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Abstract: Metagenomics binning process is a step prior to the taxonomic assignment of metagenomic reads
of contigs, which helps to group genome sequences belonging to the same species. In this paper we propose
a clustering method that is executed recursively to cluster contigs into groups of same taxa. In each step the
method increases the taxonomic level, beginning with a domain and ending with a group that represents the
species. The method uses a previous rule-based system to separate virus from the rest of the organism and
feature selection algorithms to select different features in each step of the clustering. The clustering is based
on k-means++ using Cosine and Jaccard distance, and feature selection on gain information. The proposed
method outperforms classic k-means++, achieving 88.15% of purity in clusters.
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1. Introduction

Metagenomics is a breakthrough in sequencing the DNA, supported by modern next-generation
sequencing technology. This research area is about the study of uncultured microorganisms obtained
directly from environmental samples [1]. The low cost and the parallel throughput capacity of these
technologies produce millions of sequenced DNA fragments (reads) [2]. An assembly process is executed to
overlap reads and obtain longer DNA sequences called contigs. Although these sequences are longer than
original reads, they are still too small to be compared with known organisms. Although a public big
database of complete genome sequences is available, this represents only a small percentage of the
biological diversity in our world. Thus, genome assembly and annotation is a significant challenge in
metagenomics. The reconstruction of genomes in a specific environment from short DNA fragments can be
compared to having a mixture of different puzzles, and then separate and assemble them. This task has an
additional complexity, which consists in determining the types of organisms and the numbers of each type
[3], [4].

Binning is the process of grouping reads or contigs and of associating them to a specific taxon. The
algorithm that has been developed for binning metagenomic fragments can be divided into two categories:
supervised and unsupervised methods. Supervised binning consists in the alignment of sequences, using
databases of known organisms [5]. Examples of the most popular algorithms based on homology include
BLAST [6], MEGA [7] and CARMA [8]. Other groups of supervised algorithms are based on composition and
use a classification method such as k-Nearest Neighbor [9], Support Vector Machine [10] or Naive Bayes
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[11].

Unsupervised binning is based on composition. This means that composition features are required to
represent the sequences. Some of the most common features that are used are GC-content and k-mers.
TETRA is one unsupervised method, which uses 4-mers as features [12].

In this paper we propose a clustering method for binning contigs, which recursively builds groups, based
on different features and representing a different taxonomic level in each clustering iteration.

2. Data and Methods

2.1. Data and Features

We use assembled genomic sequences at a contig level of a total of 16 organisms, including 5 viruses (HIV,
Chikungunya, Ebola, Influenza and Dengue), 2 bacteria (Bacteroides dorei and Bifidobacterium longum)
and 9 eukaryotes (Ascaris suum, Aspergillus fumigatus, Bos taurus, Candida parasilopsis, Glossina
morsitans, Malus domestica, Manihot esculenta, Pantholops hodgsonii and Zea mays). This data was
extracted from a publically accessible sequenced DNA, which is available on the FTP site of the Sanger
institute (ftp://ftp.sanger.ac.uk).

This heterogeneous database consists of 872576 contigs in total, which vary in size between 50 and
30000 nucleotides bases.

For feature representation, we use a composition-based. The selected features are:

e Nucleotide frequencies: Number of occurrences of A, T, G and C in the sequence. They were normalized

by the size of the sequence.

e GC content percentage: Percentage of G and C in the sequence.

e (Codon frequencies or 3-mer: Number of each possible codon in the sequence. It was normalized by the

total of codons (64 codons).

o k-mers (k=4), which is a 4-combination of the nucleotides. That means words of 4 letters [13]. The

4-mers are computed as the number of each tetranucleotide and normalized considering the total of
tetranucleotides in the contig.

2.2. Methods

For unsupervised problems different clustering methods have been proposed. In this work we use
k-means++ [14], which is a variant of k-means [15] that improves the selection of the centroids for each
cluster. This algorithm finds a set of k centroids based on a weighted probability distribution, where a point
x is chosen with a probability proportional to a distance function. This selection ensures that the centroids
are distant from one another. After the centroids are chosen, the algorithm proceeds applying the standard
k-means clustering.

