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Since the development of next-generation DNA sequencers, complete genome sequences of more than 2,000 species have been

determined and metagenomic analyses covering a large number of novel species in various environments have become common

(Genomes Online Database, http://www.genomesonline.org/). Microorganisms in diverse environments should contain an abundance

of novel genes, and therefore, intense research activities are underway using samples obtained from a wide variety of environments,

such as seawater and soil, and human intestines. The present BLSOM is an unsupervised algorithm that can separate most genomic

sequence fragments based only on the similarity of oligonucleotide frequencies. It can separate sequences on a species basis with no

additional information other than the oligonucleotide frequencies. Unlike the conventional phylogenetic estimation methods based

on sequence homology searches, the BLSOM requires neither orthologous sequence set nor sequence alignment, and therefore, this

method is most suitable for phylogenetic estimation for novel gene sequences. It can be used to visualize an environmental microbial

community on a plane and to accurately compare it between different environments.
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1. Introduction

Large-scale metagenomic analyses using recently released
next-generation sequencers have actively been underway. The
number of fragmental sequences obtained and registered in
the International Nucleotide Sequence Databases (INSD) has
soared above 17 million. For most of these genomic sequence
fragments, however, it is difficult to estimate the phylogeny
of organisms from which individual fragmental sequences
are derived or to determine the novelty of such sequences.
Most metagenomic sequences registered in the databases have
limited utility because of lack of the phylogenetic information
and the functional annotation; this situation has arisen because
orthologous sequence sets, which cover a broad phylogenetic
range and are required for the creation of reliable phylogenetic
trees through sequence homology searches, are unavailable for
novel gene sequences. A method for estimating the phylogeny
and gene function that is based on principles totally different
from sequence homology searches is urgently needed. We
previously modified the SOM developed by Kohonen's group
for genome informatics on the basis of batch-learning SOM
(BLSOM), which makes the learning process and resulting map
independent of the order of data input [1-2]. The BLSOM thus
developed could recognize phylotype-specific characteristics
of oligonucleotide frequencies in a wide range of genomes

and permitted clustering (self-organization) of genomic
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fragments according to phylotypes with neither the orthologous
sequence set nor the troublesome and mistakable process of
sequence alignment. Furthermore, the BLSOM was suitable
for actualizing high-performance parallel-computing with the
high-performance supercomputer "the Earth Simulator", and
permitted clustering (self-organization) of almost all genomic
sequences available in the International DNA Databanks
on a single map [3-5]. By focusing on the frequencies of
oligonucleotides (e.g., tetranucleotides), the BLSOM has
allowed highly accurate classification (self-organization)
of most genomic sequence fragments on a species basis
without providing species-related information during BLSOM
computation. The present unsupervised and alignment-free
clustering method is thought to be the most suitable one for
phylogenetic estimation for sequences from novel unknown
organisms [3, 6-7] and for comparative genome analyses [8-9].
We employed BLSOM for analyses of environmental
genomic fragments in joint research with experimental research
groups analyzing various environmental and clinical samples [6-
7]. This report introduces a strategy how to efficiently explore
the genomic sequences from novel unknown microorganisms,
including viral genomes, by utilizing numerous metagenomic
sequences and how to determine the diversity and novelty of

genomes in environmental microbial communities.



Annual Report of the Earth Simulator Center April 2009 - March 2010

2. Methods

Nucleotide sequences were obtained from DDBJ (DNA
Databank of Japan, http://www.ddbj.nig.ac.jp/anoftp-e.html).
We modified the conventional SOM for genome informatics
on the basis of batch-learning SOM (BLSOM) to make the
learning process and resulting map independent of the order of
data input [1-2]. The initial weight vectors were defined by PCA
instead of random values on the basis of the finding that PCA
can efficiently classify gene sequences into groups of known

biological categories.

