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The number of sequences from both formally described taxa and uncultured environmental DNA depos-
ited in the International Nucleotide Sequence Databases has increased substantially over the last two
decades. Although the majority of these sequences represent authentic gene copies, there is evidence
of DNA artifacts in these databases as well. These include lab artifacts, such as PCR chimeras, and biolog-
ical artifacts such as pseudogenes or other paralogous sequences. Sequences that fall in basal positions in
phylogenetic trees and appear distant from known sequences are particularly suspect. Phylogenetic anal-
yses suggest that a novel sequence type (NS1) found in two boreal forest soil clone libraries belongs to the
fungal kingdom but does not fall unambiguously within any known phylum. We have evaluated this
sequence type using an array of secondary-structure analyses. To our knowledge, such analyses have
never been used on environmental ribosomal sequences. Ribosomal secondary structure was modeled
for four rRNA loci (ITS1, 5.8S, ITS2, 50 LSU). These models were analyzed for the presence of conserved
domains, conserved nucleotide motifs, and compensatory base changes. Minimal free energy (MFE) fold-
ings and GC contents of sequences representing the major fungal clades, as well as NS1, were also com-
pared. NS1 displays secondary rRNA structures consistent with other fungi and many, but not all,
conserved nucleotide motifs found across eukaryotes. However, our analyses show that many other
authentic sequences from basal fungi lack more of these conserved motifs than does NS1. Together our
findings suggest that NS1 represents an authentic gene copy. The methods described here can be used
on any rRNA-coding sequence, not just environmental fungal sequences. As new-generation sequencing
methods that yield shorter sequences become more widely implemented, methods that evaluate
sequence authenticity should also be more widely implemented. For fungi, the adjacent 5.8S and ITS2 loci
should be prioritized. This region is not only suited to distinguishing between closely related species, but
it is also more informative in terms of expected secondary structure.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The number of uncultured environmental fungal DNA se-
quences in public databases has grown exponentially during the
last two decades. For example, the number of fungal internal tran-
scribed spacer (ITS) sequences deposited per year in the INSD rose
from roughly 2000 sequences in the year 2000 to roughly 22,000 in
2007 (Ryberg et al., 2009). Sequences in the INSD are frequently
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used as reference sequences in phylogenetic reconstructions
(Bridge et al., 2003) or in BLAST (Altschul et al., 1999) searches
to determine the identities of new sequences. Accurate phyloge-
netic reconstructions require comparisons of orthologous se-
quences, and if unidentified lab or biological artifacts such as
pseudogenes are present, phylogenetic inferences may be mislead-
ing (Bensasson et al., 2001; Olson and Yoder, 2002). Therefore, it is
imperative that sequences accessioned into the INSD do not in-
clude unacknowledged biological or lab artifacts. Several types of
artifactual rDNA have been encountered, particularly chimeras
(Osborne et al., 2005) and pseudogenes (including nuclear mito-
chondrial-derived DNAs, or NUMTs; Anthony et al., 2007).

Chimeras are common artifacts that can confound phylogenetic
inference and species discrimination. Chimeras can result from one
of two separate phenomena. During PCR, when two different
sequences are used as template DNA, the resulting product may
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include a combination of these original sequences (Jumpponen,
2007). A study by Jumpponen (2007) found an alarmingly high
proportion (>30%) of sequences in two fungal amplicon clone li-
braries to be chimeric. Many of these chimeric sequences were lo-
cated at more basal positions in the phylograms than the DNA
sequences from which they were derived. If undetected, this could
have led to the spurious inference of novel higher-level taxa
(Hugenholtz and Huber, 2003). Post-PCR chimeric DNA sequences
can also be generated when multiple short contiguous or mini-
mally-overlapping PCR products from different template se-
quences are inadvertantly joined during sequence assembly to
produce longer continuous sequences, as can happen in studies
of ancient or degraded DNA (Olson and Hassanin, 2002).

Pseudogenes are copies of a gene that originated from a func-
tional gene copy but are no longer functional. Therefore, they are
no longer constrained by the same selective pressures as their
functional counterparts (Perna and Kocher, 1996). In the case of
eukaryotic tandemly-repeated nuclear ribosomal genes, this usu-
ally involves transposition to a novel chromosomal location, after
which concerted evolution fails to maintain sequence homogeneity
(Balakirev and Ayala, 2003). A particularly worrisome type of pseu-
dogene for studies based on rDNA is the NUMT. NUMTs, or mito-
chondrial-derived nuclear pseudogenes, are the complementary
genes in the mitochondrial genome that have been transposed into
the nuclear genome (Richly and Leister, 2004). These are particu-
larly difficult to detect, especially if recently derived, and are
known to mislead phylogenetic inferences (Bensasson et al.,
2001; Olson and Yoder, 2002; Perna and Kocher, 1996). How much
impact the inclusion of a pseudogene will have on phylogenetic
inferences depends on both the age of the pseudogene and the de-
gree of differentiation needed to adequately address the research
questions being asked. For example, the use of an anciently-de-
rived pseudogene arising from a familiar, formally described taxon
would most likely differ greatly in functionally-conserved regions
of the sequence, and if detected, should be excluded from phyloge-
netic reconstructions. Otherwise, it could lead to long branches in
phylograms that do not represent the true amount of evolutionary
distance between taxa. Alternatively, a recently-derived pseudo-
gene representing a very novel and potentially anciently-derived
lineage would show little variation between paralogs compared
to the amount of variation represented by the evolutionary history
of the taxa being compared. If only deep phylogenetic affinities are
being pursued and species-level resolution is not needed, the
inclusion of a recently-derived pseudogene instead of the targeted
orthologous sequences may have relatively little impact on place-
ment of the sequence in a tree.

