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Summary

1. The nuclear ribosomal internal transcribed spacer (ITS) region is the primary choice for molecular identifica-

tion of fungi. Its two highly variable spacers (ITS1 and ITS2) are usually species specific, whereas the intercalary

5.8S gene is highly conserved. For sequence clustering and BLAST searches, it is often advantageous to rely on

either one of the variable spacers but not the conserved 5.8S gene. To identify and extract ITS1 and ITS2 from

large taxonomic and environmental data sets is, however, often difficult, andmany ITS sequences are incorrectly

delimited in the public sequence databases.

2. We introduce ITSx, a Perl-based software tool to extract ITS1, 5.8S and ITS2 – as well as full-length ITS

sequences – fromboth Sanger and high-throughput sequencing data sets. ITSx uses hiddenMarkovmodels com-

puted from large alignments of a total of 20 groups of eukaryotes, including fungi, metazoans and plants, and

the sequence extraction is based on the predicted positions of the ribosomal genes in the sequences.

3. ITSx has a very high proportion of true-positive extractions and a low proportion of false-positive extractions.

Additionally, process parallelization permits expedient analyses of very large data sets, such as a one million

sequence amplicon pyrosequencing data set. ITSx is rich in features and written to be easily incorporated into

automated sequence analysis pipelines.

4. ITSx paves the way for more sensitive BLAST searches and sequence clustering operations for the ITS region in

eukaryotes. The software also permits elimination of non-ITS sequences from any data set. This is particularly

useful for amplicon-based next-generation sequencing data sets, where insidious non-target sequences are often

found among the target sequences. Such non-target sequences are difficult to find by othermeans andwould con-

tribute noise to diversity estimates if left in the data set.
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Introduction

The fungal kingdom is estimated at 1�5 million extant species

and comprises an ecologically heterogeneous assemblage of

heterotrophic eukaryotes (Hawksworth 2001;Hibbett, Ohman

& Kirk 2009). The subterranean or otherwise inconspicuous

nature of much of fungal life tends to cede little ground to sci-

entific scrutiny using traditional means, and molecular (DNA)

data have emerged as an integral information source in the

pursuit of mycological knowledge (De Vries et al. 2011; Hyde

et al. 2013). Sequence analyses are now routine in systematics,

taxonomy, and ecology of fungi (Peay, Kennedy & Bruns

2008; Yang 2011; Ebersberger et al. 2012), with the nuclear

ribosomal operon being the most frequently targeted genetic

region for such endeavours (Begerow et al. 2010). The small

and large subunit genes (SSU/18S and LSU/28S, respectively)

of the ribosomal operon are relatively conserved and are pri-

marily used for large-scale phylogenetic inference and system-

atics. The c. 550 base-pair (bp) long internal transcribed

spacer (ITS) region between them is more variable and is

applied to decipher genus-level phylogenetic inference, species

delimitation and species identification (Eberhardt 2010). It

plays a similar role in several other groups of eukaryotes,

including plants and animals (e.g. Feliner & Rossell�o 2007; Li

et al. 2011).

The use of the ITS region for molecular identification of

fungi goes back to the early 1990s (Horton & Bruns 2001; Seif-

ert 2009). The region is composed of the two highly variable

spacers ITS1 and ITS2 which, jointly or separately, are often

species specific, and the intercalary, very conserved 5.8S gene

(Hillis &Dixon 1991). The sequence conservation in the proxi-

mate genes, coupled with numerous copies of the ribosomal

operon, makes primer design and PCR amplification of the

ITS region straightforward even from low-DNA-quantity sub-

strates such as old herbarium specimens and soil. Indeed, the

ITS region was recently designated the formal barcode for

fungi for these and other reasons (Schoch et al. 2012). The ITS

region is nevertheless not a barcoding marker without

potential shortcomings. Complications include primer bias

(Bellemain et al. 2010), differing evolutionary rates in different

fungal lineages (Nilsson et al. 2008) and the presence of several

different copies within a single individual (Lindner et al. 2013).

A perhaps lesser-known complication with the ITS region in

the context of molecular identification lies in its composite nat-

ure. The neighbouring SSU (immediately upstream of ITS1)

and LSU (immediately downstream of ITS2) genes are very

conserved, as is the intercalary 5.8S gene. The ITS1 and ITS2

spacers, on the other hand, are very variable. To subject

sequences featuring both variable and conserved parts to

similarity searches such as BLAST (Altschul et al. 1997) in the

International Nucleotide Sequence Databases (INSD;

