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Abstract

Background: The need for precise and stable taxonomic classification is highly relevant in modern microbiology.
Parallel to the explosion in the amount of sequence data accessible, there has also been a shift in focus for
classification methods. Previously, alignment-based methods were the most applicable tools. Now, methods based
on counting K-mers by sliding windows are the most interesting classification approach with respect to both speed
and accuracy. Here, we present a systematic comparison on five different K-mer based classification methods for the
16S rRNA gene. The methods differ from each other both in data usage and modelling strategies. We have based our
study on the commonly known and well-used naive Bayes classifier from the RDP project, and four other methods
were implemented and tested on two different data sets, on full-length sequences as well as fragments of typical
read-length.

Results: The difference in classification error obtained by the methods seemed to be small, but they were stable and
for both data sets tested. The Preprocessed nearest-neighbour (PLSNN) method performed best for full-length 16S
rRNA sequences, significantly better than the naive Bayes RDP method. On fragmented sequences the naive Bayes
Multinomial method performed best, significantly better than all other methods. For both data sets explored, and on
both full-length and fragmented sequences, all the five methods reached an error-plateau.

Conclusions: We conclude that no K-mer based method is universally best for classifying both full-length sequences
and fragments (reads). All methods approach an error plateau indicating improved training data is needed to improve
classification from here. Classification errors occur most frequent for genera with few sequences present. For

improving the taxonomy and testing new classification methods, the need for a better and more universal and robust

training data set is crucial.

Background

The exploration of microbial communities is now a major
focus in microbiology, opening new approaches to the
study of microbiomes of humans and other organisms as
well as the communities found in natural environments
of air, water or soil [1]. Already in the 1980s Carl Woese
introduced the rRNA-based phylogenetic comparisons of
prokaryotes [2, 3], and the 16S rRNA gene is still the
most useful genomic marker for the study of diversity and
composition of metagenomes. The classification of 16S
sequences obtained from some samples is a classical pat-
tern recognition problem, i.e. recognizing some pattern in
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a sequence and assign it to one out of several predeter-
mined categories. Whether the sequences are subjected
to multiple alignments or, as in this paper, counting of
short words, some assignment must be made based on
how similar these sequences are to previously classified
sequences. Naturally, the methods employed should give
as accurate classifications as possible, but in metage-
nomics time-efficiency is also an issue since the number of
sequences to classify may be vast. It should also be noted
that with today’s massively parallel sequencing technolo-
gies, shorter reads covering only a region of the gene are
more accessible [4—6], making classification methods that
perform well on sequence fragments essential.

However, classifications based on 16S rRNA sequences
do not only have a practical use in metagenomics. In fact,
this marker is used to build the entire prokaryotic taxon-
omy and is considered the gold standard for phylogenetic
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studies [7-9]. In this perspective the classification of full-
length 16S sequences is the issue. It should also be noted
that in this context we should make all possible efforts
to have the absolute best classifications available, and
time-efficiency is no longer important.

A number of different procedures have been used to
classify 16S sequences, and several different databases
purposely designed as 16S rRNA repositories are avail-
able, e.g. Greengenes [10], RDP [11] and SILVA [12].
Most procedures for taxonomic studies have been based
on alignments and reconstruction of phylogenetic trees,
making use of some predefined evolutionary models and
relevant algorithms [3, 13, 14]. However, with the enor-
mous increase in data from next generation sequencing
technology, these approaches suffer some problems. First,
the computational time required to align a large set of
sequences increases exponentially by its size. Secondly,
greedy algorithms of some kind are required to construct
these huge alignments and these sparse, monolithic align-
ments will most likely contain a substantial number of
errors due to the heuristics employed. Finally, the lack
of consensus, e.g. on evolutionary model assumptions,
has made it impossible to arrive at an official taxon-
omy for prokaryotes, the most widely accepted taxonomy
being the Bergey’s Manual of Systematics of Archaea and
Bacteria [15]. Thus, objective pattern recognition algo-
rithms are likely to be valuable tools for building the
prokaryotic taxonomy itself.

The most popular pattern recognition methods for 16S
sequences are those based on counting K-mers, i.e. over-
lapping ‘words’ of length K in the sequences [16-19].
Wang et al. [19] developed the RDP classifier, based on
the naive Bayes principle and a word-length of K = 8.
The RDP classifier is now close to being a standard in 16S
based classification, and was in 2011 selected by Essential
Science Indicators as the most-cited paper in a highlighted
research area of microbiology [20]. K-mer methods are
fast and will not suffer from the same uncertainties as
the procedures based on evolutionary models and align-
ments. This way of converting sequences to numerical
data is not as intuitive as evolutionary models, and lack the
obvious interpretation given by evolutionary distances,
but they are very objective in their mechanism. Also, in
a previous study [21] we found that in order to obtain
the best possible classification at the genus level, one
has to consider more or less all positions along the full-
length 16S sequences (around 1500 bases), not only hyper-
variable regions or other subsequences. This is another
advantage of the K-mer methods; they use all data in a
sequence.

