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Abstract

The internal transcribed spacer (ITS) region of the nuclear ribosomal repeat unit holds a cen-
tral position in the pursuit of the taxonomic affiliation of fungi recovered through environ-
mental sampling. Newly generated fungal ITS sequences are typically compared against the
International Nucleotide Sequence Databases for a species or genus name using the sequence
similarity software suite BLAST. Such searches are not without complications however, and
one of them is the presence of chimeric entries among the query or reference sequences. Chi-
meras are artificial sequences, generated unintentionally during the polymerase chain reac-
tion step, that feature sequence data from two (or possibly more) distinct species. Available
software solutions for chimera control do not readily target the fungal ITS region, but the
present study introduces a BLAST-based open source software package (available at http:/
www.emerencia.org/chimerachecker.html) to examine newly generated fungal ITS sequences
for the presence of potentially chimeric elements in batch mode. We used the software pack-
age on a random set of 12 300 environmental fungal ITS sequences in the public sequence
databases and found 1.5% of the entries to be chimeric at the ordinal level after manual
verification of the results. The proportion of chimeras in the sequence databases can be
hypothesized to increase as emerging sequencing technologies drawing from pooled DNA
samples are becoming important tools in molecular ecology research.
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Fungi form a ubiquitous group of primarily terrestrial
organisms whose study is rendered difficult by the incon-
spicuous nature of fungal life. The correspondence
between above-ground fruiting bodies and the full diver-
sity of the actual fungal community below ground (or
otherwise inside or associated with the substrate) is
known to be poor, and a significant number of fungi do
not appear to form fruiting bodies at all (O’'Brien et al.
2005; Porter et al. 2008). Furthermore, reliable morpho-
logical characters for species identification and
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delimitation among fungi are relatively rare, and
morphologically similar but phylogenetically distinct
species are common throughout the fungal kingdom
(Taylor et al. 2000; Hibbett 2007). DNA sequence data,
particularly from the internal transcribed spacer (ITS)
region of the nuclear ribosomal repeat unit, have thus
proved an indispensable information source in the pur-
suit of the diversity of fungi at various scales and loca-
tions in time and space (Horton & Bruns 2001; Kéljalg
et al. 2005; Vialle ef al. 2009). With fully identified ITS
sequences available for <1% of the estimated 1.5 million
extant species of fungi, however, the process of assigning
newly generated sequences to species level often proves
a difficult and laborious task (Bueé et al. 2009; Ryberg
et al. 2009; Seifert 2009). In addition, approximately 48%
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of the full-length fungal ITS sequences in the Interna-
tional Nucleotide Sequence Databases (INSD; Benson
et al. 2008) lack a full species name, and as much as 20%
of the fungal ITS sequences that indeed feature a species
name may in fact be misidentified to species level or
otherwise compromised (Nilsson et al. 2006; Bidartondo
et al. 2008).

Identification procedures based on similarity searches
are further complicated by an as yet unquantified pro-
portion of chimeric fungal ITS sequences, i.e., artificial
sequences generated unintentionally during the polymer-
ase chain reaction (PCR) step and that typically feature
sequence data from two distinct species (Wang & Wang
1997). Various studies have reported the discovery of the
odd chimeric fungal ITS sequence in the public sequence
databases (Ryberg et al. 2008; Taylor et al. 2008; Mulli-
neux & Hausner 2009), but no estimate of their frequency
exists, and the choice of the ITS — and its limited length of
~500 base pairs (bp) — as target region all but precludes
any purposeful use of chimera check programs such as
Bellerophon and Pintail (both of which were primarily
designed with the considerably larger and length- and
variability-wise much more homogeneous small subunit
(16S) in mind; Huber et al. 2004; Ashelford et al. 2005).
The proliferation of environmental sequencing efforts
based on pooled DNA samples furthermore suggests that
chimeric fungal sequences will be a problem of increas-
ing concern over the next few years (cf. Christen 2008;
Hibbett et al. 2009). The present study attempts a remedy
in the form of an open source command-line software
package to examine newly generated fungal ITS
sequences for the presence of chimeric or otherwise artifi-
cial or anomalous elements. The package is written in
Perl, makes use of only freely available auxiliary software
and is available for download at http://www.emerencia.
org/chimerachecker.html (Data S1) for UNIX-type oper-
ating systems, including MacOS X. Neither Internet
access nor overly large amounts of computer memory
(200 MB) are needed to run the software, which pro-
cesses 1000 ITS sequences per 45 min on an average dual
core computer. The command-line nature of the program
suggests that some degree of familiarity with UNIX-type
operating systems on behalf of the user is advantageous,
although detailed instructions are available.

