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Abstract

The nuclear ribosomal Internal Transcribed Spacer ITS region is widely used as a DNA metabarcoding marker to

characterize the diversity and composition of fungal communities. In amplicon pyrosequencing studies of fungal

diversity, one of the spacers ITS1 or ITS2 of the ITS region is normally used. In this methodological study we evalu-

ate the usability of ITS1 vs. ITS2 as a DNA metabarcoding marker for fungi. We analyse three data sets: two compris-

ing ITS1 and ITS2 sequences of known taxonomic affiliations and a third comprising ITS1 and ITS2 environmental

amplicon pyrosequencing data. Clustering analyses of sequences with known taxonomy using the bioinformatics

pipeline ClustEx revealed that a 97% similarity cut-off represent a reasonable threshold for estimating the number of

known species in the data sets for both ITS1 and ITS2. However, no single threshold value worked well for all fungi

at the same time within the curated UNITE database, and we found that the Operational Taxonomic Unit (OTU)

concept is not easily translated into the level of species because many species are distributed over several clusters.

Clustering analyses of the 134 692 ITS1 and ITS2 pyrosequences using a 97% similarity cut-off revealed a high

similarity between the two data sets when it comes to taxonomic coverage. Although some groups are under- or

unrepresented in the two data sets due to, e.g. primer mismatches, our results indicate that ITS1 and ITS2 to a large

extent yield similar results when used as DNA metabarcodes for fungi.
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Introduction

The internal transcribed spacer region (ITS) of the

nuclear ribosomal DNA is the formal DNA barcoding

region for molecular identification of fungi (Schoch et al.

2012). For nearly two decades the ITS region have been

used as an ‘unofficial fungal DNA barcode’ due to its

high degree of interspecific variability, conserved primer

sites and multicopy nature in the genome. Since the early

1990s, the ITS region has been heavily used in both

molecular systematics and ecological studies of fungi,

which has lead to accumulation of more than two hun-

dred thousand Sanger-derived fungal ITS sequences in

the international nucleotide sequence databases (INSD:

GenBank, ENA and DDBJ; Karsch-Mizrachi et al. 2012).

The fungal ITS region varies roughly, with some excep-

tions, between approximately 450 and 750 base pairs

(bp) in length and consists of three subregions: the vari-

able spacers ITS1 and ITS2 and the intercalary 5.8S gene.

While the 5.8S gene is highly conserved, the ITS1 and

ITS2 spacers normally provide resolution at a within-

genus and often within-species level (Nilsson et al. 2008).

Although the ITS region has been selected as the fungal

DNA barcode, it lacks the necessary resolution in some

groups of fungi (e.g. Gazis et al. 2011). In groups such as

Fusarium and Aspergillus, other or additional markers are

necessary (Balajee et al. 2009).

During the last few years, fungal ecology has started

to draw advantages from technological achievements in

high-throughput DNA sequencing where approaches

such as 454 pyrosequencing (Margulies et al. 2005) can

generate hundreds of thousands of DNA sequences from

any given sample in the course of a day (Bu�ee et al. 2009;

Jumpponen & Jones 2009; Tedersoo et al. 2010; Wallander

et al. 2010; Blaalid et al. 2012; Davey et al. 2012). High-

throughput DNA-based identification of multiple species

from a single complex environmental sample was

recently defined as DNA metabarcoding (Taberlet et al.

2012), a term adopted here. Due to restrictions in

sequence read lengths, only a part of the ITS region

is normally analysed in amplicon pyrosequencing
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studies—either ITS1 (Bu�ee et al. 2009; Jumpponen &

Jones 2009; Tedersoo et al. 2010; Blaalid et al. 2012) or

ITS2 (Wallander et al. 2010; Davey et al. 2012). With

improvements of the sequencing technologies, it will be

possible to sequence the entire ITS region. However, as

chimeric sequences typically are formed across the

conserved 5.8S regions during PCR amplification of

mixed substrates, it may still be favourable to analyse

ITS1 and ITS2 separately.