However, K-mer based pattern recognition methods
are not without model assumptions, and the RDP clas-
sifier uses the K-mer counts in one out of a number
of alternative ways. Recent suggested improvements of
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this approach [22] have made it necessary to make a
more systematic investigation on how well other K-mer
based methods would perform, and possibly to reveal
how and where efforts should be made to improve the
objective classification of prokaryotes. In this paper we
have compared different classification methods based
on K-mer data for 16S sequences. We consider five
different methods based on different machine-learning
approaches, and we have compared their performance
for full-length sequences as well as fragments. In addi-
tion to the method comparison, we also try to pin-
point where improvements should be made in order
to give us better future methods for the important
problem of identifying the majority of species on this
planet.

Methods

Data

To compare methods we used two data sets. The
Trainingset9 is the data used to compare 16S clas-
sification methods in [19], and was downloaded from
RDP [11]. It consists of 10032 16S rRNA sequences vary-
ing from 320 to 2210 bases in length, with the majority
around 1400 bases. There are 37 phyla and 1943 genera
represented in this set.

The SilvaSet is an extract from the SILVA database
[12], where the largest genera have been ‘pruned’ by ran-
dom sampling to contain fewer sequences. This set has
29520 sequences, covering 29 phyla and 1533 genera. The
main reason for including this data set is that it is a man-
ually curated data set different from Trainingset9,
which was used during the development of the RDP-
classifier.

In this paper we only consider classification to genus, i.e.
the lowest taxonomic level of these data. This is the most
challenging and also the most relevant problem for most
studies where taxonomic classification is important.

The distributions of sequence abundance across gen-
era are skewed for both Trainingset9and SilvaSet.
Genera with only one sequence available are by far the
most common in Trainingset9 (Fig. 1). These sin-
gleton genera were included in the analysis, but will
always be mis-classified by all methods, and all reported
errors exclude these sequences. For Trainingset9 few
genera have more than 15 sequences, while some gen-
era are considerably larger (not shown). The genus with
most sequences is Streptomyces, which consists of 513
sequences. In the SilvaSet the difference in genus
sizes is not as pronounced as in Trainingset9, but
the majority of genera consists of 40 or less sequences.
The genus with most sequences is Pseudomonas with 115
sequences.

To estimate the model performance we conducted a
10-fold cross validation [23] for all methods. The data
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Fig. 1 The size distibution histogram of genera in Trainingset9 and SilvasSet. The panels show the size distibution of genera in
Trainingset9 and SilvaSet. Genera with more than 50 sequences are not included here, butin Trainingset9 there are 26 and in
SilvaSet there are 40 such genera

were ordered alphabetically by genus name and split into
ten different segments by enumeration from one to ten
repeatedly, and then assigned to segments according to
this number, i.e. every tenth sequence belongs to the same
segment. This ensured a maximum spread of all genera
across the segments. Each segment was set aside once as
a test set, while the rest were used as training set in each
cross-validation iteration.

K-mer based methods
All methods compared here represent a 16S sequence by
its overlapping K-mers, i.e. words of length K. There are
D = 4K possible words of length K in the DNA (RNA)
alphabet, and in our study we tested word lengths from
two to eight. The methods tested differ in the way they
represent a sequence as K-mers and how this information
is utilized in a statistical learning algorithm to achieve best
possible classification.

All five methods were implemented in the software
environment R [24]. Our implementation of the RDP clas-
sifier was tested against the original Java-implementation

to ensure consistency. The PLS and nearest-neighbour
methods already exist in the R-environment.

RDP

The RDP method considers only the presence/absence of
aword in a sequence, not its frequency. All words of length
K are ordered alphabetically as wy, wy, ..., wp. For every
sequence, we create a vector of D elements where element
jis 1 if word w is present in the sequence, and 0 if not. We
have chosen to describe the RDP method in detail below,
even if this has been done in [19], because this method
serves as a reference for the other methods described later.

Training

For each of the N sequences in the training set we get a
vector of I’s and 0’s, and these vectors are arranged as rows
in the N x D matrix A",

First, we estimate the unconditional probability: The
probability of presence of each word regardless of genus.
Summing the elements in each column of A”# produces
the vector n1, 1y, . . ., np, i.e. nj is the number of sequences
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in the training set where word wj; is observed at least once.
The probability that word w; will be found present in any
sequence is estimated by

nj + 0.5
N+1

where the added 0.5 and 1 guarantees that no probability
is zero or one.
Next, consider only sequences from genus g, i.e. we

Pr(wj) = (1)

consider a sub-matrix A;dp containing only the M, rows
corresponding to genus g. Again we can sum over the
rows of A;dp, and we get the vector my,1, Mg, ..., mgp,
i.e. mg; is the number of sequences from genus g where
we observe the word w; at least once. The genus-specific
or conditional probabilities are estimated by

mgj + Pr(wj)

Mg +1 @

ggj = Pr(wjlg) =

If the training set contains data for G genera, we can

arrange the probabilities g, ; in a G x D matrix Q% where

the element in row g and column j is g4, forg =1,..., G,

j=1,...,D. This matrix Q" 4p is the trained model, with a
set of probabilities (a row) for each genus.

