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Abstract

The nuclear ribosomal internal transcribed spacer (ITS)
region is the formal fungal barcode and in most cases the
marker of choice for the exploration of fungal diversity
in environmental samples. Two problems are particularly
acute in the pursuit of satisfactory taxonomic assignment
of newly generated ITS sequences: (i) the lack of an
inclusive, reliable public reference data set and (ii) the
lack of means to refer to fungal species, for which no
Latin name is available in a standardized stable way.
Here, we report on progress in these regards through
further development of the UNITE database (http://unite.
ut.ee) for molecular identification of fungi. All fungal
species represented by at least two ITS sequences in the
international nucleotide sequence databases are now
given a unique, stable name of the accession number
type (e.g. Hymenoscyphus pseudoalbidus|GU586904 |
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SH133781.05FU), and their taxonomic and ecological
annotations were corrected as far as possible through a
distributed, third-party annotation effort. We introduce
the term ‘species hypothesis’ (SH) for the taxa discovered
in clustering on different similarity thresholds (97-99%).
An automatically or manually designated sequence is
chosen to represent each such SH. These reference
sequences are released (http://unite.ut.ee/repository.php)
for use by the scientific community in, for example, local
sequence similarity searches and in the QIIME pipeline.
The system and the data will be updated automatically
as the number of public fungal ITS sequences grows. We
invite everybody in the position to improve the annota-
tion or metadata associated with their particular fungal
lineages of expertise to do so through the new Web-
based sequence management system in UNITE.

Keywords: bioinformatics, DNA  barcoding,
genomics, fungi, microbial diversity

ecological

Received 10 May 2013; revised 8 July 2013; accepted 17 July
2013

Introduction

The nuclear ribosomal internal transcribed spacer (ITS)
region has a long history of use as a molecular marker for
species-level identification in ecological and taxonomic stud-
ies of fungi (Hibbett et al. 2011). It offers several advantages
over other species-level markers in terms of high information
content and ease of amplification, and it was recently desig-
nated the official barcode for fungi (Schoch et al. 2012). The
publicly available fungal ITS sequences vary significantly in
reliability and technical quality; however, third-party anno-
tation is not currently allowed (Bidartondo et al. 2008). To
facilitate ITS-based molecular identification of fungi for the
scientific community, the first fungal ITS annotation work-
shop was held on the premises of the University of Tartu, Es-
tonia, on 29-30 January 2013. The 28 physical and online
participants were chiefly fungal taxonomists whose expertise
covered various lineages of Ascomycota, Basidiomycota,
Glomeromycota and Neocallimastigomycota. The research-
ers also comprised bioinformaticians and molecular ecolo-
gists with experience in sequence quality assessment. The
workshop centred on the annotation of fungal ITS sequences
in the extended UNITE database (http://unite.ut.ee; Aba-
renkov et al. 2010a) through the Web-based sequence man-
agement workbench PlutoF (Abarenkov et al. 2010b; see also
Fig. 1). Because UNITE mirrors the fungal ITS sequences in
the International Nucleotide Sequence Databases (INSD:
GenBank, EMBL and DDB]), the full set of ca. 300 000 fungal
ITS entries generated by the scientific community as of
December 2012 served as the target data set.

The first version of the UNITE database was released in
2003 with a focus on ITS sequences of ectomycorrhizal
fungi in northern Europe (Koljalg et al. 2005). The database
has been under continuous development since then and
has become a full-blown sequence management environ-
ment with analysis and storage modules. At present,

UNITE targets all fungi and geographical regions, but the
founding principle - to provide reliable reference
sequences for molecular identification — remains the same.
Hereafter, UNITE not only refers to the original database
of annotated ectomycorrhizal sequences, but also encom-
passes all fungal ITS sequences in the INSD database that
are not of poor quality. The demand for high-quality refer-
ence sequences has risen rapidly due to the increasing use
of high-throughput sequencing technologies (such as 454
pyrosequencing, Illumina and Ion Torrent; Glenn 2011;
Shokralla ef al. 2012; Bates et al. 2013). These approaches
generate vast amounts of sequence data — hundreds of
thousands to billions of reads within a few hours or days —
such that various automated approaches to analysis repre-
sent the only viable option of handling the data. Several
software pipelines are available for overseeing more or less
the entire analysis procedure, from data cleaning to
sequence clustering and taxonomic assignment (e.g. QIIME:
Caporaso et al. 2010; MOTHUR: Schloss et al. 2009; Lindahl
et al. 2013). However, satisfactory taxonomic identification
remains problematic in the kingdom Fungi due to the vast,
largely unexplored diversity and the lack of reliable and
richly annotated reference sequences.