3. Results
3.1 Phylogenetic estimation for environmental DNA
sequences and microbial community comparison
More than 17 million genomic sequence fragments
obtained from various environments through metagenomic
analysis have been registered in the International Nucleotide
Sequence Databases. A major portion of them is novel but has
a limited utility because of lack of phylogenetic and functional
annotation. The phylogeny estimation of genomic sequence
fragments of novel microorganisms, based on the BLSOM,
requires in advance the characterization of oligonucleotide
frequency of all species-known microorganisms currently
available. Therefore, a large-scale BLSOM covering all known
prokaryotic sequences, including those of viruses, mitochondria,

chloroplasts, and plasmids was first constructed (Prokaryotes

or Eukaryotes in Fig. 1). On the BLSOM, numerous sequence
fragments derived from an environmental sample were mapped;
i.e., the similarity of the oligonucleotide frequency in fragmental
sequences from environmental samples with that of sequences
from species-known genomes was examined. The 210 thousand
sequences with a fragment size of 1 kb or more, which were
collected from the Sargasso Sea near Bermuda [10], were thus
mapped. This mapping of the sequence fragments obtained from
an environmental sample can estimate proportions of species
present in the sample. Approximately 70% of sequences from
the Sargasso Sea were mapped to the prokaryotic territories,
while the rest was mapped to the eukaryotic, viral or organelle
territories.

To identify the detailed phylogenies of the environmental
sequences thus mapped to the prokaryotic territories, a BLSOM
analyzing 5-kb genomic sequence fragments derived from
2,389 known prokaryotes, which have been compiled in the
International Nucleotide Sequence Databases, was created with
tetranucleotide frequencies (Phylum-BLSOM in Fig. 2). For
the 5-kb genomic sequences from the 2,813 species-known
prokaryotes used to create this BLSOM, their separation into 28
phylogenetic groups was examined, revealing that 85% of the
sequences separated according to their phylotypes. The reason
why 100% separation was not achieved is thought to be mainly
because of horizontal gene transfer between the genomes of

different microbial species [2-3].
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Fig. I The workflow of phylogenetic estimation using Genome-BLSOMs.
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The 140 thousand metagenomic sequences from the Sargasso
Sea that were mapped in advance to the prokaryotic territories
(Fig. 1) were remapped on the BLSOM for the detailed
prokaryotic phylotype assignment. They broadly spread across
the BLSOM, demonstrating that the sequences belonged to a
wide range of phylogenies (Fig. 2B). Interestingly, there were
areas on the map where metagenomic sequences were densely
mapped, which should indicate dominant species/genera. In
sum, the estimation of prokaryotic phylogenetic groups could
provide phylogenetic information for almost half of sequence
fragments from the Sargasso Sea (Fig. 2C). The procedure
above can be used to establish the phylogenetic distribution of

microbial communities living in any subject environments, e.g.,

(A) Phylum-BLSOM, DegeTetra, Window 5-kb.
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floras.

Further detailed phylogenetic estimation at the genus or
species level becomes possible, through successive remapping
the subject sequences on a BLSOM created with the sequences
from known genomes of each phylogenetic group such as one
family. Such systematic and detailed phylogenetic estimation
in the stepwise manner from the domains of organisms (e.g.,
eukaryotes and prokaryotes), through the phylogenetic groups
to the genus or species level, was explained in Fig. 1. This
procedure can also determine the novelty of environmental
sequences at various phylogenetic levels, allowing the efficient

detection of sequences with high novelty.

r than 1-kb mapped

(C) Microbial distribution of Sargasso sequence predicted by BLSOM
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Nodes that include sequences from plural species are indicated in black, those that contain no genomic sequences are
indicated in white, and those containing sequences from a single species are indicated in color as follows:

Acidobacteria (1), Actinobacteria (M), Alphaproteobacteria (), Aquificac (), Bacteroidetes (), Betaproteobacteria

("), Chlamydiae (), Chlorobi (M), Cenibacterium (), Chloroflexi (M), Crenarchacota (), Cyanobacteria (H),

Deinococcus-Thermus (M), Deltaproteobacteria (), Dictyoglomi (H), Epsilonproteobacteria (), Euryarchaeota (),

Fibrobacteres (M), Firmicutes (M), Fusobacteria (), Gammaproteobacteria (M), Nanoarchaeota (H), Nitrospirae (H),

Planctomycetes (1), Spirochaetales (M), Thermodesulfobacteriales (), Thermotogales (M), Verrucomicrobiae ()

Fig. 2 Phylogenetic classification of sequences from an environmental sample. (A) DegeTetra-BLSOM
of 5-kb sequences derived from species-known 2,813 prokaryotes. (B) Sargasso sequences that
were classified into prokaryotic territories in Fig. 1 were mapped on the 5-kb DegeTetra-BLSOM
constructed with the sequences only from the species-known 2,813 prokaryotes. (C) Microbial
distribution of Sargasso sequences predicted by BLSOM.
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3.2 Visualization of all virus genome sequences on one
plane

