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Summary

� Incompleteness of reference sequence databases and unresolved taxonomic relationships

complicates taxonomic placement of fungal sequences. We developed PROTAX-fungi, a gen-

eral tool for taxonomic placement of fungal internal transcribed spacer (ITS) sequences, and

implemented it into the PLUTOF platform of the UNITE database for molecular identification of

fungi.
� With empirical data on root- and wood-associated fungi, PROTAX-fungi reliably identified

(with at least 90% identification probability) the majority of sequences to the order level but

only around one-fifth of them to the species level, reflecting the current limited coverage of

the databases.
� PROTAX-fungi outperformed the SINTAX and RDB classifiers in terms of increased accuracy and

decreased calibration error when applied to data on mock communities representing species

groups with poor sequence database coverage. We applied PROTAX-fungi to examine the

internal consistencies of the Index Fungorum and UNITE databases. This revealed inconsisten-

cies in the taxonomy database as well as mislabelling and sequence quality problems in the

reference database. The according improvements were implemented in both databases.
� PROTAX-fungi provides a robust tool for performing statistically reliable identifications of

fungi in spite of the incompleteness of extant reference sequence databases and unresolved

taxonomic relationships.

Introduction

Fungi form a large and heterogeneous group of eukaryotic organ-
isms of disparate ecological roles. Many fungi interact with plants
through associations ranging from parasitic through saprotrophic
to mutualistic. Advances in Next Generation DNA sequencing
have made it possible to examine the nature of plant–fungal
interactions in unprecedented detail (e.g. Eusemann et al., 2016;
Waring et al., 2016). Even so, several shortcomings beset molecu-
lar identification of fungi and fungal communities. Importantly,
only 2–6% of the estimated 2–6 million extant species of fungi
have been described formally (Taylor et al., 2014; Hawksworth
& L€uking, 2017) and < 0.5% have been sequenced for the formal
fungal barcode (Taylor et al., 2014) – the nuclear ribosomal
internal transcribed spacer (ITS) region. Furthermore, > 10% of
the public fungal ITS sequences can be assumed to be misidenti-
fied (Nilsson et al., 2012), further complicating molecular identi-
fication procedures. Although software solutions for molecular

identification of fungi are available (e.g. RDP: Wang et al., 2007;
SINTAX: Edgar, 2016), they fail to account for the large number
of fungal species for which we do not have reference data at pre-
sent, and consequently they may not provide robust estimates of
the reliability of the proposed taxonomic affiliations of the query
sequences. These complications make it difficult to study fungal
communities at the desired levels of resolution and scientific
reproducibility.

In our previous work, we developed PROTAX (PRObabilistic
TAXonomic placement; Somervuo et al., 2016, 2017), a general
statistical method for classifying DNA sequences according to
specified taxonomy and reference databases. PROTAX yields sta-
tistically calibrated probabilities for taxonomic placement
(Somervuo et al., 2016), setting it apart from tools such as the
RDP Classifier (Wang et al., 2007) and SINTAX (Edgar, 2016),
which rather offer heuristic estimates of the reliabilities of taxo-
nomic assignments. PROTAX also accounts for the presence of
undescribed (or described but unsequenced) lineages and misla-
belled reference sequences. Here we introduce PROTAX-fungi,
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which is a specific implementation of PROTAX aimed at classify-
ing fungal ITS sequences. The purpose of PROTAX-fungi is to
allow unbiased probabilistic assignment of fungal ITS sequences
to known and unknown fungal lineages in a standardized and
reproducible way. We specifically report on the implementation
of PROTAX-fungi in the PLUTOF platform of the UNITE
database for molecular identification of fungi (K~oljalg et al.,
2013; https://unite.ut.ee/). We examine the performance of the
implementation on taxonomic placement of environmental fun-
gal ITS sequences, as well use it to examine the internal consis-
tency of the Index Fungorum+Species Fungorum and UNITE
databases. Finally, we discuss the challenges involved in scien-
tific examination of plant–fungal communities and provide a
set of recommendations for the molecular ecology community.

