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ABSTRACT

A new computer program, called Mallard, is presented for screening entire 16S rRNA gene
libraries, of up to 1,000 sequences, for chimeras and other artifacts. Written in the Java computer
language, and capable of running on all major operating systems, the program provides a novel
graphical approach for visualizing phylogenetic relationships among 16S rRNA gene sequences. To
illustrate its use, we analyzed most of the large libraries of cloned bacterial 16S rRNA gene sequences
submitted during 2005. Defining a large library as one containing 100 or more sequences of 1,200
bases or greater, we screened 25 of the available 28 libraries and found all but three contained
substantial anomalies. Overall, 543 anomalous sequences were found, 90.8% of which had
characteristic chimeric patterns. Average anomaly content per clone library was 9.0%. One library
alone was found to contain 54 chimeras, representing 45.8% of its content. These figures far exceed
previous estimations of artifacts within public repositories and further highlight the urgent need for all
researchers to adequately screen their libraries prior to submission. To this end we offer Mallard to the
wider research community, which is freely available from our website at

http://www.cardiff.ac.uk/biosi/research/biosoft/.

INTRODUCTION
Recent papers (2, 6) have reported numerous corrupt 16S rRNA gene sequences within the
public repositories (3, 7, 9), and it has been estimated that, overall, 5% of records are likely to have
substantial anomalies (2). Whilst poor sequencing and errors during assembly have led to some of
these reported errors, most anomalies have been chimeras - artificial sequences generated from two or
more phylogenetically different DNA templates during PCR amplification (8, 11, 12, 13, 15, 16).
Our previous study has shown that chimeras, and other anomalies, are continuing to be

generated, and submitted without comment to the public repositories (2). The presence of such high
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numbers of substantial anomalies in the public domain has serious implications for future efforts to
accurately estimate bacterial diversity, elucidate likely phylogenetic relationships, and form correct
taxonomic identifications. Anomalies must be excluded from 16S rRNA gene clone libraries prior to
submission, or at least be clearly annotated as such. Consequently, there is a requirement for effective
computer programs to simplify the screening process.

A number of useful, complementary approaches already exist, with Bellerophon (5) and
CHIMERA_CHECK (9) being two noteworthy examples. And in our previous paper we described a
new computer program, called Pintail, for screening individual sequences for errors (2). Now we
describe a further program, Mallard, which develops the Pintail algorithm further in order that whole
libraries of 16S rRNA gene sequences can be screened simultaneously and quickly.

We demonstrate the new program's ability to screen libraries of a range of sizes from different
sources. Through a detailed analysis of submissions made to public repositories during 2005, we show
that the problem of unrecognized anomalies within the public domain is getting substantially worse,
highlighting the need for immediate steps to be taken, by the research community at large, to minimize

further database contamination.

MATERIALS AND METHODS
Program development. Our new program, named Mallard, expands on the Pintail algorithm
described previously (2). In brief, the Pintail algorithm works by undertaking a pairwise comparison
between a query sequence S, and subject sequence S, by aligning the sequence pair, then assessing
changes in uncorrected evolutionary distance o; between the two sequences within a sliding window of
size w, moving [/ bases at a time along the alignment, resulting in 7 measurements. The resulting
dataset of observed percentage differences Oy = {0;: 01, 02,..., 05} 1S compared with what might be

expected for two reliable sequences of equivalent evolutionary distance Eys = {e;: ey, €2, ..., e,}, and the
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resulting summarizing statistic — the Deviation from Expectation (DE) value, DE = 1/2—1 -
m p—

quantifies the likelihood that an anomaly is present. A more thorough description of the Pintail
algorithm, including an explanation on how E is calculated can be found in the help documentation
accompanying this software and in (2).