Classification

Given a new sequence we construct the vector a corre-
sponding to a row in the matrix A from above. Element
j in a is 1 if word wj; is found in the new sequence, and
0 otherwise. The unconditional probability of a is found
from (1) by

D
Pr(a) = | [ Prwp® 3)

j=1

where a; is element j in @ and p; is from (1). Notice that
Pr(a is a joint probability of observing the words we see
in this sequence. The naive Bayes approach lies in the
assumption that this joint probability can be written as
a product of the marginal probabilities, as we have done
on the right hand side above. This assumption is correct
only if the elements of @ are independent, which is a naive
assumption, but often still works in a satisfactory manner.

The conditional probability of & given some genus g is
computed in a similar way from (2) by

D
Pr(alg) =[] 4, (4)
j=1

From the general relation between conditional and
marginal probabilities it follows that
Pr(g)Pr(alg)

Pr(a)
where the probability on the left hand side is the crite-
rion we use to classify. This is the posterior probability

Pr(gla) = (5)
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of genus g given the observed sequence a, and we clas-
sify to the genus that maximizes this probability. On the
right hand side we have the prior probability of genus g,
Pr(g), in addition to the two probabilities we computed
in (3) and (4). It is customary to set the prior probabil-
ity equal to the proportion of data from genus g in the
training data set. In the RDP classifier the prior probabil-
ities are assumed to be equal for all genera, and genera
with few sequences are just as likely to be observed as
those with many sequences in the training set. In our study
we considered both flat priors (RDP) as well as priors
proportional to genus abundances.

The posterior probability Pr(g|a) is computed for every
genus, and we assign the sequence to the genus where we
get the largest probability. Notice that the denominator
Pr(a) in (5) does not depend on genus g. Hence, the g that
maximizes Pr(g|a) is exactly the same g that maximizes
Pr(alg)Pr(g), and we can ignore Pr(a) altogether. Also, if
the prior probabilities Pr(g) are identical for all genera, we
get the simple relation Pr(g|a) = Pr(alg).

From a computational perspective, we prefer the log-
transformed version of (5) (ignoring Pr(a)), and using the
relation in (4) we get

D

log, (Pr(gla)) = log,(Pr()) + Y _ajlog,(qz)  (6)
j=1

since this log-probability is maximized for the same g as
the one in (4). If the matrix Q" from the training step
is log-transformed and called L%, and p is the column-
vector of the G log-priors for all genera, we can compute
the score vector

z=p+L%.d 7)

as the inner product of L'# and the column vector a'.
The score vector z has one element for each genus, and
we assign to the genus where z has its maximum value. In
case of two or more genera obtaining the same maximum
value, the sequence is marked as unclassified.

Notice that with flat priors, the terms log,(Pr(g)) are
identical for all g, i.e. all elements of p are identical, and
it can be omitted from (7) since it will add the same to all
genera.

Multinomial

The Multinomial method differs from the RDP method by
considering the relative frequency of every word instead of
presence/absence. The naive Bayes principle is the same.
A similar approach has also been tested by Lui and Wong
in their work in [22].

Training
For each of the N sequences in the training set we get a
vector of frequencies, i.e. element j is the number of times
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we observe w; in the sequence. These vectors are arranged
as rows in the N x D matrix 4/

As before we consider a sub-matrix A?q containing the
M, rows corresponding to genus g. Summing over the

columns of A?q we get a vector mig 1, Mg, . .., Mgp. The
genus-specific frequencies F(wj|g) are:
Mg i 1
Fwjlg) = 3L 4+ — 8
(wylg) M, D (8)

where % pseudo-counts are added to each frequency to
avoid 0 counts. The multinomial probabilities for genus
g is then calculated by dividing each F(wj|g) by their
respective row sum, giving us a new set of multinomial
probabilities gg,;:

D
qgj = Fwjlg)/ Y F(wilg) )
k=1

The trained model consists of the (G x D) matrix Q"
where row g contains the multinomial probabilities g, ; for
genus g.

Classification

From the new sequence we construct the frequency vec-
tor a corresponding to a row in the matrix 477 above.
Again we use the naive Bayes approach to compute a score
vector z:

z=p+L". 4 (10)

where L is the log-transformation of Q™ from the

training step and p are the log-priors just as for the RDP-
classifier. The score vector z has one element for each
genus, and the sequence is assigned to the genus with
maximum score in z. In case of two or more genera obtain-
ing the same maximum value, the sequence is marked as
unclassified.

Markov

In the present context ordinary Markov models consider
word frequencies, but differ from the naive Bayes prin-
ciple used by the previous two methods. Markov mod-
els have been tested on sequence data with the K-mer
approach in earlier studies, e.g. by Davidsen et al. [25].

Training

The training step corresponds to estimating the transition
probabilities of the Markov model. Any word of length K
can be split into the pretext consisting of the first K — 1
symbols, and the last letter, being A, C, G or T. The tran-
sition probabilities are the conditional probabilities of the
last letter given the pretext. These probabilities are usu-
ally organized in a transition matrix with 4 columns (one
for each letter) and one row for each pretext (45~ rows).
However, these probabilities can equally well be organised
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in a single row-vector, where the conditional probabilities
of A given the ordered pretexts is found at positions Iy =
(1,5,9,...), for C given the ordered pretexts in positions
Ic = (2,6,10,...) and so on. Note that this corresponds
to the K-mers in alphabetical order. Each consecutive four
positions corresponds to the same pretext, extended by A,
C, G and T, respectively.

