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The usage ofmolecular phylogenetic approaches is critical to advance the understanding of systematics and com-
munity processes in the kingdom Fungi. Among the possible phylogenetic markers (or combinations of them),
the 18S rRNA gene appears currently as the most prominent candidate due to its large availability in public da-
tabases and informative content. The purpose of this work was the creation of a reference phylogenetic frame-
work that can serve as ready-to-use package for its application on fungal classification and community
analysis. The current database contains 9329 representative 18S rRNA gene sequences covering thewhole fungal
kingdom, a manually curated alignment, an annotated and revised phylogenetic tree with all the sequence en-
tries, updated information on current taxonomy, and recommendations of use. Out of 201 total fungal taxa
with more than two sequences in the dataset, 179 weremonophyletic. From another perspective, 66% of the en-
tries had a tree-derived classification identical to that obtained from the NCBI taxonomy, whereas 34% differed in
one or the other rank. Most of the differences were associated tomissing taxonomic assignments in NCBI taxon-
omy, or the unexpected position of sequences that positioned out of their theoretically corresponding clades. The
strong correlation observed with current fungal taxonomy evidences that 18S rRNA gene sequence-based phy-
logenies are adequate to reflect genealogy of Fungi at the levels of order and above, and justify their further
usage and exploration.
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1. Introduction

Fungi are a highly diverse group of eukaryotic organisms that inhabit
a wide array of habitats. Current estimates of the species richness in the
fungal kingdom exceed the number of 1.5 Mio (Hawksworth, 2012).
However, only 100,000 fungal species have been so far described
(Stajich et al., 2009) and their classification is a difficult task due to
their large heterogeneity. Morphological identification of fungi, for ex-
ample, is often hampered by the scarcity of discriminatory taxonomic
characters. An additional concern is the morphological transition of
many fungal species as a response to changing environmental condi-
tions (Rayner and Coates, 1987; Slepecky and Starmer, 2009) or as
part of their life-cycle. Thus, many fungi have only been described
based on their asexual morph or the connection to the related sexual
morph was not perceived. All these points supported the proliferation
of polyphyletic genera and groups.

The incorporation ofmolecular phylogenetic data enabled robust ge-
nealogical inferences that revolutionized fungal classification.
bremen.de (M. Reich).

s an open access article under
Sequence-based phylogenetic studies resolved, thus, the relation of
anamorphs-teleomorphs, synonyms or wrongly identified species
(Kurtzman et al., 2011; Wijayawardene et al., 2014; Reblova et al.,
2016). It further shed light on fungal diversity by detection of new
taxa in the tree topology such as the Cryptomycota (Lara et al., 2010;
Jones, 2011) or the Archaeorhizomycetes (Porter et al., 2008; Rosling et
al., 2011). For community ecology, phylogeny-based approaches also
gain in popularity as they help to understand the processes that gener-
ate variation in diversity, identity and co-occurrence such as trait evolu-
tion (James et al., 2006; Powell et al., 2009; Reich et al., in press),
biogeography (Wu et al., 2000; Teeling et al., 2005; Ghikas et al.,
2010) or non-random community processes (Enquist et al., 2002;
Horner-Devine and Bohannan, 2006; Forest et al., 2007; Panzer et al.,
2015b).

Multi-locus approaches or the use of entire genomes are nowadays
the standard for inferring deep evolutionary processes in Fungi as they
maximize phylogenetic information compared to the use of a single
marker gene. An obstacle is here the limited availability of data: the
concatenated alignment of the AFTOL project (Assembling the Fungal
Tree of Life; http://www.aftol.org/) includes data from only 214 taxa.
Phylogenetic genome comparisons have been done so far only for up
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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to 82 fungal species (Wang et al., 2009). Furthermore, the datasets are
biased towards taxa of the Dikarya. For the classification of single taxa
from environmental samples or for ecological community studies that
are mainly based on single marker genes and are rich in undescribed
fungal species, these methods are not applicable.