Material and Methods

The Index Fungorum/Species Fungorum taxonomy
database

PRObabilistic TAXonomic placement (PROTAX)-fungi relies on
two reference datasets: a taxonomic classification system compris-
ing all formally described species, and a reference sequence
database whose entries typically only partially populate the taxon-
omy. The taxonomic classification system we use is Index Fungo-
rum+Species Fungorum (http://www.indexfungorum.org),
which exchanges data with MycoBank (Robert et al., 2013) and
Fungal Names (http://www.fungalinfo.net/), and is the most up-
to-date resource for fungal names and classification. Using the
current record names, we constructed a seven-level taxonomy.
Incertae sedis classifications were replaced by creating dummy
classifications along the path between the closest known lower and
higher taxon nodes. The taxonomy database consists of 131 484
species classified into seven levels from kingdom to species
(Table 1). For further information on Index Fungorum and
Species Fungorum, see Supporting Information Methods S1.

The UNITE reference sequence database

As a reference sequence database, we used UNITE, an online
database for reproducible molecular identification of fungi. All

fungal sequences in UNITE are clustered into approximately
species-level clusters which are called species hypotheses (SHs;
K~oljalg et al., 2013). All SHs are given a unique Digital Object
Identifier (DOI; https://www.doi.org/) to promote unambiguous
reference and communication across datasets and time, which
would otherwise be hampered due to the frequent lack of precise
Latin names for many fungal species. The use of DOIs also allows
automatic assembly of metadata, such as host and country of collec-
tion (e.g. http://dx.doi.org/10.15156/BIO/SH181628.07FU). The
SHs are subject to third-party annotation through the PLUTOF plat-
form (Abarenkov et al., 2010). The reference sequence database
that we used consists of the 420 319 Sanger-derived sequences that
comprised both the ITS1 and ITS2 sub-regions in v.7.1 of the SH
system (https://unite.ut.ee/repository.php). Out of these reference
sequences, 217 663 are annotated at the species level and they rep-
resent 17% of the described fungal species (Table 1).

The statistical model of PROTAX-fungi and its
parameterization

PROTAX classifies query sequences in a hierarchical manner, start-
ing at the root node of the taxonomy and proceeding towards the
species level. The classification at each taxonomic node is con-
ducted with a multinomial regression model that determines how
the probability of 1.0 at the root node should be divided among
the child nodes (Somervuo et al., 2016, 2017). We constructed
the predictors from pairwise sequence similarities between the
query sequence and the reference sequences calculated by
USEARCH (Edgar, 2010) and taxon membership given by SINTAX

(Edgar, 2016) using USEARCH v.10.0.240_i86linux32. In total,
the regression model has six predictors: (1) an indicator variable
describing whether the node represents a known branch of the
taxonomy or a taxon not present in Index Fungorum; (2) an indi-
cator variable describing if any reference sequences are available;
(3) the maximum similarity between the query sequence and the
reference sequences; (4) the logarithm of the number of species
nodes under the current node; (5) taxon membership obtained
from the SINTAX classifier; and (6) the level of evidence that the
best similarity might be due to mislabelling of the reference
sequence. To define the last predictor, we note that cases where
one reference sequence obtains a high similarity value and all

Table 1 Summary statistics of the taxonomy and reference sequences used by PROTAX-fungi

Taxonomy level
Number of
annotated nodes

Number of
dummy nodes

Nodes without
refseqs (%)

Nodes with
one refseq (%)

Nodes with
two refseqs (%)

Nodes with at least
three refseqs (%) Number of refseqs

Kingdom 1 0 0 0 0 100 420 319
Phylum 8 2 40 0 0 60 380 553
Class 43 2062 87 4 2 8 373 737
Order 184 2668 81 4 2 13 367 562
Family 758 3344 70 6 3 21 350 676
Genus 10812 0 65 7 3 25 313 793
Species 131484 0 83 6 3 8 217 663