The matrices A" and qu are computed as for the

Multinomial method. Summing over the columns of qu
again produces genus-specific frequencies F(wjlg) as in
(8). If K-mer w; contains pretext / followed by, say, A, then
the corresponding genus-specific transition probability is
estimated by

qgj = Fwjlg)/ Y F(wilg)
kE[A

(11)

and similar if the pretext is followed by C, G or T, I is
replaced by the corresponding index set. If we had orga-
nized the transition probabilities in a matrix, this value
would appear in cell (4, 1) since we consider pretext &
followed by A (column 1). Instead we arrange these prob-
abilities in a row vector of D elements. Having the transi-
tion probabilities for each genus, we arrange the vectors as
rows in a (G x D) matrix Q™" k. The latter organization of
the transition probabilities is done only to have the same
data structure as for the other methods; it does not affect
the computations.

Classification

From the new sequence we count K-mers as for the
Multinomial method, constructing the frequency vector a
corresponding to a row in the matrix 474, We compute
scores for the sequence as

z=L"%. 4 (12)

where L is the log-transformation of Q”". Again we

classify to the genus yielding maximum score. In case of a
tie, the sequence is marked as unclassified.

Nearest-neighbour (NN)

In this method we use nearest-neighbour classification
based on multinomial probabilities. Nearest-neighbour
methods have no specific training step, but use the train-
ing data as a database and perform a lookup based on
some characteristics of the query sequence. Another 16S
nearest-neighbour method, called the Similarity Rank
tool, was published by Maidak et al. [26] for use in The
Ribosomal Database Project.

As before we compute the (N x D) matrix 47 by word
counting, where N is the number of sequences in the
training set. Then we divide all elements in a row by its
row-sum to obtain multinomial probabilities, and these
are stored in the (N x D) matrix A" Thus, each training
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sequence, with its labelled genus, is represented as a row
in this matrix.

For every new sequence we also count word frequencies
and divide by the number of words in the sequence, pro-
ducing a vector & similar to a row in A", The Euclidean
distance from a to all sequences (rows) in the training set
is computed. The new sequence is assigned to the same
genus as the nearest neighbour in the training set. In case
of a tie, i.e. two or more genera are nearest neighbours, it
is left unclassified.

Preprocessed nearest-neighbour (PLSNN)

In this method we extend the nearest-neighbour by com-
bining it with the partial least squares (PLS) method [27].
This is a supervised learning method that has been used
in many bioinformatics applications (e.g. [28—32]). A rea-
son for the wide-spread use of PLS is that it is especially
applicable when we have many correlated explanatory
variables, which is typical for the present K-mer data,
especially as K increases.

The idea is to compute a linear mapping from the
K-mer frequency space to a much lower dimensional
space, and then look for nearest-neighbours in this low-
dimensional space. In K-mer space every sequence has
D = 4X coordinates, and in the nearest-neighbour
method above all coordinates (K-mers) have equal weight.
However, it is more than likely that some of these
will be more or less important for recognizing a par-
ticular genus. Replacing the original D dimensional
space by a smaller number of combinations can be
seen as a preprocessing of the data before the nearest-
neighbour step, hopefully resulting in more ‘correct’
distances between sequences when seeking the nearest
neighbour.

Training
From the training data we again compute the (N x D)
matrix A”* as above. This is used as the matrix of
explanatory variables in training the PLS-method. The
response is the genus for each sequence. This is coded as
a row-vector of G elements, with 1 in position g if the
sequence comes from genus g and 0 in all other positions.
This assembles into an (N x G) matrix Y.
The PLS assumption is based on the linear model
E(Y)=A""B (13)
where B is some (D x G) vector of regression coeffi-
cients. The algorithm will search for an orthogonal sub-
space by combining the variables (columns) of A” and
maximising the covariance between ¥ and A”. The algo-
rithm first finds the 1-dimensional sub-space, then the
2-dimensional, etc. The main idea is to stop the search
after C dimensions, where C << D but still enough to
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have a good fit according to the model in (13). This means
we end with

A" ~ SR (14)

where the (N x C) dimensional matrix S consist of lin-
ear combinations of the columns in A”#, and R is some
orthonormal projection matrix. The rows of § are the
training sequences represented in the C-dimensional sub-
space with maximum covariance to genus information.
In this representation we have filtered out less important
variation in K-mer frequencies, e.g. variation within gen-
era. Distances between sequences in this space should be
more sensitive to between-genus variation and less sensi-
tive to within-genus variation. For every word length K we
tested 8 different dimensions C. The maximum was set to
Ciax = min(N—1, D—1,2000), and we used C = iCy;45/8
fori=1,2...,8.

Classification

For every new sequence we compute a vector @ similar
to a row in A”. From (14) it follows that AmltR ~ §
since R is orthonormal, and thus we can compute s = aR.
The vector s is the representation of the new sequence in
the subspace spanned by S. The new sequence is finally
classified with the nearest-neighbour method as before,
where Euclidean distances from s to all rows of S are
considered.