The package draws from the fact that the ITS region is
composed of three subregions [the highly variable spac-
ers ITS1 and ITS2 (~180 and ~170 bp, respectively) and
the intercalary and very conserved gene encoding for the
5.85 (~160 bp; Nilsson et al. 2008; Fig. 1)] and the obser-
vation that the conserved 5.8S gene is by far the most
likely place for any chimeric breakpoint (Ashelford et al.
2005). At least 100 bp (default) of both ITS1 and ITS2 — as
well as the 5.85 gene in full — are required for a query
(input) sequence to be processed. There is no limit on the
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Fig. 1 Schematic overview of the fungal ITS region. The very
conserved 5.8S gene is located between the highly variable spac-
ers ITS1 and ITS2, whose respective taxonomic signal are con-
trasted by the present software in the pursuit of potentially
chimeric sequences.

number of query sequences, which are processed sequen-
tially (Fig. 2). For each query sequence, the ITS1 and ITS2
are extracted in silico using HMMER 2 (Eddy 1998) and
the Hidden Markov models of Nilsson ef al. (2008). These
two subregions, as well as the entire query sequence, are
compared for similarity against a local (bundled) copy of
the 75000 fully identified fungal ITS sequences (as
defined in Nilsson et al. 2005) in INSD (as of October
2009) using NcBI-BLAST (Altschul et al. 1997). The topmost
entries in the BLAST hit list for both ITS1 and ITS2 are que-
ried for their hierarchical INSD taxonomic affiliation
(recently updated to reflect the new classification of fungi
(Hibbett et al. 2007)). If the closest BLAST match of the ITS1
is annotated as belonging to a different taxonomic order
(default level) than that of the ITS2, the entry is flagged
as potentially chimeric and in need of further scrutiny. If
the first and second closest BLAsT match to the ITS1 region
of the query sequence are annotated as belonging to dif-
ferent orders, the entry is marked as in potential need of
further examination for the reason that taxonomic mis-
identification in INSD may obfuscate automated attempts
at chimera discovery, and similarly for the ITS2 of the
query sequence. Finally, to provide the user with a data-
centric overview of the entries marked as potentially chi-
meric, all such entries are aligned jointly with their 15
(default) best BLAsT matches using any of Clustal W
(Thompson et al. 1997), DIALIGN-TX (Subramanian et al.
2008) or maFrT (Katoh & Toh 2008). These alignments are
viewable in alignment editors such as Seaview (Gouy
et al. 2010) and Jalview (Waterhouse et al. 2009) and form
a context in which the artificial nature of a chimeric
sequence tends to stand out starkly.

The output of the package consists of three sets of
files: (i) a comprehensible tab-separated file containing,
for each query sequence found to be potentially chimeric,
the BLAST results for each of ITS1, ITS2 and the full query
sequence, together with additional information and sta-
tistics pertaining to the BLAsT matches and the chimera
check functions; (ii) a multiple alignment in the FasTa
(Pearson & Lipman 1988) or Clustal W format for the
entries flagged as potentially chimeric and their 15 best
BLAST matches; and (iii) brief text format lists of all entries
that were not flagged as potentially chimeric; entries that
were flagged as potentially chimeric; and entries that
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Fig. 2 Simplified flowchart representing the analysis pipeline of the software. An average nonchimeric sequence is processed in <15 s,
but a chimeric sequence may take upwards of a minute to process, largely because of the multiple alignment step involved.

could not be processed for the lack of at least 100 bp of
either or both of ITS1 and ITS2. Jointly, this set of files
allows the user to get a detailed understanding of the rea-
sons why a query sequence was flagged as potentially
chimeric and provides an opportunity to view and com-
pare the results in various ways.

Much like chimera check programs for other genes
and groups of organisms, the present software package is
in no position to prove that any query sequence is or is
not chimeric. It is however designed to find sequences
that are potentially chimeric and, in addition, to generate
data and information pertinent to their evaluation. Even
so, there is at present no way around manual interpreta-
tion of any potentially chimeric entries found. In an
attempt at estimating how important the step of manual
interpretation is, we randomly selected 15 000 insuffi-
ciently identified fungal ITS sequences (>450 bp) from
INSD and used these as queries. A total of 2693 entries
lacked either ITS1 or ITS2 and were excluded from the

analysis. Of the remaining 12 307 entries, 1038 (8%) were
flagged as potentially chimeric. These cases were exam-
ined manually using the alignment and data files gener-
ated by the software, and a total of 18% (182 of 1038) of
these sequences were deemed to be true chimeras at the
ordinal level such that our estimate of the proportion of
chimeric environmental fungal ITS sequences in INSD is
1.5% (182 of the 12 307 entries examined). For 15% (155 of
1038) of the potentially chimeric entries, we were unable
to assess the chimeric status of the sequence with reason-
able certainty, chiefly because of the lack of similar
enough sequences for purposes of comparison. Finally,
we found 67% (701 of 1038) of the entries to be nonchi-
meric; taxonomic misidentification, inconsistent taxo-
nomic hierarchies in INSD and gaps in the taxonomic
sampling among the reference sequences were the princi-
pal reasons why these entries were flagged as potentially
chimeric (see Data S1 for details). Thus, resulting in an
82% reduction in the number of potentially chimeric
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sequences, the manual interpretation step seems every
bit as important for the present software package as for,
e.g., Bellerophon. To quantify the proportion of false neg-
atives (i.e., queries not marked as potentially chimeric
but for which a chimeric origin seems very likely), the
alignments of 1000 queries not flagged as potentially chi-
meric were inspected by eye. A full 98.4% (984 of 1000) of
them were deemed as clearly nonchimeric, 0% was
deemed clearly chimeric, and in 1.6% (16 of 1000) of the
cases the absence of sufficiently similar reference
sequences precluded any conclusive decision as to the
chimeric nature of the query. Thus, with 0% clear false
negatives, the software does a precise job locating poten-
tially chimeric sequences at the cost of a 5.7% incidence
(701 of 12 307) of false positives.