The number of reference sequences (refseqs) decreases from the kingdom level to the species level as not all reference sequences are annotated up to the
species level. Dummy nodes were used to fill gaps (Incertae sedis) in taxonomy annotations. The number of nodes listed in the table does not include the
additional branches that were added to each node to represent unknown taxa not included in Index Fungorum.
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other reference sequences obtain a low similarity value suggest
that the exceptionally well matching reference sequence may be
mislabelled, especially if there are many poorly matching refer-
ence sequences. As a proxy for the level of evidence for the best
match being due to mislabelling (predictor 6), we calculated the
difference between the maximum similarity and the 97% quan-
tile (excluding the maximum) similarity, and weighted the differ-
ence by 1�n�0.2, where n is the number of the reference
sequences available for the node. In addition to the parameters
describing the influences of the predictors 1–6, the model
involves a parameter estimating the mislabelling probability of
the training data (Somervuo et al., 2016, 2017).

We estimated the model parameters separately for each level of
the taxonomy, using the approach described in detail in
Somervuo et al. (2016, 2017). Briefly, at each taxonomic level,
we generated 5000 training sequences, of which 250 sequences
(5%) represented missing taxonomic branches, resulting in 26%
of missing species over the entire six-level taxonomy. The remain-
ing training data represented species sampled randomly from the
taxonomy, including cases with and without reference sequences.
We trained separate models for three different input types: (1)
the ITS1 alone, (2) the ITS2 alone, and (3) the full ITS region.
Pairwise sequence similarity was computed using usearch_global
(Edgar, 2010) with arguments –id 0.75 –maxaccepts 1000.

The implementation of PROTAX-fungi into PLUTOF

We implemented PROTAX-fungi in the PLUTOF platform. The
PLUTOF platform is supported by the University of Tartu High
Performance Computing Center (HPCC, http://www.hpc.ut.ee/),
and it runs as a web-based sequence analysis environment where
users can plan and carry out projects using a number of tools
and resources. For conducting PROTAX-fungi analyses (Fig. 1),
the user specifies input sequence data and parameters guiding
the identification process (sequence region and probability
threshold to be used for illustration purposes), after which (1)
the new job is saved in the database, (2) the query sequences
together with user-specified parameters are sent to HPCC, (3)
the analysis is carried out, and (4) the results are returned to
and stored in PLUTOF. Once the job is finished, an email notifi-
cation with a link for download of the results is sent to the user.
As standard output, PROTAX-fungi provides a Krona chart
(Ondov et al., 2011) that allows the user to explore the classifi-
cations and their reliabilities through an interactive graphical
interface (Fig. 1c), and the same information in numerical for-
mat, including for each query sequence both the probabilistic
classifications and information on the two best matches to the
reference sequence database and on their corresponding SHs
when available. The source code of PROTAX-fungi is deposited
in Github (https://github.com/psomervuo/protaxfungi).

Building mock communities

We tested the performance of PROTAX-fungi and compared it to
SINTAX and RDP classifiers by applying them to artificially gener-
ated mock communities. To ensure the comparability of the

results, we used identical input data (reference sequence and tax-
onomy databases) for all three classifiers. With the mock commu-
nities, we attempted to mimic environmental sequence data.
Such data can be expected to vary greatly in how well the taxon-
omy and reference databases cover them, depending on, for
example, the geographical location and substrate sampled. To
consider a range of situations, we included six scenarios (Table 2),
which relate to the extent to which the species behind the envi-
ronmental sequences are included in the taxonomy database
(well-known or poorly known species groups), and how well they
are represented by reference sequences (species groups with high,
intermediate, or poor coverage of reference sequences).