Cochrane, Karsch-Mizrachi & Nakamura 2011) does not

always produce the intended or correct results from the per-

spective of species identification. The conserved sequence parts

likely find a match in the databases regardless of whether or

not the variable part does, and so the outcome of the BLAST

search may be more dependent on the length of the conserved

component than the information content in the variable one

(Hartmann et al. 2010; Kang et al. 2010). This would not be a

concern if the reference databases featured an exhaustive taxon

sampling of sequences of comparable length. Unfortunately,

ITS sequence data are available only for a modest c. 1�5% of

the estimated 1�5 million species of fungi (Hibbett et al. 2011),

and the public fungal ITS sequences come in very different

degrees of coverage of the region (Nilsson et al. 2008), caution-

ing against cursory – or fully automated – inspection of BLAST

results. Nilsson et al. (2009) reported that 11% of the 86 000

BLAST searches undertaken produced a different result (non-

synonymous species name) depending on whether the full ITS

region, or just the variable regions, was used in the search. If

the goal is to identify species (or finding other sequences from

the same species, with or without a full Latin name), the BLAST

search using either ITS1 or ITS2may be preferable to using the

full-length sequence.

Differentiating the individual components of the ITS region

is not trivial, however. While SSU, 5.8S and LSU are con-

served, they are regularly too variable for simple pattern

matching approaches via regular expressions for their identifi-

cation (Keller et al. 2009). A multiple ITS sequence alignment

inspected in the light of the guidelines offered by Hibbett et al.

(1995) is a good way to demarcate ITS1 and ITS2, but such

manual approaches become unwieldy for larger data sets. To

undertake it with data sets produced by high-throughput

DNA sequencing techniques such as pyrosequencing (Margu-

lies et al. 2005) – where the number of sequences may exceed

hundreds of thousands – is intractable. Nilsson et al. (2010a)

released a UNIX software package – Fungal ITS Extractor – to

automatically identify, annotate and extract ITS1 and ITS2

from fungal ITS sequences. Drawing from HMMER version 2

(Eddy 1998), the software centred on profile hidden Markov

models (HMMs) computed from large, kingdom-wide align-

ments for the 3′ end of SSU, the 5′ and 3′ ends of 5.8S, and the

5′ end of LSU. Profile HMMs are statistical models to repre-

sent the position-specific variations and dependencies typically

observed in multiple sequence alignments; without having to

store the full alignment, theHMMs are still able to account for

the fact that a certain proportion of the sequencesmay contain,

for example, a ‘T’ instead of an ‘A’ in some given position,

while other positions appear invariable (Durbin et al. 1998).

All query sequences were filtered through the HMMs, and

extractions were made according to which HMMs that pro-

duced significant matches. A second use of the software was to

filter out non-ITS sequences from large sequence data sets.

Asnotedby theauthors themselves,however, theFungal ITS

Extractor is not impeccable. In larger fungal ITS data sets of

heterogeneous taxonomic coverage, the proportion of missed

or incorrect extractions – although typically detected as such by

the program – can approach 1%. Further, the extractor does
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not provide robust support for the generaCantharellus,Crater-

ellus or Tulasnella, the nuclear ribosomal genes of which are

exceedingly divergent from other fungi (Feibelman, Bayman&

Cibula 1994; Moncalvo et al. 2006; Taylor & McCormick

2008), and a group of Pezizalean ascomycetes characterized by

a disruptive intron in the 3′ end of SSU is similarly problematic.

Finally, the extractor operated on a single computer processor

andalthough it processes all c. 300 000 fungal ITS sequences in

INSD in less than 48 hours, the prospect of running a full

pyrosequencing plate with an excess of one million sequences

does not seem inviting. To improve the accuracy of the extrac-

tions and the runtime of the analysis, we introduce a complete

software rewrite – ITSx (Item S1; http://microbiology.se/

software/itsx/). We also introduce more than ten new features,

including support for nineteen additional eukaryotic groups

suchasplants,animals, oomycetesandalgae.