Whether ITS1 or ITS2 provides the best taxonomic

resolution at the species level has been debated (Nilsson

et al. 2008; Bellemain et al. 2010; Mello et al. 2011). Fur-

thermore, different types of primer biases may lead to

biased amplification of different taxonomic groups in

ITS1 and ITS2 (Tedersoo et al. 2010). Systematic length

differences between ITS1 and ITS2 may have a similar

effect (Bellemain et al. 2010). It has been shown that ITS1

is on average somewhat more variable than ITS2 in most

fungal lineages (Nilsson et al. 2008; Ryberg et al. 2008;

Mullineux & Hausner 2009). An evaluation of 4185 com-

plete ITS reads revealed that 66% had a higher variability

in ITS1, whereas 34% were more variable in ITS2 (Nils-

son et al. 2008). Separate studies of members within both

Basidiomycota, such as the genus Inocybe, and Ascomy-

cota, such as the order Ophiostomatales, indicate that

ITS1 is more variable compared with ITS2 (Ryberg et al.

2008; Mullineux & Hausner 2009). Although there are

species differences between the variability of ITS1 vs.

ITS2, a correlation of this variability has been observed,

suggesting that the two regions do not evolve separately

(Nilsson et al. 2008). In a recent pyrosequencing study,

the ability of ITS1 and ITS2 to uncover soil fungal com-

munities in truffle grounds was compared (Mello et al.

2011). The authors concluded that both ITS1 and ITS2

were suitable as DNA metabarcoding markers (Mello

et al. 2011).

In this study we use both sequence data of known tax-

onomic affiliation as well as pyrosequencing data

obtained from 42 environmental samples to evaluate the

usability of ITS1 vs. ITS2 as DNA metabarcodes for

fungi. Although the usability of ITS1 vs. ITS2 has been

addressed in other studies (Mello et al. 2011), to our

knowledge this is the first attempt to examine how well

clustering techniques group ITS sequences of known

taxonomic affiliation into species, as judged by Latin

binomials.

Materials and methods

Sequence data of known taxonomic affiliation from
UNITE and INSD

The first data set consisted of 1743 full-length ITS

sequences, comprising 750 unique species accessioned

in the fungal reference database UNITE. This is a

curated database whose core data are made up by

high-quality sequences identified by taxonomic experts

(Abarenkov et al. 2010a). Most (>95%) of the analysed

accessions in UNITE were basidiomycetes. The other

data set comprised ITS data with known taxonomy

obtained from INSD. First, all available fungal ITS

sequences with a full Latin binomial were downloaded

from INSD. Reverse complementary entries were cor-

rected for; sequences of poor read quality, as well as chi-

meric sequences, were pursued for exclusion through

PlutoF (Abarenkov et al. 2010b). Only the 26 665 full-

length sequences belonging to Dikarya (Ascomycota +
Basidiomycota) were used in the further analyses. The

sequences were split into one ascomycete data set

(18 215 sequences) and another basidiomycete data set

(8440 sequences). The ITS data sets were split into ITS1

and ITS2 parts through the ITS Extractor (Nilsson et al.

2010). We tested the effect of different sequence similar-

ity levels during clustering with BLASTCLUST using

a newly designed bioinformatics pipeline ClustEx

(see below). All data sets were clustered using 90–100%

sequence similarity (e.g. 90%, 91%, … 100%) requiring

75% sequence coverage. The analysis of the distribu-

tion of species across clusters was based on the

sequences downloaded from UNITE, including the ratio

between known species vs. number of clusters, using Perl

scripts.

Software operation

The bioinformatics pipeline ClustEx, used to analyse the

UNITE and INSD data, was written in Perl v5.8 and PHP

4.3 as a graphical-interface wrapper for the three cluster-

ing programs BLASTCLUST, CD-HIT and UCLUST

(Altschul et al. 1997; Li & Godzik 2006; Edgar 2010). In

addition to user specification of similarity—and coverage

range to compare in these programs—ClustEx also pro-

vides a few pre- and postclustering functionalities (Fig.