The most prominent fungal marker genes are the Internal Tran-
scribed Spacers (ITS) and the 28S and 18S rRNA gene sequences (Feau
et al., 2011). They have all their pros and cons (for detailed discussion,
see Reich and Labes (in press)): while the ITS is the best candidate for
species barcoding, it lacks the phylogenetic power (Schoch et al.,
2012), why classification of environmental sequences with ITS is often
limited to kingdom or phylum level (Nilsson et al., 2016). In contrast,
the 18S rRNA gene sequence rarely resolves fungal taxa to species or
genus level but is an important phylogenetic marker for a reliable clas-
sification of undescribed fungal taxa. Additionally, it is represented by
the highest sequence number in public databases (Quast et al., 2013;
Panzer et al., 2015b) covering all major fungal groups compared to the
28S rRNA gene sequence. Unfortunately, only few phylogenetic datasets
are publicly available such as the group-specific alignments of the
AFTOL projects (http://www.aftol.org/data.php) and of the PHYMYCO
database (Mahe et al., 2012) or group specific phylogenetic reference
trees (Hinchliff et al., 2015; Panzer et al., 2015a). Until now, a 18S
rRNA gene sequence phylogenetic reference dataset that covers all
major groups of Fungi is missing.

The present studywishes to facilitate current and futuremycological
research by providing a fungal specific 18S rRNA gene sequence phylo-
genetic tree based on a quality controlled selection of sequence entries,
supplemented with a curated taxonomy, as well as intron-free and
manually improved alignments. The alternative taxonomic classifica-
tion extracted from the topology of the calculated consensus tree was
compared to the currently accepted classification, to elucidate whether
the 18S rRNA gene sequence phylogenetic analysis represents a suitable
approach for the advance of fungal taxonomy.
2. Materials and methods

2.1. Sequence dataset and alignment

Initially, 71,787 high-quality and aligned eukaryotic 18S rRNA gene
sequences were downloaded in ARB format (Ludwig et al., 2004) from
the SILVA SSU Ref database (Quast et al., 2013) release 111 (https://
www.arb-silva.de/documentation/release-111/). A stringent quality
control was applied as follows: only fungal sequences according to the
SILVA taxonomy with a taxonomic annotation to genus level were
retained. The alignment was manually curated to further improve the
positional orthology, as an important prerequisite for phylogenetic re-
construction (Ludwig and Klenk, 2001; Peplies et al., 2008). This tedious
task was facilitated by the ARB editor which takes into account the sec-
ondary structure of themolecule (helix and loop information), with the
help of a positional variability filter previously calculated for the whole
eukaryotic domain (i.e. eukaryotic SAI (sequence associated informa-
tion) filter). Re-allocation of misplaced bases solved the most problem-
atic areas. In addition, manually-identified introns were cut out from
N400 sequence entries. For example, the sequence entry with accession
no. AB479213, with a sequence length of 2124 bp, contained an intron
of 441 bp starting at sequence position 1401. Sequences with gaps
longer than 20 bp or with mismatching stretches longer than 20 bp
were detected and rejected from the study. Finally, in a neighbour
joining tree reconstruction 266 sequences were detected to form very
long branches, or with high probability for being contaminations or
having unreliable annotations, and were consequently removed
from the study. The final working dataset had 9329 manually-aligned
18S rRNA gene sequences of Fungi, of high quality in terms of se-
quence length (average = 1708) and minor amount of ambiguities
(average = 0.4).
2.2. Phylogenetic analysis

2.2.1. Software
The phylogenetic reconstruction was performed in ARB, version

6.0.2. The maximum likelihood inferences run on standalone RAxML
8.0.20 (Stamatakis, 2014), and the trees were afterwards imported
into ARB.