Software design and operation

Drawing from METAXA (Bengtsson et al. 2011, 2012), ITSx

relies on the new HMMER version 3 (Eddy 2011) for profile hid-

den Markov model analysis. Fungal HMMs were computed

for a 45-base-pair region of the immediate 3′ end of SSU, the 5′

and 3′ ends of 5.8S, and the 5′ end of LSU based on the king-

dom-wide alignments of Tehler, Little & Farris (2003), Nilsson

et al. (2008) and James et al. (2006), respectively. Separate

alignments (and HMMs) were compiled for Cantharellus,

Craterellus and Tulasnella to maintain alignment integrity in

the core fungal alignments (cf. Hartmann et al. 2010). All fun-

gal HMMswere then concatenated into a single, composite set

of fungal HMMs – one for each gene region – to allow process-

ing of all fungi at once. Separate, group-wide alignments and

HMMs were similarly compiled for each of Alveolata (alveo-

lates), Amoebozoa (amoebozoans), Apusozoa, Bacillariophyta

(diatoms), Bryophyta (bryophytes), Chlorophyta (green algae),

Euglenozoa, Eustigmatophyceae (eustigmatophytes), Hapto-

phyceae (haptophytes),Marchantiophyta (liverworts),Metazoa

(metazoans), Oomycota (oomycetes), Parabasalia (parabasa-

lids), Phaeophyceae (brown algae), Raphidophyceae (raphido-

phytes), Rhizaria, Rhodophyta (red algae), Synurophyceae

(synurids) and Tracheophyta (vascular plants). The INSD

taxon definitionwas used for all of these groups. Upon starting

the program, the user chooses which set of HMMs to employ

(e.g. fungi); a composite search among the HMMs of all

included groups of organisms is also available to facilitate the

processing of mixed-taxon data sets. A slightly elevated risk of

false-positive extractions may entail the use of these all-taxon

searches, such that they should not be used unless the query

data set indeed does span more than one of the eukaryotic

groups supported.

ITSx expects query sequences in the FASTA format (Pearson

& Lipman 1988), with or without gaps. There is no limit on

the number of query sequences. The software first examines

the sequences in the default orientation; the search is repeated

in the reverse complementary orientation to account for

incorrectly cast sequences (cf. Nilsson et al. 2011). Reverse

complementary sequences are logged, reoriented and treated

in the correct orientation in all subsequent steps. Each

sequence is examined for matches to the HMMs. If the multi-

ple-processor option is activated, ITSx employs the number

of processor cores (or physical/logical processors as applica-

ble) specified by the user, such that the speed of the analysis

will roughly scale linearly with the number of CPU cores. An

index is built of all regions matched by the HMMs.

The extraction is based on the HMM index of each query.

By default, the ITS1 and ITS2 will be extracted from the query

sequences and saved as separate FASTA files. The user can opt

to also produce separate files for the SSU, 5.8S and LSU. In

addition, FASTA files containing only those entries with the

entire ITS region, or with the entire ITS1 or ITS2 regions, can

be generated. This feature supports, for example, predicting

the ITS1 and ITS2 secondary structure, which should be per-

formed on full-length sequences (Koetschan et al. 2010). The

SSU is extracted as everything from the 5′ end of the query

sequence to the 3′ end of SSU as indicated by theHMMmatch;

the ITS1 is extracted 1 bp downstream from the end of SSU

and 1 bp upstream of the start of 5.8S; and so on. Partial

extractions are supported. If, for example, only the 3′ end of

5.8S is detected, the ITS2 is extracted as everything down-

stream of that location. Various summary files are also written

(see software documentation). A tab-separated file gives the

start and stop positions for all markers in each query sequence.

A log file records which query sequences, if any, were found to

be reverse complementary. Additional, separate files record

query sequences for which noHMMswere detected and query

sequences for which the HMM matches occurred in an unex-

pected order. The open-source command line-based software

is written in Perl, and it is freely available for UNIX-type operat-

ing systems (including MACOS X, LINUX and BSD). Although

distributed over the Internet (Item S1; http://microbiology.se/

software/itsx/), the software does not require Internet access to

run. Computer memory (RAM) roughly 1�5 times the size of

the input data set and free disc space corresponding to about

4–5 times the size of the query file are needed to run the

software.

Evaluation and discussion

To evaluate the software, we compiled thirteen data sets of

known, full-length ITS sequences (4674 sequences in all) from

a total of nine major eukaryotic groups (Table S1) through

INSD searches (Item S2). The data sets were analysed with

ITSx under default settings, and the extraction efficiency was

examined. We found the software to perform excellently on all

data sets, with all genes detected in all sequences (occasionally

some few base-pairs off; Table S1). We also ran ITSx on the

raw 12 486-sequence ITS1 pyrosequencing data set of Kause-

rud et al. (2012). A total of 12 410 sequences were identified as

fungal ITS1 sequences (Item S3); the remaining 76 sequences

were examined by hand and were all found to be of low read

quality and/or very short length. The run took 26 min to finish

using one 2�2 GHz CPU core on a MacBook Pro laptop. In

the light of this satisfactory true-positive performance, we eval-

uated the proportion of false positives by generating one
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million random sequences of 550 bp in EMBOSS 6.2.0 (Rice,

Longden & Bleasby 2000). Zero false-positive ‘ITS’ sequences

were detected among the random sequences, suggesting a

considerable robustness against spurious ‘ITS’ extractions

(Item S4). The user can easily modify the stringency of the

detection process by specifying HMMER cut-off E-values to sup-

port detection of sequences with less than c. 25 bases of the

neighbouring ribosomal genes; however, this should normally

be done only for data sets that are known to contain only ITS

sequences. Conversely, very stringent settings may reduce

sensitivity as sequences with deviant genes (or of low read qual-

ity) may be missed. For sequences that produce a match only

to a single HMM (such as 3′ SSU), ITSx requires that match to

be particularly good in order for the sequence to be scored as

an ITS region sequence. This feature keeps the number of

false-positive identifications low and can be controlled through

the -allow_single_domain switch. The default settings of

the software are calibrated with Sanger- and pyrosequencing-

derived environmental data sets inmind.

