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Abstract

High-throughput sequencing (HTS) has become a standard technique for genomics, metagenomics and
taxonomy, but these analyses typically require large amounts of high-quality DNA that is difficult to obtain
from uncultivable organisms including fungi with no living culture or fruit-body representatives. By using
1 ng DNA and low coverage Illumina HiSeq HTS, we evaluated the usefulness of genomics and metagen-
omics tools to recover fungal barcoding genes from old and problematic specimens of fruit-bodies and
ectomycorrhizal (EcM) root tips. Ribosomal DNA and single-copy genes were successfully recovered from
both fruit-body and EcM specimens typically <10 years old (maximum, 17 years). Samples with maximum
obtained DNA concentration <0.2 ng pl-1 were sequenced poorly. Fungal rDNA molecules assembled
from complex mock community and soil revealed a large proportion of chimeras and artefactual consensus
sequences of closely related taxa. Genomics and metagenomics tools enable recovery of fungal genomes
from very low initial amounts of DNA from fruit-bodies and ectomycorrhizas, but these genomes include a
large proportion of prokaryote and other eukaryote DNA. Nonetheless, the recovered scaffolds provide an
important source for phylogenetic and phylogenomic analyses and mining of functional genes.
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Introduction

DNA sequences of high quality are essential for precise molecular identification of or-
ganisms and construction of phylogenies. For these purposes, inclusion of type speci-
mens of the species is of utmost importance, because they carry taxonomic informa-
tion and anchor the target species amongst potentially multiple cryptic taxa (Federhen
2014). However, type specimens of most taxa are decades or even centuries old and
their DNA is often poorly preserved due to unsuitable storage conditions such as high
humidity and temperature, insufficient care, etc. Therefore, extraction of high-quality
DNA as well as amplification and sequencing from old material is painstaking and
often virtually impossible (Pddbo et al. 2004).

Fungi represent one of the most diverse groups of eukaryotes with potentially mil-
lions of species and a high incidence of sympatric and allopatric cryptic species (Black-
well 2011). Both fruit-bodies and living cultures may serve as type specimens and form
a basis for morphological, biochemical and molecular species recognition. However,
the vast majority of fungi form no fruit-bodies and cannot be cultured with available
techniques. Molecular identification methods have shed light into the high and unde-
scribed fungal diversity in complex substrates such as roots, soil, sediments, water and
foliage that are not represented by sequenced material from specimens (O’Brien et al.
2005; Jones et al. 2011; Tedersoo et al. 2014).

Other co-occurring organisms in voucher specimens may hamper molecular iden-
tification and genomic analyses of the target specimen. In living cultures, only en-
dohyphal bacteria are common, but fruit-bodies are often infested with prokaryotes,
protists, other fungi and meiofauna (nematodes, collembolans, Diptera larvae, etc.).
Ectomycorrhizal (EcM) root tips and lesions on plant leaves are usually dominated by
a single causal biotroph, although a vast diversity of microscopic organisms co-occurs
(Tedersoo et al. 2009; Yoshida et al. 2013). Because of senescence and other resi-
dent taxa, certain fungal species and a substantial fraction (up to 5%) of distinct EcM
morphotypes consistently remain unsequenced using the combination of fungal and
universal primers and Sanger sequencing (Tedersoo et al. 2008; Nguyen et al. 2013).

DNA sequences from the nuclear ribosomal RNA cistron have been widely used,
both for identification and phylogenetics of fungi due to a large number of copies and
the level of conservation sufficient for discriminating between individuals (the intergenic
spacer; IGS — Guidot et al. 1999), species (the internal transcribed spacer; ITS — Gardes
etal. 1991; Kéljalg et al. 2005; Schoch et al. 2012) and higher taxa (large subunit; LSU
and small subunit; SSU — Gueho et al. 1989). While the nuclear rDNA is distributed
in tens to a few hundred tandem repeats (Baldrian et al. 2013), mitochondrial DNA is
also abundant due to the presence of multiple mitochondria in active cells that render
both targets easy to amplify and use for phylogenetics and identification purposes. Cer-
tain single-copy genes (SCGs) such as Translation Elongation Factor 1 « (TEF1) and
RNA Polymerase II subunits (RPB1, RPB2) frequently serve to improve phylogenetic
resolution, although their amplification and sequencing may require extra care (Schoch
et al. 2012). The amplified size of these markers typically range from 300 to 1500 bases,
although both LSU and phylogenetically informative single-copy genes are much longer.
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The rationale for using such medium-size fragments is the ease of amplification and the
ability of Sanger sequences to cover 1000 bases with high quality.

