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Based on the well-known k-mer model, we propose a k-mer natural vector model for representing a genetic
sequence based on the numbers and distributions of k-mers in the sequence. We show that there exists a one-
to-one correspondence between a genetic sequence and its associated k-mer natural vector. The k-mer natural
vector method can be easily and quickly used to perform phylogenetic analysis of genetic sequences without re-
quiring evolutionary models or human intervention. Whole or partial genomes can be handled more effective
with our proposed method. It is applied to the phylogenetic analysis of genetic sequences, and the obtaining re-
sults fully demonstrate that the k-mer natural vectormethod is a very powerful tool for analysing and annotating
genetic sequences and determining evolutionary relationships both in terms of accuracy and efficiency.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Phylogenetic analysis of genetic sequences has become essential for
researching the evolutionary relationships between all types of organ-
isms (from bacteria to humans) (Nei, 1996). Phylogenetic analysis is
also important for clarifying the evolutionary pattern of multigene fam-
ilies (Atchley et al., 1994; Goodwin et al., 1996; Ota and Nei, 1994), as
well as for understanding adaptive evolution at the molecular level
(Chandrasekharan et al., 1996; Jermann et al., 1995; Wistow, 1993).
It also provides deep insight into the mechanism for the maintenance
of polymorphic alleles in populations (Figueroa et al., 1988; Takahata,
1993). The results of phylogenetic analysis are represented by phylo-
genetic tree, in which sequences are grouped based on sequence
similarities.

Methods for phylogenetic analysis commonly depend on multiple
sequence alignment, which assumes some sort of evolutionary model,
and yields results that are often controversial. Although most
alignment-based methods can precisely represent evolutionary rela-
tionships between genetic sequences, they frequently lead to very com-
plicated computation. Alignment-free methods, which are based on
numerical characterizations of genetic sequences, are proposed to com-
pensate for the ineffectiveness of traditional alignment-based methods.

Among all alignment-free methods, the k-mer model method may
be the best developed one. The classic string representation based on
the k-mer model was first used for the comparison of genome se-
quences by Blaisdell (1986), and the counts of k-mers appearing in
the sequence were used for the comparison of regulatory sequences
by Kantorovitz et al. (2007). Later, various frequency-based methods
were introduced for sequence comparison presented by Wu et al.
(1997, 2001, 2005), Korf and Rose (2009), Sims et al. (2009a, 2009b)
and Jun et al. (2010). The advantage of k-mer model approach is that
the phylogenetic tree can be constructed much faster than using se-
quence alignment, and it can be used for comparison ofwhole genomes.
However, the deficiency of the k-mermodel is that the relationships be-
tween the k-mers within a sequence are more or less neglected (Yang
and Wang, 2013; Yu, 2013).

The original natural vector approach is an alternative alignment-free
method which produces a one-to-one association between genetic
sequences and vectors in a finite dimensional space (Deng et al.,
2011). One of the strengths of this approach is that the natural vector in-
corporates the normalized central moments to account for the inter-
relationships between different portions of genetic sequences. But the
obtaining results show that the original natural vector approach cannot
accurately depict evolutionary relationships of species considered in
phylogenetic analysis of genetic sequences.

In this paper, we integrate original natural vector with k-mer model
to produce k-mer natural vector that contains both types of informa-
tion: the information stored in the k-mer counts as well as information
about the relationships between k-mers appearing in the sequence. We
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can prove that the correspondence between a genetic sequence and its
associated k-mer natural vector is one-to-one by mathematical proof.
Moreover, the k-mer natural vector method is applied to the phyloge-
netic analysis of genetic sequences, and the obtaining results show
that our new method can not only effectively overcome the deficient
of former k-mer model methods, but also further improve accuracy in
depicting evolutionary relationships of genetic sequences compared
with sequence alignment methods and some published methods.

2. Materials and methods

2.1. K-mer model of genetic sequence

The k-mer model of a genetic sequence can be described as follows:
Consider a genetic sequence s of length L, ‘N1N2…NL’, where Nl ∈ {A,C,G,
T}, l= 1,2,…,L. A string of consecutive k nucleotides within a genetic se-
quence is called a k-mer. The k-mers appearing in a sequence can be
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Fig. 1. Phylogenetic tree of 31 mitochondrial genome sequences based on 9-mer natural vector. All 31 genomes are correctly clustered into eight known clusters: Carnivora (red),
Perissodactyla (blue), Artiodactyla (yellow), Cetacea (light green), Lagomorpha (light blue), Rodentia (purple), Primates (green) and Erinaceomorpha (light green), which agrees with
results from standard biological taxonomy and evolutionary relationships of species.
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enumerated by using a sliding window of length k, shifting one base
each time from position 1 to L − k + 1, until the entire sequence has
been scanned.