Index Fungorum comprises 131 484 species, which is only a
small fraction (2–6%) of the estimated number of 2–6 million
fungal species (Taylor et al., 2014; Hawksworth & L€uking, 2017).
However, the species that have not been described to science may
be on average less common than those that have been described
already, so it is plausible that a larger proportion of species in an
environmental sample are known to science, especially if the sam-
ple originates from a much studied substrate type or if the research
focuses on a well-known taxonomical group. Thus, when generat-
ing a mock community representing a well-known species group
(say, wood-inhabiting fungi from boreal forests), we assumed that
90% of the species included in the mock community are present
in the taxonomy database. When generating mock communities
representing a poorly known species groups (say, soil fungi from
tropical forests), we assumed that 25% of the species included in
the mock community are present in the taxonomy database.

The reference sequence database includes at least one sequence
for 17% of those species that are included in the database. How-
ever, the coverage of reference sequences may be higher for com-
mon species than for rare species. When generating mock
communities representing species groups with high (respectively,
intermediate or poor) coverage of reference sequences, we
assumed that 90% (respectively, 50% or 20%) of the species had
at least one reference sequence.

We generated the mock communities artificially by extracting
sequences from the reference sequence database (as in Halwachs
et al. (2017) and Motooka et al. (2017)) rather than, for example,
sequencing species mixtures (as in Bjørnsgaard et al. (2017) or
Bakker (2018)). The rationale is that we wanted to exercise control
over the structures of the communities in terms of their propor-
tions of species unknown to science or species without reference
sequences, as we assume both sources of uncertainty to be highly
relevant for most eDNA datasets (see earlier). All six mock com-
munities were constructed to comprise 1000 species, and we con-
structed 10 replicates for each of the cases (Table 2). Technical
details on how the mock communities were built, including
removal of taxonomical branches to create unknown taxa, are pro-
vided in Methods S2.

Comparing the performance of PROTAX-fungi with SINTAX
and RDP

We applied the PROTAX-fungi, SINTAX and RDP classifiers to
both ITS1 and ITS2 data on the mock communities, and
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compared their suggested taxonomic placements to the true
labels to evaluate their performance. Although SINTAX and RDP

usually return only the most likely placement for each taxonom-
ical level, PROTAX-fungi returns classification probabilities for
multiple taxonomic placements. To ensure an easy comparison
among the methods, we utilized only the most likely classifica-
tion also in the case of PROTAX-fungi. We characterized the
quality of the taxonomic placements by measuring their accu-
racy and calibration error for each taxonomic level. With accu-
racy we intended to measure the frequency of correct taxonomic
placements: how often the most likely classification is actually
correct. With calibration error we intended to measure the
validity of the classification probabilities. For example, if 100

sequences are assigned a classification probability of 0.8, the
classification probabilities are well-calibrated if 80 of them are
correct and the remaining 20 incorrect. We calculated accuracy
as the number of correctly classified sequences divided by the
total number of classified sequences. Cases for which correct
classification was not defined (e.g. species-level classification for
a sequence representing a missing genus) were excluded from
the assessment of accuracy. If the classifier provided no classifi-
cation, we considered the classification to be incorrect. The RDP

classifier requires that all reference sequences have annotations
for all levels in the taxonomy. If a reference sequence did not
contain e.g. species-level annotation, we created such an
annotation using a dummy name, and considered classifications

(a) (b)

(c) (d)