2.2.2. Core and extra datasets
The 9329 sequences were used to create a preliminary neighbour

joining reconstruction, followed by a de-replication using the ARB
OTU (Operational Taxonomic Unit) tool. This functionality detects ho-
mogenous groups within an existing tree topology and suggests a se-
quence representative within each clade (i.e. the sequence with least
mean distance to the other groupmembers).More detailed information
is available at the ARB's official documentation at http://help.arb-home.
de/di_clusters.html. We configured the tool to detect all possible
subtrees of at least two members and with a maximum per-cluster dis-
tance of 4%. As a result, 1098 sequences entries were retained. After sev-
eral preliminary tests with draft tree reconstructions, we defined a
robust outgroup of 37 high quality sequence entries belonging to pro-
tists of the lineages Cryptophyta and Amoebozoa. The accession numbers
of these sequence entries are: AB240962, AB240960, AF019062,
AF114438, AF508267, AF508269, AM051195, AM051200, AM901344,
AM901358, AM901370, AY642712, AY642724, AY642713, AY665097,
AY919695, AY919710, AY919794, DQ310197, EF195737, EF195738,
GQ375264, GQ397474, GQ397473, GQ905499, GU808311, GU808317,
HM135080, HM363628, HQ191419, HQ219344, JF730765, JQ223010,
JQ226537, S81337, U07412, X57162. Including both the representative
selection and the outgroup, these 1135 sequence entries constituted
the ‘core dataset’. The remaining 8194 fungal sequences were consid-
ered as the ‘extra dataset’.

2.2.3. Filters
A50%maximum frequency filterwas created for the 1135 sequences

in the core dataset. As a result, the full SILVA's SSU alignment of 50,000
positions was reduced to 1696 positions. The filtering of highly variable
positions is a standard procedure to remove singularities that in many
cases correspond to artifacts and not to real evolutionary events, for ex-
ample due to sequencing errors. This noise removal further ensures the
positional orthology and optimizes the phylogenetic inference. By ap-
plying the filter, it is assumed that some of the true hypervariability
will be filtered out. However, this usually affects the lowest taxonomic
levels, and seems to be negligible in our case due to the non-redundant
nature of the core dataset.

2.2.4. Preliminary trees
The 50%-filtered core dataset (1135 sequences) was submitted to

three distinct treeing calculations: (1) A neighbour joining (NJ) tree
was created in ARB using the Jukes Cantor correction, (2) a maximum
parsimony tree (MP) was built in ARB using the previous NJ topology
as a template followed by global parsimony optimization, and (3) a
maximum likelihood tree (ML) was created with the external software
RAxML using the GTR model with GAMMA correction.

2.2.5. Final consensus tree
A consensus tree topology was created using the three preliminary

topologies (NJ, MP and ML) as source. The creation of the consensus
tree topology is an iteratively process of selecting the “best” branch
foundwithin a pool of branches (derived from source trees) and adding
it to the final tree according to the criteria given in http://help.arb-
home.de/consense_algo.html. The remaining 8341 sequences were
then inserted one at a time by phylogenetic placement (Fig. 1), using
ARB Parsimony, which infers the most parsimonious place in the tree
where this sequence couldfit in. Each insertionwas donewith afiltering
option that considered for calculation only the positions existing on that

http://www.aftol.org/data.php
https://www.arb-silva.de/documentation/release-111
https://www.arb-silva.de/documentation/release-111
http://help.arb-home.de/di_clusters.html
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Fig. 1. Scheme demonstrating the necessary work steps to integrate the phylogenetic reference tree into the overall workflow. Different applications are possible including a simple
classification of sequences or as basis for phylogeny-driven ecological analysis. *sequences are aligned/inserted without changing alignment structure/topology of the tree;
$phylogenetic placement accommodates the evolutionary history of genes on a gene-by-gene basis.
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particular sequence, and also excluded bases beyond the 18S rRNA gene
sequence boundary.

2.2.6. Clade recognition
211 fungal high taxa, distributed in 150 orders, 40 classes, 12

subphyla and 9 phyla according to the NCBI (National Center for Bio-
technology Information) taxonomy (Federhen, 2012), were checked
for monophyly (i.e. clades) in the new 18S rRNA gene sequence-based
phylogenetic reconstruction. Clades were recognized when at least
two thirds of the members of a taxon were present. This proportion,
somewhat similar to thresholds of related work (Yarza et al., 2014;
Yilmaz et al., 2015), was used to identify a representative core set of se-
quence entries. In such cases a group in the treewas created, and named
accordingly, to position each taxon. The members of a taxon that fell
apart from the expected monophyletic core set were considered as out-
liers. These were subsequently regarded as intruders if they affiliated
within another existing clade, or simply outliers without a clear
taxonomic affiliation when falling in an outer position (e.g. basal lonely
branch). Outliers and intruders may occur due to poor local tree
resolution, but often they are indicating true issues related to bad se-
quence annotations (e.g. contaminated samples), or even taxonomic
misclassifications.