Given any k, there are 4k different possible permutations of k-mers
that may appear: [1], [2], …, [4k]. For any genetic sequence s, the

k-mer counting vector n(s,k) is defined by n s;kð Þ ¼ ns 1½ �;ns 2½ �;…;ns 4k½ �
� �

,

where ns[i] is the number of times the k-mer [i] occurs in sequence s.

2.2. K-mer natural vector

The k-mer natural vector is defined to be the concatenation of the
following three vectors, each of which is of length 4k:

The k-mer counting vector n(s,k) as defined above.
The k-mer mean distance vector μ 1½ �; μ 2½ �;…; μ 4k½ �

� �
, where μ[i] is de-

fined to be the arithmetic mean of the distances from various
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Fig. 2. Phylogenetic tree of 31 mitochondrial genome sequences obtained by multiple sequence alignment (clustalW).
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occurrences of the k-mer [i] to the first base in the sequence. If a
specific k-mer [i] does not exist in a genetic sequence, μ[i] is defined
to be zero.

The normalized central moment vector D 1½ �
2 ;D 2½ �

2 ;…;D
4k½ �
2

� �
. In

general, for any m, the normalized central moments are defined as
follows:

D i½ �
m ¼

Xn i½ �
j¼1

s i½ � j½ �−μ i½ �
� �m

nm−1
i½ � L−kþ 1ð Þm−1;m ¼ 1;2;…;n i½ �;

where n[i] denotes the number of times [i] appearing in the genetic
sequence, L is the length of genetic sequence, s[i][j] is the distance
from the first base to the j-th [i] in sequence s, and μ[i] is the mean
of distances from the various occurrences of [i] to the first base.
Thus, we get a sequence of normalized central moments which are
natural parameters associated with k-mer distributions within the
genetic sequence.

When k=1, the k-mer natural vector is the same to the original nat-
ural vector. Thus the k-mer natural vector method is a generalization of
the original natural vector model.

If the distribution of each k-mer is different, two genetic sequences
cannot be similar even though they contain the same set of k-mers
and the same total distance measurement. Although each subset of nu-
merical parametersmaybe not sufficient to annotate genetic sequences,
the combined numerical parameters are sufficient to characterize each
genetic sequence. We can mathematically prove that the correspon-
dence between a genetic sequence and its associated k-mer natural vec-
tor is one-to-one for each given k in Text S1 of Appendix A. Because all
the first central moments are zero, we do not need to include them as
part of k-mer natural vector.

The k-mer natural vector is obtained by concatenating thefirst group
of parameters (the frequency of occurrence of each k-mer in the se-
quence) and the second group of parameters (the mean distance of
each k-mer to the first base) to the normalized central moments, and
the k-mer natural vector implies the information on the relationships
of k-mers for each fixed k. Because of this, our k-mer natural vector
model overcomes the deficiency of previous k-mer model methods.

It is shown that the 3 × 4k-dimensional vector (n[i],μ[i],D2
[i]) is enough

to represent a genetic sequence, and not necessary to include normal-
ized central moments higher than second order for the comparison of
genetic sequences, in that, the high central moments hardly make any
contribution, and the 3 × 4k-dimensional natural vector mapping re-
stricted on all the datasets is still one-to-one mapping.

For each fixed k, there are 4k different possible k-mers in the se-
quence. The computational complexity of our k-mer natural vector is
o(n ⋅ m2 ⋅ 4k), where n is the maximum length of the sequences, and
m is the number of sequences in the dataset. Our proposed method is
fast, because it only needs to read the sequence once to compute
k-mer natural vector. Moreover, the running time comparisons for our
k-mer natural vector methods, clustalW, and Muscle are presented in
Text S2 of Appendix A.