The majority of studies of fungal phylogenetics, including ours,
have targeted ribosomal RNA (rRNA)-coding sequences encom-
passing one or all of the following nuclear rDNA loci: the small sub-
unit (SSU), the large subunit (LSU), or the internal transcribed
spacers (ITS) including the 5.8S region (Fig. 1). Fortunately, rRNA-
coding sequences need to preserve core rRNA secondary structures
for proper RNA processing. This has led to the evolutionary
SSU ITS-1 5.8S ITS-2

Target locus for PCR, cloning 
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Fig. 1. Map of nuclear ribosomal gene-re
conservation of certain domains and nucleotide motifs across the
eukaryotic kingdom (Coleman, 2007). By analyzing the predicted
secondary structure of an rRNA sequence and verifying that con-
served domains and motifs are present, we can estimate whether
the sequence is likely to code for functional rRNA (Harpke and Pet-
erson, 2008; but see Olson and Yoder, 2002). To our knowledge,
analyses of ribosomal secondary structure have never been under-
taken on environmental sequences. This is surprising, given that
secondary structure analysis is one of the more widely-imple-
mented tools for validating the authenticity of rRNA gene copies
(Harpke and Peterson, 2008; Olson and Yoder, 2002; Xiao et al.,
2010; Zheng et al., 2008) and that community analyses of environ-
mental microbial systems depend heavily on comparisons of only
orthologous (versus paralogous) sequences.

A fungal amplicon clone library spanning partial ribosomal
large subunit (LSU) and the internal transcriber spacers (ITS)
constructed by Taylor et al. (2007) from boreal forest soils at the
Bonanza Creek LTER near Fairbanks, AK, yielded several DNA
sequences (�1200 bp) that were highly divergent from any pub-
licly available sequences. Here we focus on one such sequence
type, encountered multiple times, the level of divergence of which
led us to question whether it belongs to the fungal kingdom
(Eumycota) and whether it might be an artifact. We attempted to
determine the phylogenetic affinities of this sequence type, which
we label NS1. We then employed various methods to analyze its
predicted secondary structure. We also evaluated which rRNA loci
were most informative in this endeavor. Although the methods
outlined have been employed on what appears to be a fungal
DNA sequence, they are potentially applicable to any novel rDNA
sequence.

With the increasing numbers of novel fungal lineages that were
first or only recorded in environmental DNA studies (Schadt et al.,
2003; Lara et al., 2010), it is becoming increasingly valuable to in-
clude environmental sequences in fungal systematics (Hibbett
et al., 2011). At the same time, molecular systematics of the Eumy-
cota is undergoing radical revision in the light of intensive multi-
taxon, multi-locus studies (James et al., 2006; see the special issue
of Mycologia, 2006, volume 98, issue 6). There is strong molecular
support for monophyly of the Eumycota (Baldauf and Palmer,
1993; Bruns et al., 1992; Steenkamp et al., 2006), a kingdom de-
fined by heterotrophy, absorbtive nutrition, chitinous walls, apical
growth, haploid thalli, spindle-pole bodies, and trehalose as a ma-
jor storage sugar, among other features. Some of the most primi-
tive fungi have flagellated dispersal stages, while all of the more
derived lineages lack flagella. About 20 years ago, a relatively sta-
ble system of five fungal phyla achieved universal recognition
based, in part, on initial rDNA phylogenies (Bruns et al., 1992).
These phyla included the simple and ancient flagellated water-
molds assigned to the Chytridiomycota, which include the
epidemic amphibian pathogen Batrachochytrium dendrobatidis,
the ancient non-flagellated filamentous bread-molds of the
Zygomycota, the transitional arbuscular mycorrhizal fungi now
placed within the Glomeromycota (Schüßler et al., 2001), and the
LSU 

and sequencing 

TW13

gions including primer binding sites.



236 D.J. Glass et al. / Molecular Phylogenetics and Evolution 67 (2013) 234–245
two crown phyla. The two crown phyla are the Ascomycota, named
for their flask-shaped reproductive cells, which include iconic taxa
such as fission yeast, bakers yeast, Penicillium, Neurospora and most
lichen-forming fungi, and the Basidiomycota, named for their club-
shaped reproductive cells, which include the majority of ‘mush-
rooms’ as well as plant-pathogenic rusts and smuts.

Later multilocus molecular analyses have suggested that the
two basal phyla are not monophyletic (O’Donnell et al., 2001)
and that other deeply divergent lineages such as the recently
named Cryptomycota (formerly the Rozella-clade; Jones et al.,
2011) are interspersed with the former Zygomycota and Chytridi-
omycota. Several new phyla and subphyla have been proposed
(Hibbett et al., 2007), including the Blastocladiomycota and Neoc-
alimastigomycota (formerly members of Chytridiomycota), and the
Entomophthoromycotina, Kickxellomycotina, Mucoromycotina,
and Zoopagomycotina (formerly members of Zygomycota). How-
ever, because the relationships of the most ancient fungal lineages
are poorly resolved and their systematics are in flux, these lineages
are often simply referred to as the ‘basal fungal lineages’ (BFL). We
use this colloquial identifier here for convenience, recognizing that
it does not represent a natural grouping, and that one extant taxon
cannot be basal to another extant taxon (see Krell and Cranston,
2004). Although this use of basal and basal fungal lineages is incon-
sistent with phylogenetic principles, we aimed for consistency
with other mycological literature on the topic (see Hibbett et al.,
2007; James et al., 2006; Tanabe et al., 2005; Voigt and Kirk, 2011).
2. Methods

2.1. Initial DNA extraction, amplification, cloning, and sequencing

The molecular methods used to isolate and identify fungal DNA
sequences from soils within both the riparian black spruce site
(FP5C: 64.71361404N, 148.1472629W) and the upland site
(UP2A: 64.69546067N, 148.35568W) have been described in detail
previously (Geml et al., 2009, 2010; Taylor et al., 2010). In brief, the
segment (�1200 bp) encompassing the ribosomal internal tran-
scribed spacers (ITS) and a portion (�700 bp) of the ribosomal
large subunit (LSU; Fig. 1) was amplified from soil extracts using
the fungal-specific PCR primers ITS1-F (Gardes and Bruns, 1993)
and TW13 (Taylor and Bruns, 1999) or the slightly modified (long-
er, tagged) variants of these primers described in Taylor et al.
(2008). Amplicons were cloned into pCR�4-TOPO vectors using a
TOPO-TA kit (Invitrogen, Carlsbad, CA, USA) and sent to the Broad
Institute of MIT and Harvard where transformations, automated
clone-picking, and sequencing of clone libraries took place. Addi-
tional details are provided in the Supplementary Materials.