In this research we use Euclidean and Cosine as distance functions.

2.3. Validation

There are different validation measures for clustering, but here, to assess the final quality of the
clustering method, we use the purity of the clusters (1).

Purity(Cj)= max(nij) (1)
nj
where n; is the number of organisms in cluster j (C;) and nj; is the number of organisms of class i in cluster j.
To measure the compactness of the clusters an internal evaluation, which is based on the intra-cluster
distance is used.
For the implementation of the proposed clustering method, we used the Weka software in version 3.9
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[16], which is a free machine learning package that provides the k-means++ algorithm. Furthermore, it has
the advantage that it is easy to add a new clustering method.

3. Sequential Clustering with Different Features and Groups

The objective in metagenomics is to classify each contig into the species to which it belongs. From the
perspective of biological sciences, different taxonomic classification can be established, starting with the
domain (Bacteria, Eukarya), including virus, the highest taxonomic rank, and terminating with species,
which is the basic unit of biological classification.

Metagenomic Data
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Fig. 1. Recursive clustering model with feature selection.

Accordingly, the proposed method is based on a real classification, increasing the taxonomic level. First,
the metagenomic sequences are categorized into groups that represent the possible domains. Then, each
separated group, that is a result of the previous segmentation process, is regrouped into the possible
phylum. Finally, we regroup into species.

The assumption is that different features match with each taxonomic level. Fig. 1 represents the
proposed method, which is based on the use of different features for each clustering iteration; to
recursively regroup the organisms into smaller clusters that represent an operational taxonomic unit
(OTU). Eventually, a tree will be built that organizes the different species in the taxonomic ranks. The first
level of the tree represents the domain, the second the phylum and the last rank stands for the species. The
sequenced fragments can be organized into groups of the same organism, in sequential steps increasing the
specific level. This holds true even when, due to the given characteristics of the applied unsupervised
method, the node of the tree does not specifies the specie.

Taking into account that viruses are a group relatively different from the other two domains, Bacteria
and Eukarya, the codon usage of a set of these organisms was analyzed. Some peculiarities in that group can
be stated. These can serve as a basis for the implementation of a rule-based system. A feature GC context
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was chosen and a feature selection of codons or 3-mers completed.

After using the rule-based system to separate the viruses from the rest of organism, we consider the
resulting group as the first cluster and perform a k-means clustering for the rest of the organisms with the
objective to separate bacteria from eukaryotes.

A second step selects a new set of features that are present in each group to cluster again and to regroup
the organisms into smaller clusters that represent the phylum-level taxa. The last step clusters the groups
that were obtained in second step to obtain a possible representation of the species that form the sample.

The key of the method consist in the first separation of viruses from the rest of the organisms and the in
applying recursively the clustering methods in order to obtain a more specific taxa level in each iteration,
which provides in a first step the binning in metagenomics.

4. Results

In this paper a metagenomic database is used, which stores different species of different domains. The
proposed recursive clustering method generates a tree, which represents each iteration of the clustering.
That means each taxonomic level. The tree's leaves store the final result of the method in terms of the
clusters that group the contigs into the OTUs assigned.

As already mentioned, the first step of the method consists of two parts. First, a rule-based system is built,
using 5% of the organisms to perform a feature selection. As a result of computing the codon usage of these
selected features it can be stated that some of the codons that most appear in viruses are: AAG, ACA, AGA,
GGA, TCA, AGG, GAA, CAA, and GAT. In viruses, the observed percentage occurrence with which each of
these codons is present in the contig is superior to 2.5%. Based on the analysis of the relation between
these features, our proposal is to classify each contig as a virus, if it has a combination of at least three of
the codons mentioned before.

In addition, a high value of GC content was observed in virus contigs, superior to 40%. Bearing in mind
these two results, we built a rule system that connects with a simple rule both conditions. The obtained
results by using this rule-based system show an error in viruses of 5% and in eukaryotes and bacteria of
15%. So far, the database is divided into two datasets, one stores most viruses and the other the eukaryotes
and bacteria.