S1). Sequences containing (i) DNA ambiguity symbols;

(ii) user-defined short sequences (e.g. < 50 bp) and (iii)

identical sequences can be removed in any combination

of the three prior to clustering. Postclustering functional-

ities include the useful option to exclude singletons,

hence reducing the impact of PCR and sequencing errors

(Tedersoo et al. 2010). To summarize the effect of differ-

ent clustering settings, column and line graphs are gen-

erated through Perl and R scripts that are integrated in

the program and presented to the user. ClustEx produces

several output files based on the parameters and cluster-

ing method selected. It is implemented at the web-based

bioinformatics service Bioportal at the University of Oslo

(Kumar et al. 2009). Bioportal is freely available to

academic users at http://www.bioportal.uio.no/.
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ITS1 and ITS2 pyrosequences from environmental
samples

Hundred and twenty specimens, including the roots, of

the ectomycorrhizal plant Bistorta vivipara were collected

in a 2 9 2 m plot at Finse, an alpine region in south Nor-

way (60°58′N, 7°31′E). The plant roots were washed and

rinsed prior to DNA extraction. The plot was split into

64 subplots and one soil sample (ca. 28 cm3) was

obtained from the centre of each subplot. DNA was

extracted from the plant roots using a CTAB extraction

protocol as described in previous studies (Blaalid et al.

2012; Kauserud et al. 2012). The DNA extracts were fur-

ther cleaned using E.Z.N.A soil clean-up kit (Omega Bio-

tek) following the manufacturer’s protocol. Total

genomic DNA in soil samples was isolated from 2 ml of

homogenized soil slurry using the MO BIO soil extrac-

tion kit (MO BIO Laboratories Inc.). Both plant roots and

soil samples were prepared for 454 pyrosequencing by

performing nested PCR, as recommended by Berry et al.

(2011), to avoid the ligation bias known to occur in bar-

code primer-free approaches (Gillevet et al. 2010). Highly

replicable results have earlier been obtained using this

set-up (Kauserud et al. 2012). The fungal-specific primers

ITS1-F and ITS4 (White et al. 1990; Gardes & Bruns 1993)

were used in the first PCR whereas the primer pairs

ITS2/ITS5 and ITS3/ITS4 were used for amplifying ITS1

and ITS2 respectively. To ensure sample recognition in

downstream analyses, different 10 bp tags were added

to the primer pairs ITS2/ITS5 and ITS3/ITS4 together

with the 454 sequencing adaptors A and B. PCR was per-

formed in 20 lL reaction volumes containing 2 lL tem-

plate DNA and 18 lL reaction mix. Final concentrations

in the PCR were 0.16 mM dNTP mix, 0.2 lM of each pri-

mer and 0.4 units Finnzymes Phusion polymerase. The

amplification program for both steps of the nested PCR

was as follows: 30 s at 98 °C, followed by 19 cycles of

10 s at 98 °C, 20 s at 55 °C, 20 s at 72 °C and a final

extension step at 72 °C for 7 min before storage at 4 °C.
A high number of PCR cycles were used to reliably

obtain successful amplification, as evaluated by gel elec-

trophoresis. A high number of cycles may, however, dis-

tort the proportion of various taxa during PCR, and,

hence, the sequence data were only analysed qualita-

tively as presence/absence of OTUs (i.e. not quantita-

tively). PCR products were cleaned with Wizard© SV

Gel and PCR Clean-Up System (Promega), quantified

using a Sequalprep Normalization kit (Invitrogen) and

pooled into 16 equimolar amplicon libraries. The ampli-

con libraries were sequenced on a full plate split into 16

lanes using the Roche GS FLX Titanium Series 454

sequencing platform at the Norwegian High-Throughput

Sequencing Centre. Both the first and the nested PCR

reaction were conducted independently for amplifying

ITS1 and ITS2. The raw data were accessioned in the

NCBI Sequence Read Archive (Kodama et al. 2012),

accession no. SRA050547.