2.2. Identification of novel sequences within clone libraries

A BLAST (Altschul et al., 1999) search against known fungi re-
vealed a novel DNA sequence within the black spruce clone dataset
that was divergent from known fungal phyla and, whose relation-
ship to known fungal lineages was uncertain. Initial chimera
checking was conducted by running separate BLAST sequence sim-
ilarity searches for the ITS1 and ITS2 regions. For a more detailed
description of these methods and stringency cutoffs, see Geml
et al. (2009). This sequence was subsequently re-examined for chi-
merism using the program Uchime within the Uclust package (Ed-
gar et al., 2011).

2.3. Primer design and reamplification of novel taxa

To evaluate the authenticity of this sequence, we used Primer3
(Koressaar and Remm, 2007) to design primers (NS1-F and NS1-R;
Fig. 1) to specifically target a 290 bp diagnostic region encompass-
ing a portion of ITS1, the 5.8S, and a portion of ITS2 (for additional
details see Supplementary Information). Using these primers, we
performed PCR on an array of soil DNA extracts from Interior
Alaska.

2.4. Phylogenetic analyses

In order to estimate the phylogenetic affinities of this novel se-
quence, we added the �700 bp 50 LSU region of NS1 sequence to
an alignment constructed by Tim Y. James (University of Michi-
gan), which was similar to that of White et al. (2006). The LSU
is widely used in fungal phylogenetics because it is sufficiently
conserved to construct multiple sequence alignments containing
distantly-related taxa, but variable enough to provide support
for monophyletic genera and families. We also constructed a sep-
arate alignment of the highly conserved 5.8S region, combining
taxa from the matrices published in Cullings and Vogler (1998)
and James et al. (2006). The ITS spacer regions bracketing the
5.8S are hypervariable and consequently nearly impossible to
use in multiple sequence alignments beyond a single genus. Both
LSU and 5.8S alignments were optimized using T-Coffee (Notre-
dame et al., 2000). The D1 and D2 loops of the LSU alignment
were highly variable across the Eumycota, with suspect positional
homology. We therefore pruned the resulting alignment to rela-
tively conserved columns of bases using lenient settings in
GBLOCKS (Castresana, 2000). The same 5.8S alignment was used
for secondary structure analyses (see below), except that we re-
moved the outgroups because our goal was to estimate a consen-
sus fungal folding; we also removed the two uncultured
environmental fungi sequences, since their authenticity cannot
be verified. These alignments and the resulting tree files have
been deposited in TreeBASE (Sanderson et al., 1994) under acces-
sion 13807.

We constructed trees using maximum likelihood and Bayesian
methods. The Akaike Information Criterion in Modeltest 3.06 (Po-
sada and Crandall, 1998) and MrModeltest (Nylander, 2004) was
used to determine the best-fit evolutionary model to be imple-
mented in RAXML (Stamatakis, 2006) and MrBayes (Ronquist and
Huelsenbeck, 2003), respectively. For tree reconstructions, out-
groups representing basal ophisthokonts (LSU) or Viridiplantae
(5.8S), but distinct from the kingdom Eumycota, were used. Tree-
Graph2 (Stöver and Müller, 2010) was used to annotate trees and
export graphics. Alignments and best trees were combined in Mes-
quite (Maddison and Maddison, 2008) for upload to TreeBASE.

To evaluate whether sequence divergence for NS1 is accelerated
relative to the most closely-related taxa available, we carried out
Tajima’s relative rates tests using the 5.8S of NS1 and six represen-
tative basal fungi using MEGA (v. 5; Tamura et al., 2011).

2.5. Tests to evaluate the authenticity of NS1

We used a number of methods (described below) to evaluate
functional attributes of the novel environmental sequence type,
NS1. Comparative analyses were carried out using sequences span-
ning the kingdom Eumycota from the Assembling the Fungal Tree
of Life (AFTOL) project (http://aftol.org/). We chose these se-
quences for comparison because they were derived from vou-
chered and taxonomically identified herbarium specimens and
isolates (Lutzoni et al., 2004). Furthermore, the published se-
quences have been vetted using a series of automated and manual
checks (Lutzoni et al., 2004). Hence, of available sequences, these
are highly likely to constitute authentic orthologs rather than
pseudogenes or other artifacts. The majority of the sequences used
in our phylogenetic reconstructions were also used in the analyses
described below. Those that were excluded were omitted for one of

http://aftol.org/
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two reasons: because we were unable to identify and separate loci,
particularly the SSU (which was not used in these analyses), or be-
cause a sequence comprising all four loci was not available. Gen-
Bank sequences were used in place of AFTOL sequences if they
exactly matched the corresponding AFTOL LSU sequence and,
when possible, also matched the corresponding sequence in the
AFTOL 5.8S alignment (James et al., 2006). GenBank sequences rep-
resenting the species (Sphaeronaemella fimicola), believed to have
the shortest ITS of any fungus, were also modeled for comparison
(Fujita et al., 2001). Accession numbers for all sequences down-
loaded from GenBank, and for the two full-length NS1 sequences
are provided in Table S1.