The rapid development of high-throughput sequencing (HTS) tools has greatly
improved our understanding about the phylogeny, genome structure and functioning
of fungi (Martin et al. 2008; Dentinger et al. 2016; Kohler et al. 2015). Although the
HTS genomics approach (i.e., genome-wide sequencing of a single target organism) is
commonly used on living cultures, it also enables to incorporate molecular data from
herbarium collections of infected plant leaves and old specimens with degraded DNA
(Staats et al. 2013; Yoshida et al. 2013; Dentinger et al. 2016). Single nucleotide poly-
morphisms (SNPs) and phylogenetically informative marker genes can be rigorously
extracted from these genomes and used for phylogenetic reconstruction at the level of
isolates to kingdoms (Liti et al. 2010; Capella-Gutierrez et al. 2012; Dentinger et al.
2016). These genomic studies have targeted >100-fold coverage that enables very high
accuracy but restricts analysis to a few specimens in a single HTS run. As opposed
to genomics, ‘metagenomics’ is a term for untargeted genome-wide sequencing of all
organisms in a sample. This approach is mostly used to study the gene content of envi-
ronmental samples, but sequencing at the depth of hundreds of millions of reads allows
to separate nearly full genomes of the dominant prokaryote taxa (Wrighton et al. 2012).

Using Illumina HiSeq 2x150 paired-end sequencing technology, we evaluate the
usefulness of low-coverage genomics and metagenomics analyses for recovering bar-
coding and other phylogenetically informative genes from voucher specimens of fruit-
bodies and mycorrhizas in 85 samples simultaneously. In particular, we aimed to i)
develop a protocol for genomics and metagenomics from minute amounts of material;
ii) evaluate the possibility to obtain high-quality IDNA and SCG sequence data from
old type specimens and root tips; and iii) explain why fruit-bodies and EcM root tips
of certain taxa consistently fail to amplify and sequence. The ultimate purpose of this
study is to extend the public record of high-quality DNA sequences from taxonomi-
cally valuable fruit-body voucher specimens and EcM fungal lineages.

Methods

Specimens

For genomics analysis, we selected 56 voucher specimens of fruit-bodies collected from
all continents within the last 54 years (Table 1). These specimens are deposited in the
fungaria of Tartu University (TU) and Estonian University of Life Sciences (TAA),
with a few additional specimens representing loans from the Plant Pathology herbari-
um of New South Wales, Australia (DAR). We paid particular attention to cover i) old
specimens including holotypes (category ‘old’: n=21; median age, 17.5 years; range,
10.2-53.5 years since the analysis in January, 2015), ii) species with minute-sized (apo-
thecial Helotiales, sequestrate Endogonales) or corticioid (Thelephorales, Atheliales)
fruit-bodies that are all inherently exposed to external contamination (‘regular’: n=19;
median age, 5.6 years; range, 2.0-8.8 years, and iii) species that have consistently failed



Table 1. Fruit-body specimens used for genomic sequencing analysis.
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Herbarium code Identification, EcM lineage Category | Collection date Biosample
DARG9412 Densospora nuda (holotype) Old 1989-08-19 | SAMNO04578188
DARG9419 Densospora nanospora (holotype) Old 1989-08-31 | SAMNO04578189
DARG9421 Densospora solicarpa (holotype) Old 1989-08-31 | SAMNO04578190
DARGY9441 Endogone magnospora (holotype) Old 1991-09-25 | SAMNO04578191