The ~300 000 public fungal ITS sequences constitute a
poor candidate for the basis of taxonomic annotation of
newly generated sequences, especially when used in con-
junction with fully automated pipelines. Only about half of
these sequences are annotated to the level of species (Schoch
et al. 2012). This half represents approximately 20 000 differ-
ent species (Latin binomials), which corresponds to 0.2—4.5%
of the estimated 0.5-10 million extant fungal species (Bass &
Richards 2011; Blackwell 2011). More than 10% of the public,
fully identified fungal ITS sequences have been shown to be
incorrectly annotated at the species level, making uncritical
use of this data set problematic (Nilsson et al. 2006). Among
the 50% of entries not annotated to species level, many corre-
spond to species that are not yet formally described. There is
no unified way to refer to such species, and different research-
ers adopt different ad hoc naming systems to such taxa
compromising comparability over studies and time (Ryberg
et al. 2008). Many of the entries furthermore suffer from
quality issues such as low read quality or chimeric unions.
Thus, both data structuring and filtering are needed to make
the data set a useful tool for annotation of new sequences.

To generate a concise set of reference sequences, UNITE
applies a two-tier clustering process, first clustering all
sequences to approximately the subgenus/genus level and
then to approximately the species level (Fig. S1, Supporting
information). Both levels represent operational taxonomic
units (OTUs) as defined in Sokal & Sneath (1963) and Blaxter
et al. (2005), but here, we introduce the term ‘species hypo-
theses’ (SHs) for the taxa arising from the second round of
clustering. An SH is normally composed of two or more
sequences to avoid excessive inflation of SHs due to single-
ton sequences of substandard technical quality, but users
can sanction individual singleton sequences to serve as SHs.
A representative sequence for each SHs is chosen automati-
cally by computing the consensus sequence of the SH and
then finding the best matching sequence of the SH (Fig. S1,
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Fig. 1 Screenshot of the UNITE global key workbench depicting one of the 7470 genus/subgenus-level clusters. This cluster contains
five SHs covering the well-known Hymenoscyphus pseudoalbidus, the causal agent of ash-dieback disease, its nonpathogenic sister
species H. albidus and other closely related taxa. The workbench enables the users to annotate individual sequences with taxonomic
and ecological metadata and to determine a reference sequence for each SH at different sequence similarity cut-off levels that repre-
sent hierarchical structures among these sequences and taxa. A reference sequence provides a proxy for the species hypothesis at
user-defined cut-off levels. The coloured squares in the column SH are for the visualization of inclusiveness of SHs at five different
cut-off levels (from left to right 99%, 98.5%, 98%, 97.5% and 97% similarity). Reference sequences of SHs chosen by an expert are
indicated by circles. In this example, H. pseudoalbidus (green squares) and H. albidus (grey squares) fall into a single SH at 97.5% and
lower sequence similarity. The reference sequence of H. albidus is used for the naming of SHs in these levels, because it has nomen-
clatural priority over H. pseudoalbidus that was described later (Queloz et al. 2011). Therefore, all sequences of these two SHs are indi-
cated in grey at 97.5% and 97% cut-off values. It is up to the researcher to decide which cut-off values are used for identification in
ecological studies. Names of SHs in publications can be hyperlinked to the cluster of sequences supplemented with metadata. The
system enables saving identification results of ecological studies in a standardized and reproducible manner. The name of the SH is
based on the reference or representative sequence and is compiled automatically from three data fields, viz. the taxonomic name of
the sequence, the INSD or UNITE accession number of the sequence and the SH accession code. For the full description of the work-
bench and annotation guidelines, see Supplementary Materials. In this figure, 115 sequences of this cluster were removed for better
visualization. The full cluster is illustrated in Fig. S4 (Supporting information).

