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Algorithm
Classifier in Action

Bacterial Type Sequences Training Set:

Word Specific Priors -

Small subunit ribosomal RNA sequences from approximately 5500 bacterial species type
strains (and a small number of other sequences representing regions of bacterial diversity

Let W = (w1, w2, …, wd) the set of all possible eight character subsequences (words). For a
training set of N sequences, let ni be the number of sequences containing subsequence wi. The

with few named organisms) in 800 genera were obtained from Bergey's Trust, along with

value pi = (ni + 0.5) / (N + 1) was used as a prior estimate of the likelihood of observing word wi in a

associated taxonomic assignment information [2]. In bacteriology, type strains act as a

rRNA sequence.

Abstract
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The Ribosomal Database Project II (RDP) provides data, tools, and services
related to ribosomal RNA sequences to the research community. Through
its website (http://rdp.cme.msu.edu), RDP-II offers aligned and annotated

formal link between taxonomy and phylogeny. The sequences averaged 1475 bases in

rRNA sequence data and analysis services. For easy navigation, these data
are presented in a hierarchical format closely following the taxonomy
proposed by Bergey's Manual of Systematic Bacteriology. As of May 2004,
the RDP maintains over 112,000 bacterial sequences, with updates

Genus Specific Conditional Probabilities -

These training sequences were each labeled with a set of taxa, from domain to genus.

For a genus G with a training set consisting of M sequences, let mi be the number of these
sequences containing word wi. The conditional probability that a member of G contains wi was

From the highest to the lowest, the major formal taxonomic ranks are: domain, phylum,

averaging over 2000 new sequences made monthly. To handle this volume

class, order, family and genus. There are occasional intermediate ranks such as "subclass"

of sequences, the RDP uses an in-house developed naïve Bayesian

and "suborder".

classifier. The classifier is trained on all known type strain 16S sequences
from over 4000 bacterial species (and a small number of other sequences

length with a range of 1200 - 1800 bases.

S (S ∈W) from genus G was estimated as P(S|G) = w S P(wi|G).
i
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Taxonomy

representing regions of bacterial diversity with few named organisms)
grouped into approximately 880 genera. To classify an unknown query, for

Domain

Phylum

Class

Order

Family

Genus

Bergey

1

30

33

76

194

775

NCBI

1

24

31

82

209

1187

each genera the classifier calculates the joint probability of observing the

2

eight base words (subsequences) found in the the query. Under the naïve

estimated as P(wi|G) = (mi + pi ) / ( M + 1). Ignoring the dependency between words in an
individual sequence, the joint probability of observing a (partial) sequence containing a set of words

Table 4: Number of taxa at different ranks.

Naïve Bayesian Assignment By Bayes’ theorem, the probability that an unknown query sequence S is a member of genus Ga is
P(Ga|S) = P(S|Ga)/P(S), assuming all genera are equally probable (equal priors). P(S) can be
ignored since it is the same for all genera. We classify the sequence as a member of the genus

Bayesian assumption, the query is assumed to be a member of the genus

giving the highest probability score, but we ignore the actual numerical probability estimate.

with the highest probability. To give a bootstrap estimate of confidence in the
Large Training Set:

assignment, the analysis is repeated 100 times with randomly selected

Bootstrap confidence estimation -

subsets of query words. The RDP classifier was tested by exhaustive leave-

23095 near-full length 16s rRNA sequences were obtained from the January 2004 release

one-out testing with both full length and short partial sequences. The results

of GenBank. These sequences are classified into 1187 genera in the taxonomy provided by

of these tests were also used to compare the bootstrap resampling

NCBI. Initial placement into this taxonomy is based on information provided by the

confidence estimates to observed error rates. The online version of the RDP

sequence submitter, with modifications by the NCBI staff. These 16s rRNA sequences

classifier is now available along with a suite of tools for visualizing

For each query sequence S, the collection of all overlapping words in the query was first calculated.
Then a subset of these words was randomly chosen (with replacement) and the words in this subset
were then used to calculate the joint probability. (Since overlapping words are highly dependent, we
conservatively chose only one-eighth of the words for each trial.) The number of times a genus was

averaged 1454 bases in length.

selected out of 100 bootstrap trials was used as an estimate of confidence in the assignment to that

classification results from sets of user sequences.
Algorithm:

Accuracy of Results

Introduction

genus. For higher-rank assignments, we sum the results for all genera under each taxon.