In our new program, the Pintail algorithm is now applied to all pairwise comparisons within a
multiple alignment, of size n, resulting in (n°-n)/2 separate DE values, each DE value presenting a

unique pairwise comparison. DE values are plotted against their corresponding mean observed

percentage differences (Zioi )/ M " which can be viewed as a simple measure of evolutionary distance
between sequences S, and S;. The larger the DE value, the greater the likelihood that either S, or S (or
perhaps even both) is in some way corrupt. Thus, by plotting DE values one can immediately see
which pairwise comparisons are likely to involve an anomalous sequence, since DE values generated
from reliable sequences will tend to cluster close to the x-axis, whilst DE values involving anomalous
sequences will be plotted relatively distant from the x-axis and thus appear as outliers.

In Mallard, outliers are identified as those DE values which appear above one of several
possible cut-off lines, specified by the user, and based on DE values calculated from comparisons of
error-free sequences from type strains (2). Specifically, in our earlier study we calculated DE values
from a collection of 2,007 reliable type-strain sequences; the 75, 95, 99, 99.9, and 100% quantiles of
the resulting plot were determined at each 1% interval along the x-axis (2). These quantile data give
roughly straight lines when plotted in a logarithmic scale, so for this study, the quantile data was
simplified to the following equations: 75% quantiles, y = 2.28Log;ox + 1.00; 95% quantiles, y =
2.64Logox + 1.46; 99% quantiles, y = 3.12Log ox + 1.66; 99.9% quantiles, y = 3.27Log;ox + 2.07;
100% quantiles, y = 4.37Log;ox + 1.81. Cut-off lines, generated from these equations, are offered by

the program.
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DE outliers are caused by one, or other, or even both, of the sequences involved in the
corresponding pairwise comparison, being anomalous. To identify which are the corrupt sequences the
following procedure is applied by the program. First, each sequence in the library is scored according
to the number of DE outliers it is co-responsible for. The DE outliers are then ranked, in descending
order, according to distance from the cut off line. For each DE outlier, the two sequences responsible
for that outlier are identified and, if neither sequence has previously been marked as anomalous, the
sequence with the highest score is marked as such (or both marked if they have the same score). In this
way, a list of anomalous sequences is generated, those being identified first being the most likely
anomalies.

Mallard was written in Java 1.4 (Java Technology; http://java.sun.com/) and tested on Redhat
9.0 Linux, Microsoft Windows XP, and Apple Mac OS X, version 10.2. The program, along with full
instructions for use, help documentation, example files, and source code, is freely available from
http://www.cardiff.ac.uk/biosi/research/biosoft/. Mallard is an open source project and is released
under the terms of the GNU General Public Licence (http://www.gnu.org/copyleft/gpl.html).

Analysis of 16S rRNA gene libraries. To demonstrate Mallard's utility, a selection of publicly
available 16S rRNA gene libraries was analyzed. The procedure was the same for each library; a
multiple sequence alignment was prepared for each that included the sequence Escherichia coli
U00096 (as reference sequence). Each multiple sequence alignment was passed to the Mallard
program and screened for anomalies. A full description of how to use the Mallard program, along with
an explanation for the reference sequence, is included in the accompanying help documentation. Each
putative anomaly, identified by the program, was checked with BlastN (1) and the Pintail program (2).

First a library of Verrucomicrobia-derived sequences, to exemplify a Bacteria phylum, was
considered. A total of 222 near-complete (> 1,200 base) representatives of the Verrucomicrobia, as

identified by the Ribosome Database Project (RDP; 4) release 9 update 36, were downloaded, along
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with E. coli U00096 as reference, as an aligned file from http://rdp.cme.msu.edu/.

Second, a library of Crenarchaeota-derived sequences, to represent the Archaea was analyzed.
Near-complete sequences were identified from the National Center for Biotechnology Information
(NCBI) online database (http://www.ncbi.nlm.nih.gov/) using the search phrase '16S[TITL] AND
ArchaealORGN] AND Crenarchaeotal ORGN] AND 1200[SLEN]:1600[SLEN]'. The resulting
dataset of 270 sequences was checked, then aligned along with E. coli U00096, using ClustalW (14).

