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Abstract

Background: Studies on genomic sequences for classification and taxonomic identification have a leading role in
the biomedical field and in the analysis of biodiversity. These studies are focusing on the so-called barcode genes,
representing a well defined region of the whole genome. Recently, alignment-free techniques are gaining more
importance because they are able to overcome the drawbacks of sequence alignment techniques. In this paper a
new alignment-free method for DNA sequences clustering and classification is proposed. The method is based on
k-mers representation and text mining techniques.

Methods: The presented method is based on Probabilistic Topic Modeling, a statistical technique originally
proposed for text documents. Probabilistic topic models are able to find in a document corpus the topics
(recurrent themes) characterizing classes of documents. This technique, applied on DNA sequences representing
the documents, exploits the frequency of fixed-length k-mers and builds a generative model for a training group
of sequences. This generative model, obtained through the Latent Dirichlet Allocation (LDA) algorithm, is then
used to classify a large set of genomic sequences.

Results and conclusions: We performed classification of over 7000 16S DNA barcode sequences taken from
Ribosomal Database Project (RDP) repository, training probabilistic topic models. The proposed method is
compared to the RDP tool and Support Vector Machine (SVM) classification algorithm in a extensive set of trials
using both complete sequences and short sequence snippets (from 400 bp to 25 bp). Our method reaches very
similar results to RDP classifier and SVM for complete sequences. The most interesting results are obtained when
short sequence snippets are considered. In these conditions the proposed method outperforms RDP and SVM with
ultra short sequences and it exhibits a smooth decrease of performance, at every taxonomic level, when the
sequence length is decreased.

Background
The study of genomic sequences for classification and
taxonomic purposes has a leading role both in microbial
identification [1], with important consequences in the
biomedical field, and in the classification of living species
such as animals or plants, for studies about the biodiver-
sity of different ecosystems [2]. These kinds of analysis
are carried out focusing only on a well defined region
of the genome, usually referred as barcode genes: for

example the 16S rRNA gene for bacteria [3], and the
cytochrome c oxidase I (COI) for animals [4]. The first
computational approaches with these data were based on
sequence alignments and sequence similarities, obtained
through the evolutionary distances, with already identi-
fied genomic sequences [5]. More recently, novel
machine learning and data mining methodologies have
been developed. For example clustering algorithms,
which are unsupervised techniques able to find groups of
similar objects, have been applied for the identification of
the taxonomic rank of bacteria isolates. The aim of this
approach was to find a correlation between clusters and
collections of bacteria belonging to the same taxon
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(taxonomic category). Clustering techniques have been
used considering similarity among gene sequences
expressed both in terms of classic evolutionary models
[6,7], and in terms of compression-based models [8,9],
that derive their theoretic assumption from the informa-
tion theory concepts of Universal Similarity Metric [10].
The compression-based approaches have been also
adopted for the study of phylogenetic relationships
among animal species, considering the barcode COI
gene [11,12].
Recent alignment-free computational approaches con-

sider genomic sequences as a collection of k -mers. A
k -mer is a small fragment of DNA string of size k. In
bioinformatics domain a k -mer representation has been
used in many works. For example, a deep analysis of
k -mer spectra has been carried out in [13]; a vector
representation of DNA sequence using k -mers has been
adopted for classification task using Support Vector
Machines (SVM) [14] in [15,16], and using Neural Gas
algorithm [17] in [18]; k -mer occurrences in genomic
sequences have been considered for training a Naive
Bayesian classifier [19,20]. Two of the most accurate
sequence classifiers that adopt a k -mer representation,
as shown in [21], are the RDP classifier [20] and the
Simrank algorithm [22]. The RDP tool trains a Naive
Bayesian classifier [23] using as input data the frequency
occurrence of k -mers of a 16S gene dataset; the fitted
probabilistic model is then able to predict the taxonomic
label of an unknown (unlabeled) sequence. Simrank tool
is a search algorithm that employs k -mers representa-
tion in order to speed up the sequence similarity
searches between an unknown query sequence and a
repository of tagged 16S genomic strings.
In this work we propose a new computational method

for sequence classification based on k -mers representa-
tion and text mining techniques. If we consider DNA
sequences as documents and the related k -mers as
words, it is possible to extract the most recurrent themes,
or topics, shared by the corpus of sequences. Since simi-
lar text documents about specific issues, like economy or
biology, share the same topics, our thesis is to demon-
strate that sequences belonging to the same most recur-
ring themes (topics) have strong similarities among them
and belong to the same taxonomic rank. For this reason,
our approach is based on the probabilistic topic modeling
methodology [24], usually adopted for identification and
classification of text documents. Probabilistic topic mod-
els, in fact, are algorithms that, given a set of text docu-
ments called corpus, extract a group of probability
distributions over the words in the documents, i.e. the
topics. Our aim is then to learn a probabilistic topic
model using this representation, in order to extract the
most probable topics from the DNA corpus. The
extracted topics will be used to classify unknown test