Results and discussion

We have tested five methods for K-mer based classifica-
tion of 16S sequences, using a 10-fold cross validation, on
two different data sets to compare their performance.

Figure 2 shows the classification error for full-length
sequences for both Trainingset9 and the SilvaSet.
The Multinomial, the NN and the PLSNN method, all
had a smooth, steady reduction in classification error
from word length three, while the RDP method did
not stabilize until word length five. The latter is due
to the present/absent logic of this method: With too
short word-length almost all words are present in most
sequences. RDP and Multinomial had their minimum
error at word length eight, NN and PLSNN at word length
seven for Trainingset9 and eight for the SilvaSet,
while The Markov method reached the minimum error
rate at word lengths of four and six, respectively, for
the two data sets. The smallest error reached is fairly
similar for all methods. The minimum error level was
around 5% for Trainingset9, and slightly higher for
the SilvaSet.

The classification errors for the optimal word lengths
are summarized in Table 1. For full-length sequences,
using the optimal word length for each method, PLSNN
performed best on both data sets with classification errors
42% and 4.9% respectively. The differences from the
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other methods may seem small, but were stable. This is
indicated by the error percentages in each of the ten cross-
validation test-sets (Fig. 3). Each test set was a random
subset of the full data set. The fact that methods behave
consistent across subsets is an indication of a stable dif-
ference. From Fig. 3 we observed that not only was the
PLSNN method overall best, but also best in nine out
of ten sub-sets. We also noticed that the RDP method
was not among the best methods in any sub-sets, and
the Markov method produced the largest error in most
cases. To test the effect of methods on the classification
error, we employed a standard analysis-of-variance, using
method as fixed effect (five levels) and test set as random

Table 1 Results from a 10-fold cross validation. Classification
errors (% misclassified) for the different methods at their optimal
word length and for various data sets. Singleton genera errors are
not included since they add the same to all methods

Trainingset9 SilvaSet
Method Full-length Fragments Full-length Fragments
PLSNN 4.15 (K7) 16.96 (K8) 4.87 (K8) 2433 (K7)
Multinomial  4.70 (K8) 16.00 (K8) 5.68 (K8) 19.73 (K8)
NN 4.99 (K7) 16.54 (K8) 5.63 (K8) 24.02 (K8)
RDP 543 (K8) 16.42 (K8) 6.55 (K8) 2049 (K8)
Markov 5.93 (K4) 21.78 (K6) 8.10 (K6) 22.98 (K7)

effect (ten levels). Using the RDP method as a reference
method, we made a pairwise comparison with Tukey’s
Honestly Significant test of the other four methods. The
p-values are found in Table 2. The Markov method
was significantly poorer and both the Multinomial and
the PLSNN methods were significantly better (p < 0.05)
than RDP on full-length sequences for both data
sets.

All methods were also tested on shorter fragments
of 16S sequences. Present sequencing technologies pro-
vide high-quality reads up to a few hundred bases, and
some kind of assembly is required to provide a full-
length 16S sequence (minimum 1200 bases). Thus, clas-
sification based directly from the reads is desired. We
divided the test sequences into ten partially overlapping
fragments of 200 bases, and all fragments were classi-
fied. Figure 4 shows the classification error based on the
fragment sequences for both Trainingset9 and the
SilvaSet. No method behaved well before word lengths
of at least five or six, and again there was some error-
plateau below which no method reached. Naturally, the
errors were larger than for full sequences, since the infor-
mation content of these shorter fragments must be smaller
than the full sequence. Again, the ANOVA analysis was
performed and we found that, compared to our con-
trol method RDP, the Multinomial was the only method
that performed significantly better (p < 0.05) for both
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data sets. PLSNN, on the other hand, now performed
significantly poorer than RDP. The details of the results
can be seen in Tables 1 and 2.

A difference between 4.2% (full-length PLSNN
Trainingset9) and 54%  (full-length RDP
Trainingset9) error may seem small, but for build-
ing the taxonomy itself, there is no excuse for ignoring
any improvement in methods. In principle the error
should be zero. In a more practical use, where we want
to classify a large number of sequences, a difference in
1% means many misclassified sequences. Computation
time is also an issue that should be taken into consid-
eration. The RDP, Multinomial and Markov methods
are fast and easy to both train and use for subsequent
classification. All nearest-neighbour methods, including
NN and PLSNN, are slower since they require distance
computations for each new sequence to every sequence
in the training set. The PLSNN method requires heavy

Table 2 p-values for pairwise comparison of methods. Results
from ANOVA on the effect of methods. The RDP is considered our
control level and the p-values stated in the table below are the
pairwise comparison for the four other methods to RDP

Trainingset9 SilvaSet
Method Full-length Fragments Full-length Fragments
PLSNN < 0.001(—) 0.002(+) < 0.001(—=) < 0.001(+)
Multinomial ~ 0.016(—) 0.026(—) <0001(=) < 0001(=)
NN 0293(—) 0.895(+) <0001(=) < 0001(+)
Markov 0.198(+) < 0001(+) <0001(+) < 0001(+)

The signs in the parentheses indicate if a method gave smaller (=) or larger (+)
errors than RDP

computations during training, but once this has been
done, new sequences are classified faster (and better)
than with NN since distances are computed in a smaller
sub-space.