2.5.1. Modeling ribosomal secondary structure
We used a variety of programs from the Vienna RNA Websuite

(http://rna.tbi.univie.ac.at/; Gruber et al., 2008; Hofacker, 2003) to
search for anomalous features within NS1 that might suggest that
it is an artifact. The secondary structure of NS1 was modeled using
default settings in RNAfold. We modeled a folding of the entire ori-
ginal sequence, as well as independent foldings for each of the four
constituent loci (ITS1, 5.8S, ITS2, and partial LSU). Minimal free en-
ergy structures were compared to previously modeled fungal sec-
ondary structures to determine if core conserved regions, including
pan-eukaryotic homologies, were present.

RNAalifold (Bernhart et al., 2008; Hofacker et al., 2002) is a pro-
gram designed to produce consensus secondary structures from
multiple sequence alignments. Roughly 180 representative se-
quences of the major fungal lineages were extracted from the
5.8S and LSU AFTOL alignments of James et al. (2006) and used
as a template against which to align our novel sequence. The LSU
alignment predominately included the same taxa used in the phy-
logenetic reconstructions. These multiple sequence alignments
were used to create consensus Eumycota secondary structures of
the 5.8S and 5’ LSU regions using default settings in RNAalifold.
This program also produces a multiple sequence alignment with
the conserved stem regions from the consensus secondary struc-
ture and their positional probabilities (i.e., the chance that a given
sequence has that base present at that position) superimposed
onto the alignment. We were thereby able to evaluate whether
conserved regions in the primary sequence are also conserved in
the secondary structure. We also compared output from RNAalifold
to the RNAfold folding of the NS1 5.8S to determine how many
compensatory base changes (wherein both paired nucleotides have
changed while bond has been preserved) were present in NS1 rel-
ative to other fungi.

2.5.2. Minimal free energy regression
In order to determine the minimal free energies (MFEs) of sev-

eral sequences at once, we used the Quikfold program on the mfold
web server (http://mfold.rna.albany.edu/?q=DINAMelt/Quickfold).
Settings were changed to RNA, and the RNA 3.0 model for folding
was used; all other settings were left at the defaults. One structure
per sequence was produced. We performed linear regression in R v
2.8.1 (R Development Core Team, 2008) comparing locus length
and MFE. The ITS1 and ITS2 regions of NS1 and reference sequences
were modeled separately. This allowed us to estimate a typical
MFE for a given sequence length and determine if NS1 fell within
the 95% prediction interval for each locus.

2.5.3. Comparison of ITS1 and ITS2 length and GC contents
Prior studies have suggested that although length may differ be-

tween ITS1 and ITS2 for a given species, the two loci will usually
have very similar GC contents (Harpke and Peterson, 2006; Mulli-
neux and Hausner, 2009; Torres et al., 1990; Zheng et al., 2008). In
general, pseudogenes frequently have higher AT content (Harpke
and Peterson, 2006). To test this for NS1, the InfoSeq tool on the
EMBOSS web server (Rice et al., 2000) was used to calculate GC
content of each locus. This same program was used to calculate
the length of each locus.

In order to determine if NS1 fell within the range of natural var-
iation of GC content for these loci, we compared values for NS1 to
reference sequences obtained from the AFTOL website and Gen-
Bank. We determined the mean GC content and standard deviation
for each locus separately, plotted the distribution of values, and
determined where NS1 fell within this distribution. We then com-
pared our results for ITS1 and ITS2 to determine if NS1 varied in GC
content between loci.
3. Results

3.1. PCR and phylogenetic results

Using our taxon-specific primers we were able to amplify the
290 bp fragment of NS1 from several soil extracts in addition to
the sample from which the original clone sequence was obtained.
Sequences from these amplicons closely matched the original sin-
gleton clone (Supplementary Information). In addition, a �1200 bp
sequence very similar to the original NS1 sequence, differing at
only eight sites, was found in a clone library originating from
BNZ-LTER site UP2A, an upland mixed white spruce (Picea glauca)
and birch (Betula neoalaskana) stand (Supplementary Information).
This sequence not only originated from a different clone library
that was constructed from a different DNA extract, it was amplified
using primers slightly modified from those used to originally am-
plify NS1. We also reamplified the 290 bp fragment for NS1 from
soil extracts from this site. It is therefore nearly impossible that
this sequence arose from lab contamination by the original
amplicon.

We were incapable of successfully amplifying and sequencing
any portion of the LSU or SSU for NS1 using our original taxon-spe-
cific primers and any of the LSU or SSU primers we tested. We
tested multiple new primers designed to be paired with a specific
LSU or SSU primer and selectively amplify NS1. Even with these
primers we could not reproduce portions of our original NS1 se-
quence longer than the 290 bp fragment or amplify regions of
the LSU beyond the length of our original NS1 amplicon.

A nucleotide discontiguous MEGABLAST search found only one
match for the ITS1 segment of NS1. This uncultured soil sequence
overlapped the entire sequence and shared 83% sequence identity
(GenBank GQ921811.1). When only the ITS2 segment was
screened, no significant matches were found. The ITS1–5.8S–ITS2
segment shared the same top BLAST match with the ITS1 segment
but produced many more results corresponding to partial matches
for the 5.8S. The entire NS1 sequence had top hits corresponding to
environmental sequences with as high as 53% sequence overlap
(corresponding predominately to 5.8S and LSU) and maximum
identities below 90% for these short-overlapping segments.

The 5.8S alignment consisted of 174 taxa and 169 characters, of
which 138 were variable. The LSU alignment consisted of 67 taxa
and 506 characters (after trimming with GBLOCKS), of which 338
were variable. For the 5.8S alignment, the TVM + G and GTR + G
models were selected according to the AIC using ModelTest and
MrModelTest, respectively. We chose GTRCAT for RAxML searches,
since TVM is not available, and used GTR + G in MrBayes.
GTR + G + C was selected as the best-fit model for the LSU align-
ment by both ModelTest and MrModeltest. GTRCAT was used in
RAxML, due to the author’s cautions against including an invariant
sites parameter, while GTR + G + C was used in MrBayes.