We analysed the raw data by filtering and clustering

of the ITS1 and the ITS2 regions separately using the bio-

informatics pipeline CLOTU (Kumar et al. 2011). Reads

with sequencing errors in the forward primer and tag, as

well as noncongruent tag combinations, were removed.

Short reads (<150 bp) and low-quality reads (all reads

including one or more N) were filtered out. The

sequences were then clustered into operational taxo-

nomic units (OTUs) as a crude approximation of species,

using the BLASTCLUST single linkage clustering

approach with the requirement of 75% overlap in

sequence length between reads in the pairwise alignments

and 97% sequence similarity. To reduce putative effects of

low sequencing depth, only samples with >1000 reads for

both of ITS1 and ITS2 were retained for further analyses,

which included 29 plant root samples and 13 soil

samples. For both the ITS1 and ITS2 data sets, all clusters

containing five sequences or less within individual

samples were removed from downstream analyses to

reduce potential effects of sequencing errors and

tag-switching artefacts (Quince et al. 2009; Tedersoo et al.

2010; Carlsen et al. 2012).

For taxonomic annotation, one representative

sequence from each OTU was used in BLASTn searches

(Altschul et al. 1997) against the NCBI-nr database. Con-

gruency among the top hits was assessed and a higher

taxonomic level reported in doubtful cases.

Results and discussion

Analyses of sequences data of known taxonomic
affiliation

Clustering analyses at various similarity thresholds

yielded largely similar results between ITS1 and ITS2

when it comes to the UNITE data set (Fig. 1a), that lar-

gely includes basidiomycetes, and the INSD basidiomy-

cete data set (Fig. 1b). A higher degree of discrepancy

was observed between ITS1 and ITS2 in the INSD asco-

mycete data set (Fig. 1c), where ITS1 generally yielded

more clusters than ITS2. This effect was especially pro-

nounced at lower sequence similarity levels (<97%). The

results were highly similar for the three clustering

approaches BLASTCLUST, CD-HIT and UCLUST

(results not shown). Furthermore, the degree of sequence

coverage during clustering had little impact on the num-

ber of clusters obtained in the range 60–90% coverage.

Our results (Fig. 1) indicate that clustering at a 97%

sequence similarity level gives a reasonable approximation

of the number of known species in the basidiomycete data

sets (judged as Latin binomials). In the INSD ascomycete

© 2013 Blackwell Publishing Ltd
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data set, 98% sequence similarity gave a better approxi-

mation. However, this could be due to the inclusion of

synonyms and telemorphs/anamorphs in this data set,

which were difficult to control for. The ‘3% golden rule’

of sequence dissimilarity to demarcate distinct species

was devised for full-length ribosomal small-subunit

(SSU) sequences of prokaryotes (cf. Stackebrandt &

Goebel 1994), and it has been adopted somewhat blindly

also in situations where the sequences at hand are not

full length, where they are not of prokaryote origin and

where they do not represent the SSU in the first place.

The fungal ITS region is such an example. The present

results nevertheless lend support to the numerous analy-

ses where a 97% sequence similarity level has been used

(O′Brien et al. 2005; Morris et al. 2008; Ryberg et al. 2008;

Walker et al. 2008; Bjorbækmo et al. 2010; Tedersoo et al.

2010), supporting the similar observation, although with

specific focus on basidiomycetes, by Tedersoo et al.

(2010).