Level Taxon P

Phylum Ascomycota 1

Class Dothideomycetes 0.801

Class Leo�omycetes 0.197

Order My�linidiales 0.8

Order Helo�ales 0.197

Family Gloniaceae 0.8

Family Helo�aceae 0.0955

Genus Cenococcum 0.753

Genus Helo�aceae,unk 0.0607

Species C. geophilum 0.668

Species Cenococcum, unk 0.085

1
2
3
4
5
6

>OTU1
CTTTTCGTTTGAGAGGCATTTTGTGCACGCCCTGATCATCATCCATTTTTC
ACACCTGTGCACACTCTGTAGGCTTGGCTGTTTTGGGGCGAGGTCTTTA
TTGACTTGGCTCTGATTGGTCTTGCCTATGTCTTATCACAAACTAGTTTG
TCAAAAGAATGTACATTGTGTGTAACACACTTATATACAACTTTCAGCAA
CGGATCTCTTGGCTCTCGCATCGATGAAGAACGCAGCGAAATGCGATA
AGTAATGTGAATTGCAGAATTCAGTGAAT
>OTU2
CATCGAATCTTTGAACGCACCTTGCGCTCCTTGGTATTCCGAGGAGCAT
GCCTGTTTGAGTGTCATGGAATCATCAACTTTATTTACTTTCGTGAGTAA
AGCTTGGATTTGGAGGTTTAGTGCCGGATACTTTTCTGTATTCGGCTCCT
CTTAAATGTATTAGCTCGAACCTTTTGTGGGATCAGCTTCGGTGTGATA
ATTGTCTACGCCGTTCTGTGAAGCATATGTTGTATAGGTTTTCGGCTTCC
AACTGTCTTCAATGAGACAACTTGACCTTTTG

Fig. 1 An overview of the PROTAX-fungi pipeline implementation in the PLUTOF platform. The user uploads query sequences (a) and sets parameters guiding
the identification (b). The output consists of probabilistic classifications of the query sequences, and is provided both in an interactive Krona chart (c) and in
numerical format (d). Panels (c) and (d) are based on root-associated fungal data from eastern Greenland, with (c) showing all data and (d) probabilistic
classification of a single sequence (only cases with probability > 0.05 are shown). In (c), the width of each sector is proportional to the expected number of
sequences that was assigned to that taxonomic unit. The colours show the type and confidence level of each identification. Colours 1–3 correspond to
well-identified taxonomic units for which the proportion of reliable identifications is in the range [50%. . .100%] (Colour 1), (0%. . .50%) (Colour 2), or 0%
(Colour 3). Colours 4–6 correspond to unknown taxonomic units for which the proportion of reliable identifications is in the range [50%. . .100%] (Colour
4), (0%. . .50%) (Colour 5), or 0% (Colour 6). The same graph is provided as an interactive web page in https://github.com/psomervuo/protaxfungi.
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to dummy names as incorrect. The logic here is that if the best
match is obtained to a sequence that is not annotated to species
level, for example, the user has no information on what is the
species behind the query sequence, and thus the classification is
not accurate at that level. To evaluate the calibration error of
the classification probabilities, we used all sequences for which
the classifier produced results. The results were sorted based on
the classification probabilities and divided into 10 equally sized
bins. We calculated the mean absolute difference between the
sum of classification probabilities and the number of correct
classifications for each bin and then averaged the results.

Using PROTAX-fungi to classify environmental sequence data

We applied PROTAX-fungi to environmental ITS2 data originating
from two datasets: sawdust samples from 100 spruce logs in a
boreal forest in Finland (Ovaskainen et al., 2013, henceforth called
data on wood-associated fungi), and plant-root samples along an
altitudinal gradient in eastern Greenland (called henceforth data
on root-associated fungi). The Greenland data have been
deposited to the Dryad data repository (doi: 10.5061/dryad.9d
r6j0c) which is described in Methods S3. To reduce computa-
tional load, we clustered the sequences to operational taxonomic
units (OTUs) with 98.5% clustering threshold, after which the
most common sequence in each cluster was selected as the query
sequence for PROTAX-fungi. In the post-processing phase, OTUs
that received similar classification by PROTAX-fungi were merged.

We computed for both datasets the fraction of sequences that
could be classified reliably (with at least 90% probability) or
plausibly (with at least 50% probability) to a given taxonomical
level, as well as the number of distinct taxonomic units that could
be reliably or plausibly identified for each taxonomical level. We
expected that the wood-associated fungi from Finland would be
better represented in the taxonomy and reference sequence
databases than the root-associated fungi from Greenland, and
thus that the classification accuracy would be higher for data on
wood-associated fungi.

