionality from the annotated set.
We estimate the MAP model for each of the constructed sequences, assuming maximum
tree depth 7. We estimate the compression rate of each model on both sequences, the
resulting compression rates are shown in Figure 2. We can see that both models have
a good compression rate on the sequence that was used for the model training, and
they can be used to distinguish between the coding and non-coding training sequences.
Therefore, we may conclude that the resulting model provides a good estimate of the
source model of the sequences.

Now, we construct two more ('test’) sequences in a similar way as before, but from
other sets of the annotated ncRNA and mRNA sequences. When we apply the previ-
ously constructed coding and non-coding models to the new sequence of corresponding
functionality (Figure 2), the compression rate is above 2, which means that the se-
quences are not compressible at all (see Section 2.4).

In Figure 3, we estimate the compression rate per symbol for the models on their
corresponding training sequence. Now we can see, that the rate varies for different
regions in the sequence. We conclude that, though the constructed models do have a
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(a) MAP model of coding sequences. (b) MAP model of non-coding sequences.

Figure 3: Achievable compression rates per symbol, for coding (3a) and non-coding
(2a) sequences using MAP context tree model. The dotted lines mark the regions
corresponding to different subsequences that were used to construct the total sequence.

sufficient overall performance to represent the entire sequence (Figure 2), the model
varies for different regions in the sequences and the overall model is actually a mixture
of models. Furthermore, we find that the variations in the compression rate are related
to the transitions between the subsequences (marked by the dotted lines) that jointly
form the total sequence.

3.2 MAP model for gene in mitochondrion

Now we concentrate on construction of the model for a sequence with a more specific
functionality than just coding or non-coding functionality. In this experiment we would
like to detect COX1 gene in the mitochondrial DNA and use our model to detect the
gene in a set of mitochondrial DNA variant sequences.

For this experiment we have used a set of mitochondrial DNA sequences from 20
individuals of various ethnicity (America, Africa, Europe, Asia)*. Between those se-
quences small variations occur in the form of substitutions, insertions and deletions
of nucleotides (see also Section 2.1). We use the sequence from two persons to con-
struct the MAP model, with initial context tree depth 5, for the COX1 gene (approx.
1500 bps long). Then we evaluate the performance of the model on the sequences that
correspond to the other 18 individuals. The estimated compression rate per symbol
is shown in Figure 4. We observe a very good compression rate of the subsequence
corresponding to the COX1 gene, when the learned COX1 model is used for mitochon-
drion compression. On the other hand, in the other regions no compression is achieved.
Therefore, we can clearly distinguish the COX1 gene in the sequences, using this model.
Furthermore, the model is generic in the sense that its performance is similar for all
sequences, despite the small variations that occur.

4 Discussion and Future Work

In this study we have shown that the context tree can be used to model the statistics
of DNA sequences. Though a model can be constructed to represent sequences of vari-
able length and functionality, it is not clear whether the model also implies information

*Sequences were downloaded from the mitochondrion database [12]
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Figure 4: MAP model applied to detect COX1 gene in mitochondrion. The region
corresponding to the COX1 gene is marked between the dotted lines.

about the functionality of the modeled sequence. The model can be used to recognize
sequences that have similar statistics to the original sequence. Besides functionality
analysis, other applications of such a model include read mapping and genome com-
pression.

In this work we assumed that non-coding and coding regions in DNA sequences are
stationary. However, our experiments imply that these regions have non-stationary
statistics. As a future work we plan to develop an algorithm that automatically rec-
ognizes a change in the model and constructs multiple models to accurately represent
the different regions in the source-sequence. These models can give more insight in the
statistics of the different regions and can be related to the functionality of the region.
As a final remark we state that the strength of the context tree model for DNA se-
quences, is that it has low sensitivity to variations in the sequence. We plan to further
explore this property for application in privacy-sensitive modeling of DNA sequences,
since variations are hidden in the model.
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