With respect to taxonomic affiliation, the default set-
ting of the package is to compare sequences at the ordinal
level, a level at which fungal systematics is reasonably
standardized (cf. Hibbett et al. 2007). The classification of
fungi remains in a state of flux, however, and the partial
lack of stability below the ordinal level (as well as
compounding factors such as synonyms and anamorph —
teleomorph relationships) may be taken as arguments
against in silico comparison at the species, genus or
family level (Binder et al. 2005; Blackwell et al. 2006;
Hibbett et al. 2007). Thus, in its default state, the software
package does not find chimeric unions that occurred
between fungi of the same order; the fungal family con-
cept is however fairly well developed for at least some
groups of fungi such that the user may find that a family-
centric comparison may be for the purpose of certain
datasets. The package can furthermore be expected to
perform suboptimally when only partial sequence data
are available for either of ITS1 or ITS2 (or both) or when
no reasonably closely related, fully identified reference
sequences are available in INSD. The performance of the
package on sequences that are doubly chimeric (although
probably unlikely for the ITS region) or where the chime-
ric breakpoint occurs inside the ITS1 or ITS2 remains lar-
gely untested. An additional cause for concern is the
presence of ‘biological chimeras’: sequences whose ITS
region is the product of partial horizontal transfer with
subsequent downpassing of the sequence through the
generations (Xie et al. 2008).

The present software targets the fungal ITS region but
does not require that the query sequences be reasonably
closely related, of approximately the same, sizable length,
or of a relatively homogeneous nature, all of which are
factors that previously have made chimera control for
fungal ITS sequences using existing software resources
problematic. Although it does require that both ITS1 and
ITS2 be present in the query sequence, it needs as little as
100 bp or less of each to perform well. Unlike, e.g., Beller-
ophon, it does not employ a sliding-window approach
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over the entire length of the query sequence but instead
contrasts the taxonomic signal inherent to the constituent
spacers ITS1 and ITS2 with one another. The software has
a strong focus on batch mode operation as to allow pro-
cessing of arbitrarily large datasets and to admit incorpo-
ration into software pipelines for sequence analysis and
processing (e.g., Nilsson et al. 2009). Jointly, these fea-
tures distinguish the present software from existing chi-
mera control resources. ITS1 and ITS2 are extracted using
HMMs tailored from large alignments of the neighbour-
ing ribosomal genes, which makes the present release
specific to fungi. These genes are variable enough that
HMMs should be tailored for each separate group of
organisms in the interest of precision. To adapt the soft-
ware for operation on other groups of organisms is
straightforward, however, and includes computing such
HMMs in HMMER (Eddy 1998) from corresponding
alignments for the target taxa and compiling a database
of the relevant INSD entries to serve as reference
sequences. HMMs for animals and oomycetes are bun-
dled with the present release, and additional HMMs are
in preparation.
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Supporting Information

Additional Supporting information may be found in the
online version of this article.

Data S1 The software package together with its docu-
mentation, reference sequences from INSD and a test
data set (including, for illustratory purposes, 10
sequences that are clearly chimeric, 10 sequences that are
clearly nonchimeric and 10 sequences that cannot be pro-
cessed for the lack of enough sequence data). In addition,
the user will have to install NCBI-BLAST, HMMER, and one of
Clustal W, marrT, and DIALIGN-TX; detailed installation
instructions are provided in the documentation.
The underlying directory was archived with tar and com-
pressed with zip.
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Data S2 A screenshot of the software package in opera-
tion on a dual core MacBook Pro running OS X 10.4.11.

Data S3 Hidden Markov models for the nuclear large
and small subunits and the 5.8S for animals and oomyce-
tes (Oomycota), provided to facilitate the implementation
of the software for other organism groups where ITS
sequences are used for scientific purposes. The models
are based on inclusive alignments designed to capture
the full width of the lineages. As with fungi, however,
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some taxa can be expected to have sequences deviant
enough as to preclude automated attempts at locating the
ITS1 and ITS2 with kingdom-level HMMs (cf. Feibelman
et al. 1994).
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