sequences. Apart from text documents, topic models
have been also adopted for the analysis of image, audio
and music data. In image processing, it is assumed that
similar collections of images share the same visual pat-
terns (representing the topics). This way topic modeling
has been applied for example for image classification
[25], for building image hierarchies [26] and for linking
captions and images [27]. In order to infer musical key-
profiles of classical music, music files have been consid-
ered as text documents, musical notes as words and
musical key-profiles as topics [28]. Topic modeling has
also been used for audio information retrieval, as in [29]:
authors adopted Latent Dirichlet Allocation (LDA) as
topic model, and they considered one of the parameter of
the fitted model (namely the posterior Dirichlet para-
meter) as a feature vector in order to perform classifica-
tion by means of the SVM algorithm. In bioinformatics,
topic models have been applied to genomic data by [30],
in order to find the topics, representing a genetic signa-
ture, belonging to a population with a shared ancestral
parent. Moreover authors in [31,32] applied the prob-
abilistic Latent Semantic Analysis (pLSA) topic model
[33] in order to predict annotations of Gene Ontology
(GO) terms using only the previously available GO
annotations.
We carried out experiments on a rich bacterial dataset,

more than 7000 sequences, also including ultra-short
sequences (length ≤ 50 bp), in order to consider the
robustness of the proposed approach with respect to
sequence length. Classification results were compared
with the ones provided by the RDP classifier and the
SVM classifier.
The rest of the paper is structured as follows: the

Methods section reports the computational tools used
in the paper, with a focus on the probabilistic topic
model adopted and our document paradigm for DNA
sequences; the Results and discussion section presents
the datasets used and the classification results; finally
the conclusions are drawn.

Methods
In this Section we present our computational approaches
to the analysis and classification of genomic sequences.
After a brief description of probabilistic topic models, we
formalize our document paradigm for gene sequences,
then we explain our experimental pipelines both for the
training and the testing phases.

Probabilistic topic models
Probabilistic Topic Models are machine learning techni-
ques adopted in text mining field, in order to mine
semantic information from a set of documents, called
corpus [34,35,24]. Given a document corpus, probabilis-
tic topic models are able to find a group of recurring
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themes, called indeed topics, that are typical of certain
classes of documents. For example, financial papers or
scientific papers will exhibit different topics according to
their specific arguments. Topics are actually probability
distributions over the words of the documents. Imagine
that we have a fixed vocabulary that is used to generate
our document corpus. A topic is a distribution over this
vocabulary: for example the economy topic has words
about money and trade, and the biology topic has words
about life and cells. Assume that these topics are
defined before any document is generated: in order to
write a document about the impact on the market of a
new biologic discover we will use words from both biol-
ogy and economy topics. The goal of topic modeling is
to automatically discover the topics from a collection of
documents. More formally, if we assume that all the
topics are defined before the documents are created,
then each document belonging to a collection can be
generated in two steps. First of all a topic is randomly
selected according to the probability distribution over
topics for the kind of documents we want to generate;
secondly a word is randomly chosen with respect to the
distribution over the vocabulary for that topic. If we
assume that a document d is a sequence of Q words,
d = (w1, w2, ..., wQ), the generative model for documents
can be expressed by means of the following probability
distribution:

P(wi) =
T∑

j=1

P(wi|z = zj)P(z = zj) (1)

where P (wi) is the probability of the word wi in a
given document; P (z = zj ) is the probability of choosing
a word from topic zj for the current document; P (wi|z =
zj) is the probability of sampling the word wi, given the
topic zj ; T is the number of topics. Given the words,
representing the observable variables, into a corpus of
documents, a probabilistic topic model is learned by
estimating the topic distributions per document and the
words distribution per topic, representing the hidden
variables. The number T of topics is a model parameter
and it has to be fixed a priori. There are several algo-
rithms used to infer a probabilistic topic model. One of
the earliest topic model is the Probabilistic Latent
Semantic Analysis (pLSA) algorithm [33]. In pLSA, each
document is represented as a set of the mixing propor-
tions among the topics, but it is not defined a generative
probabilistic model [36]. That means that it is not possi-
ble to assign a topic distribution to documents not
belonging to the training set. Because of that, in our
work we selected the Latent Dirichlet Allocation (LDA)
[36] as probabilistic topic model. LDA is one of the sim-
plest algorithm to infer the topics distributions from the
generative document model, defined in Eq. 1, and,

unlikely pLSA, it provides a fitted model that is able to
assign a topic distribution to test documents (i.e. not
belonging to the corpus used to train the model) by
computing its posterior probability, defined as the con-
ditional distributions of topics given the words in the
document. The generative model introduced by LDA is
defined as follows. P (w|z) is represented as a set of T
multinomial distributions � over all the W unique
words of the joint set of documents: P (w|z = zj ) = �(j).
P (z) is represented as a set of D, the number of docu-
ments d in the corpus, multinomial distributions θ over
the T topics: P (z = zj ) = θ(d). Documents are then gen-
erated by first selecting a distribution over topics θ from
a Dirichlet distribution. The words in the document are
generated by selecting a topic zj from this distribution
and then by selecting a word from this topic, using the
distribution P (w|z = zj ) that is determined from
another Dirichlet distribution. More formally, LDA’s
generative model can be summarized in the following
steps:

1 The word distribution � for each topic, represent-
ing the probability of a word occurring in a given
topic, is set as

ϕ ≈ Dirichlet(δ) (2)

where ≈ means “is distributed as”.
2 The proportions θ of the topic distribution for the
document d are set as

θ ≈ Dirichlet(α) (3)

3 For every word wi

(a) Select a topic zj ≈ Multinomial(θ).
(b) Select a word wi from a multinomial prob-
ability distribution given the topic zj : p(wi|zj , �).