Third, a 156 sequence clone library (AY354711 to AY354866), previously generated by our
laboratory (10), was examined. Because this library consisted of partial 16S rRNA gene sequences, it
was necessary to sub-divide it according to the region of the 16S rRNA gene covered so that sensible
alignments were obtained. All groups were aligned, along with E. coli U00096 using ClustalW.

Finally, a selection of clone libraries, representing submissions to the public repositories over
the last year, was analyzed. Using the 'View by Publication' facility on the RDP's online Hierarchy
Browser, all libraries submitted during 2005 were identified. Of these, libraries containing 100 or more
near-complete (> 1,200 base) sequences were identified. Three libraries (with 2,062, 3,635, and 11,831
near-complete sequences) exceeded our 1,000 sequence limit and these were discarded. In this way, 25
libraries were selected for analysis, the near-complete sequences of which were downloaded as RDP

aligned datasets (again, with E. coli U00096 included in each).

RESULTS
Operation of program with analysis of the Verrucomicrobia library as an example. Figure
1 shows an example screenshot of the Mallard program, displaying an analysis of the Verrucomicrobia
16S rRNA gene library. The right-hand panel of the screenshot shows a plot (reproduced in Fig. 2A) of
the 24,531 DE values calculated from the 222 Verrucomicrobia sequences. DE values above the (in

this case 100%) cut-off line, superimposed on the plot, were judged by the program to be suspiciously
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7
high and marked as outliers. DE outliers typically result from sequence comparisons where at least one
of the pair contains errors, so the DE values above the cut-off line in Figure 1 (and 2A) are likely to be
the result of anomalous sequences within the Verrucomicrobia library.

Each plotted DE value summarizes a separate Pintail plot (e.g., Fig. 2B and D) which is the
result of applying the Pintail algorithm to a sequence pair. Within the program, Pintail plots for any
DE value can be viewed. For example, in Figure 2A, a suspiciously high DE value of 10.04 has been
selected (by mouse-clicking the data point). This particular DE value was generated by a comparison
between sequences AY752110 and AF050561, and the accompanying Pintail plot is shown (Fig. 2B).
Note how the observed percentage difference line (black line; Fig. 2B), which reflects differences in
evolutionary distance between the two sequences along their length, changes dramatically halfway
along the x-axis. This pattern is characteristically chimeric, where one of the sequences (in this case
AY752110) is closely related to the other (AF050561) for approximately half its length, yet distinctly
different thereafter. (Further analysis of AY752110 confirmed this to be the case, with the 5' end, up to
the approximate break point 920 of Verrucomicrobia origin, yet the 3' end deriving from a
Betaproteobacteria source as represented by AY345578.)

Mallard lists those sequences identified as likely causes for the observed DE outliers. For
example, 13 sequences are listed in the screenshot (Fig. 1); these were judged by the program to be
suspicious and needed further checking. In doing so, 11 were found to be chimeras (AY942760,
AMO040116, AJ617868, AJ401133, AF316731, AJ401123, AB179538, AF449257, AF351215,
AJ401131, and the already considered AY752110). A further sequence (Z94005) was poorly
assembled, with roughly 130 bases missing from the middle of the gene. Analysis of the remaining
sequence (AJ401106) failed to confirm an anomaly and so this was deemed a false positive.

Re-running the analysis, with the 12 confirmed anomalies removed, generates the plot

illustrated (Fig. 2C). Note how only DE values below the cut-off line remain, representing as they do,
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8
comparisons between reliable sequences only. For example, selecting the DE value indicated in Figure
2C, the Pintail plot illustrated in Figure 2D is obtained. Observe how in this plot the observed
percentage difference between the two sequences is essentially constant along the length of the 16S
rRNA gene; this is typical of comparisons between reliable sequences.