Currently, metagenomic analyses focusing on an abundance
of viruses in seawater have been reported [11]. Since
virus genomes contain no rDNA, conventional methods of
phylogenetic estimation based on rRNA sequence cannot be
used, and therefore, a new method is urgently required. To test
the clustering power of BLSOM for wide varieties of virus
sequences, we first analyzed tri- and tetranucleotide frequencies
in sequences of 43,828 virus genomes, which have been
compiled by GIB-V (Genome Information Broker for Viruses,
http://gib-v.genes.nig.ac.jp/) in DDBJ (DNA Databank of
Japan). BLSOM was constructed with tri- and tetranucleotide
frequencies (Tri- and Tetra-BLSOM) in all 0.5- and 1-kb
fragment sequences derived from virus genomes (Fig. 3A and
3B, respectively). Then, lattice points that contained sequences
from a single phylogenetic family are indicated in color, and
those that included sequences from more than one family
are indicated in black. A major portion of the BLSOMs was
colored, showing a major portion of the fragmented sequences
to be separated (self-organized) according to phylotype. The
level of the phylotype-specific clustering was slightly higher
for Tetra-BLSOM than for Tri-BLSOM, and the level for the
1-kb sequences was higher than that of the 0.5-kb fragment
sequences. It should be pointed out that no information of
virus phylotype was given during the BLSOM calculation; i.e.,

unsupervised self-organization.

(A) Tri

l-kb, Order 1-kb, family

(B) Tetra
1-kb, Order

3.3 BLSOM for prediction of protein function

For almost half of protein-gene candidates predicted from
novel genomes newly sequenced, protein functions cannot be
estimated through sequence homology searches. To complement
the homology searches, the establishment of a protein function
estimation method based on totally different principles is
important. We have applied BLSOM to protein studies by
analyzing oligopeptide frequencies and found the separation
(self-organization) of proteins according to their functions [12].
This shows that the BLSOM can be used for a protein function
estimation that does not rely on sequence homology searches,
providing a novel, valuable method to find scientifically or
industrially important protein genes that have not been found
by sequence homology searches. Large-scale BLSOMs, which
analyse vast quantities of genomic sequences and protein
sequences, can facilitate the efficient extraction of useful
information that supports development in a broad range of life

sciences and industrial fields.

4. Conclusion and Perspective

We established a method of phylogenetic prediction for
individual genomic fragments obtained by metagenomic
analysis, by using BLSOM of oligonucleotide frequencies.
The publication of large-scale BLSOM constructed with ES,
which can separate all genomic sequences currently available
on a plane, will provide a foundation of novel and large-scale
genomic information useful for a broad range of life sciences,
such as medical and pharmaceutical sciences, and related

industrial fields. The mapping of newly obtained sequences

500 -b, Order

500 -b, family

500 -b, family

Fig. 3 BLSOMs for non-overlapping 1-kb and 500 bp sequences of all virus genomes. (A) Tri-BLSOMs. (B) Tetra-BLSOMs.
Lattice points that include sequences from plural species are indicated in black, those that contain no genomic sequences

are indicated in white, and those containing sequences from a single species are indicated with difference in levels of

blackness and with letters as follows: Order: Caudovirales ( [ll ), Herpesvirales (
(1), Nidovirales ( [ ), Orderunclassified ( [l ). Family: Coronaviridae (
), Poxviridae ( [l ), Retroviridae ( [l ), Orthomyxoviridae ( [7]).

Flaviviridae (

), Mononegavirales ( [ ), Nidovirales

), Siphoviridae ( [ ), Hepadnaviridae ( |l ),



on the large-scale BLSOM can be performed using a PC-level
computer; our group has created a PC software program for the
BLSOM mapping.

We introduced also the BLSOM method for predicting
functions of proteins obtained by genome analyses. For function-
unknown proteins for which the consistency of the predicted
function is observed by BLSOMs with the frequencies of di-,
tri-, and tetrapeptides, their predicted functions are thought to
be reliable. Use of the high-performance supercomputer ES
is essential for these large-scale BLSOM analyses. The data
obtained by ES are unique datasets in genomics and proteomics
fields and provide a valuable guideline for research groups
including those in industry to study functions of novel genes

with scientific and industrial usefulness.
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