TAAM 042608 Rutstroemia juglandis (holotype) Old 1961-xx-xx | SAMNO04578222
TAAM 137803 Sarconiptera vinacea (holotype) Old 2000-xx-xx | SAMNO04578223
TAAM 159500 Pseudotomentella atrofusca Old 1996-09-03 | SAMNO04578235
TAAM 166877 Tomentella ferruginea Old 1997-08-18 | SAMNO04578245
TAAM 181146 Bankera violascens Old 2001-09-25 | SAMNO04578233
TAAM 182408 Larissia pyrola (holotype) Old 1980-xx-xx | SAMNO04578220
TAAM 190020 Arctomollisia kolymensis (holotype) Old 1975-xx-xx | SAMNO04578221
TAAM 194916 Lasiomollisia phalaridis (holotype) Old 2003-xx-xx | SAMNO04578224
TU100021 Pseudotomentella sp. nov. Old 2004-11-03 | SAMNO04578243
TU100364 Odontia of. fibrosa Regular | 2006-08-04 | SAMNO04578228
TU100621 Amaurodon mustialaensis Regular | 2006-09-28 | SAMNO04578251
TU100663 Sarcodon squamosus Regular | 2006-10-06 | SAMNO04578240
TU105081 Thelephorales, Fam. nov. Regular | 2006-03-05 | SAMNO04578226
TU108047 Pseudotomentella mucidula Regular | 2008-08-27 | SAMN04578242
TU108089 Phellodon tomentosus Regular | 2008-09-10 | SAMNO04578241
TU108144 Tomentellopsis echinospora Regular | 2008-09-27 | SAMNO04578250
TU108291 Tomentella sp. nov. Regular | 2009-05-01 | SAMNO04578247
TU108357 Pseudotomentella armata, comb.ined Regular | 2009-05-08 | SAMN04578246
TU108377 Thelephora terrestris Regular | 2009-08-26 | SAMN04578229
TU108482 ‘Thelephorales, Fam. nov. Regular | 2010-03-17 | SAMNO04578248
TU110716 Ceratobasidiaceae, /ceratobasidium1 Regular | 2011-12-06 | SAMNO04578167
TU110838 Thelephorales, Fam. nov. Regular | 2012-09-24 | SAMNO04578168
TU113361 Endogone Unseq.' | 2014-09-27 | SAMNO04578192
TU115221 Thelephorales, Fam. nov. Regular | 2009-10-19 | SAMNO04578249
TU115235 Thelephorales, Fam. nov. Old 1997-06-12 | SAMNO04578230
TU115270 Pseudotomentella italica, comb.ined. Regular | 2008-08-09 | SAMNO04578244
TU115333 Boletopsis leucomelaena Regular | 2011-09-09 | SAMNO04578187
TU115426 Thelephorales, Fam. nov. Regular | 2012-08-28 | SAMNO04578172
TU116148 Atheliales; /atheliales1 Regular | 2013-01-14 | SAMNO04578173
TU116208 Cantharellus Unseq. | 2013-07-15 | SAMNO04578174
TU116326 Helvella Unseq. | 2013-09-19 | SAMNO04578175
TU116380 Helvella Unseq. | 2013-10-13 | SAMNO04578176
TU116400 Helvella Unseq. | 2013-11-16 | SAMNO04578177
TU116448 Pezizaceae Unseq. | 2014-08-09 | SAMNO04578178
TU116491 Helvella Unseq. | 2014-08-11 | SAMNO04578169
TU116505 Hydnum Unseq. 2014-08-11 | SAMNO04578179
TU116506 Cantharellus Unseq. | 2014-08-11 | SAMNO04578180
TU116517 Helvella Unseq. | 2014-08-11 | SAMNO04578181
TU116528 Clavulina Unseq. | 2014-08-12 | SAMNO04578182
TU116531 Helvella Unseq. | 2014-08-12 | SAMNO04578171
TU116607 Coltricia Unseq. 2014-08-12 | SAMNO04578183
TU116615 Helvella Unseq. | 2014-08-12 | SAMNO04578171
TU116680 Endogone Unseq. | 2014-10-20 | SAMNO04578184
TU116699 Glomus macrocarpum Unseq. | 2014-10-21 | SAMNO04578185
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Herbarium code Identification, EcM lineage Category | Collection date|  Biosample
TU118650 Hydnellum ferrugineum Regular | 2012-08-28 | SAMNO04578186
TU115206 Pseudotomentella humicola Old 1997-xx-xx | SAMNO04578231
TU123535 Lenzitopsis oxycedri Old 1991-04-26 | SAMNO04578232
TU100990 Tomentella subamyloidea (isotype) Old 1999-08-24 | SAMNO04578234
FP133500 Pseudotomentella fumosa (holotype) Old 1972-11-16 | SAMNO04578236
FP133849 Pseudotomentella molybdea (holotype) Old 1974-11-06 | SAMNO04578237
FP134609 Pseudotomentella kaniksuensis (holotype) Old 1981-07-23 | SAMNO04578238

