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h i g h l i g h t s

• We visualize metagenomic data using inter-nucleotide distances profile.
• We analyze these profiles by principal component analysis.
• Three benchmark data sets are evaluated by the novel method.
• Our method is efficient and powerful for visualization of metagenomic data.
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a b s t r a c t

There has been a growing interest in visualization of metagenomic data. The present study
focuses on the visualization of metagenomic data using inter-nucleotide distances profile.
We first convert the fragment sequences into inter-nucleotide distances profiles. Then we
analyze these profiles by principal component analysis. Finally the principal components
are used to obtain the 2-D scattered plot according to their source of species. We name
our method as inter-nucleotide distances profiles (INP)method. Our method is evaluated on
three benchmark data sets used in previous published papers. Our results demonstrate that
the INP method is good, alternative and efficient for visualization of metagenomic data.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Ever since Handelsman et al. [1] first proposed the concept of metagenome, great progress has beenmade in the research
of metagenomics [2,3]. High-throughput sequencing with massively parallel 454 pyrosequencing was used in the first
metagenomic studies [4]. Assuming an average genome size of 4 Mb, only about 5%–10% of the clones within a fosmid
library (40 kb insert size) harbor phylogenetic marker genes like 16S rDNA, rpoA, recA, etc. and can therefore be assigned to
a certain species or taxonomic group [5]. Most of the clones do not contain anymarker genes. A key step in genome recovery
frommetagenomic sequence data is the classification of sequences assembled frommetagenomic reads into bins. These bins
represent composite genomes of individual populations that comprise the microbial community. Several approaches have
beendeveloped to bin assembled sequences frommetagenomic data [6–15]. Among these techniques, one of themostwidely
used is emergent self-organizingmaps (ESOMs), which have been used to bin assembled sequences based on tetranucleotide
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frequencies [6,12]. ESOMs based on tetranucleotide frequencies can be applied to individual metagenomic data sets. Based
on tetranucleotide frequencies of fragments of genome, Laczny et al. [16] reported a scalable approach for the visualization
of metagenomic data via nonlinear dimension reduction.

Alignment-free methods has been increasingly used for genome comparison, in particular for genome-based phy-
logeny reconstruction, including information-based analysis [17,18], singular value decomposition (SVD) [19,20], principal
component analysis [21], the ZL compression distance [22] which is based on the algorithm of Ziv and Lempel [23],
fractal methods [24–27], Markov model [28–32], dynamical language model [33–35], the average common substring (ACS)
distance [36], the maximum unique matches (MUM) distance [37,38], feature frequency profiles (FFP) [39–41], distance
measure based on return time distribution [42], method using spaced-word frequencies [43,44]. The inter-nucleotide
distance [45] is a novel DNA numerical profile to explore the correlation structure of DNA. Afreixo et al. [46] explored
this method to construct phylogenetic tree using genomic data. Then Afreixo et al. [47] introduced the distance to the
nearest dissimilar nucleotide to construct the phylogenetic tree. Based on the inter-nucleotide distance sequence, Chang
and Wang [48] proposed the conditional multinomial distribution profile for phylogeny on genomic level. These profiles
can be used to define a distance that reflects the evolutionary relationships between genomic sequences [48]. Inspired by
Afreixo et al. [46], Xie et al. [49] proposed the inter-amino-acid distance profile for phylogeny on whole-proteome level.

In the present study, we propose a new method as characteristic of fragments of genome to plot the visibility graph (the
difference between our new method and those in Refs. [46–48] is given in Remark 1 in Section 2). We evaluate our new
method on three benchmark data sets used in previous published papers.

2. Inter-nucleotide distance based model

2.1. Inter-nucleotide distance in a DNA sequence

Consider the alphabet Ω = {A, C,G, T } and let s = s1s2 · · · sM be a DNA sequence, where each si is a symbol in Ω . The
sequence distance from si to si+k is k for k ≥ 1. For a pair of nucleotides (x, y) ∈ Ω × Ω , the inter distance between x and y
(we call it inter-nucleotide distance) is the sequence distance of nucleotide x and the first y after the x, here we require x is the
nearest one to y. For each pair of x and y in a DNA sequence s, we denote by d(x,y) the vector of all these distances presents in
s. As an example, all vectors of distances for the short DNA fragment ACTCTCCATA are:

d(A,A)
= (7, 2) d(A,C)

= (1), d(A,T )
= (2, 1),

d(C,A)
= (1), d(C,C)

= (2, 2, 1), d(C,T )
= (1, 1, 2),

d(T ,A)
= (3, 1), d(T ,C)

= (1, 1), d(T ,T )
= (2, 4),

(1)

here, we deal with the DNA sequence as acyclic. From d(x,y), we calculate the observed probability f (x,y)0 (k) for each inter-
amino-acid distance k. We have f (C,C)

0 (1) =
1
3 and f (C,C)

0 (2) =
2
3 in the above example.

2.2. The nearest dissimilar distance in a DNA sequence

Consider the alphabet Ω = {A, C,G, T } and let s = s1s2 · · · sM be a DNA sequence, where each si is a symbol in Ω .
According to Ref. [47], consider a numerical vector,wx, that represents the distance to the nearest dissimilar of symbol x ∈ Ω .
For the last symbol sM , if sM ̸= sM−1, the nearest dissimilar distance of sM is 1, otherwise, the nearest dissimilar distance of sM
is the repeat length of sM . As an example, all vectors of distances for the short DNA fragment ACCCTTCTCTCCATGGAAGGACCT
are:

wA
= (1, 1, 2, 1), wC

= (3, 1, 1, 2, 2), wG
= (2, 2), wT

= (2, 1, 1, 1, 1), (2)

here, we deal with the nucleotide sequence as acyclic. From wx, we calculate the observed probability f x1 (k) for each nearest
dissimilar distance k. We have f A1 (1) =

3
4 , f

A
1 (2) =

1
4 , f

C
1 (1) =

2
5 , f

C
1 (2) =

2
5 , f

C
1 (3) =

1
5 , f

G
1 (2) = 1, f T1 (1) =

4
5 , and f G1 (2) =

1
5

in the above example.

2.3. Characteristics extraction of fragments in genome

For a fixed K , we consider f (x,y)0 (k) and f x1 (k), k = 1, 2, . . . , K , and x and y are symbols in Ω . There are a total
of N = 4 × K + 4 × 4 × K numbers (we set f (x,y)0 (k) = 0 and f x1 (k) = 0 if vectors d(x,y) and wx do not have number k
as a component, respectively) for each fragment of a genome. We can arrange components of f (x,y)0 (k) and f x1 (k) according to
a fixed alphabetical order of (x, y) and x to form a new vector:

X(s) = (f A1 (1), f
A
1 (2), . . . , f

A
1 (K ), f

C
1 (1), . . . , f T1 (1), f T1 (2), . . . , f T1 (K ), f AA0 (1), . . . , f TT0 (K )) (3)

for fragment s. We name the vector X(s) as the Inter-nucleotide distance profile (INP) of fragment s.

Remark 1. The difference between our INP method and those in previous works [46–48] is the following. Our INP uses
the nearest dissimilar distance and the inter-nucleotide distances of all possible pairs (x, y) ∈ Ω × Ω . The methods in
Refs. [46,48] used the inter-nucleotide distances of pairs (x, x) ∈ Ω × Ω with x = y. The method in Ref. [47] just replaced
‘‘the inter-nucleotide distances of pairs (x, x) ∈ Ω × Ω with x = y’’ by ‘‘the distance to the nearest dissimilar nucleotide’’.
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