Using PROTAX-fungi to reveal consistency problems with
respect to the Index Fungorum+Species Fungorum and
UNITE databases

We applied PROTAX-fungi to perform a taxonomic placement of
all UNITE reference sequences, and compared these taxonomic
placements to the label of the reference sequence. Following the
test that Somervuo et al. (2016) performed with simulated data,
we considered a reference sequence potentially inconsistent if the
model predicted an incorrect taxonomic affiliation with high
confidence. To be conservative, we required the probability of
the most likely classification to be a least 100 times the probabil-
ity of the outcome corresponding to the taxonomic affiliation of
the sequence. This test was applied at all levels of the taxonomy.
For all suspicious cases identified at higher taxonomic levels (phy-
lum, class and order) and 50 randomly selected cases at lower
levels (family, genus and species), we used expert evaluation to
assess whether there was an actual problem or not, and tried to
track the likely origin of the problem. We classified each potential
inconsistency pointed out by PROTAX-fungi as: (i) no evidence of
problem, if there was not clear evidence of a problem; (ii) ‘misla-
belling of a UNITE reference sequence’; (iii) ‘sequence quality
related issue’; (iv) ‘taxonomy related issue’; or (v) as ‘unclassified
problem’, where in the last category the expert was not sure where
the actual problem was.

Results

Figure 1 illustrates the input and output of PROTAX-fungi, using
the root-associated fungal data as an example. The classification
results are graphically illustrated in the form of a Krona chart
(Fig. 1c), showing a high coverage of the classes Leotiomycetes,
Dothideomycetes and Agaricomycetes. Although defining a
probability threshold (such as 90%) is necessary for colouring the
Krona wheel according to the confidence level of the identifica-
tions, the numerical output of PROTAX-fungi is based on exact
probability values and thus does not require the user to define
any a priori threshold value. For example, in the probabilistic
classification of a single OTU illustrated in Fig. 1(d), the most
likely species Cenococcum geophilum has been assigned the proba-
bility of 0.668, a value that can be used, for example, in down-
stream analyses as the weight of how much this identification can
be trusted. In this case, there is substantial uncertainty already at
the class level, as the sequence received non-negligible probabili-
ties for both of the classes Dothideomycetes and Leotiomycetes
(Fig. 1d). Concerning computational efficiency, in a test run it
took 10 min from the user submitting 500 sequences to receiving
the email with results, out of which 4 min went to the actual pro-
cessing of the sequences. The exact processing times may, how-
ever, vary depending on the present computational load at the
HPCC.

The comparison between PROTAX-fungi and the RPD and
SINTAX classifiers shows only minor differences at the phylum,
class, order and family levels (Notes S1), moderate differences at
the genus level (Fig. 2a,b), and major differences at the species
level (Fig. 2c,d). The largest differences between the classifiers

Table 2 Mock communities used for comparing the performances of the
PROTAX-fungi, RDP and SINTAX classifiers

Mock
community

Number
of species

Reference sequence
coverage Taxonomical coverage

A1 1000 High (90%) Well-known taxa
(90% of the species
included in taxonomy)

A2 1000 Intermediate (50%)
A3 1000 Poor (20%)
B1 1000 High (90%) Poorly known taxa (25%

of the species included
in taxonomy)

B2 1000 Intermediate (50%)
B3 1000 Poor (20%)

Each mock community was constructed by selecting 1000 reference
sequences each representing a different species, and then subsampling
fungal taxonomy and the reference sequence database so that some of
the mock species represented unknown taxa or taxa without reference
sequences (see Supporting Information Methods S2 for details). In cases
with high, intermediate or poor references sequence coverage, at least one
reference sequence is available (respectively) for 90%, 50% or 20% of
those mock species that are included in the taxonomy.
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appear with mock communities that represent poorly known
species communities (mock communities B1, B2 and B3) and
have a poor sequence coverage in the reference database (mock
communities A3 and B3). For the latter cases, PROTAX-fungi has
clearly higher accuracy and lower calibration error than RDP or
SINTAX, especially at the species level. The comparison provided
similar results for ITS1 and ITS2 sequences (Notes S1).