SSMFG695-4961 | Pseudotomentella griseopergamacea (holotype) | Old 1961-10-21 | SAMNO04578239

"Unseq., unsequenced

to amplify or sequence in spite of using different primers and targeting different rDNA
regions (‘unsequenced’: n=16; median age, 0.4 years; range, 0.2—1.5 years; recent col-
lections were used to rule out potentially confounding storage effects). Notably, the
‘old” specimens were comprised mainly of Thelephorales, Helotiales and Endogonales,
whereas the ‘unsequenced’ taxa included mostly Pezizales (including Helvella spp.) and
Cantharellales (including Cantharellus spp.) Within the last 10 years, the DNA of these
samples has been extracted from 0.05-10 mg fresh or dried material following one of
the five protocols outlined in Suppl. material 1.

For metagenomics approach, we selected 29 vouchered EcM root tip specimens
from TU-linked collections of L. Tedersoo and M. Bahram (Table 2). These speci-
mens included either i) rarely occurring EcM fungal lineages not represented by fruit-
bodies or living cultures (cf. Tedersoo and Smith 2013; n=17), or ii) distinct morpho-
types that have remained unamplified and unsequenced in spite of multiple attempts
and varying primers (n=12). Samples from the latter category primarily originate from
Australia (collected in Tasmania in August, 2006; Tedersoo et al. 2008) and Estonia
(collected from various hosts and habitats from May to September, 2013; L. Teder-
s00, unpublished). The age of EcM samples ranged from 1.2 to 9.5 years (median,
4.7 years). The DNA of EcM root tips was extracted from fresh or CTAB-stored (100
mM Tris-HCI (pH 8.0), 1.4 M NaCl, 20 mM EDTA, 2% cetyltrimethylammonium
bromide) material following one of the four protocols given in Suppl. material 1. In
addition, we included two composite samples of soil (AV116 and S160; cf. Tedersoo
etal. 2014) and a mock community comprised of 24 fruit-body specimens represent-
ing different species (cf. Tedersoo et al. 2015) as controls and for evaluating sequence
assembly from more complex samples. Negative controls were not included for se-
quencing, because of DNA concentration below the detection level.

Molecular techniques

The DNA concentration of all samples was measured using Qubit dsSDNA HS Assay
Kit (Life Technologies, Carlsbad, CA, USA) and Qubit 2.0 Fluorometer (Invitrogen,
Carlsbad, CA, USA) in January, 2015. Since the DNA concentration of most samples
was <1 ng pl?, the DNA (300 pl) was concentrated up to three times using 750 pl
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Table 2. Ectomycorrhiza specimens used for metagenomic sequencing analysis.