The classifier uses a feature space consisting of all possible eight-base subsequences
Overall Accuracy Using Bergey's Taxonomy

Starting in the mid '80s, Carl Woese revolutionized the field of microbiology with his
ribosomal RNA-based phylogenetic comparisons delineating the three main branches

We tested the classifier using Bergey's Taxonomy by exhaustive leave-one-out testing. For each test, we reserved a
single training set sequence as query and retrained the classifier on the remaining sequences. The process was repeated
for all sequences in the training set.

of life [5]. Today, rRNA based analysis remains a central method in microbiology, used
For a number of genera (419), the training set consisted of a single sequence. For these sequences, the (obviously)
incorrect genus assignment was ignored, but the results were included for higher ranks containing other genera with valid
training sets. In addition to the near-full length sequences, we also tested the classifier on small contiguous regions of
400, 200 and 50 bases chosen at random from the test sequences.

not only to explore microbial diversity, but as a day-to-day method for bacterial
identification. Small subunit rRNA identification (classification) methods, as opposed to
phylogenetic (clustering) methods have been hindered due to the lack of a consistent
higher-level bacterial classification structure (taxonomy). This situation changed

For the near-full-length and 400 base partial rRNA sequences, the classifier was highly accurate down to the genus level,
while with 200 base partial sequences the classifier was accurate at the phylum and class levels. The bootstrap provided
a good estimate of classification reliability (Tables 2 and 3). Overall, 94.6% of taxon assignments matched in 95 or more
of the 100 bootstrap samplings and these assignments were correct 99.4% of the time.

recently, when in 2002, Bergey's Trust published a revised higher-order taxonomy
attempting to reconcile bacterial taxonomy with rRNA based phylogeny [2].

We retrained the classifier on the large, but less documented training set of 23095 16s rRNA sequences classified by
NCBI, 4619 of these were randomly chosen for leave-one-out testing, as above (Table 4).

We have developed a naïve Bayesian classifier for classifying bacterial rRNA

(words) (64k) in the query molecule. As with text-based Bayesian classifiers, only those
words occurring in the query contribute to the score [3]. A similar word-based classification
scheme has been used to search for horizontal gene transfer events in whole-genome

The classifier and related software were written in Java (API v1.4.1) and have been tested on the

sequences [4]. Word-specific priors were calculated from the frequency of the word

Solaris (2.8), Linux (2.4.23) and Macintosh (OS 10.2) operating systems using Java virtual

occurring in the entire training set (after applying a Laplace correction).

machines from Sun and Apple. Additional software to process results was written in Java and Perl.

Limitations and Enhancements
of the RDP Classifier
For query sequences from regions of bacterial diversity with less
defined taxonomy, RDP’s Classifier tends to provide less

sequences into the new Bergey's bacterial taxonomy. This classifier is fast, does not

This classifier is fast enough to handle large sample volumes. On a 1Ghz Apple G4 processor, it can classify
approximately 5 sequences per second (with 100 bootstrap samples of each). The new taxonomy is still evolving as
species are reevaluated and discrepancies are resolved. As these changes occur, it has proved relatively simple to retrain
the classifier and update the assignments of the greater than 99,000 sequences in the RDP library.

require sequence alignment and works well with partial sequences. (The vast majority
of rRNA sequences in the public databases are partial.) This classifier was first used
internally by the Ribosomal Database Project [1] (RDP; http://rdp.cme.msu.edu) to

conclusive classification results. For these sequences, instead of
misclassifying them to the taxa they do not belong to, RDP’s
Classifier treats them as ‘unclassified’ at the ranks that satisfy the
user-specified confidence levels.

organize its publicly available sequence library. The online version of this Classifier has

Coming Soon
Features

Significant improvements in classification by the Classifier have
been observed as the taxonomic groups become better defined

preliminary classification of the 16S rRNA sequences both at high throughput scale and

and better training sets become available.

Vetted sequences:

the single sequence submissions.
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High accuracy for full-length sequences

New Sequence Match
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Bootstrap confidence estimates provided
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recently been developed and added to the RDP website and is now available for public
use. This online Classifier provides an easy-to-use tool for researchers to carry out

Implementation:

Fast classification of 16s rRNA sequences

8

Works with partial sequences

8

No alignment required

For regions of less-well-studied bacterial diversity, query
classification is often not well supported, even for higher

RDP Growth

Table 3: Percentage of bootstrap assignments.

Number of Aligned Bacterial Sequences Offered by RDP

taxonomic ranks. For example, in one library of Acidobacterial
environmental clone sequences, 72 of 77 results were classified

Table 1: Classifier accuracy at different taxonomic ranks for varying query lengths.

with less than 80% confidence even at the phylum level (not
Full length:

Full length using NCBI taxonomy:

shown). Such low confidence classification results may identify
sequences where a more thorough analysis is likely to give the
highest payoff.
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