The application of PROTAX-fungi to the two empirical datasets
shows how the proportion of sequences that can be reliably or
plausible classified decreases with increasing taxonomic resolu-
tion. For example, although the majority of sequences could be
reliably classified at the order level, only some 20% of them could
be reliably classified to the species level (Fig. 3a). For the root-
associated fungal data the proportion of sequences that cannot be
classified even plausibly is larger than for the wood-associated
fungal data (Fig. 3a), suggesting a higher proportion of taxa that
are poorly covered in the reference databases for the root-
associated data. In terms of diversity, as measured by the number
of well-identified taxonomical units, the two dataset behave very
similarly except at the species level (Fig. 3b). At this level, many
more taxa could be identified for the wood-associated fungal
dataset (Fig. 3b), again suggesting the presence of poorly covered
taxa in the root-associated fungal data.

We used PROTAX-fungi to examine the consistency of 210 064
reference sequences included in UNITE. Out of these, 15 293 (7-
%) indicated strong evidence for mislabelling. The majority of
these cases (83%) occurred at species level (Fig. 4a). Manual
identification of potentially mislabelled sequences verified the
presence of a problem for most cases at the phylum, class, order
and family levels, whereas a large proportion of ambiguous cases
(no evidence of problem category, in Fig. 4b) remained at the
genus and species levels. Especially at the levels of order and fam-
ily, the most common problem was related to the taxonomic clas-
sification (Fig. 4b), such as misclassification of genera or higher

taxa, or incorrect synonymy. For examples of misclassifications
and their causes, see Notes S2.

Discussion

In the present paper we outline an approach for robust, proba-
bilistic taxonomic assignment of internal transcribed spacer (ITS)
sequences derived from plant-associated or other fungal commu-
nities. Our approach combines information from the Index Fun-
gorum/Species Fungorum and the UNITE databases, and it
accounts for the presence of unknown as well as known but unse-
quenced fungal lineages. Most importantly, PRObabilistic
TAXonomic placement (PROTAX)-fungi yields as output not only
the reference sequence that matches the best with the query
sequence, but also the entire set of possible taxonomical affilia-
tions and their probabilities. Thus, the user will know not only
the most likely taxonomical affiliations, but also how much they
can be trusted. We hope that this will serve as a safeguard against
the all-too-common over-optimistic taxonomic assignments
often done based on, for example, BLAST searches. As shown by
our examples with root- and wood-associated fungal data, it is
often difficult to obtain reliable species- or even genus-level
assignments, largely due to the incompleteness of the current ref-
erence databases. In such a case, a robust order-level assignment
is clearly to be preferred over spurious inference at the species or
genus levels.

As revealed by the performance comparison with mock com-
munities, PROTAX-fungi performs similarly to the RDP and SINTAX

classifiers for datasets that are well covered by the taxonomy and
reference sequence databases, but it performs better than the RDP

and SINTAX classifiers for datasets that are poorly covered by the
taxonomy and reference sequence databases. This is because
PROTAX-fungi explicitly models the possibility of the test
sequence belonging to an unknown taxonomical unit, or a
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Fig. 2 Comparison among the performances
of the PROTAX-fungi, RDP and SINTAX classifiers.
The panels show the accuracy (a, c) and
calibration error (b, d) for the three classifiers,
as measured at the genus (a, b) and species
(c, d) levels. The mock communities A1–A3
and B1–B3 are described in Table 2. The bars
show the mean result and the error bars � 1
SE over the 10 replicates for each of the
mock communities. This figure shows results
for the classifications based on the internal
transcribed spacer (ITS)2. Corresponding
results for the ITS1 region, as well
classification results at the levels of phylum,
class, order and family, are shown in
Supporting Information Figs S1 and S2.
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taxonomical unit without reference sequences, whereas the RDP