2.3. Taxonomic inspection

Each of the 9329 sequence entries in the working dataset, excluding
the outgroup, were assigned to an order, class, subphylum and phylum
according to two distinct taxonomy sources: the NCBI taxonomy, as a
provider of the accepted taxonomy of Fungi, and the alternative classifi-
cation derived from the 18S rRNA-based phylogenetic tree. The NCBI
taxonomywas acquired during the months of December 2016 and Jan-
uary 2017. To allowmore detailed comparisons, those sequence entries
with missing assignments in NCBI taxonomy in one or several ranks
were completed with status ‘unassigned’. For example, Lecophagus
longisporus (acc no. AB014400) with no order, no class and no subphy-
lum assignments in NCBI was classified as phylum Ascomycota, subphy-
lumunassigned, class unassigned and order unassigned. Concerning the
tree-based taxonomy, the group name was copied into a database field
within the ARB environment for all the 9329 fungal sequences. Hereby,
clades within clades conformed this taxonomic classification. Areas of
the tree with less recognized clades originated sequence entries with
a missing assignment into one or more ranks. In those cases the
‘unassigned’ status was used as well. For example, sequence acc. no.
AY123321 showed the following classification according to the tree:
phylum Basidiomycota, subphylum Pucciniomycotina, class
Microbotryomycetes, order unassigned. Both the NCBI taxonomy and
the tree-based taxonomy were thoroughly compared for all sequences.

2.4. Data deposition

A public repository, https://www.arb-silva.de/no_cache/download/
archive/publications/fungi_18S/, has been created to give access to the
following materials: (i) the whole alignment of the 9329 fungal se-
quence entries in multi-fasta format, (ii) the reference phylogenetic
tree in newick format, and (iii) the ARB databasewhich contains the cu-
rated fungal dataset, with the tree, filter and new database fields.

3. Results

3.1. A toolkit for fungal systematics

The principal result of this work is a collection of curated materials
that constitute a specialized toolkit for fungal systematics based on
18S rRNA gene sequences (Table 1). The two most relevant materials
comprise a manually supervised alignment of 9329 aligned sequence
entries of goodquality, covering a significant portion of the fungal diver-
sity, and a single phylogenetic tree where all sequences are contained.
The phylogenetic tree includes clade information to facilitate its topolo-
gy exploration. A revised taxonomy is available that contains the taxon-
omy derived from the clades in the tree (i.e. their names and
hierarchical classification). This taxonomy path has a fixed number of
levels, four in this case (order, class, subphylum and phylum), to allow
precise comparisons between different taxonomic classifications. In
those cases where the tree could not provide assignment into a certain
rank, i.e. by the lack of the corresponding clade, the term unassigned
was used (see Materials and methods). All materials can be accessed

https://www.arb-silva.de/no_cache/download/archive/publications/fungi_18S
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Table 1
Description of files generated in this work. Files available at the project's repository
(https://www.arb-silva.de/no_cache/download/archive/publications/fungi_18S/).

Aligned_FungiRef111.fasta Aligned dataset in multi fasta format,
taxonomy included in header lines. The
taxonomy is based on the tree topology.

FungiRef111.newick Whole tree (9366 sequences, includes
outgroup) in newick format. Includes
tree-based taxonomic information.

Core_trees.zip Collection of preliminary trees and core
consensus tree created with the representative
set of 1135 sequence entries. Files included:
datasetCONSENSUS_core_tree.newick,
ML_core_tree.newick, MP_core_tree.newick and
NJ_core_tree.newick.

table_sequence.xls Sequence list including Acc No. for easy
mapping, and comparison of NCBI taxonomy
as of January 2017 to tree taxonomy as
deduced from the tree clades.

table_taxon.xls List of recognized taxonomic lineages in the
tree. Report of monophyly, matched entries,
clade members, clade intruders and outliers.

FungiRef111.arb ARB file including alignment, reference tree
and taxonomy.

fasta_fungiref111.eft ARB export filter for fasta format. This is the
export filter used to export the sequence
dataset from the ARB database to a multi fasta
format output file.