The 100% cut-off line, as shown in Figures 1 and 2, provides a conservative estimate of
anomaly numbers: some true anomalies will be missed. Typically, more anomalies can be uncovered
with lower cut-off lines, but this is at the cost of more false positives (Fig. 3). With the
Verrucomicrobia example, dropping the cut-off line to 99.9% (Fig. 3A) revealed two further anomalies
(AJ244308 and AJ401118) previously undetected, but also one further false positive (Fig. 3B).
Dropping to 99% (Fig. 3A) identified another chimera (DQ015833), but now seven false positives were
identified (Fig. 3B). Reducing the cut-off line further still failed to identify any more anomalies, but
the number of false positives increased greatly (Fig. 3B). Thus in choosing a cut-off line will often be
a compromise between number of false positives and false negatives.

In summary, the analysis of the Verrucomicrobia phylum, resulted in 15 anomalies being
identified (6.8 % of records), of which 14 were chimeras, and one anomaly a poorly assembled
sequence.

Analysis of remaining gene libraries. An equivalent analysis of 270 near-complete sequences
from the archaeal taxon Crenarchaeota revealed 21 anomalies (7.8% of records). Of these, 9 were
clearly chimeric (AY882843, AY861964, AY882689, AB113633, AB113628, AY882728, AB113635,
AB113631, AB113630), 7 were assembly errors, with missing sequence (AF425659, U71116, U71111,
U71110, X99558, AY861962, AY861949), and 5 were highly degenerate (AY247896, X99559,
AF425658, AF169012, AY264344).

To demonstrate the effectiveness of our program in handling partial sequences, a library of 156

sequences, generated from our laboratory (10), was investigated. This library contained partial
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9
sequences ranging from 655 to 1,115 bases and 4 near-complete (> 1,200 base) sequences. The partial
sequences fell into two groups; those located at the 5' end of the 16S rRNA gene (82 sequences), and
those derived from the 3' end (70 sequences). In total, 11 anomalies (all chimeras) were found
(AY354817, AY354789, AY354824, AY354794, AY354776, AY354718, AY354851, AY354749,
AY354852, AY354811 and AY354804). A detailed breakdown of this analysis is included, as a
worked example, with the Mallard program help documentation.

Finally, a selection of libraries generated by other authors over the preceding year (2005) were
screened. Here analysis was restricted to putative anomalies identified by a cut off line of 100% only;
thus our results (Fig. 4) will have underestimated true anomaly numbers. All but three of the 25
libraries identified were found to contain anomalies. Mallard identified 714 putative anomalies; of
these, 543 were subsequently confirmed anomalous of which, 493 showed clear chimeric patterns. See
supplementary data for a complete list of confirmed anomalies. The average (confirmed) anomaly
content per library was 9.0% with the highest content being recorded as 45.8% (Fig. 4).

Figure 4 also shows the distribution of false positives among the libraries. False positives
generally occurred when: (i) the library in question contained particularly high numbers of anomalies;
or (i1) when the DE values responsible were found to be very close (< 1 DE unit) to the cut-off line
(reflecting the empirical nature of the line); or (iii) when conclusions could only be drawn from
comparisons between distantly related (> 20%) sequences; or (iv) when the alignment used was

inaccurate.

DISCUSSION
This paper demonstrates the ability of the Mallard program to detect anomalies within bacterial
taxa, archaeal taxa, libraries of near-complete sequences, and libraries of partial sequences. The

software was developed to be user-friendly and capable of running on as many computer platforms as
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10
possible to encourage its use. We offer our software free to the wider research community in the hope
that it will complement existing methods for chimera detection.