When we inspected the obtained clusters of the

UNITE data set more in depth, we observed that 30.6%

(ITS1) and 29.2% (ITS2) of the species (Latin binomials)

represented by more than two sequences were split into

two or more clusters (Fig. 2) and that many clusters
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(29.5% for ITS1 and 29.7% for ITS2) featured multiple

species (Latin binomials). Hence, there were no major

differences in how ITS1 and ITS2 performed when it

comes to splitting of sequences of the same species

across different clusters. It is not surprising that species

are split or lumped into different clusters as there is no

biological reason why there would be a single threshold

value to demarcate intra- and interspecific variability

across the fungal tree of life. On the contrary, the last few

years have brought plenty of data to show that many lin-

eages of the fungal kingdom differ in terms of distance

among species (Nilsson et al. 2008; Gazis et al. 2011).

New clustering algorithms, not primarily based on direct

sequence similarity, offer promise in this regard (Pom-

mier et al. 2009; Zinger et al. 2009).

Environmental ITS1 and ITS2 pyrosequence data

A total of 134 872 pyrosequences were retained after

filtering: 66 317 ITS1 and 68 555 ITS2 sequences. Clus-

tering at 97% sequence similarity followed by filtering

of low-frequency clusters (see above) resulted in 116

(ITS1) and 133 (ITS2) clusters respectively. Notably, the

average BLAST similarity matches were significantly

higher for ITS2 compared with ITS1 (T-test, P = 0.043),

probably indicating that more ITS2 data are acces-

sioned in the INSD databases compared with ITS1

(Nilsson et al. 2009). In some phylogenetic studies

(Larsson et al. 2004; Miller et al. 2006), the ITS2 + a part

of the large subunit region has been sequenced without

including ITS1. Reassuringly, a significant relationship

was observed between the number of clusters obtained

with ITS1 and ITS2 (Fig. 3).

At the phylum level, the taxonomic composition in

the ITS1 and ITS2 data sets was roughly similar, with

44% and 34% of the OTUs ascribed to Ascomycota and

Basidiomycota for ITS1 and 47% and 31% as correspond-

ing numbers for ITS2. The small difference at the phylum

level (3%) may be a result of primer bias (Bellemain et al.

2010). Both markers identified 10–11% of the OTUs as

Zygomycota s.l. (Fig. 4). At the order level, the most

dominant basidiomycete groups in both the ITS1 and

ITS2 data sets were Agaricales, Thelephorales, Sebaci-

nales and Tremellales (Fig. 4). These were reported in

roughly equal abundances with ITS1 and ITS2. Helotiales

was the most abundant ascomycete order, comprising

19% of the OTUs for both ITS1 and ITS2. When it comes

to number of OTUs, Pezizales were slightly more abun-

dant in the ITS1 data set.

Although ITS1 and ITS2 in general yielded a similar

taxonomic composition at the phylum and order level,

some differences were noted. For example, Geoglossales

was absent in the ITS1 data set. However, only two

OTUs were included in this group. Hence, PCR stochas-

ticity cannot be excluded as a cause for this observation.

Furthermore, Lecanorales were more abundant in the

ITS2 data set. Members of this order are known to have

introns at the end of the rDNA small subunit (SSU) and

may therefore be more difficult to amplify using, e.g.

ITS5. Within Agaricales a higher number of genera

appeared in the ITS1 data set whereas higher species

diversity within Cortinarius was detected in the ITS2 data

set. As above, these discrepancies might be due to biased

amplification. However, differences in taxonomic resolu-

tion at a genus level between ITS1 and ITS2, as well as

different amounts of reference sequences might also

account for the observed differences.

Our results largely corroborate earlier observations

that structural similarities of the fungal communities are

observed across ITS1 and ITS2 (Jumpponen 2004; Arfi

et al. 2011; Mello et al. 2011). However, direct compari-

sons across studies are difficult due to differences in data

treatment. While we filtered out low-frequency clusters

to remove PCR and sequencing artefacts (Tedersoo et al.
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2010), singletons were retained in Mello et al. (2011). This

study highlights that ITS1 and ITS2 to a large extent yield

similar results when used as DNA metabarcodes for

fungi. Furthermore, our analyses demonstrate the limita-

tions of ITS as a marker, as ITS sequences from different

species often cluster together and many species split into

several clusters.
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