The Markov method appears to be the clear loser in
our tests. Not only does it give poorest best-case results,
but we also noticed that the best word length for the
Markov classifier changed from four to seven depending
on the data set. The uncertainty in word length makes this
method unstable and unreliable and it is discarded as a
fruitful approach for 16S sequence classification.

In the PLSNN method we employ the PLS method
as a preprocessing of the count data, finding linear
combinations of the K-mer counts having maximum
class information. If we consider word length seven
there are 4’ = 16384 different K-mers. A full-length
16S sequence has around 1500 words of this length,
which means more than 90% of these K-mers occur
zero times in any given sequence. Not all K-mers of
this length can be equally important and a dimension
reduction must be possible. We found that for K >
6 a reduction to 2000 dimensions gave the best PLS-
performance. Thus, for K = 7 we reduce the coordinate-
space from more than 16000 dimensions to 2000 before
computing distances. Still, 2000 dimensions is remark-
ably large, but of course affected by the fact that we
want to classify into a huge number of distinct gen-
era. If the training set includes 1800 different genera,
it is perhaps not surprising that we need at least this
many dimensions to get a proper resolution to discrim-
inate between them. This huge number of categories,
as well as the considerable size variation between them
seen in Fig. 1, makes this a rather special classification
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problem with several methodological challenges worth
pursuing.

In [19] flat priors were used in their RDP-classifier.
The results presented above also employ this strategy,
assuming all genera are equally likely to occur in a
new 16S sequence. If genera with many sequences in
the training set are truly more widespread, this should
be taken into account, and priors reflecting the abun-
dance of each genus in the training set should pro-
duce better classifications. On the other hand, if a small
training sample is due to an unexplored or newly discov-
ered genus frequency-weighted priors supplies no further
information to the data. We tested the RDP-classifier
and the Multinomial method with both prior strategies
on Trainingset9. The results were surprisingly similar
regardless of priors. For word length eight the misclas-
sified sequences were practically identical for the two
cases, both for full-length and fragmented sequences.
With this lack of differences we conclude that, unless
very good arguments for the opposite can be provided,
flat priors should be used. A flat prior means a sin-
gle parameter (probability) is used for the entire pop-
ulation instead of (Ockham’s razor) favours the simpler
solution.

In the results we observed an error-plateau or bar-
rier below which no K-mer based method seemed to

reach. Data sets like Trainingset9 and SilvaSet
will always contain some proportion of questionable
classifications partly since the actual relatedness between
various genera is unknown, but also because the 16S
gene itself is not a flawless marker. Variability between
copies within the same genome as well as recombination
events have been reported even for this highly conserved
gene [33, 34]. If some sequences have been assigned
to an incorrect genus from the beginning, classification
errors seems unavoidable. Wang et al. tested their naive
Bayes classifier (RDP-classifier) on two different data sets
in their work [19] from 2007. They reported the clas-
sification errors at genus level as 8.6% and 7.9% for
the Bergey corpus and the NCBI corpus, respec-
tively. The difference from our errors for the same
method can be explained by a data set effect, presum-
ably the data sets we have been ‘improved’ by eliminating
some obvious mis-assignments since 2007. This empha-
sizes the importance of training data for classification
performance [35].

All the sequences that were classified faulty by at least
one of the methods were extracted and investigated fur-
ther. For full-length sequences from Trainingset?9
this consisted of 725 sequences, and the errors were
distributed over methods as shown in Fig. 5. First, we
noticed all methods made some unique errors, from
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18 for PLSNN to 97 for RDP. The pairwise relations
showed that RDP and Multinomial shared 78 common
errors, and NN and PLSNN shared 62. All other pairs
had much fewer common errors (3,6,13 and 164), as
expected from how the methods are designed. We also
noticed that 227 sequences were classified faulty by all
methods (center sector), and among these, 176 were
assigned to the same genus by all five methods. These
176 sequences belong to 127 unique genera and 42 of
these genera contained only two sequences in the full
data set.

To investigate further the effect of genus-size, we have
in Fig. 6 plotted the error percentages for sizes two to ten.
As expected, small genera had elevated risk of being clas-
sified wrongly. Genera of size two means there are two
sequences in total, one sequence in the training set and
one in the test set. Recognizing a genus based on one pre-
viously observed sequence is of course very difficult. The
genera with only one sequence present (singletons) are
not shown as they always will have 100 % error. The figure
shows that more errors were made for genera consisting
of few sequences and this skewness in abundance poses
a challenge to all statistical learning methods. One may
argue that to improve classifications we need better data

more than we need better methods, and that a larger data
set is not necessarily a better data set. The SilvaSet
is three times larger than Trainingset9 but still rela-
tively more errors were made. We agree that better data
is essential, but better data and better methods are also
interleaved, since no data set is completely independent of
methods, and manual curation is certainly no guarantee
against classification errors.