In our previous study (2) we estimated that, overall, around 5% of Bacteria 16S rRNA gene
sequence records within the public repositories will have substantial errors. In our current study we
find anomaly levels of 6.8% among Verrucomicrobia records (Bacteria) and 7.8% among
Crenarchaeota records (Archaea). More significantly however, from our survey of 16S rRNA clone
gene libraries submitted during 2005, we show that the average number of anomalies per submitted
library has risen to 9.0% over the last year. This is surely an underestimate. By using a 100% cut-off
line alone to identify putative anomalies, we arrived at a conservative estimate of true anomalies and,
as a result, some more subtle (and not so subtle) chimeras, that we know to exist, were excluded from
our final counts.

Overall, we conclude that the problem of erroneous sequences in the public databases for PCR-
generated 16S rRNA gene sequences is becoming more acute. Moreover, our results show that the vast
majority of these errors will be chimeras — the most insidious and misleading of anomalies. At least
90.8% of the anomalies considered in this study had chimeric patterns, which contrasts dramatically to
the 64.3% of anomalies reported previously (2). This suggests to us that recent research trends have
resulted in the widespread adoption of methodologies which, whilst undeniably useful, have
nevertheless also led to an explosion in chimera generation.

Chimeras within 16S rRNA gene clone libraries are inevitable, at least with current PCR
methodologies (8, 15, 16). All of us who generate clone libraries, need to be aware of this fact.
Previously, it has been estimated that up to 30% of PCR generated clones will be chimeras (8, 15, 16).
This current study has shown that libraries, with up to 45.8% chimeras, are not only being generated
but also being submitted, without comment, to the public repositories. It is vital that this situation does

not persist. Serious anomalies are polluting the public repositories to an extent that their usefulness is
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11
being surreptitiously and progressively compromised. The effects are already being felt. In this study
for example, some putative chimeras were especially difficult to check because so many anomalies had
already been submitted for the taxa they 'represent'.

Current screening procedures are clearly not working (and it is clear to us from this study that in
some cases screening is not occurring at all). This is not to criticize existing individual methods for
chimera detection. Due to the nature of the problem, no one method can be foolproof and so no one
method should be used in isolation. This caution applies to the software presented in this study as
much as any other. We do believe our new software is a useful new approach that is capable of
detecting chimeras that other approaches sometimes miss — but we also know it should not be viewed
as a panacea. Ultimately we all, as researchers, need to employ a suite of anomaly detection methods
to be as certain as possible we have only reliable sequences. It is the responsibility of all of us to
ensure that every possible effort is taken to ensure only error-free sequences are added to the public

repositories.
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FIGURE LEGENDS

Figure 1

Mallard program screenshot, illustrating a typical analysis. In this example, the 222 16S rRNA gene

sequence library, representing the Verrucomicrobia phylum, is being considered. Each sequence

within the library has been compared with each other, generating 24,531 separate DE values that have
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been plotted against mean percentage differences (a simple measure of evolutionary distance).
Unusually high DE values are those plotted above the superimposed dotted line, and represent
comparisons where one (or both) of the sequences are likely to be anomalous. From these outlier DE
values, a list of suspected anomalies is generated (upper left-hand panel of the screenshot). Clicking on
a listed sequence record causes associated DE values to be highlighted red in the right-hand panel.
Clicking on individual plotted DE values displays the underlying Pintail plot in a separate panel (not

shown), and from this information the nature of any anomaly may be discerned.

Figure 2

Mallard generated DE plot in detail. Panel A reproduces the DE plot of the Verrucomicrobia phylum
library shown previously (Fig. 1), with the black dotted line (the 100% cut-off line) identifying
unusually high DE values (outliers) above this line. Each plotted DE value represents a separate
sequence comparison using the Pintail algorithm, and clicking on a plotted point within the program
reveals the underlying Pintail plot. Panel B shows the plot generated from one such comparison
(between the chimera AY752110 and the error-free AF050561). The solid black line represents
changes in evolutionary distance between these two sequences, when aligned, as determined from a
300 base sampling window moving 25 bases at a time along the alignment (2). The solid dark grey line
represents those evolutionary distances that one might have expected had both sequences been error-
free (2). The disparity between these two lines reflects the chimeric nature of AY752110. Excluding
this, and other chimeras identified by the program, from the analysis, produces the plot in panel C. DE
values below the dotted cut-off line result from comparisons between error-free sequences, panel D