Taxonomic_assessment_in_ARB.pdf A brief “how-to”-manual for phylogenetic
placement and automatic taxonomic
classification of inserted sequences.
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independently to facilitate the user's particular bioinformatics set up
(Table 1). The tree-derived taxonomy is an available feature not only
via theARBdatabase (as new taxonomyfield “tax_fungiref”), but direct-
ly through the newick and table files as well (Table 1).

For ARB-software users, thesematerials are all self-containedwithin
a single databasefile that is a curated andmodified version derived from
the official SILVA SSU Ref 111 release. The 50% variability filter
‘18S_fungi’ used for the tree calculation is included as well as a SAI of
the ARB database. For 355 sequence entries of this database introns
were detected and removed, and therefore the primary data changed
with respect to the original submission. To avoid misunderstandings,
the accession number databasefield (acc) has been edited by appending
theword “_modified” (e.g. AB233335_modified), and the database field
(remarks) reads “had_introns” for all of them.

3.2. Tree highlights

The three independent phylogenetic reconstructions made with the
core representative dataset and distinct algorithms (NJ, MP, ML - see
Materials and methods) yielded topologies of overall acceptable simi-
larity. To reflect this with a value, 713 nodes (63%) of the 1133 total
nodes in the core consensus tree (see Materials and methods) were
shared by at least two of the three topologies, and 420 nodes (37%)
were distinctly resolved by all the three topologies. These preliminary
trees and the consensus core tree have been supplied in the project re-
pository for transparency. On the light of the surprisingly high correla-
tion between the final consensus phylogeny (i.e. all extra sequences
added) and the fungal taxonomy (see below), we decided to not show
a strict consensus topology, which means, adding multifurcations in
every place where at least one tree had differed. Such a conservative to-
pologywould compromise toomuch the agreement between taxonomy
and phylogeny (data not shown), which is needed for the purpose of
our tree: the use for fungal classification and phylogeny-based ecologi-
cal studies.

The phylogenetic tree had a strong correlation with the current fun-
gal classification. From 211 initial taxa listed, 10 were represented by a
single sequence and 201 had two ormore sequences in the dataset (Re-
pository, table_taxon.xls). Among the latter, 22 showed poly- or
paraphyletic patterns and 179 were recognized as monophyletic clades
(i.e. with at least two thirds of all members included, see Materials and
methods) (Repository, table_taxon.xls). These coherent clades repre-
sented 8 out of 9 phyla (89%), 11 out of 12 subphyla (92%), 37 out of
40 classes (92%), and 123 out of 150 orders (82%) (Repository,
table_taxon.xls). Despite their internal taxonomic coherence, many of
the subphylum and phylum-level clades appeared interconnected by
short branches. This is an indication of low resolution at this most
ancient tree zone. For example, although there is a tendency which
groups Basidiomycota, Ascomycota and Entorrhizomycota together,
and separates them from e.g. Chytridiomycota, the short branches
interconnecting them indicate that this particular branching pattern
has indeed low support. The complete phylogenetic tree in newick
format can be accessed over the repository (Repository,
FungiRef111.newick).

3.3. Taxonomic considerations

A detailed comparison of the NCBI taxonomy and the tree-derived
taxonomy revealed that among the 9329 fungal sequence entries
(100%), in 6168 cases (66%) the two taxonomies were fully consistent,
while the other 3161 ones (34%) had distinct taxonomic paths (Table
2). For a full report see the table “table_sequence.xls” in the repository.
The discrepancies occurred due to one ormore of the following possible
reasons:

(1) “Dead” taxa. Most of the cases (89% of the total number of distinct
taxa) occurred when the tree rendered unassigned status where
the NCBI taxonomy did have an assignation. We used the term
“dead” to refer to such a loss on the new taxonomy (Table 2).
Most often, the dead taxa occurred when the original taxa (i.e.
as given by NCBI taxonomy) were not recognized as clades in
the tree. For example, the 672 sequences belonging to phylum
Mucoromycota did not form a monophyletic clade and were
then regarded as unassigned phylum. Another possibility is
when the sequences, now behaving as outliers (i.e. out from its
theoretically expected affiliation – see Materials and methods),
got positioned in a “lonely” area with no recognized clades, for
example Physoderma maculare (acc no. DQ536489), out of the
phylum-level clade Blastocladiomycota.