Placement of NS1 was poorly resolved in both 5.8S and LSU
trees. However, there was statistical support for placement of
NS1 within the Eumycota for both loci under both inference
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methods. The LSU trees, based upon many more characters, were
better resolved than the 5.8S trees, and retrieved most deep group-
ings of Eumycota that are now considered well-supported (Hibbett
et al., 2007; see clade demarcations in Fig. 2). In the LSU, both
Bayesian and likelihood methods grouped NS1 with the Entompht-
horomycotina, with 0.98 posterior probability (PP) but only 46%
bootstrap support (BS). However, the NS1-containing clade was
placed within the Eumycota with 84% BS and 1.0 PP (Fig. 2). In con-
trast, the poorly resolved 5.8S trees placed NS1 in a clade with the
Kickxellomycotina plus Piptocephus (Zoopagomycotina), but with-
out bootstrap support and only 0.91 posterior probability
(Fig. S1). The 5.8S trees placed the NS1-containing clade within
Fig. 2. Maximum likelihood phylogenetic reconstruction of the kingdom Eumycota bas
support. The first number above selected nodes is the maximum likelihood support fr
posterior probability from 10,000,000 generations in MrBayes. Only bootstrap values abo
the / is given, the bootstrap support was below 70% while the posterior probability (sho
the Eumycota plus Metazoa (Opisthokonta) with 98% BS and 1.0
PP using the Viridiplantae as outgroup, but did not recover a mono-
phyletic Eumycota. Interestingly, two environmental DNA se-
quences recovered through nBLAST searches labeled ‘uncultured
fungus’ were grouped with NS1 at 1.0 and 0.95 PP (86% and 57%
BS) in the 5.8S trees (Fig. S2). However, since the provenances of
these sequences cannot be verified, we do not consider these rela-
tionships to provide additional support for placing NS1 within the
Eumycota.

Although NS1 is likely fungal and appears to fall among the BFL,
the lack of support for more precise placements suggests the trees
be treated with caution. The lack of support may be due to the
ed on partial LSU rDNA gene region. Branch thickness is proportional to bootstrap
om 1000 fast bootstrap replicates in RAxML; the number following the ‘‘/’’ is the
ut 70% and posterior probabilities above 80% are shown. When only a number after
wn) was above 80%.
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considerable divergence between NS1 and other known sequences,
which suggests that NS1 may represent a novel lineage.

Tajima’s relative rates tests did not suggest that the 5.8S for NS1
was evolving at an accelerated rate relative to other basal fungi
(Table S2).

3.2. Secondary structure and GC analyses of NS1

3.2.1. ITS1
ITS1 secondary structure has not been surveyed in as much de-

tail as that of ITS2 (Mullineux and Hausner, 2009). Nonetheless,
among the fungi studied, this locus is characterized by having a
main central hairpin and may have smaller peripheral hairpins (La-
lev and Nazar, 1998; Mullineux and Hausner, 2009). Even though
this locus is relatively short in NS1 (90 bp), it possesses this main
central hairpin (Fig. 3). When ITS1 length was plotted against
MFE, we found NS1 to fall within the 95% prediction interval
(R2 = 0.75; Fig. S3). The GC content of the ITS1 for NS1 was above
Fig. 3. ITS1 secondary structure for NS1 and representative taxa belonging to most of th
spectrum indicates that the majority of modeled foldings (not only the MFE folding show
for the pairing shown.
the mean, but within one standard deviation of the mean as well
(n = 155, mean = 0.46, s.d. = 0.12, NS1 = 0.51).

3.2.2. 5.8S
Similarities in 5.8S structure between the consensus folding and

NS1 can be seen throughout the majority of the locus (Fig. 4). Areas
that do differ between NS1 and the consensus folding appear be
more variable across fungi and are areas where NS1 displays sim-
ilarities with sequences within the BFL.

Three regions within the 5.8S that have been proposed to be
highly conserved across eukaryotes are motifs one, two, and three
(Table 1; Harpke and Peterson, 2008). For NS1, motifs one and
three are identical to both the sequence described in the literature
and the consensus sequence. Motif two may be present in NS1, but
the sequence does differ within this region (Table 1). However, this
motif differs in fungi, particularly those belonging to the BFL, as
well. Of 29 sites within the 5.8S where compensatory base changes
(including GU pairs) appeared to occur in the majority of the fungal
e described fungal phyla. Colors depict positional probabilities. The red end of the
n) support such a pairing while the blue end of the spectrum indicates little support
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Fig. 4. 5.8S secondary structures for NS1, two comparative fungal taxa belonging to the BFL, and a consensus folding of 188 fungi. Motifs one, two, and three are abbreviated
M1-M3. Asterisks indicate a variation in sequence from that described in literature.

Table 1
Comparison of basal fungal sequences and NS1 to highly conserved 5.8S motifs described in Harpke and Peterson (2008). Bases in bold
italics indicate these positions differ from consensus sequence.

Motif 1 Motif 2 Motif 3

Consensus (literature) CGATGAAGAACGCAGC GAATTGCAGAATTC TTTGAACGCA
NS1 CGATGAAGAACGCAGC GATTTGCA-ACTTC TTTGAACGCA
Conidiobolus coronatus CGATGAAGAACGTTGC GAATTGCAGTCTTT TTTGAACCCA
Batrachochytrium dendrobatidis CGATGAAGAACGCAGC GAATTGCAGAACCT TTTGAACGCA
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kingdom, we found NS1 to have 21 of these changes present
(Table S3).

NS1 also fell within less than one-half a standard deviation of
the mean MFE value of 5.8S foldings (n = 184, mean = �44.8,
s.d. = 4.3, NS1 = -46.9) and has a GC content within one standard
deviation (n = 188, mean = 0.456, s.d. = 0.026, NS1 = 0.43).