More complex topic models, like Pachinko Allocation
Model (PAM) [37] and Hierarchical Dirichlet Processes
(HDP) [38] were not taken into account. PAM is able to
find correlations between topics. In our work, however, we
are not interested in inter-topic correlation because we
suppose that topics, related to taxonomic ranks in our fra-
mework, are independent each other. HDP is an extended
version of LDA since it estimates the number of topics. In
this work, as explained in section Results and discussion,
we are also interested in how classification results vary
depending on the number of topics. For this reason we
prefer the LDA model because it allows us to select a
priori the number of topics for our experiments.

Document paradigm for gene sequences
In this work, probabilistic topic models have been
adopted for the study of genomic sequences. Since topic
models have been developed for text mining activities,
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we set up a parallelism between text documents and
gene sequences. In our framework, a single DNA
sequence, considering only the nucleotide sequence
without any header like for instance in the fasta format,
represents a document. A dataset of sequences can then
be considered as the corpus of the documents. On the
other hand, a DNA sequence is composed of only one
text string, defined on a fixed alphabet (A, C, G, T).
Words can be extracted from gene sequences following
the so-called k -mer decomposition. As shown in Figure 1,
for each sequence in the corpus, all the overlapping
k -mers can be extracted with a sliding window of fixed
length k (with k = 8 in the figure). The position of a
k -mer in the original sequence is not taken into account,
according to the bag-of-words model used in text analysis.
The collection of all the extracted k -mers represents, for
each sequence, the set of words.

Finding topics in gene sequences
Using the document paradigm described in “Document
paradigm for gene sequences” section, we applied prob-
abilistic topic models to a corpus of nucleotide
sequences in order to extract the topics by means of
the LDA algorithm. We aim at demonstrating that
similar sequences share the same group of most prob-
able topics, so that if it is possible to assign a taxo-
nomic label to those topics, we are able to classify the
sequences with respect to their topic distributions.
Moreover, using a fitted model, we can also predict the
taxonomic rank of an unknown sequence, considering
the label of its highest probable topic. The methodolo-
gies adopted to assign a label to the topics and to find
the most probable topic of a test sequence will be
described in the following Sections.

Training workflow
Our proposed procedure for training probabilistic topic
models of genomic dataset is shown in the workflow of
Figure 2, where round rectangles are processing steps
and parallelograms stand for input or output data and
models. All the sequences of the DNA corpus are first
decomposed with the k -mer representation in order to
extract their words. Then the LDA algorithm is used in
order to infer the probabilistic topic model for a fixed
number of topics T. In this work we used the LDA
implementation provided by the R package topicmodels
[39]. The LDA model, defined as in section Methods, is
fitted using Gibbs sampling [40] and considering para-
meter values as suggested in [35]. Given a fitted topic
model, it is possible to obtain the posterior topic distri-
butions for each sequence of the corpus. For each
sequence di in the training set, the topic assigned to
each training sequence is defined as:

zj, di = arg max
j

P(zj|di), with j = 1, ..., T; i = 1, ..., N (4)

where T is the number of topics, N is the number of
sequences in the training set and P (z|d) is the topic dis-
tribution for document.
In order to assign a taxonomic label to each topic, we

adopted a majority voting scheme. In fact, we decided to
give each topic the taxonomic label belonging to the
most of sequences that exhibit that topic with the highest
probability. For each topic zj and considering only the
documents di assigned to that topic according to Eq. 4,
the taxonomic label lzj of topic zj is defined as:

lzj = ldi : i = argmaxi

R∑
k=i+1

f (di; dk); with i = i, . . . , R; (5)

Figure 1 k-mers decomposition. By means of a sliding windows of fixed size k, k = 8 in this case, it is possible to extract all the overlapping k-
mers, representing the words, from a gene sequence.

La Rosa et al. BMC Bioinformatics 2015, 16(Suppl 6):S2
http://www.biomedcentral.com/1471-2105/16/S6/S2

Page 4 of 9



f (di, dk) =
{

1 if ldi = ldk

0 if ldi �= ldk

(6)

where ldi is the label of sequence di; R is the number
of sequences belonging to topic zj ; f (di, dk ) is a func-
tion that is equal to 1 if the label of sequences di and dk
are the same, 0 otherwise.
At the end of the training phase, we then obtain a

fitted probabilistic topic model and a set of topics repre-
senting the taxonomic ranks of the input DNA corpus.