While the new version of the software outperforms the old

one in all respects examined and offers many new features, it

is not intended as a panacea for ITS-based biological

research. The extractor cannot identify sequences of SSU,

5.8S or LSU shorter than c. 20 bp (25 bp for consistent per-

formance), and it is likely to have problems detecting the

regions in sequences of poor read quality. ITS sequences that

are chimeric (Nilsson et al. 2010b) or reverse complementary

chimeric (Hartmann et al. 2011) may similarly be incom-

pletely extracted. The extractor has several error detection

and correction mechanisms – such as reverse complement

control and checking that the matches to the HMMs were

found in the correct order – and it is likely to catch many

such compromised cases. Importantly, though, it should not

be used as a chimera checker or as an arbiter of sequence

read quality. Although we presently know of no such case,

some lineages in the fungal tree of life may still have ribo-

somal genes deviant enough – or rich in introns – that they

are not properly recovered by the HMMs in the present

release. We ask the users to examine any cases where the

extraction process does not seem to have worked when it

should have and to notify us of any such observations. (How-

ever, support for the Microsporidia, which may or may not

be fungal (Voigt & Kirk 2011), is pending, owing to the con-

ceptually divergent configuration of their ribosomal operons.)

The user also has the option to create custom HMMs of

45 bp long alignment segments and simply append these to

the existing HMMs; after indexation as described in the

HMMER documentation, the new HMMs will be integrated

into ITSx. Our intention is that all fungal lineages should be

fully supported without the need for tweaking of software

settings, and we will gradually expand the HMMs as the ITS

coverage in the public sequence database grows. The present

release also introduces 19 additional sets of HMMs for other

groups of eukaryotes for which the ITS region plays a role in

molecular identification, species delimitation and phyloge-

netic inference. These HMMs have all been evaluated for

basic performance, but it is likely that additional HMMs will

be needed to fully capture the astonishing diversity of the

Eukarya. A rule of thumb is to always evaluate the perfor-

mance of ITSx on a subset of the target taxa prior to

committing to full-size data sets.

In conclusion, we present an open-source software utility for

robust extraction of the components of the ITS region in fungi

and nineteen other groups of eukaryotes. This paves the way

for sensitive sequence similarity searches and improves

sequence clustering by facilitating the use of only the variable

parts of the ITS region. A second use of the software is to sort

out, from any given data set, sequences that come, or do not

come, from the ITS region. This feature should be particularly

useful for next-generation sequencing applications, where even

amplicon-based runs often contain non-target sequences that

are difficult to catch using other means (Quince et al. 2011). If

assumed as target sequences, these entries likely exaggerate

obtained diversity estimates (Dickie 2010; Tedersoo et al.

2010). We evaluated the software and found the proportion of

correct extractions to be very high. We also showed that the

proportion of false positives was very low. ITSx operates on

Sanger and NGS-derived data sets alike, regardless of size and

coverage of the ITS region. It is conservative regarding mem-

ory and disc space, and it is written to be easily incorporated

into software pipelines. It is released with the intent that the

research community will evaluate its performance also in the

parts of the eukaryote tree we ourselves are less used to tread-

ing and – if needed – contribute to the alignment of data

required to address also those lineages in a thoroughway.
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Additional Supporting Information may be found in the online version

of this article.

Table S1. Evaluation of the extraction efficiency of ITSx in nine major

groups of eukaryotes. All input sequences covered the full length of the

ITS region and featured at least 20 bp of the SSUandLSUgenes. Each

gene region occupies four columns in the table. Column one indicates
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the percentage of cases where the gene region was detected at all. Col-

umn two indicates the percentage of cases where the gene region was

detected and delimited exactly to the correct base-pair. Column three

indicates the percentage of cases where the gene region was detected

but where the delimitation was one base-pair off. Column four indi-

cates the percentage of cases where the gene region was detected but

where the delimitationwas two to five base-pairs off.

Item S1. The software package together with its documentation and a

test data set.

Item S2. The test data sets used to evaluate ITSx, plus the output files

from the analyses.

Item S3. The output from the evaluation of the pyrosequencing data

sets.

Item S4. The output from the one million sequence runs of random

DNA sequence data for evaluation of the susceptibility of ITSx to

false-positive extractions.
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