3.2.3. ITS2
An MFE folding of the NS1 ITS2 locus revealed the presence of

structures conserved in most eukaryotes (Fig. 5). The core structure
of this region is a central bulge with four hairpin loops radiating
from it. These are designated helices I-IV. Of these, helices II and
III are the most conserved (Coleman, 2007). The ITS2 MFE folding
for NS1 included helices II and III, but also had base pairings with
low support within the central bulge region, and lacked the other
two helices. Helix II is usually composed of fewer than 12 pairings,
is never branched, and contains a U–U bulge at the base of the he-
lix. NS1 did not have a U–U bulge at the base of helix II but did have
this pair of bases present (Fig. 5). Like many other fungi, NS1 had a
bulge caused by another mispairing, in this case the presence of an
unpaired guanine (Table 2). Helix III is the longest and contains a
distinctive motif on the 5’ end just before the apex (Schultz et al.,



Fig. 5. ITS2 secondary structure for NS1 and representative taxa belonging to most of the described fungal phyla. Colors depict positional probabilities. The red end of the
spectrum indicates that the majority of modeled foldings (not only the MFE folding shown) support such a pairing while the blue end of the spectrum indicates little support
for the pairing shown.

Table 2
Comparison of highly conserved motifs within the ITS2 gene region. Fungi
representing most of the major clades are compared to the consensus motif described
in previous literature. Asterisks denote that the group given is undergoing taxonomic
revision and is not a true phylum.

Taxon Phylum Hairpin II
Bulge

Hairpin III
5’ Motif

Consensus (literature) NA UU Mismatch UGGU
NS1 NA Unpaired G UGAU
Basidiobolus ranarum BFL⁄ Unpaired G UGGU
Conidiobolus coronatus BFL⁄ Unpaired U AGUU
Neocallimastix frontalis BFL⁄ UU Mismatch UGGU
Sphaeronaemella fimicola Ascomycota Unpaired A AGU
Taphrina wiesneri Ascomycota UU Mismatch AGGU
Phanaerochaete chyrsosporium Basidiomycota UU Mismatch UGGU
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2005; Wolf et al., 2005; Coleman, 2007). This is most often UGGU
but can differ slightly; variations such as UGG, GGU, and UGGGU
have been observed (Schultz et al., 2005). Helix III was present in
NS1 and contained a motif similar, but not identical, to UGGU (Ta-
ble 2, Fig. 5).
When ITS2 length was plotted against MFE, we found NS1 to fall
within the 95% prediction interval (R2 = 0.51; Fig. S4). The ITS2 GC
content of NS1 was within one-half a standard deviation of the
mean (n = 155, mean = 0.49, s.d. = 0.11, NS1 = 0.52).

NS1 had identical GC contents for ITS1 and ITS2 (51%). It also
had very similar locus lengths (ITS1 = 90 bp; ITS2 = 97 bp).

3.2.4. LSU
The consensus folding for the LSU of all the reference fungi and

NS1 had low probability support for many regions and is not
shown. Foldings for two fungi belonging to the BFL are shown with
NS1 for visual comparison (Fig. S2). Similarities in structure, espe-
cially near the 5’ end, are noticeable. Many of these structures ap-
pear similar to those described for the B domain of the LSU (Ben Ali
et al., 1999; De Rijk et al., 1999). We also note that conserved pri-
mary sequences among fungal LSU are present and easily aligned
in NS1 (see TreeBASE 13807).

When compared to other fungal sequences for the conserved
portion of the LSU we analyzed, NS1 had a predicted minimal free
energy value for the folding that fell within one standard deviation
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of the mean (n = 182, mean = 93.2, s.d. = 9.2, NS1 = 101.6). The GC
content for this region of rRNA in NS1 fell within one standard
deviation of the mean as well (n = 175, mean = 0.465, s.d.= 0.035,
NS1 = 0.49).
4. Discussion

4.1. Amplification of longer segments

Phylogenetic and BLAST results suggested that NS1 is highly
divergent from any previously described taxon and falls with weak
support in the kingdom Eumycota. If NS1 represents a highly diver-
gent lineage of fungi, the low level of sequence similarity to known
fungi across the 5’ LSU suggests that this sequence might represent
a novel class or phylum. However, we were unable to amplify long-
er portions of the LSU or amplify the SSU for NS1. These additional
characters might have allowed better supported phylogenetic
placement of NS1.

Several factors may have contributed to our inability to ream-
plify DNA fragments for NS1 greater than 290 bp. The quality of
DNA in the extracts could have diminished over time due to multi-
ple freeze–thaw cycles. Due to NS1 being low in abundance (1 out
of 384 clones in 2003 FP5C organic horizon clone library; 1 out of
931 clones in 2004 UP2A organic horizon clone library), there
would be a high chance that PCR would be unsuccessful.

Additionally, when the primers we designed were paired with
widely used SSU and LSU primers they appeared to be prone to
dimerization. Since primer-dimer formation is a competitive reac-
tion with template DNA amplification in PCR, this issue is more
problematic when targeting templates present at low concentra-
tions, such as NS1. Although PCR conditions were optimized to re-
duce this issue, it may have contributed to our inability to amplify
NS1 adequately to successfully clone or directly sequence these
amplicons. Only a limited number of potential primers could be
designed that were NS1-specific. Due to the small size of the more
variable regions (ITS1 and ITS2) available as potential priming
sites, an ideal primer could not be found.
4.2. Evidence suggesting that NS1 is an authentic rRNA gene copy

Although the evidence remains somewhat ambiguous, our re-
sults nonetheless support the view that NS1 is a functional gene
copy and thus truly represents a novel fungal lineage rather than
a biological or lab artifact.