Testing workflow
The testing procedure of our proposed method works as
described in Figure 3. Test sequences are first decom-
posed into their k -mers, then the fitted topic model
trained during the learning phase (Figure 2) is used to
compute the topic distributions of the test sequences.
Afterwards each sequence is assigned to its most prob-
able topic, according to Eq. 5 and considering only the
M sequences in the test set.
Since, as said in “Training workflow” section, each

topic has been labeled with a taxonomic rank during the
training procedure, at the end of the testing phase we
obtain the predicted taxonomic assignment for the test
sequences. The prediction performance of our proposed
approach can then be measured using the precision
score, defined as:

precision =
true positives

true positive + false positives
(7)

where true positives (TP) are correctly classified test
sequences, that is their predicted label matches with the
topic label; otherwise false positives (FP) represent mis-
classified test sequences.

Results and discussion
In this Section we present the 16S bacteria dataset used
and we describe both the experiments settings and the
results obtained using the probabilistic topic modeling
approach for sequence classification. Our results are
compared with other two algorithms used for sequence
classification: the RDP classifier and the support vector
machine classifier.

Datasets used
We evaluated our approach for gene sequences classifi-
cation considering bacteria species. For classification
and taxonomic studies of bacteria, it is usually consid-
ered only a limited part of the genome, about 1200-
1400 bp, that is the housekeeping 16S rRNA gene [3].
In our study we arranged a 16S dataset downloading the
gene sequences from the Ribosomal Database Project
(RDP) repository [41], release 10.32. We chose the four
richest phyla, Actinobacteria, Bacteroidetes, Firmicutes,
Proteobacteria, and, in order to retain a good quality
dataset, we selected the 16S sequences that satisfy the
following constraints:

1 type strain, representing reference specimen;
2 size ≥ 1200 bp, considering this way full gene
sequences;
3 good quality, according to the quality parameters
provided by the RDP repository;
4 NCBI taxonomy, i.e. sequences are labeled with
the NCBI taxonomic nomenclature [42].

Moreover we left out unclassified sequences and taxo-
nomic ranks with lesser than ten sequences, in order to
obtain a well balanced dataset. Using these criteria, we set

Figure 2 Training workflow. From the sequences of the input DNA dataset are extracted the words through the k-mer decomposition; then
using the Latent Dirichlet Allocation (LDA) algorithm a probabilistic topic model is learned. The model provides the topic distribution of the
input dataset, retrieved from the Ribosomal Database Project (RDP) online repository, and the most probable topics are labeled with a
taxonomic rank using a majority voting scheme.

Figure 3 Testing workflow. From the test sequences are extracted the words through the k-mer decomposition; then, by means of fitted topic
models learned during the training phase, the topic distributions of test sequences are computed. Finally each sequence is assigned to its most
probable topic, and, since topics have been labeled during the training phase, the predicted rank for the test sequences is obtained.
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up a 16S dataset consisting of 7856 sequences, whose
main features are summarized in Table 1.

Experimental setup
The experiments proposed in this paper, aimed at vali-
dating the probabilistic topic modeling approach, repre-
sent an expansion and an in-depth analysis of our
previous work [43]. There, with a smaller dataset of
3000 sequences, we carried out a series of trials, using a
tenfold cross-validation procedure, in order to test how
the classification results varied with regards to the num-
ber of topics and the dataset composition. We obtained,
with k -mer size = 8, global results ranging from 99% of
precision score at phylum taxonomic level to 80% at
family level. In all cases, we noticed that the best scores
were reached only when the number of apriori fixed
topics is at least equal to the number of different cate-
gories of the input dataset. For example, if we want to
classify our dataset at order level, we have to train a
topic model with a number of topics equal or greater
than the number of orders. Of course only in an ideal
situation the number of topics matches exactly with the
number of categories, in fact in our previous study we
obtained better results with a larger number of topics,
about two times the number of categories, considering a
situation in which each different class covers, in average,
two most probable topics. In this work, we enriched
that experimental pipeline first of all taking into account
a bigger dataset consisting of 7856 gene sequences,
described in “Dataset used” section. Moreover, in order
to tune the choice of the number of topics, the probabil-
istic topic models were trained in a hierarchical way.
That means we fitted a different topic model at each
taxonomic level, for the four different phylum. Consid-
ering the Firmicutes phylum, for instance, in order to
classify at class level, we trained a model considering an
input training set composed of all the Firmicutes
sequences. In order to classify at order level, we trained
a different topic model for each of the four different
classes of Firmicutes phylum (look at Table 1 for info
about the number of categories of our bacteria dataset),
and so on. As a general rule, we considered, for each
topic model a number of topics equal to one time and
two times the number of lower categories: if one class
has four orders, for that class we trained a topic model
with four and eight topics. Once again all the tests have

been carried out by means of a ten fold cross-validation
procedure.
Unlike our previous work, in this paper we also evalu-

ate the robustness and the generalization ability of our
approach with respect to the sequences length. For this
reason, we tested our method also with small sized
sequences, considering respectively sequence fragments
of 400, 200, 100, 50, 40, 25 bp. In this case we submit
to the testing workflow a fragment of length f (with f =
25, 40, 50 and so on) randomly extracted from the full
length sequence and we consider the output classifica-
tion. The need of a robust classifier able to correctly
predict the taxonomic rank of small DNA fragments is
of fundamental importance in metagenomics applica-
tions, where genetic sequences are mainly extracted
from environmental species and in many cases ultra
short sequences, with size ≤ 50 bp, are available [44].
Classification results, in terms of precision scores