and SINTAX classifiers either yield the taxonomical unit with the
best-matching reference sequences, or fail to give any

classification. Yet, we note that PROTAX-fungi should not be con-
sidered as a competitor to other classifiers, but rather as a statisti-
cally calibrated method that can utilize other classifiers as its
predictors. As a case in point, we have used here the classification
output by SINTAX as one of six predictors in PROTAX-fungi. This
makes it possible to utilize the high classification accuracy of
SINTAX for cases with high reference sequence coverage, but at the
same time (through the other predictors) robustly account for the
high amount of uncertainty generated by missing taxa or missing
reference sequences.

PROTAX-fungi performs probabilistic identifications based on
evaluating the query sequences against information that can be
derived from the Index Fungorum+Species Fungorum and
UNITE databases. However, it currently ignores any other kinds
of information that may be available for refining the identifica-
tion probabilities, leaving room for improving the classifications
in the post-processing step. To illustrate this, assume that
PROTAX-fungi assigns the probability 0.7 for taxon A, the proba-
bility 0.2 for taxon B and the probability 0.1 for all other possi-
bilities. Assume further that, based on information on the
geographical locality of sampling, the habitat, the substrate type,
any interacting taxa, or other such information, the researcher
can exclude the possibility of taxon B. Conditional on the identi-
fication not being taxon B, the user can then refine the probabili-
ties to 0.7/0.8 = 0.875 for taxon A and 0.1/0.8 = 0.125 for all
other possibilities, thus reducing the uncertainty. Given increas-
ing availability of databases for plant and fungal traits (Kattge
et al., 2011; Treseder & Lennon, 2015; Nguyen et al., 2016),
there is increasing potential for utilizing such information in the
identification of fungal communities from ecological studies.

In addition to taxonomic classification of environmental data,
PROTAX-fungi can be used as a systematic and automated tool for
identifying consistency problems in reference databases. Being able
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Fig. 3 The performance of PROTAX-fungi in classifying environmental sequences for the root- and wood-associated fungal datasets. (a) The proportion of
sequences that could be classified either reliably (with at least 90% classification probability) or plausibly (with at least 50% classification probability) at
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to systematically identify and correct spurious entries from the
databases is important, because incorrect ecological or functional
assignments resulting from compromised species names may prop-
agate through the literature and have considerable negative down-
stream repercussions (e.g. Gilks et al., 2002; Kang et al., 2010). Any
shortcomings in UNITE and Index Fungorum+Species Fungorum
are open for correction and to some extent third-party annotation,
and we hope that PROTAX-fungi will provide a helpful tool for users
to identify potentially problematic cases.

Molecular identification of fungi will remain difficult in the
short term. Sequencing efforts in soil and freshwater systems, as
well as in built environments, have highlighted a large range of
new, undescribed fungi (e.g. Tedersoo et al., 2014; Grossart et al.,
2016; Nilsson et al., 2016). Few of these lineages are associated
with known fruiting bodies or other somatic structures, and many
of them cannot be kept in culture. This currently precludes formal
description of most of these species and lineages (Hawksworth
et al., 2016; Nilsson et al., 2016; Hibbett et al., 2017; but see
Rosling et al., 2011), and thus the mycological community will
simply have to live with the fact that many species known from
sequence data will not have formal Latin names for some time to
come. The UNITE SH system offers a means for unambiguous
communication of these lineages, and PROTAX-fungi assists
researchers in avoiding over-classification of newly generated fun-
gal sequences into known, but incorrect species names. In this
study we have contributed a software platform to help the molecu-
lar ecology community to apply PROTAX-fungi to analyse their
sequence data at the level where robust conclusions can be drawn.
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