If NS1 is of chimeric origin, our secondary structure analyses
would likely have provided an indication. Due to the nature of chi-
mera formation and the necessity that certain structures be main-
tained for proper RNA processing and function, had NS1 been a
chimera it would most likely have differed from other fungi in sec-
ondary structure far more than we detected. Furthermore, none of
the chimera tests we conducted suggest that NS1 is chimeric. We
also found two full-length (1200 bp) NS1 sequences that were
nearly identical in separate clone libraries that were constructed
using different source DNAs and were amplified with different
PCR primers. Finally, we were able to amplify a 290 bp region of
NS1 from multiple different soil extracts. These results collectively
suggest that NS1 is not simply a PCR artifact. The odds of creating
the same chimera multiple times from different samples are decid-
edly low. Furthermore, NS1 appears to be particularly divergent
from other fungi throughout the entire 1200 bp sequence, particu-
larly the ITS regions. This also suggests that it is not a chimera. A
chimera would be expected to be highly similar to other fungi
throughout the portions of its sequence from which the templates
originated.
The overall structure for all four loci was consistent with known
(functional) sequences. Therefore, NS1 is not likely to be an ancient
pseudogene. ITS1 secondary structure was similar to descriptions
for Schizosaccharomyces pombe (Fig. 3; Lalev and Nazar, 1998)
and several other ascomycetes (Bridge et al., 2008; Hausner and
Wang, 2005; Mullineux and Hausner, 2009). It should be noted
that all the fungal species that have had their ITS1 structure de-
scribed are ascomycetes and that no basal fungi have had their
ITS1 secondary structure modeled previously.

The overall structure of 5.8S for NS1 was similar to both that de-
scribed in the literature and the 5.8S secondary structure we pro-
duced using the fungal consensus sequence (Fig. 4; Vaughn and
Sperbeck, 1984). NS1 also contained the two most conserved hair-
pins within ITS2 (Fig. 5). It appears that these hairpins are also the
only ones present in ascomycetes with particularly short ITS2
(Hausner and Wang, 2005). Overall, these results suggest that
NS1 has probably retained the most important regions of ITS2 for
proper RNA processing.

Along with the observation that the overall secondary structures
for all four loci were similar to previously described secondary struc-
tures, we also found that two of the most conserved domains within
the 5.8S, motifs I and III, were present in NS1. These domains play an
important role in RNA processing and if absent or altered would
strongly suggest a pseudogene (Table 1; Harpke and Peterson,
2008). Motif II in NS1 did differ from the sequence described by
Harpke and Peterson (2008), but because it differed in other fungi
as well, we believe that constraints on the primary sequence may
be less strict than previously suggested (Table 1).

Additionally, 5.8S pseudogenes have been shown to have higher
rates of sequence divergence than their functional counterparts
(Harpke and Peterson, 2008). However, NS1 did not demonstrate
accelerated sequence divergence rates relative to any of the poten-
tial sister taxa tested. This is consistent with secondary structure
analyses suggesting that NS1 is unlikely to be a pseudogene. On
the other hand, this finding must be viewed with caution, since
no closely-related taxa are available for comparison, which may
diminish the sensitivity of the relative rate test.

Comparing minimal free energies (MFE) can lend additional
support to analyses of secondary structure (Harpke and Peterson,
2006; Zheng et al., 2008). It quickly demonstrates if the sequence
in question falls within the known range of fungal rRNA MFE val-
ues. We plotted both ITS1 and ITS2 length against MFE to deter-
mine if MFEs scale with length and found a significant
correlation consistent with patterns described in other taxa (Sup-
plementary Information; Zheng et al., 2008). NS1 had MFEs consis-
tent with the overall trend for structures of that length for both
ITS1 and ITS2. This complements our findings from analyzing sec-
ondary structure and suggests that the most important structures
were present, and the conformations for ITS1 and ITS2 were not
due to chance.

Although ITS1 and ITS2 originated independently, they are be-
lieved to undergo concerted evolution (Lalev and Nazar, 1999;
Hausner and Wang, 2005; Mullineux and Hausner, 2009) and the
retention of similar GC content is a vestige of this process (Torres
et al., 1990). Thus, pseudogenes or chimeras, neither of which are
believed to undergo concerted evolution, might be expected to
have divergent GC contents between ITS1 and ITS2, whereas func-
tional genes should have similar GC contents because of selective
constraints. Torres et al.’s (1990) study of ITS GC content only in-
cluded 20 sequences representing the entire eukaryotic domain.
Although the study did include fungi, only the Dikarya were repre-
sented. Our findings support the results of this study for most of
the species tested, as have many other studies (Harpke and Peter-
son, 2006; Mullineux and Hausner, 2009; Xiao et al., 2010; Zheng
et al., 2008). NS1 was particularly consistent with this rule, having
identical GC content for both loci.
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4.3. Evidence calling into question the authenticity of NS1

The secondary structures and nucleotide motifs that were incon-
sistent with universal patterns described in the literature appeared
to be exceptions in other organisms as well (Schultz et al., 2005). As
already mentioned, within the 5.8S region, the nucleotide sequence
within motif II did differ slightly from the universal sequence for
eukaryotes, but other basal fungal sequences used for comparison
differed too (Table 1). The highly conserved motifs I and III were
present in NS1, while the basal fungi used for comparison showed
variation within these regions (Table 1). These three motifs, partic-
ularly motif II, may not be as universally diagnostic for pseudogenes
as suggested by Harpke and Peterson (2008), at least for basal fungi.

NS1 displayed variation in conserved domains within ITS2 as
well. The minimal free energy folding of ITS2 for NS1 did not in-
clude the UU bulge at the base of hairpin II that is widespread in
eukaryotes, but did include the two uracil bases, suggesting that
the minimal free energy folding model did not accurately depict
the in vivo conformation of this portion of RNA. Alternatively,
NS1 as well as many fungi appeared to have a bulge on helix II,
but this was not always caused by unpaired uracils (Table 2). Per-
haps the presence of a bulge is necessary for proper processing, but
the origin of the bulge is under less selective constraint.