(Eq. 7), were compared with other two sequence classi-
fiers: the RDP classifier [20], and the SVM classifier.
The former consists of a naive Bayesian classifier trained
on a k -mer representation of the sequences, the latter
works on a vector representation of the gene sequences
obtained considering the number of k -mers occur-
rences. We adopted the SVM implementation provided
by the R package e1071 [45], that allows a simple inter-
face with the well known LIBSVM library [46]. SVM has
been run with default parameters and Gaussian Radial
Basis kernel.

Experimental results
The precision scores obtained using our probabilistic
topic modeling approach, the RDP classifier and the
SVM classifier, for the 16S rRNA dataset described in
Section Training dataset, are organized in the charts of
Figures 4 to 7. The precision scores are average results
obtained by means of a ten fold cross-validation proce-
dure. Each chart shows the score trends as a function of
the fragment size (full length, 400 bp, 200 bp, 150 bp,
50 bp, 40 bp, 25 bp) at a different taxonomic rank, from
phylum to family. Unfortunately, RDP classifier works
only with sequences of at least 50 bp: in fact with frag-
ments of size 40 bp and 25 bp it is unable to provide a
classification results. This way precision scores for 40 bp
and 25 bp fragments have been linearly extrapolated for
the RDP curve. In all the charts, extrapolated values are
represented with the dashed line for the RDP curve.
From all the charts, it is immediately clear that the
SVM classifier provides acceptable precision results, ran-
ging from 99% at phylum level down to 97% at family
level, only when applied to full length sequences. In all
other situations, the SVM algorithm drops significantly
its performances. In fact, with sequence sizes from
400 bp to 25 bp, the SVM looses completely its predictive

Table 1. Main features of the 16S bacteria Dataset

phylum # sequence # class # order # family

Actinobacteria 2165 1 3 26

Bacteroidetes 760 3 3 11

Firmicutes 1758 4 7 29

Proteobacteria 3173 5 29 66
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power, resulting useless when applied to sequence frag-
ments. This behaviour reflects the fact that the vector
representation of sequence fragments is quite different
from the vector representation of the full sequences com-
posing the training set. SVM, therefore, is not able to
generalize the prediction of small sequences. Our
approach, briefly called LDA approach from here on, and
the RDP classifier show, on the other hand, more robust
an significant results. LDA and RDP, in fact, always pro-
duce very similar results, at each taxonomic level and for
each sequence size, from full length to 50 bp. The LDA’s
precision scores are slightly lower than the results

obtained through the RDP classifier, with an average
spread within 10%, and maximum scores greater than
70% in each case. Our LDA approach shows its effective-
ness when applied to ultra short fragments, i.e. 50 bp,
40 bp and 25 bp. Considering 50 bp fragments, the LDA
and the RDP scores are very close, within 5% of differ-
ence, but while the RDP classifier works only with frag-
ment size of at least 50 bp, our LDA approach gives very
reliable results, about 70%, even with fragment size of
40 and 25 bp. That means, for example, that with only 25
nucleotides, we are able to predict the family of an
unknown sequence with a 70% confidence. Moreover at
class, order and family level, our LDA approach not only

Figure 4 Precision scores at phylum level. Precision scores,
defined as true positives/(true positives + false positives), trends as a
function of the sequence size (full length, 400 bp, 200 bp, 150 bp,
50 bp, 40 bp, 25 bp), for the Latent Dirichlet Allocation (LDA),
Ribosomal Database Project (RDP) and Support Vector Machine
(SVM) classifiers at phylum taxonomic rank. The dashed line for the
RDP curve represents extrapolated values.

Figure 5 Precision scores at class level. Precision scores, defined
as true positives/(true positives + false positives), trends as a function
of the sequence size (full length, 400 bp, 200 bp, 150 bp, 50 bp, 40
bp, 25 bp), for the Latent Dirichlet Allocation (LDA), Ribosomal
Database Project (RDP) and Support Vector Machine (SVM) classifiers
at class taxonomic rank. The dashed line for the RDP curve
represents extrapolated values.

Figure 6 Precision scores at order level. Precision scores, defined
as true positives/(true positives + false positives), trends as a function
of the sequence size (full length, 400 bp, 200 bp, 150 bp, 50 bp, 40
bp, 25 bp), for the Latent Dirichlet Allocation (LDA), Ribosomal
Database Project (RDP) and Support Vector Machine (SVM) classifiers
at order taxonomic rank. The dashed line for the RDP curve
represents extrapolated values.