Sample code | Identification and EcM lineage Category | Collection date Biosample
10577 Tulasnellaceae, /tulasnellal Rare 2010-06-xx SAMNO04578193
KP016 Serendipitaceae, /serendipital Rare 2011-07-xx SAMNO04578194
1.3043d Sebacina' Unseq. 2006-08-xx SAMNO04578195
L3078g Tulasnellaceae, /tulasnella2 Rare 2006-08-xx SAMNO04578196
L3136g unidentified Unseq.? 2006-08-xx SAMNO04578197
L3161g Discinella’ Unseq. 2006-08-xx SAMNO04578198
L3185g Inocybe'! Unseq. 2006-08-xx SAMNO04578199
L3196a Discinella' Unseq. 2006-08-xx SAMNO04578200
L3196g Discinella’ Unseq. 2006-08-xx SAMNO04578201
1.3273b Helotiales, /helotiales5 Rare 2006-08-xx SAMNO04578202
13289 Helotiales, /helotiales4 Rare 2006-08-xx SAMNO04578203
L3371b Helotiales, /helotiales3 Rare 2006-08-xx SAMNO04578204
L3581g Helotiales, /helotiales6 Rare 2006-12-xx SAMNO04578205
L3619g Endogonales, /densospora Rare 2006-12-xx SAMNO04578206
L7664 Sordariales, /sordariales1 Rare 2010-03-xx SAMNO04578207
L8253 Pyronemataceae, /pyronemataceael Rare 2010-07-xx SAMNO04578208
1L8574] Tomentella' Unseq. 2013-05-16 SAMNO04578209
L8601L Pyronemataceae, /pyronemataceae2 Rare 2013-06-10 SAMNO04578210
1.8623] Helvella' Unseq. 2013-06-11 SAMNO04578211

1874 Helotiales, /helotiales2 Rare 2005-07-xx SAMNO04578212
18748B Helotiales, /helotiales7 Rare 2013-07-03 SAMNO04578213
1L.8760B Sordariales, /sordariales2 Rare 2013-07-04 SAMNO04578214
1.8970d Tricholoma filvum' Unseq. 2013-08-12 SAMNO04578215
19188] Tulasnella' Unseq. 2013-09-20 SAMNO04578216
19238] Fischerula macrospora' Unseq. 2013-09-22 SAMNO04578217
1L9302] Geopora' Unseq. 2013-10-08 SAMNO04578218

N120 Ceratobasidiaceae, /ceratobasidium2 Rare 2008-09-xx SAMNO04578219

TRON3.1 Agaricomycetes, /agaricomycetes1 Rare 2012-04-xx SAMNO04578225
TS1000 Pyronemataceae, /genea-humaria Rare 2006-08-xx SAMNO04578227

"Identification based on ITS sequence from the metagenome.
“Unseq., unsequenced.

96% ethanol, 2 pl Pellet Paint Co-Precipitant (cat no 69049-3; Novagen, Madison,
W1, USA) and sodium acetate (0.3 M, pH 5.2). DNA precipitation was performed
overight at -20 °C. The pellets were washed once with 75% ethanol (-20 °C) and dissol-
ved into MilliQ water, followed by re-determination of the concentration. The obtai-
ned ‘maximum concentration’ ranged from 0.05 to 8.13 ng pl"! (median, 0.57 ng pl™).
All samples were diluted to the concentration of 0.2 ng pl! (if below, the maximum
concentration was used) and 1 ng of DNA was used as an input to prepare sequencing
libraries with Nextera XT kit (Illumina Inc., San Diego, CA, USA) according to the
instructions of the manufacturer. The concentration of the libraries was measured with
Qubit fluorometer and the libraries were pooled equimolarly. The library pools were
concentrated with vacuum evaporation and then the library pools were validated by
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TapeStation analysis (Agilent Technologies, Santa Clara, USA) and qPCR with Kapa
Library Quantification Kit (Kapa Biosystems, Wilmington, MA, USA) in order to op-
timize cluster generation. From each library, 22 pg or 54 pg (dilute samples) of DNA
was used in the cluster generation and sequenced on the HiSeq2500 rapid flowcell (II-
lumina Inc.) with 150 bp paired-end reads protocol.