(2) “Born” taxa. Another source of discrepancy (8% of the total num-
ber of distinct taxa) appeared when sequences with incomplete
taxonomic classification according to NCBI (i.e. unassigned sta-
tus), in at least one of the four high ranks considered, were affil-
iated in a recognized tree clade and thereby obtained the
corresponding taxonomic classification. We refer to them as
“born” taxa, as they indicate a gain in taxonomic information
(Table 2). In total, 909 sequence entries accounted for one or
more unassigned levels. 325 sequences had no order level assign-
ment, 561 sequences without class level assignment, 259 se-
quences with no subphylum level assignment, and 1 sequence
had missing phylum level assignment. In total there were 1146
unassigned taxa according to NCBI taxonomy for theworking se-
quence dataset. Among them, the tree resolved 272 ones (“born”
status) spanning 149 total sequence entries. For example,
Mastodia tesellata (acc no. FN668947) without order-level as-
signment but unambiguously positioned within the order
Verrucariales in our tree.

(3) “Renamed” taxa. And finally, some differences (3% of the total
number of distinct taxa) occurredwhen the sequence fell in a dif-
ferent clade (of the same rank) than the specified by NCBI taxon-
omy, and thus the sequence acquired the new clade name. These
sequences are also recognized as outliers (see above) and we
called them “renamed” taxa (Table 2). For example, Helicoon
richonis (accno. AY856952) affiliated in the order Pleosporales in-
stead of the expected assignment within Orbiliales.

https://www.arb-silva.de/no_cache/download/archive/publications/fungi_18S


Table 2
The reference NCBI taxonomywas compared against the alternative taxonomy derived from the phylogenetic tree. A general comparison (Full path) registered the differences using the
whole taxonomic data at once. Here, two states were considered: “equal” or “distinct”. In addition, the two classifications were compared rank by rank (phylum, subphylum, class and
order) for a detailed report. In this case, four stateswere considered: “equal” (i.e. no change in the rank assignation), “renamed” (i.e. the two taxonomies disagree in terms of the taxonomic
assignation), “born” (i.e. an assignation is providedwhereNCBI had unassigned status), and “dead” (i.e. the tree taxonomy rendered unassigned statuswhereNCBI had a valid assignation).
Total paths indicate the number of individual taxonomic assignations observed (i.e. each sequence records four assignments, one per taxonomic rank).

Status Full path Phylum Subphylum Class Order Total paths

Total 9329 9329 9329 9329 9329 37,316
Equal 6168 (66%) 8588 9117 7940 8238 33,883
Distinct 3161 (34%) 741 212 1389 1091 3433 (100%)

Dead – 741 104 1304 924 3073 (89%)
Born – 0 108 74 90 272 (8%)
Renamed – 0 0 11 77 88 (3%)
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4. Discussion

4.1. Lights and shadows of a reference phylogenetic tree for the kingdom
Fungi

In this study we have been cautious on creating a non-redundant
dataset of sequences to create a robust core phylogenetic reconstruc-
tion, and this has been proven to be a beneficial approach for a global
phylogenetic reconstruction of Fungi. However, a minority of
taxa might have been pruned in excess with bad consequences. This is
a possible explanation for the unexpected position of class
Basidiobolomycetes out of the subphylum Entomophthoromycotina.
Only seven sequences were available for the whole class
Basidiobolomycetes, six of the genus Basidiobolus and one intruder of
the genus Conidiobolus, and they were all N99% similar to each other.
Accordingly, during the data reduction process only one sequence
was selected to represent the whole class Basidiobolomycetes. Further-
more, this class has been shown to be a basal lineage in
Entomophthoromycotina (Gryganskyi et al., 2013). Therefore, the most
plausible explanation for this unexpected affiliation is that this single
sequence had not enough weight to reveal the correct position of the
ancient lineage Basidiobolomycetes.