Figure 7 Precision scores at family level. Precision scores, defined
as true positives/(true positives + false positives), trends as a function
of the sequence size (full length, 400 bp, 200 bp, 150 bp, 50 bp,
40 bp, 25 bp), for the Latent Dirichlet Allocation (LDA), Ribosomal
Database Project (RDP) and Support Vector Machine (SVM) classifiers
at family taxonomic rank. The dashed line for the RDP curve
represents extrapolated values.
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gives an affordable classification results, but if we com-
pare these scores with the ones extrapolated for the RDP
classifier, we obtain higher scores. This behaviour is evi-
dent above all in the family case, Figure 7, where the
LDA method surpasses the RDP score with 50 bp frag-
ments, with an increase of 11%, and, if we consider the
estimated scores of RDP at 25 bp, the performance incre-
ment is about 140%. Furthermore in this chart we can
observe how the performance decrease of the LDA
approach is very smooth, while the RDP classifier shows
a rapid decrease, with a performance drop with respect
to ultra short sequences (50, 40 and 25 bp).

Conclusion
In this paper we presented a novel computational
approach for gene sequence classification. Using the prob-
abilistic topic models, mainly adopted in text mining appli-
cations, we developed a pipeline that, by means of the
Latent Dirichlet Allocation algorithm, is able to learn a
probabilistic topic model from a dataset of 16S gene
sequences. Considering each genomic sequence as a docu-
ment, our goal is to extract the topics, that are recurring
meaningful themes, from the training sequence dataset.
On the basis of their topic distributions, our aim is to
demonstrate that sequences sharing the same groups of
high probable topics belong to the same taxonomic ranks.
Classification results, in terms of precision scores, have
been compared with the RDP classifier, representing state
of the art sequence classifier, and with the SVM general
purpose classifier. Experiments were carried out at differ-
ent taxonomic levels, from phylum to family, and for dif-
ferent sequence sizes, from full length down to 25 bp. The
results show our approach reached very similar results,
within a 10% spread, compared to RDP and SVM, at every
taxonomic level and for full length sequences. The most
interesting results were obtained considering the robust-
ness and generalization ability of our method with regards
to short sized sequences (from 400 bp to 25 bp). Our
approach, therefore, proved very reliable considering full
length sequences, with precision scores very close to the
ones obtained with RDP and SVM classifiers. Most impor-
tantly, it demonstrated its high robustness, with a smooth
decrease of performances when applied for classification
of ultra short sequences. In the near future, we want to
further validate our approach by considering noisy
sequences, i.e. “not good” according to RDP repository
parameters, and taking into account sequence fragments
extracted from different parts of the original sequences.
Noisy sequences are interesting because for example in
case of environmental species it is possible to obtain
degraded sequences. The study of several fragments of the
same input sequence can allow us to understand which
part of the original sequence carries the most informative
content.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
MLR: project conception, implementation, experimental tests, writing,
assessment, discussions.
AF: project conception, discussions, assessment, writing.
RR: project conception, discussions, assessment, writing.
AU: project conception, discussions, assessment, writing, funding.
All authors read and approved the final manuscript.

Declarations
The publication costs for this article were funded by the CNR Interomics
Flagship Project “- Development of an integrated platform for the
application of “omic” sciences to biomarker definition and theranostic,
predictive and diagnostic profiles”.
This article has been published as part of BMC Bioinformatics Volume 16
Supplement 6, 2015: Selected articles from the 10th International Meeting
on Computational Intelligence Methods for Bioinformatics and Biostatistics.
The full contents of the supplement are available online at http://www.
biomedcentral.com/bmcbioinformatics/supplements/16/S6.

Authors’ details
1ICAR-CNR, National Research Council of Italy, via Pietro Castellino 111, 80131
Napoli, Italy. 2ICAR-CNR, National Research Council of Italy, viale delle Scienze
Ed.11, 90128 Palermo, Italy.

Published: 17 April 2015

References
1. Drancourt M, Raoult D: Sequence-based identification of new bacteria: a

proposition for creation of an orphan bacterium repository. J Clin
Microbiol 2005, 43(9):4311-4315.

2. Gaston KJ: Global patterns in biodiversity. Nature 2000, 405(6783):220-7.
3. Drancourt M, Berger P, Raoult D: Systematic 16S rRNA Gene Sequencing of

Atypical Clinical Isolates Identified 27 New Bacterial Species Associated
with Humans. Journal of Clinical Microbiology 2004, 42(5):2197-2202.

4. Hebert PDN, Ratnasingham S, DeWaard JR: Barcoding animal life:
cytochrome c oxidase subunit 1 divergences among closely related
species. Proceedings of the Royal Society Series B, Biological sciences 2003,
270(Suppl 1):96-99.

5. Nei M, Kumar MD: Molecular Evolution and Phylogenetics. Oxford
University Press, New York; 2000.

6. La Rosa M, Di Fatta G, Gaglio S, Giammanco G, Rizzo R, Urso A: Soft
topographic map for clustering and classification of bacteria. In Advances
in Intelligent Data Analysis VII Lecture Notes in Computer Science. Volume
4723. Springer, Berlin, Heidelberg; 2007:332-343.