2.3. The choice of k

Because the parameter k has a great influence on the results of evo-
lutionary relationships and on the complexity of computation for k-mer
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Fig. 3. Phylogenetic tree of 53 human mitochondrial genome sequences based on 8-mer
natural vector. The 53 mtDNAs are mainly divided into two parts: non-Africans (red and
green) and Africans (blue, yellow, brown and purple), and humans in each group correctly
cluster, which is consistent with known evidences of human evolution and human
migration.
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model, it is very important and difficult to choose a suitable k for differ-
ent lengths of genetic sequences considered in phylogenetic analysis.
Some researchers have explored the selection of the optimum value k*
for k-mer model. For example, Wu et al. proposed an optimal word
size for dissimilarity measurement that depends on the length of se-
quences being considered, i.e., k* should be increased when the se-
quence length increases (Wu et al., 2005). Another investigation was
done by Sims et al. (2009a, 2009b), who reported that the optimal
length of word lies within an approximate range with lower bound
log4n, where n is the length of sequence, and the upper bound given
by the criterion that phylogenetic tree topology for length k must be
parallel to that of k + 1.

Searching for the optimum value k* for k-mer model, we apply our
proposed method to some real datasets (Chan et al., 2012; Deng et al.,
2011; Huang et al., 2011; Ingman et al., 2000; Yu, 2013), and the optimal
k* over the range of k considered for k-mer natural vector model is cho-
sen based on the following strategy: if the result of phylogenetic tree for
value k is relatively stable to that of k+1, we choose k* = k; otherwise
k* is equal to the maximum over the range of k values considered. We
infer that the optimal k* for our k-mer natural vector is within a range

ceil log4 min Lð Þð Þ; ceil log4 max Lð Þð Þ þ 1½ �;

where L is the set of lengths of genetic sequences considered in phyloge-
netic analysis. This explicit range for choosing the optimum value k* is
much shorter than that considered by previous k-mer model methods.
Additionally, the optimal k* obtained by k-mer natural vector is less
than those selected by other k-mer model methods (Chan et al., 2012;
Qi et al., 2004; Yu et al., 2005) for the same candidate dataset (18S
rRNA dataset), which indicates that our k-mer natural vector method
needs lower computational time, and can more easily extract the fea-
tures that are hidden in genetic sequence.

2.4. Distance metric

Since each genetic sequence can be uniquely represented by a k-mer
natural vector, a distance metric can be used to quantify the evolution-
ary relationships of genetic sequences. The similarity between a pair of
genetic sequences can be computed by the correlation angle between
their natural vectors, because the correlation angle can eliminate the ef-
fects of high dimensionality (Berry et al., 1999; Wen and Zhang, 2009).
In this paper, we select the distance metric defined below to measure
the similarities of genetic sequences, which has been widely used in
the k-mer model (Qi et al., 2004; Stuart and Berry, 2004; Stuart et al.,
2002).

Let v1 and v2 be the k-mer natural vectors of genetic sequences s1
and s2, respectively, the distance between sequences s1 and s2 can be
computed as follows:

d s1; s2ð Þ ¼ 1− cos v1; v2ð Þ ¼ 1− v1 � v2
v1j j v2j j ;

where cos(v1,v2) is the cosine angle of vectors v1 and v2, and |v1|,|v2| are
the norms of vectors v1 and v2, respectively.

Once the distancematrix constructed by the distances among all ge-
netic sequences considered for phylogenetic analysis is obtained, the
evolutionary tree can be drawn by the methods of Unweighted Pair
Group Method with Arithmetic Mean (UPGMA) or Neighbour Joining
(NJ) using MEGA 5.10 (Tamura et al., 2011).
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Fig. 4. Phylogenetic tree of 53 human mitochondrial genome sequences obtained by
multiple sequence alignment (clustalW).
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3. Results and discussion

To demonstrate the validity of k-mer natural vector method, we
apply our proposed method to the phylogenetic analysis of real
datasets: the mitochondrial genome sequences and 18S rRNA se-
quences inwhich both long and short genetic sequences are considered.
All genetic sequences are treated as linear sequences.

3.1. Phylogenetic analysis of 31 mammal mitochondrial genomes

We first analyse the mitochondrial genome sequences of 31 species
using our proposed method. This data was previously analysed using
the original natural vector approach (Deng et al., 2011). The descrip-
tions of the 31 mitochondrial genome sequences are listed in Table S1
of Appendix A, the lengths of which are from 16,338 to 17,447 base
pairs (bp). Themitochondrial genetic sequences that are not highly con-
served have a rapidmutation rate, so they are suitable for exploring the
evolutionary relationships of different species (Huang et al., 2011; Yu
et al., 2010). The phylogenetic tree of 31 mitochondrial genomes is
shown in Fig. 1 by UPGMAmethod when k = 9.