Another limitation of the current tree topology is that the branching
pattern at the highest ranks appeared somewhat fuzzy, to judge by the
low support in terms of short branches of the distinct phyla. The poor
resolution at this most ancient part is a complex issue, and is a common
phenomenon in comprehensive SSU-based trees made with large se-
quence datasets (Ludwig et al., 2011). The so called bush-shaped topol-
ogies often appear where the dataset cannot be clustered with enough
significance by the methodology employed.

Thus, having in mind that phylogenetic trees are dynamic entities
that change according to the quality and availability of the data
(Ludwig and Klenk, 2001), we do not obstinate on finding the greatest
resolution possible to resolve the genealogy of Fungi unambiguously
with a single marker gene. Our efforts have rather been concentrated
on the creation of a curated reference dataset and a useful tool. We
have created a phylogenetic tree based on a selection of 9329 fungal
18S rRNA gene sequences of high quality, following state-of-the-art
data curation and treeing methodologies. The topology of our tree pro-
vided excellent resolution at the four and highest taxonomic ranks ex-
plored: N80% of all the lineages considered appeared supported by the
tree as monophyletic clades. This strong correlation with current fungal
taxonomy evidences that 18S rRNA gene sequence-based phylogenies
are adequate to reflect genealogy of fungi at the levels of order and
above.

Historically, the criteria to characterize and classify taxa are subject-
ed to the technical limitations. These, including sequence-data availabil-
ity, hamper recognizing their phenotypic and genotypic features, aswell
as their phylogeny, unambiguously. This inherent subjectivity (or lack
of objective criteria), accumulated through many years of fungal sys-
tematics, is well exemplified in areas of the tree topologywhere the tax-
onomy showed poor stratification. This is yet a feeling that the branches
in a local tree topology could sometimes be better understood bymeans
of more clades, for example, more orders within a class, or more classes
within a phylum. We found this problem in groups such as the class
Entomophthoromycetes that is currently composed of one single order
Entomophthorales, represented by 56 sequences in the dataset. The in-
ternal sequence identity values registered were about 80%. This hetero-
geneity, togetherwith the remarkable paraphyletic pattern of the genus
Conidiobolus (Gryganskyi et al., 2013) suggest that the current
Entomophthoromycetes could be split into several orders.

4.2. Applications of the phylogenetic tree

A phylogenetic tree serves as a placeholder for the different taxa that
can be recognized as clades. In this regard, the placement of a sequence
into a preexisting topology can directly reveal its taxonomic affiliation.
The significance of this assignation is limited by at least four main fac-
tors: (1) Full length and reliable sequenceswithmanually curated align-
ments display optimal conditions, whereas short sequences and/orwith
bad alignments can add extra distancewhich distorts their phylogenetic
position. (2) Only optimized tree topologies that present a reliable phy-
logeny should be used as references for taxonomic assessment. (3)Well
annotated trees are necessary as in origin all phylogenetic trees come as
raw topologies where the clades' limits have to be defined. Therefore,
the tree becomes useful for further taxonomic assignations only when
the distinct taxa have been recognized as coherent clades, and annotat-
ed following a standardized nomenclature. And then, themore annotat-
ed clades exist in a tree, the richer classification schema is available for a
better taxonomic assessment, by clade membership. (4) Consistent and
up-to-date taxonomic annotation of the reference sequences and the
tree clades is essential, due to the rapid changes in taxonomy. The phy-
logenetic tree presented here has been created taking all these premises
into account, and is closer to what we believe is a reference tree for
Fungi.

The applications of this tree as a tool are mainly two: taxonomic as-
signation and phylogeny-based diversity assessments (Fig. 1). For both
cases, the raw query sequences can be inserted into the reference tree
using a phylogenetic placement method: The first step would be the
alignment of the query sequences according to the profile followed by
their insertion into the pre-existing tree topology. The insertion step
should not alter the underlying tree topology to prevent potential neg-
ative effects caused when including partial or low quality sequences.
Several programs exist that allow phylogenetic placement for example
ARB (Ludwig et al., 2004), RAxML (Berger et al., 2011; Stamatakis,
2014) and pplacer (Matsen et al., 2010). They differ in the phylogenetic
criterion used to place the query sequences. All developed programs are
nowadays suitable for a fast and accurate insertion of thousands of
query sequences into the reference tree.