7. La Rosa M, Rizzo R, Urso A: Soft Topographic Maps for Clustering and
Classifying Bacteria Using Housekeeping Genes. Advances in Artificial
Neural Systems 2011, 2011.

8. La Rosa M, Rizzo R, Urso A, Gaglio S: Comparison of genomic sequences
clustering using normalized compression distance and evolutionary
distance. In Knowledge-Based Intelligent Information and Engineering Systems
Lecture Notes in Computer Science. Volume 5179. Springer, Berlin, Heidelberg;
2008:740-746.

9. La Rosa M, Gaglio S, Rizzo R, Urso A: Normalised compression distance
and evolutionary distance of genomic sequences: comparison of
clustering results. International Journal of Knowledge Engineering and Soft
Data Paradigms 2009, 1(4):345-362.

10. Li M, Chen X, Li X, Ma B, Vitanyi PMB: The similarity metric. IEEE
Transactions on Information Theory 2004, 50(12):3250-3264.

11. La Rosa M, Fiannaca A, Rizzo R, Urso A: A Study of Compression-Based
Methods for the Analysis of Barcode Sequences. In Computational
Intelligence Methods for Bioinformatics and Biostatistics Lecture Notes in
Computer Science. Volume 7845. Springer, Berlin, Heidelberg;Peterson, L.E.,
Masulli, F., Russo, G 2013:105-116.

12. La Rosa M, Fiannaca A, Rizzo R, Urso A: Alignment-free analysis of barcode
sequences by means of compression-based methods. BMC Bioinformatics
2013, 14(Suppl 7):S4.

13. Chor B, Horn D, Goldman N, Levy Y, Massingham T: Genomic DNA k-mer
spectra: models and modalities. Genome biology 2009, 10(10):R108.

La Rosa et al. BMC Bioinformatics 2015, 16(Suppl 6):S2
http://www.biomedcentral.com/1471-2105/16/S6/S2

Page 8 of 9

http://www.biomedcentral.com/bmcbioinformatics/supplements/16/S6
http://www.biomedcentral.com/bmcbioinformatics/supplements/16/S6


14. Scholkopf B, Smola AJ: Learning with Kernels. MIT Press, Cambridge; 2002.
15. Kuksa P, Pavlovic V: Fast Kernel Methods for SVM Sequence Classifiers. In

Algorithms in Bioinformatics Lecture Notes in Computer Science. Volume 4645.
Springer, Berlin, Heidelberg;Giancarlo, R., Hannenhalli, S 2007:228-239.

16. Kuksa P, Pavlovic V: Efficient alignment-free DNA barcode analytics. BMC
Bioinformatics 2009, 10(Suppl 14):S9.

17. Martinetz TM, Berkovich SG, Schulten KJ: “Neural-gas” network for vector
quantization and its application to time-series prediction. IEEE
transactions on neural networks 1993, 4(4):558-569.

18. Fiannaca A, La Rosa M, Rizzo R, Urso A: Analysis of DNA Barcode
Sequences Using Neural Gas and Spectral Representation. In Engineering
Applications of Neural Networks Communications in Computer and
Information Science. Volume 384. Springer, Berlin, Heidelberg;Iliadis, L.,
Papadopoulos, H., Jayne, C 2013:212-221.

19. Sandberg R, Winberg G, Bränden C.-i, Kaske A, Ernberg I, Cöster J:
Capturing Whole-Genome Characteristics in Short Sequences Using a
Naïve Bayesian Classifier. Genome Research 2001, 11:1404-1409.

20. Wang Q, Garrity GM, Tiedje JM, Cole JR: Naive Bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Applied
and environmental microbiology 2007, 73(16):5261-5267.

21. Liu Z, DeSantis TZ, Andersen GL, Knight R: Accurate taxonomy
assignments from 16S rRNA sequences produced by highly parallel
pyrosequencers. Nucleic acids research 2008, 36(18):e120.

22. DeSantis TZ, Keller K, Karaoz U, Alekseyenko AV, Singh NNS, Brodie EL,
Pei Z, Andersen GL, Larsen N: Simrank: Rapid and sensitive general-
purpose k-mer search tool. BMC Ecology 2011, 11:11.

23. Domingos P, Pazzani M: On the optimality of the simple Bayesian
classifier under zero-one loss. Machine Learning 1997, 29(2-3):103-130.

24. Steyvers M, Griffiths T: Probabilistic Topic Models. In Handbook of Latent
Semantic Analysis. Erlbaum, Hillsdale, NJ;Landauer, T., McNamara, D.S.,
Dennis, S., Kintsch, W 2007:.

25. Perona P: A Bayesian Hierarchical Model for Learning Natural Scene
Categories. In IEEE Computer Society Conference on Computer Vision and
Pattern Recognition (CVPR’05). Volume 2. IEEE; 2005:524-531.

26. Bart E, Welling M, Perona P: Unsupervised organization of image
collections: taxonomies and beyond. IEEE transactions on pattern analysis
and machine intelligence 2011, 33(11):2302-2315.