Supporting information). Taxonomic experts may override
the choice of representative sequence by designating a refer-
ence sequence based on type status, source of isolation and
sequence quality (Fig. S2, Supporting information). Thus, all
SHs have either an automatically chosen representative
sequence or a manually designated reference sequence.
These representative and reference sequences are released

© 2013 John Wiley & Sons Ltd

(http:/ /unite.ut.ee/repository.php) as a reference data set
for local sequence similarity searches as well as high-
throughput sequencing bioinformatics platforms including
the QIIME pipeline (Fig. S3, Supporting information). An
annotation-aware Fasta file with all UNITE/INSD fungal ITS
sequences not known to be of poor quality is also maintained
at the same URL.
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(a) (c)

Statistics based on 98% threshold value Total Europe N-America  S-America Australasia Antarctica Africa Unspecified
No of SHs* 52481 13779 8819 12941 2929 3417 313 2425 20294 0000
No of ITS sequences 261521 50963 31560 53931 9635 8211 930 6183 100108
SH shared between continents 2832 1956 2633 686 745 130 507 N/A ?
Percent of unique SHs 79.5% 78% 79.6% 76.6% 78.2% 58.5%  79.1% o e r
No of singletons (out. clusters) 4130 694 569 742 208 266 13 182 1456 'g
No of singletons (inside clusters) 28395 5854 3730 5825 1183 1587 97 1006 9113 2 20000 |
* Including all singletons
o L J
(b) 0 50000 100000 150000 200000 250000
North America Africa Europe Asia Australasia Number of sequences
(d)
Noof SHs and sequences accumulating over the years
2000-2013
250000 /'

South America

Phylum No of SHs*  No of RefSeq
Basidiomycota 20804 1476
Ascomycota 20754 287
Chytridiomycota 285 0
Glomeromycota 1658 77
tz 602 0
Neocallimastigomycota 85 2
31 0
Incertae sedis 9 0
Unspecified 11387 0
*Based on 98% threshold value ]

Antarctica
Afica,
e (f)
Threshold value

97.5% 48007
98% 52481
98.5% 58594
99% 68938,

Fig. 2 The statistics of the UNITE global key. Table (a) shows the number of SHs based on a 98% threshold value, the number of ITS
sequences in the current version of UNITE, which passed through the quality filters, and other associated statistics. The high number
of unspecified sequences and SHs that lack information on locality (more than 40%) illustrate the need for richer annotations. Circle
graphs (b) illustrate the geographical distribution of those SHs that occur on more than one continent. North America, Europe and
Asia are more similar to each other compared with other continents. The comparatively high number of shared SHs between South-
ern and Northern Hemisphere continents mark potential invasions that call for fine scale ecological studies (Antarctica has too few
ITS sequences to make any sensible comparison). Table (f) provides the number of SHs for five different sequence similarity thresh-
old values. It demonstrates how the selection of a threshold value may influence the results of studies. The new version of UNITE
makes studies that employ different threshold values comparable and reproducible. Table (e) shows the number of SHs and reference
sequences per fungal phylum. Basidiomycota and Glomeromycota are the most annotated phyla, reflecting the current composition
of experts. Four phyla that have the smallest number of SHs are probably underrepresented in INSD databases because of difficulties
to culture those fungi or find tangible reproductive/somatic structures. The graph of the subfigure (d) shows that the numbers of
fungal ITS sequences in INSDs and UNITE are growing much faster than the number of SHs. This is probably biased because most
sequences are still coming from North America, Europe and Asia. Potentially species-rich regions in the Southern Hemisphere are
much less well represented [see also (a)]. To investigate the fungal sequencing effort at the global scale, we generated rarefied curves
demonstrating the number of SHs detected vs. the number of sequences at three similarity threshold levels, viz. 97%, 98% and 99%
(c). SH — species hypothesis; RefSeq — reference sequence.

The SHs can be viewed and edited in a Web browser sequences; (ii) improving/adding taxonomic annotations;
through the PlutoF workbench (Fig. 1, Figs 54 and S5, Sup- (iii) improving/adding taxonomic and ecological metadata;
porting information). Viewing sequence data by eye in the and (iv) tagging (and thus excluding) sequences of compro-
form of a multiple sequence alignment is a powerful means mised technical quality.

both to spot meaningful patterns in the data and to detect
sequences of substandard quality or insufficient/incorrect

. . . Selection of representative and reference sequences
annotation. Implementing changes in response to such

observations in PlutoF involves only a few mouse clicks (Fig. The automated choice of representative sequences in
S2, Supporting information). The user also has the opportu- UNITE is based on nucleotide frequency, and hence, the
nity to redesignate a representative sequence for any SH. sequence most similar to the consensus becomes represen-