Subsequently, these two datasets is used as databases for two independent clustering processes that
executes k-means++. First of all we used a feature selection method that is exclusively based on gain
information with codons, and selected the rankest features. As a distance function the Cosine, Euclidean
and Jaccard distance are used.

The results of separating contigs into the first taxonomic level are shown Table. 1. These results reveal
that even when the second cluster contains 99% of bacteria, it holds 20% of eukaryotes, but eukaryotic
contigs represent 99.7% of the total cases in the database.

Table 1. Results of the First k-means Clustering

% of % of
Eukaryotes Bacteria

Cluster_Domain  Purity

Cluster 1 99.99% 80% 1%
(Eukarya) 70 0 °
Cluster 2

0, 0, 0,
(Bacteria) 1.22% 99% 20%

At this stage we have three subsets of data, where each one represents a domain: bacteria, eukarya and
virus.

The idea for second step is to divide each of these subsets into smaller subsets associated with phylum
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taxa and for the last clustering is to divide into the smallest clusters representing species.

The strategy here is to overestimate the number of clusters in order to obtain pure clusters. It is more
important to obtain a cluster with a simple organism than with all contigs of the same species, even when
the group is incomplete. Due to the fact that it is an unsupervised method, it is recommended that an expert
defines the number of clusters. Here, twice as many species as total amount are selected, with a deviation of
2. This means, for example for a virus subset k= 10+2 species are selected. To decide best results, we
compute the intra-cluster distance and select the most compact group of clusters.

During the course of the last clustering gain information is also used for feature selection, but now the
method with 4-mers is applied. Finally, each cluster is assigned to the species which is most frequent in the
cluster.

Fig. 2 illustrates the final clustering results. It shows the percent purity of clusters and the majority
species for each cluster. The best results for virus were obtained using the Cosine distance and with k=12,
for bacteria applying the Jaccard distance and with k=5, and for eukaryotes with k=18 and the Euclidean
distance. In total 35 clusters were obtained, yielding 88.15% of purity. For virus the result is 93.5%, for
bacteria 90.4% and for eukaryotes it is 83.95%. Among the species that could not be completely separated
from the rest are Bifidobacterium longum, Ebola, Aspergillus_fumigatus and Candida parasilopsis.
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Fig. 2. Purity of clusters obtained with proposed recursive clustering method and the majority species for
each cluster.
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In essence, the application of a rule-based system for separating the viruses improves the results of
clustering, as it is easier in a smaller subset of contigs to separate them from the rest. It is still a problem to
separate Bacteria from eukaryotes. However, the last clustering was more effective with respect to the
separation of species. Even when some clusters of the taxonomic tree do not belong to the right domain and
phylum, the leaves, which represent the species, show a good result for the percentage of purity.

The last clustering results improved the results, which were obtained with k-means++, for all species in
the same database. This demonstrates that it is easier to separate species from the same domain. Although
the imbalance of the database also influences in the accomplishment of the objective to separate the species,
as it can be noticed in the case of the bacteria. Commonly, the DNA of eukaryotes is larger and consists of
more contigs. Furthermore, some bacteria can be much larger than others, as it happened to be in the
present study.

5. Conclusions

This paper presents a method that applies recursive clustering, with a previous separation of virus
genomes, by using a rule-based system. In each iteration the method generates clusters that are associated
to different taxa levels. The difference in each clustering iteration refer to the features that were used in
training them. The data are reconstructed using different features, which were selected previously by using
gain information as the feature selection method.

[t can be concluded that it is a favorable method that should be considered in the binning process as a
previous step in the taxonomic assignment process. The proposed method was applied to a metagenome
database composed of viruses, bacteria and eukaryotes. The result that was obtained by executing the
proposed method outperforms the result that can be achieved with a simple clustering method. With
regard to purity, it can be concluded that the proposed method provides pure clusters, reaching 88.15% of
purity.

In future work, this recursive clustering can be used with other base clustering methods, such as SOM or
Expectation Maximization, and with other distance functions.
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