27. Blei DM, Jordan MI: Modeling annotated data. In Proceedings of the 26th
Annual International ACM SIGIR Conference on Research and Development in
Informaion Retrieval - SIGIR ‘03. Volume 127. ACM Press, New York, New York,
USA; 2003.

28. Hu DJ, Saul LK: A probabilistic topic model for unsupervised learning of
musical key-profiles. 10th International Society for Music Information
Retrieval Conference (ISMIR 2009) 2009, 441-446.

29. Kim S, Narayanan S, Sundaram S: Acoustic topic model for audio
information retrieval. 2009 IEEE Workshop on Applications of Signal
Processing to Audio and Acoustics 2009, 37-40.

30. Falush D, Stephens M, Pritchard JK: Inference of Population Structure
Using Multilocus Genotype Data: Linked Loci and Correlated Allele
Frequencies. Genetics 2003, 164(4):1567-1587.

31. Pinoli P, Chicco D, Masseroli M: Enhanced probabilistic latent semantic
analysis with weighting schemes to predict genomic annotations. 13th
IEEE International Conference on BioInformatics and BioEngineering IEEE, Los
Alamitos, CA, USA; 2013, 1-4.

32. Masseroli M, Chicco D, Pinoli P: Probabilistic Latent Semantic Analysis for
prediction of Gene Ontology annotations. The 2012 International Joint
Conference on Neural Networks (IJCNN) IEEE, Brisbane, QLD; 2012, 1-8.

33. Hofmann T: Probabilistic latent semantic indexing. Proceedings of the 22nd
Annual International ACM SIGIR Conference on Research and Development in
Information Retrieval - SIGIR ‘99 ACM Press, New York, New York, USA; 1999,
50-57.

34. Blei DM: Probabilistic Topic Models. Communication of the ACM 2012,
55(4):77-84.

35. Griffiths TL, Steyvers M: Finding scientific topics. PNAS 2004,
101(Suppl 1):5228-5235.

36. Blei DM, Ng AY, Jordan MI: Latent Dirichlet Allocation. J Mach Learn Res
2003, 3:993-1022.

37. Li W, McCallum A: Pachinko allocation: DAG-structured mixture models
of topic correlations. Proceedings of the 23rd International Conference on
Machine Learning - ICML ‘06 ACM Press, New York, New York, USA; 2006,
577-584.

38. Teh YW, Jordan MI, Beal MJ, Blei DM: Hierarchical Dirichlet Processes.
Journal of the American Statistical Association 2006, 101(476):1566-1581.

39. Grun B, Hornik K: topicmodels: An R Package for Fitting Topic Models.
Journal of Statistical Software 2011, 40(13).

40. Casella G, George EI: Explaining the Gibbs Sampler. The American
Statistician 1992, 46(3):167-174.

41. Cole JR, Wang Q, Cardenas E, Fish J, Chai B, Farris RJ, Kulam-Syed-
Mohideen aS, McGarrell DM, Marsh T, Garrity GM, Tiedje JM: The Ribosomal
Database Project: improved alignments and new tools for rRNA analysis.
Nucleic acids research 2009, 37(Database issue):D141-D145.

42. Geer LY, Marchler-Bauer A, Geer RC, Han L, He J, He S, Liu C, Shi W,
Bryant SH: The NCBI BioSystems database. Nucleic acids research 2010,
38(Database issue):D492-D496.

43. La Rosa M, Fiannaca A, Rizzo R, Urso A: Genomic Sequence Classification
using Probabilistic Topic Modeling. In Computational Intelligence Methods
for Bioinformatics and Biostatistics Lecture Notes in Computer Science. Volume
8452. Springer, Berlin, Heidelberg; 2014:49-61.

44. Wooley JC, Godzik A, Friedberg I: A primer on metagenomics. PLoS
Computat Biol 2010, 6(2):e1000667.

45. Karatzoglou A, Meyer D, Hornik K: Support Vector Machines in R. Journal
of Statistical Software 2006, 15(9):1-28.

46. Chang CC, Lin CJ: LIBSVM: A library for support vector machines. ACM
Transactions on Intelligent Systems and Technology 2011, 2(3):1-27.

doi:10.1186/1471-2105-16-S6-S2
Cite this article as: La Rosa et al.: Probabilistic topic modeling for the
analysis and classification of genomic sequences. BMC Bioinformatics
2015 16(Suppl 6):S2.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

La Rosa et al. BMC Bioinformatics 2015, 16(Suppl 6):S2
http://www.biomedcentral.com/1471-2105/16/S6/S2

Page 9 of 9


	Abstract
	Background
	Methods
	Results and conclusions

	Background
	Methods
	Probabilistic topic models
	Document paradigm for gene sequences
	Finding topics in gene sequences
	Training workflow
	Testing workflow

	Results and discussion
	Datasets used
	Experimental setup
	Experimental results

	Conclusion
	Competing interests
	Authors’ contributions
	Declarations
	Authors’ details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