Looking at Fig. 1, all 31 genomes are correctly clustered into eight
known clusters: Carnivora (red), Perissodactyla (blue), Artiodactyla
(yellow), Cetacea (light green), Lagomorpha (light blue), Rodentia
(purple), Primates (green) and Erinaceomorpha (brown). Since whales
evolved from the primitive artiodactyl, blue whale clusters with artio-
dactyls to form Cetartiodactyla, which integrate with rhinoceroses to
constitute Euungulata. Hence, our results can be considered as the
evidence for Euungulata Theory. Additionally, rabbit clusters with dor-
mouse and squirrel, in that, they are all in Glires. The resulting phylo-
genetic tree agrees with those from standard biological taxonomy,
evolutionary relationships of species and some published papers
(Huang et al., 2011; Kullberg et al., 2006; Liu et al., 2001; Raina et al.,
2005; Yu et al., 2010). Compared with Fig. 3 of (Deng et al., 2011)
drawn by the original natural vector method, the accuracy of evolution-
ary relationships has been greatly improved, which can be easily seen
from the evolutionary relationships within the subgroups of Primates
and Carnivora, respectively.

To further show the utility of our k-mer natural vector method, we
performmultiple sequence alignment on the same dataset that we con-
sidered, using MEGA 5.10 implementation of the clustalW algorithm.
The phylogenetic tree drawn for multiple sequence alignment is
shown in Fig. 2 by UPGMA method, where the species are coloured
the same as Fig. 1. Here, we only consider the differences between phy-
logenetic trees corresponding to the k-mer natural vector and clustalW,
respectively. When clustalW is applied to 31mitochondrial genome se-
quences, squirrel seems closer to rabbit in Fig. 2, rather than dormouse
in Fig. 1, which does not agree with standard biological taxonomy, in
that, squirrel and dormouse are rodents.

3.2. Phylogenetic analysis of 53 human mitochondrial genomes

We also apply our method to investigate variations in human mito-
chondrial genomes and to explore the origin of modern humans. Be-
cause mtDNA has a high substitution rate (Brown et al., 1979), less
recombination (Olivio et al., 1983), and maternal inheritance (Giles
et al., 1980), it is usually utilized as a tool in human evolution. Due to
the variations of substitution rates and parallel mutation, these studies
focusing on the control region of mtDNAmight lead to incorrect phylo-
genetic inferences (Maddison et al., 1992; Tamura and Nei, 1993).

To improve the information obtained from mtDNA for studies of
human evolution, Ingman et al. described the global mtDNA diversity
in humans based on sequence alignment of completemtDNA sequences

(excluding D-loops) from 53 diverse origins (Ingman et al., 2000). It has
been verified that the portion of a mtDNA sequence that is outside any
D-loops evolves in a roughly ‘clock-like’manner, enabling a more accu-
rate measure of mutation rate, and therefore improved time estimates
for evolutionary events. The 53 human mtDNAs (excluding D-loops)
are unique and vary in length from 15,440 to 15,450 base pairs (bp).
They are described in Table S2 of Appendix A and the phylogenetic
tree for them is shown in Fig. 3 by NJ method when k = 8.

From Fig. 3, the 53 mtDNA sequences are divided into two parts:
non-Africans (red and green) and Africans (blue, yellow, brown, and
purple). Humans in each group correctly cluster, which is consistent
with known evidences of human evolution and humanmigration. Com-
pared with Fig. 2 of Ingman et al. (2000), the evolutionary relationships
between all Africans and most non-Africans are the same, and differ-
ences only exist in several non-Africans.

Moreover, we also apply the clustalW to these 53 humanmtDNA se-
quences, and the obtaining phylogenetic tree is shown in Fig. 4 by NJ
method, which is the similar to the results of our proposed method
shown in Fig. 3. Moreover, our k-mer natural vector method seems to
get better results.

For example, sequence alignment method would imply that two
mtDNA samples from Japanese were not closely connected, but our
method (see Fig. 3) shows the contrary. If we take Guarani and
Siberian-Inuit as references, the lengths of four mtDNAs considered
are all 15,449. The mismatches between Japanese1 and Japanese2,
Guarani, and Siberian-Inuit are 12, 16, and 15, respectively, and mis-
matches between Japanese2 and Guarani and Siberian-Inuit equal
14 and 13, respectively. Hence, the two Japanese should closely con-
nect in the phylogenetic tree, and phylogenetic tree obtained by our
method looks more reasonable.