In the introduction we mentioned that previous stud-
ies show that we should consider all positions along the
16S sequences to get optimal genus-classification. Still,
in Fig. 7, we see that some fragments are more informa-
tive than others. Fragment four gave a considerably better
classification than the other fragments. Please note that
we chopped the 16S sequences into ten partly overlap-
ping fragments, all of length 200 bases. Thus, fragment
four is located relative to each sequence length, and does
not correspond exactly to a hyper-variable region, but
is in most cases around region V3-V4, which is known
to be the most informative part of the 16S gene. In
this perspective it seems likely that there is something
to gain from utilizing position-specific information. K-
mer based methods do not take into account where in
the sequence the different words are located, and there
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may be a potential for improving the methods along
this line.

Conclusion

We have compared the popular RDP method to four
other K-mer based methods with respect to classifica-
tion of prokaryotes based on 16S sequences. The dif-
ferences in classification performance are significant,
but all methods apart from the Markov method seem
to stabilise on a classification error less than 6.6 % for
word length bigger than seven for full-length sequences.
Small extensions to the RDP method, such as count-
ing the frequencies instead of just present/absent, seem
to be an advantage, as also pointed out by [22]. On
full-length 16S sequences, the Preprocessed nearest-
neighbour method stands out as the best, and should be
considered for high-precision jobs. With shorter ‘reads’
as input, the naive Bayes based Multinomial method

proves to be the method with least classification errors
and therefore the method, out of the five presented
methods, which is the optimal option for rapid taxonomic
assignments.

The study also reveals the importance of high-quality
data for improving the classifications further. All methods
seem to level out at some error which is inherent in
the various data sets, and it is not likely that improved
methods as such will lower this barrier. We have pointed
out the special features of this type of data; a large
number of categories (genera) in combination with an
extreme skewness in their sizes. A key to improve clas-
sification is to obtain gold standard training sets in
which all efforts have been made to have as few gen-
era as possible with only a few sequences. Increas-
ing the number of representative sequences from one
to three or four can greatly increase the classification
accuracy.
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The K-mer methods examined here ignore the posi-
tion specific information that is most likely important to
discriminate certain genera. For further improvement of
classification, pattern-recognition methods that takes into
account position specific information through the 16S
sequences may be a good place to start.

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

Authors’ contributions

The project was initiated by LS, KHL and HV. All authors have been involved in
the development of the approach. KHL, LS and HV did the programming. HV
and LS drafted the manuscript. All authors have read and approved the final
version.

Acknowledgements
Hilde Vinjes scholarship has been fully financed by the Norwegian University
of Life Sciences.

Author details

! Department of Chemistry, Biotechnology and Food Sciences, Norwegian
University of Life Sciences, Oslo N-1432 As, Norway. 2Nofima AS, Osloveien 1,
Oslo 1430 As, Norway.

Received: 13 February 2015 Accepted: 6 June 2015
Published online: 01 July 2015

References

1. Ozlem Tastan Bishop. 2014. Bicinformatics and Data Analysis in
Microbiology. Rhodes University, South Africa: Caister Academic Press.

2. Woese CR, Stackebrand E, Macke TJ, Fox GE. A phylogenetic definition

of the major eubacterial taxa. Syst Appl Microbiol. 1985;6:143-51.

Woese CR. Bacterial evolution. Syst Appl Microbiol. 1987,51:221-71.

4. Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA,
Turnbaugh PJ, Fierer N, Knight R. Global patterns of 16S rRNA diversity at

w

20.

a depth of millions of sequences per sample. Proc Natl Acad Sci USA.
2011;108(Suppl 1):4516-22.

Claesson M, Wang Q, O'Sullivan O, Greene-DinizR, Cole J, Ross R, et al.
Comparison of two next-generation sequencing technologies for
resolving highly complex microbiota composition using tandem variable
16S rRNA gene regions. Nucleic Acids Res. 2010;38:200.

Tringe S, Hugenholtz P. A renaissance for the pioneering 16S rRNA gene.
Curr Opin Microbiol. 2008;11:442-6.

Woese CR, Fox GE. Phylogenetic structure of the prokaryotic domain: the
primary kingdoms. Proc Natl Acad Sci U S A. 1977,74(11):5088-90.

Pace NR. A molecular view of microbial diversity and the biosphere.
Science. 1997,276:734-40.

Harmsen D, Karch H. 165 rDNA for diagnosing pathogens: a living tree.
ASM News. 2004;70:19-24.

Greengenes database. 2015. [http://greengenes.Ibl.gov/cgi-bin/nph-
index.cgil. Accessed date May 18, 2015.

Ribosomal Database Project. 2015. [http://rdp.ce.msu.edu/]. Accessed
date May 18, 2015.

SILVA database. 2015. [http://www.arb-silva.de/]. Accessed date May 18,
2015.

Ludwig W, Strunk O, Klugbauer S, Klugbauer N, Weizenegger M,
Neumaier J, Bachleitner M, Schleifer KH. Bacterial phylogeny based on
comparative sequence analysis. Electrophoresis. 1998;19(4):554-68.
Kolaczkowski B, Thornton JW. Performance of maximum parsimony and
likelihood phylogenetics when evolution is heterogeneous. Nature.
2004,431:980-4.