During the workshop, we targeted four aspects of tative. Although this approach is intuitively appealing and
sequence reliability and annotation: (i) selection of reference logical in most situations, there are some potential draw-

© 2013 John Wiley & Sons Ltd



backs. For example, a single specimen may have been
sequenced several times (including cloned samples), or
some particular study may have exhausted a limited geo-
graphical region for records of a single species. The special
authoritative standing of type specimens in systematics
similarly gives rise to the desire to redesignate representa-
tive sequences on a regular basis (cf. Hyde & Zhang 2008).
Not all sequences from type specimens (hereinafter ‘type
sequences’) form ideal reference sequences though. From a
bioinformatics point of view, an ideal representative
sequence should cover the full ITS region and should pre-
ferably not feature many IUPAC DNA ambiguity symbols
(Cornish-Bowden 1985) or manifest signs of a potentially
compromised technical/read quality-related nature (cf.
Nilsson et al. 2012). Type specimens, in contrast, might be
tens to hundreds years old, making it difficult to obtain
long, high-quality DNA sequences (Larsson & Jacobsson
2004).

For these reasons we re-examined the representative
sequences for SHs for which we have taxonomic expertise
and manually redesignated a reference sequence whenever
relevant (see Fig. 1). In the absence of (high-quality) type
sequences, we sought to designate a sequence that origi-
nated from the same country or geographical region as the
type specimen. Sequences from vouchered fruiting bodies
and living cultures were preferred over uncloned
sequences from other sources (e.g. root tips and sclerotia)
that in turn were given priority over cloned sequences
from various complex environmental substrates where
vouchering typically proves impossible. We sought to
make sure that the automatically chosen representative had
the most accurate taxonomic annotation possible. For
example, when the automatic procedure had selected a
sequence annotated as ‘uncultured fungus’ for a species for
which the name of lower taxonomic levels (genus to phy-
lum) was available, we made the appropriate re-annota-
tion. We also re-annotated sequences by providing a more
conservative name if the species name given by the origi-
nal sequence authors did not accurately reflect recent
results and findings (e.g. a misidentified Hymenoscyphus
albidus would be annotated as Hymenoscyphus sp., Heloti-
ales or Ascomycota depending on the severity of the mis-
annotation). In recognition of the fact that no single
sequence similarity threshold value — such as 97% — will
demarcate intraspecific from interspecific variability in all
fungi, reference sequences were set at the level they made
taxonomic sense based on the results of previous studies.
Many Cortinarius SHs were, accordingly, specified at the
99% similarity level; many lichenized fungi, in contrast,
were set at the 97% similarity level.

Improving/adding taxonomic annotation

UNITE follows the Index Fungorum (http://www.index
fungorum.org) nomenclature of fungi. Approximately 84%
of the sequences in UNITE are assigned at least to ordinal
level, but sequences annotated as, for example, ‘uncultured
fungus’ are assigned only at the kingdom level. If the user
assigns such a sequence at a lower taxonomic level such as

© 2013 John Wiley & Sons Ltd
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genus, the sequence will adopt the full hierarchical classifi-
cation leading up to that genus, typically phylum, order
and family. When examining the SHs, we adjusted the tax-
onomic annotation of the reference and representative
sequences. A genus or order name was added to most
sequences originally named, for example, ‘cf. Athelia’ or
‘uncultured fungus’; this was only done for taxa with
which we were sufficiently familiar.

Improving/adding metadata

Concurrent with the process of taxonomic annotation of
sequences, we added relevant metadata such as type sta-
tus, voucher specimen/culture, country of origin and host/
substrate of collection. In most cases, this involved manual
extraction of data from publications and sometimes con-
tacting the original authors of the sequences.

Excluding sequences of compromised technical quality

Based on the PlutoF multiple sequence alignments, we
checked the sequences for substandard quality in terms of
chimeric nature and read reliability following Tedersoo
et al. (2011) and Nilsson et al. (2012). During the workshop,
we also made an effort to find additional chimeras using
UCHIME, v. 6.0.307 (Edgar ef al. 2011). As a reference data
set, we used all representative/reference sequences from
the UNITE SHs. We ran the full UNITE sequence set
through UCHIME using its reference mode and then sub-
jected sequences that exceeded the default threshold at
which UCHIME considers a sequence chimeric to further
scrutiny through sLasT and occasionally also through multi-
ple sequence alignment. Sequences that were clearly unreli-
able or overly short were marked as such in UNITE. While
all sequences marked as substandard remain searchable in
the database, they are removed from BLAST searches in
UNITE, the UNITE global key and the releases of represen-
tative/reference sequences.