representing a typical example with AY212657 being compared with AB154319.
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Figure 3
Impact of cut-off line choice on correct identification of anomalies. DE values from the
Verrucomicrobia phylum analysis are plotted, with the 5 possible cut-off lines superimposed (panel A).
The number of true anomalies (black bars) and false positives (white bars) recorded for each cut-off
line show that reducing the cut-off line allows more actual anomalies to be correctly identified as such,
but also leads to an increasing number of falsely identified anomalies (panel B). The default cut-off
line for the Mallard program is 99.9% - providing, as it does, a reasonable compromise between

detecting as many anomalies as possible with the least number of false positives.

Figure 4

Analysis of near-complete (> 1,200 base) sequences from 25 16S rRNA gene clone libraries submitted
to the public repositories during 2005. Gene libraries are identified by first author surname and RDP
REFID number, with number of near-complete sequences (library size) in parentheses. Bars indicate
number of detected anomalies (identified with the 100% cut-off line), as a percentage of library size,
with black bars showing those anomalies confirmed as such by further investigation, and white bars

showing false positives.



File Options Help
@ e @&
Dataset | "1 pintail| | Bad sequences \ : ArEhEs
List of anomalous sequences ’ @ Run XK Abort #4 Identify outliers
Mame Highest DE difference Mo, of outliers = Selected Result
294005 11,58 221 1
AY752110 5.47 19 1
AY942760 4.77 3 V3 20
AMD40116 2.75 11 v
A1617868 2.00 7 v/ 18
£3401133 1.87 5 v
AF316731 1.87 7 v
£3401123 0.74 4 v ?
AB179538 0.61 3 v ?
AF449257 0.59 3 v ? -
AF351215 0.52 4 v ? 2
£3401131 0.38 2 v ? =
£3401106 0.38 2 v ? 2
i
5
&=
=
Selected sequence '.g
=
>A¥752110 ~ a
AACACGTGAGTAATCTGCCGGGAAGTGGGEGATAGCTCGCCGAAAGGCGAL
TTAATACCGCATATGACAAGGGAAGACATCTTTCCGAAGTCAAAGTCGCAAL
GACGCTTCCTGATGAGCTCGCGGCCTATCAGCTAGTTGGTGAGGTAACGGE
TCACCAAGGCAATGACGGGTAGCTGGTCTCAGAGGACGACCAGCCACACTG
GAACTGAGACACGGTCCAGACACCTACGGGTGGCAGCAGTCGAGAATTTTT
CACAATGGGGGAAACCCTGATGGAGCGACGCCGCGTGGAGGATGAAGGTCT
TCGGATTGTAAACTCCTGTCATGCGAGAACALGAAAGTGATAGTATCGCAL | | 0 R R R e EARE EE
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CAAGCGTTGTTCGGATTCATTGGGCGTAAGGGTGCGTAGGTGGCGTGGALL
GTTGAGTGTGAAATCCTAGGGCTTAACCTTAGAACTGCACTCAATACTCCC Mean % Difference
ATGCTAGAGGAATGTAGAGGAGAGTGGAATTCACGGTGTAGCAGTGAALTG
CGTAGATATCGTGAGGAAGACCAGTTGCGAAGGCGACTCTCTGGGCATTTC
CTGACACTGAGGCACGAAGGCCAGGGGAGCAAATGGGATTAGATACCCCGG
TAGTCCTGGCAGTAAACGGTGCACGTTTGETGTGGGCGGGCTCAGACCCCG &
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16S rRNA gene library
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Brodie, 2207 (429)
Andersen, 683 (417)
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Hongoh, 45246 (191)
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Nakamura, 43265 (161)
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Zeng, 22083 (118)
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