Bergeys. 2015. [http//www.bergeys.org/]. Accessed date May 28, 2015.
RudiK, Zimonja M, Naes T. Alignment-independent bilinear multivariate
modelling (AIBIMM) for global analyses of 16S rRNA gene phylogeny. Intl
J Syst Evol Microbiol. 2006,56:1565-75.

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:e120.

Soergel D, Dey N, Knight R, Brenner S. Selection of primers for optimal
taxonomic classification of environmental 16S rRNA gene sequences.
ISME J. 2012;,6:1440-4.

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian Classifier for
Rapid Assignment of rRNA Sequences into the New Bacterial Taxonomy.
Appl Enviromental Microbiol. 2007,73:5261-67.

Science Watch. 2015. [http://archive.sciencewatch.com/dr/erf/2011/
11decerf/11decerfCole/]. Accessed date May 18, 2015.


http://greengenes.lbl.gov/cgi-bin/nph-index.cgi
http://greengenes.lbl.gov/cgi-bin/nph-index.cgi
http://rdp.cme.msu.edu/
http://www.arb-silva.de/
http://www.bergeys.org/
http://archive.sciencewatch.com/dr/erf/2011/11decerf/1 1decerfCole/
http://archive.sciencewatch.com/dr/erf/2011/11decerf/1 1decerfCole/

Vinje et al. BMIC Bioinformatics (2015) 16:205

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

Vinje H, Aimay T, Liland KH, Snipen L. A systematic search for
discriminating sites in the 16S ribosomal RNA gene. Microb Inf
Experimentation. 2014;4:2.

Liu K, Wong T. Naive Bayesian Classifiers with Multinomial Models for
rRNA Taxonomic Assignment. [EEE/ACM Trans Comput Biol
Bioinformatics. 2013;10(5):1334-9.

Stone M. Cross-validatory choice and assesment of statistical predictions.
J R Stat Soc Serie B-Methodological. 1974;36:111-47.

R. 2015. [http://www.r-project.org/]. Accessed date May 18, 2015.
Davidsen T, Redland EA, Lagesen K, Seeberg E, Rognes T, Tanjum T.
Biased distribution of DNA uptake sequences towards genome
maintenance genes. Nucleic Acids Res. 2004;32(3):1050-8.

Maidak BL, Larsen N, McCaughey MJ, Overbeek R, Olsen GJ, Fogel K,
Blandy J, R WC. The Ribosomal Database Project. Nucleic Acids Res.
1994;22(17):3485-7.

Wold S, Martens H, Wold H. The Multivariate Calibration Problem in
Chemistry solved by the PLS Method. Lect Notes Math. 1983,;973:286-93.
Nguyen DV, Rocke DM. Tumor classification by partial least squares using
microarray gene expression data. Bioinformatics. 2002;18:39-50.

Nguyen DV, Rocke DM. Multi-class cancer classification via partial least
squares with gene expression profiles. Bioinformatics. 2002;18:1216-26.
Aarge J, Lindahl T, Dumeaux V, Seebg S, Tobin D, Hagen N, Skaane P,
Lonneborg A, Sharma P, Berresen-Dale A. Gene expression profiling of
peripheral blood cells for early detection of breast cancer. Breast Cancer
Res. 2010;12:R7. doi:10.1186/bcr2472.

Mehmood T, Martens H, Seebe S, Warringer J, Snipen L. Mining for
genotype-phenotype relations in Saccharomyces using partial least
squares. BMC Bioinformatics. 2011;12(318):318.

Mehmood T, Bohlin J, Kristoffersen AB, Seebg S, Warringer J, Snipen L.
Exploration of multivariate analysis in microbial coding sequence
modeling. BMC Bioinformatics. 2012;13:97. doi:10.1186/1471-2105-13-97.
Vetrovsky T, Baldrian P. The variability of the 16S rRNA gene in bacterial
genomes and its consequences for bacterial community analyses. PLoS
ONE. 2013;8(2):€57923. doi:10.1371/journal.pone.0057923.

Kitahara K, Miyazaki K. Natural and experimental evidence for horizontal
gene transfer of 16S rRNA. Mobile Genet Elem. 2013;3(1):e24210.
Werner JJ, Koren O, Hugenholtz P, DeSantis TZ, Walters WA, Caporaso
JG, et al. Impact of training sets on classification of high-throughput
bacterial 165 rRNA gene surveys. ISME J. 2012;6:94-103.

Page 13 0f 13

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

¢ Convenient online submission

e 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

( BiolMed Central



http://www.r-project.org/
http://dx.doi.org/10.1186/bcr2472
http://dx.doi.org/10.1186/1471-2105-13-97
http://dx.doi.org/10.1371/journal.pone.0057923

	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Data
	K-mer based methods
	RDP
	Training
	Classification

	Multinomial
	Training
	Classification

	Markov
	Training
	Classification

	Nearest-neighbour (NN)
	Preprocessed nearest-neighbour (PLSNN)
	Training
	Classification


	Results and discussion
	Conclusion
	Competing interests
	Authors' contributions
	Acknowledgements
	Author details
	References