3.3. Phylogenetic analysis of 40 tetrapod 18S rRNA sequences

Additionally, our method is used to analyse the phylogeny of 40
tetrapod 18S rRNA sequences. The 18S sequence was considered odd,
providing significantly different estimates of phylogeny in higher
organisms (Huelsenbeck et al., 1996). The phylogenetic relationship
among tetrapod species has been widely discussed in the area of phy-
logeny and evolution. A controversial problem among tetrapod is
whether birds are more closely related to crocodilians, or to mammals.
The evolutionary analysis of tetrapod 18S rRNAs generates a clustering
of birds with mammals (Xia et al., 2003), whereas evidences frommol-
ecules, palaeontology, and morphology showed that birds should clus-
ter with crocodilians (Hedges et al., 1990), which is more acceptable
to biologists. We investigate this question by applying our method to
the tetrapod dataset shown in Fig. 3 of (Chan et al., 2012) which con-
tains 40 sequences whose lengths are from 1733 to 2235 base pairs
(bp).

The phylogenetic tree based on our proposed method is shown
in Fig. 5 by NJ method when k = 6. This phylogenetic tree contains
four clades: Birds (green), Crocodilians (blue),Mammals (red) and Am-
phibians (purple), and the species in each clade are correctly grouped
together. The results are similar to those obtained from sequence align-
ment and what is found in some phylogenetic analyses (Ausio et al.,
1999; Caspers et al., 1996; Chan et al., 2012; Dixon and Hillis, 1993;
Hedges, 1994; Hedges et al., 1990; Janke and Arnason, 1997; Rzhetsky
and Nei, 1992; Seutin et al., 1994; Xia et al., 2003; Zardoya and Meyer,
1998). It can be seen that birds group with crocodilians rather than
group with mammals in Fig. 5. This result conforms to results from tra-
ditional classification and the results in Hedges et al. (1990) and Chan
et al. (2012). Comparedwith Fig. 3 of Chan et al. (2012), our result is rel-
atively better. Rattus and Mus group together, and Homo is closer to

Fig. 5. Phylogenetic tree of 40 18S rRNA sequences based on 6-mer natural vector. The phylogenetic tree of 18S rRNAs contains four clades: Birds (green), Crocodilians (blue), Mammals
(red) and Amphibians (purple), and the species in each clade correctly group together that conform to results from traditional classification.
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Fig. 6. Phylogenetic tree of 40 18S rRNA sequences obtained by multiple sequence alignment (clustalW).
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Oryctolagus, rather than Mus and Rattus, which conform to the
evolutionary relationships of species and results obtained by sequence
alignment. Although in our Fig. 5, Homo K03432 is not clustered to
the rest of Homo by NJ algorithm, however after inspecting the distance
matrix, we find that the nearest neighbour of Homo K03432 is Homo
M10089. Similarly, the nearest neighbour of Oryctolagus X00640 is
Oryctolagus X06776.

Finally, we applied clustalW to the tetrapod 18S rRNA sequences,
and the result is shown in Fig. 6. Although Homo and Oryctolagus do
not group well, our proposed method has yielded a valuable result:
birds group with crocodilians in Fig. 5, rather than mammals shown in
Fig. 6, which conforms to traditional classification and evidences from
molecules, morphology, and palaeontology. It is important to certify
that bird should group with crocodilians, rather than with mammals,
which would be more meaningful in biological evolution.

4. Conclusions

In this paper, the k-mer natural vector method is proposed by com-
bining the original natural vector with the k-mer model for genetic se-
quences. The number and distribution of k-mers in a genetic sequence
are the components of k-mer natural vector, which contains informa-
tionof relationships between k-mers in a sequence. The correspondence
between a genetic sequence and its associated k-mer natural vector can
be mathematically proven to be one-to-one. With this representation,
each genetic sequence can be characterized by a multidimensional vec-
tor. Our proposed method makes it easy to compare genetic sequences,
which is more effective for handling whole or partial genomes than
sequence alignment methods. The phylogenetic analysis of genetic
sequences done by our proposed method does not assume some sort
of evolutionarymodel, and avoids high computational complexity asso-
ciated with sequence alignment. Its applications to real datasets have
shown that the k-mer natural vector method is a powerful tool for the
phylogenetic analysis of genetic sequences. It not only improves the ac-
curacy of evolutionary relationships to some extent, but it also reduces
computational time for phylogenetic analysis. However, the k-mer
natural vector method is still in the process of being improved.
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