NS1 does appear to have hairpin III, but the highly conserved
UGGU motif near the 5’ apex of the loop differed slightly (UGAU).
Schultz et al. (2005) state that this motif differs slightly in some
eukaryotes, although a UGAU variant was not mentioned. Because
two of the regions most conserved across the entire eukaryotic
kingdom did vary in our sequence, the authenticity of NS1 is not
certain. However, these regions are known to vary in other organ-
isms as well (Coleman, 2007) and are frequently absent or altered
in basal fungi. We also found variation within these regions in sev-
eral of our reference sequences (Table 2). Therefore, they may not
be as conserved in fungi as in other organisms.

Overall, the 5.8S and ITS2 regions were the most informative for
comparing secondary structures and determining the presence of
conserved regions. The secondary structure evidence that did not
support NS1 representing functional rDNA also appeared to show
variation in other fungal taxa. Based on the weight of the evidence,
we conclude that NS1 is most likely a functional gene copy. NS1
may well be a recently derived pseudogene, but that would not
seem to fully explain its divergence from all known fungal lineages.

4.4. Phylogenetic affinities

We set out to not only determine the secondary structure of
NS1, but also to determine if it was fungal in origin. Phylogenetic
analyses based on alignable components of the 5.8S and LSU agree
in placing NS1 within the Eumycota with some statistical support,
but disagree with respect to the containing clade, even at the level
of phylum. Hopefully, longer segments representing the NS1 line-
age will eventually be recovered, either from metagenomic DNA
or from a known organism (e.g. a currently unsequenced member
of the BFL). Longer rDNA sequences and/or additional loci will
clearly be required in order to confidently place this lineage within
a phylum or lower taxon.

4.5. Broader implications and future research

As microbial community ecology studies shift towards next-
generation sequencing methods such as pyrosequencing, selecting
a maximally informative region to amplify becomes more pressing,
because less information is retained in shorter sequences (Nilsson
et al., 2009). If a locus will be used in phylogenetic reconstructions
spanning the fungal kingdom, it is critical that the region targeted
meet two criteria: (1) It should be useful for distinguishing
between closely related species while also resolving deeper level
relationships (Nilsson et al., 2009); and (2) it should be useful for
determining whether the sequence represents an authentic, poten-
tially functional gene copy (Mai and Coleman, 1997; Schultz et al.,
2005). When either ITS1 or ITS2 is amplified with the flanking,
highly-conserved 5.8S region, both ITS1 and ITS2 meet this first
requirement, but ITS1 is less well suited to the latter.

ITS1 has widely been proposed as the ideal fungal marker be-
cause it varies more than ITS2 and is therefore better for distin-
guishing between closely related species (Chen et al., 2001;
Hinrikson et al., 2005). One of the most often utilized forward
primers in fungal ITS1 amplification is ITS1-F (Gardes and Bruns,
1993). A major issue with targeting ITS1 is the presence of an in-
tron at the 30 end of the SSU in many fungi (Vralstad et al., 2002;
Perotto et al., 2000). This intron is often amplified when the
ITS1-F primer is used (Vralstad et al., 2002), which may push the
amplicon length beyond the reach of next-generation sequencing
methods. PCR length-biases towards species with shorter ITS seg-
ments have been shown when using the ITS1-F primer as well (Ihr-
mark et al., 2012). ITS2 shows moderate variation and can
therefore still distinguish between species nearly as well as, and
sometimes better than, ITS1 (Nilsson et al., 2008). However, ITS2
is better suited to evaluation of whether rRNA secondary structure
is maintained (Schultz et al., 2005; Coleman, 2007). Not only are
the conserved domains within ITS2 well described, there is a data-
base containing these structures for thousands of organisms that
can be used for comparison (Koetschan et al., 2010). It is therefore
logical to target this region preferentially over ITS1, even though it
shows slightly less variation.

All of these analyses benefit from having a broad representation
of well-identified fungi to be used for comparison. The basal fungal
lineages have much poorer representation within the INSD than do
the Dikarya. At the time of writing, over 184,000 Dikarya se-
quences containing the 5.8S locus had been deposited, while the
BFLs were represented by fewer than 5000. Of these roughly
5000 sequences, approximately 2000 belonged to the Mucoromy-
cotina, while the Entomophthoromycotina and Kickxellomycotina
were both represented by fewer than 100 nucleotide sequences
(see http://www.ncbi.nlm.nih.gov/taxonomy/txstat.cgi).

If most known fungal species were represented and multiple se-
quences per species were available, it would be possible to deter-
mine nucleotide diversity (p) and identify nucleotide motifs
conserved at the infraordinal level. These two methods, particu-
larly the latter, have been shown to be the best way to identify
pseudogenes in closely related species (Harpke and Peterson,
2006; Zheng et al., 2008). Because close relatives to be used as ref-
erence sequences are needed for these methods to perform well,
they were not applicable to our study at this time.
5. Conclusions

Our phylogenetic results suggest that NS1 is fungal in origin.
More precise phylogenetic placements might be made if longer
segments could be amplified, as in Porter et al. (2008). We modeled
portions of the NS1 sequence to characterize ribosomal RNA sec-
ondary structure. Secondary structure analyses suggest that it rep-
resents an authentic gene copy. MFE and GC analyses further
support the conclusion that it is not an artifact. Hence, NS1 may
well be a pseudogene, but that would not seem to fully explain
its divergence from all known fungal lineages. If shorter rRNA seg-
ments are going to be targeted in the future, as next-generation
sequencing becomes more widespread, our findings suggest prior-
itizing the 5.8S and ITS2. These regions are not only suited to dis-
tinguishing between closely related species, but they are also more
informative regarding the authenticity of a sequence.

http://www.ncbi.nlm.nih.gov/taxonomy/txstat.cgi
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