4.2.1. Taxonomic assignment
For the classification of fungal taxa, very often a sequence similarity-

based approach is taken. In such cases, the classification of the query se-
quence is based on a reference dataset of known origin (e.g. BLAST
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(Altschul et al., 1990)). However, if the query is only distantly related to
the taxa represented by the reference dataset, the query might be erro-
neously forced into an alignment with a known sequence or return an
uninformatively broad collection of best matching hits. Application of
the lowest common ancestor rule will result for the latter case into the
classification on a very high taxonomic level like phylum or kingdom
(Reich et al., in press). In contrast, the presence of a query sequence
on a certain branch of an annotated phylogenetic tree gives precise in-
formation about the evolutionary relationship of that sequence to
other sequences in the tree. We provide here curated taxonomy to the
order level and above as this level is supported for all fungal groups
present in our tree. However, for some fungal groups, classification be-
yond the order level is possible but needs manually inspection of the
tree and placement of the newly inserted sequence.

4.2.2. Phylogeny-based diversity assessment
One obstacle for high throughput sequencing based studies is the in-

tegration of all generated sequences into the reference tree. Often, the
generated sequences were clustered into OTUs using the sequences of
a reference tree as seed. However, this approach introduces a bias by
the nonuniform rates of sequence divergence across clades and inaccu-
rate a priori clustering thresholds. In addition, they should only be used
when all taxa of the community are represented in the tree. Instead,
phylogeny-based distance measures are a more robust approach as
they exploit the degree of divergence between different sequences: a
query sequence placed deep in the tree can indicate how the query is
distantly related to other sequences, whereas the corresponding taxo-
nomic name would simply indicate membership in a large taxonomic
group. This becomes of special importancewhenworkingwith environ-
mental community samples composed by a large number of
undescribed or cryptic taxa. Branch lengths are used for example to cal-
culate phylogenetic signals for trait conservatism analysis (Webb et al.,
2008), diverse distancematrices for exploring the community structure
and diversity (Lozupone and Knight, 2005; Hamady et al., 2010), to
measure transition steps of organisms (Alverson et al., 2007) or for
study biogeographical movements (Wu et al., 2000; Teeling et al.,
2005) (Fig. 1).

5. Conclusions

Fungal taxonomy is a very active field where nomenclature, classifi-
cation and characterization of taxa can rapidly change according to the
availability of new technologies and information that may contribute to
the discovery of their key features. However, the taxonomy-data trans-
fer from the original scientific articles (i.e. primary taxonomy resources)
to the sequence databases is an unpaved road: whole teams of expert
curators are required to keep track of changes (Federhen, 2012;
Yilmaz et al., 2014). Such a limitationmotivates that errors on taxonom-
ic information tend to accumulate fast. Then, since many sequence en-
tries share the same classification (mainly on high ranks), the errors
propagate with a snow-ball effect to the rest of subordinate repositories
and end users.

To improve this situation, we used the strategy of creating a repre-
sentative dataset of manageable size where data-curation could be in-
tensively applied. The meticulous data curation and phylogenetic
analysis performed has proven the validity of 18S rRNA-based ap-
proaches to infer the hierarchical classification of a fungal taxon into
high ranks. Thismotivates us to advance in the understanding of tree to-
pologies inspired by the Candidate Taxonomic Unit concept initially de-
veloped for Prokaryotes (Yarza et al., 2014).

Finally, the work accomplished here (alignment, dataset, tree, tax-
onomy) transcends its application as a fungal reference dataset and
tool. First, the refined alignment has been returned back to the SILVA
project for its inclusion into the SILVA seed. Second, the NCBI taxonomy
andMycobank teams have been informed about the ‘alternative’ taxon-
omy derived from the phylogenetic tree that has solved some of the
gaps in the taxonomic classification. Third, the data has been additional-
ly shared within the Open Tree of Life initiative (https://tree.
opentreeoflife.org). In conclusion, the return of curated data back to
higher repositories closes a circle of quality management, promoting a
more efficient integration and propagation of these improvements to
the whole community.
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