Results and discussion

Our efforts resulted in approximately 5300 manual changes
to the corpus of public fungal ITS sequences in UNITE
(Fig. 2). A full 1860 of these represented redesignations of
representative sequences into reference sequences (317 of
which into type sequences). This means that 3.5% of the
52 481 SHs at the 98% similarity level now have a manu-
ally designated reference sequence. We implemented more
than 2578 taxonomic annotations and re-annotations at the
species and higher taxonomic levels. 248 sequences were
excluded for being chimeric or of low quality in other
regards. Finally, we added 654 items of metadata to the
sequence data. It is clear that this is only the tip of the ice-
berg, though, and much remains to be done in all fungal
phyla and the lineages covered by the present set of
authors. In addition, new sequences are generated and
being deposited in INSDs and UNITE at an exponential
rate, such that annotation efforts will always lag behind.
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The UNITE/PlutoF system offers third-party annotation
capacities to all its registered users (Abarenkov et al.
2010b). Thus, we invite all fungal biologists to participate.
In particular, we hope that all fungal taxonomists and eco-
logists will examine their lineages of expertise in UNITE
and make sure that relevant sequences are chosen to repre-
sent SHs and that the sequences are annotated to a satisfac-
tory level in terms of taxonomy and ecology.

The issue of naming DNA-based taxa in ecological and
taxonomical studies has been debated for a long time
(Hibbett & Taylor 2013). Studies that identify unknown
DNA from biological samples typically apply their own ad
hoc naming system (e.g. “Tulasnella sp. 14’; see Ryberg et al.
2008), which is certain to be different from that adopted by
other researchers. This makes comparison among studies
complicated if not impossible. Therefore, we implemented
an automated, all-inclusive naming system for SHs found at
various sequence similarity threshold values. The name of
the SH is based on the reference or representative sequence
and compiled automatically from three data fields. First is
the taxonomic name of the sequence, viz. species, genus,
family or higher level name. The next field is the INSD or
UNITE accession code of the sequence, and the third field
is the SH accession code. Thus, the name of the SH causing
ash-dieback shown in Fig. 1 is ‘Hymenoscyphus pseudoalbi-
dus | GU586904 | SH133781.05FU’ and its sister SH ‘Hyme-
noscyphus albidus | GU586876 | SH114093.05FU’. In contrast to
names of the ‘Tulasnella sp. 14’ type, this allows for exact
communication across scientific studies and time. Names in
this format allow anybody to visit the same SH years later
and if feasible to reproduce identification analyses based on
new versions of the key. It is also easy to hyperlink those
names in publication to the SH and associated information
(see Fig. S3, Supporting information). Unique SH accession
codes are generated automatically for all SHs at all similar-
ity cut-off levels. The accession code begins with SH (acro-
nym for the species hypothesis), and a unique six-digit
number followed by period, a two-digit version number
(version number of the key) and FU (acronym for fungi).
The version number allows to place the SHs in time, and
the two-letter acronym of the taxon enables quick place-
ment of the SH in the full eukaryote classification. This
would be highly useful feature if the same platform will be
used for other kingdoms too.

We hope that the present effort will lead to improved
taxonomic accuracy and resolution of SHs for biologists
using the UNITE database, the standalone rasta files of
UNITE and the QIIME pipeline. Taxonomic precision and
availability of rich metadata are clearly among the most
important goals from an ecological perspective. After all, a
growing number of nonmycologists now study fungi as a
part of their scientific pursuit (Pautasso 2013), and it is
imperative that we provide them with state-of-the-art data
because they may not always be in a position to discrimi-
nate good data from bad data. For example, fully anno-
tated ITS sequences facilitate global-scale metastudies on
phylogeny, evolutionary ecology and biogeography (Bonito
et al. 2010; Veldre et al. 2013). Taxonomic precision facili-
tates distinguishing of emerging pathogens such as Hyme-

noscyphus pseudoalbidus from their nonpathogenic close
relatives (Fig. 1). Rapid and precise identification of patho-
genic organisms forms a basis for efficient countermeasure,
which is particularly relevant for forest, agricultural and
human diseases. Arriving at the best and richest possible
set of reference sequences is, however, not a question of
bioinformatics or computational power but rather one of
taxonomic and ecological expertise.
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