Bioinformatics

The metagenomics reads of individual samples were demultiplexed and quality-filtered
using sdm script of the Lotus pipeline (Hildebrand et al. 2014) with the following
options: minAvgQuality=27; maxAmbiguousNT=0; maxHomonucleotide=15; Qual-
WindowWidth=30; QualWindowThreshold=0; TrimWindowWidth=15; TrimWin-
dowThreshold=20. The quality-passed reads were assembled in SPAdes (Bankevich et
al. 2012) using default options and kmer sizes 27, 33, 55 and 71. We sought to target
the phylogenetically informative genes that are in multiple (nuclear rDNA) or single
copies (mitochondrial rDNA, RPB1, RPB2 and TEF1) in the genome. The program
sortMeRNA (Kopylova et al. 2012) was used to extract IDNA from raw reads, which
were assembled into scaffolds in SPAdes. The fragments were subsequently subjected
to bulk blastN search against the entire International Nucleotide Sequence Databases
consortium (INSDc) to manually inspect the closest matches focusing on scaffolds of
500-12,000 bases. The coverage of the genomes was esitimated using the Core Eu-
karyotic Mapping Genes Approach (CEGMA), which gives a genome completeness
percentage based on partial and full-length alignments of the target genome with 242
core eukaryotic genes (Parra et al. 2007).

The reference database for genomic and metagenomic fragments comprised 46 fun-
gal genomes and 30 bacterial genomes (present in samples according to rDNA analysis).
For the selected SCGs, we used a reference data set of James et al. (2006). Scaffolds con-
taining SCGs were double-checked with manual blastN searches against INSDc and
downloaded for trimming and quality evaluation. The sequences of confirmed rDNA
genes and SCGs were subjected to multiple sequence alignment using MAFFT 7 (Ka-
toh and Standley 2013) along with 2-5 full-length sequences of the respective genes
from Ascomycota and Basidiomycota downloaded from INSDc. The alignments were
inspected in SeaView 4 (Gouy et al. 2010) and the flanking non-coding regions were
removed. Due to the multiple introns and poor alignability, ca 50-100 bases of flank-
ing regions were retained. For IDNA, we retained the entire copy usually comprising of
partial Intergenic Spacer (IGS) 2, SSU, ITS1, 5.8S, LSU and partial IGS1. Due to the
poor alignability and multiple introns, mitochondrial rDNA was not trimmed. In many
cases, both IDNA and SCGs comprised several different copies that were all kept and
submitted to the UNITE database (Abarenkov et al. 2010; accessions UDB028495-
UDB028830) and INSDc. The genomic and metagenomic scaffolds of fruit-bodies
and root tips were submitted to the Short Read Archive (SRA) of INSDc (Bioproject
PRJNA308809; biosample accessions SAMNO04578167-SAMN04578254).
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Statistics

To evaluate the relative performance of genomics and metagenomics approaches for
recovering genetic information of fungi from root tip and fruit-body material of dif-
ferent quality, we constructed linear regression and ANOVA models. First, we tested
the effects of the maximum DNA concentration, age of specimen and age of DNA
as well as DNA extraction method on the number of reads, size of all scaffolds (con-
firmed fungal and total and proportion of known fungal) and the longest scaffolds
representing IDNA by use of general linear models and forward selection of variables
as implemented in Statistica (Statsoft Inc., Tulsa, OK, USA). We determined Pearson
correlations among the recovered length of ribosomal and mitochondrial rDNA and
SCGs. Further, we arbitrarily chose a threshold of 1500 bases as a criterion for ‘suc-
cessful’ sequencing of a barcode, because this value roughly corresponds to the size of
mitochondrial SSU and LSU, nuclear SSU and the fragment of commonly amplified
nuclear LSU (primers ITS3 and LR5 or LROR and LR7) as well as SCGs. Differences
in sequencing success among markers, sample material (fruit-body vs EcM) and fruit-
body type (‘old’, ‘regular’ and ‘unsequenced’, see above) were tested using a series of
Fisher’s exact tests.

To shed light on the potential issues with DNA secondary structure on amplifica-
tion and sequencing success in Sanger sequencing, we calculated the minimum free
energy (MFE) of the secondary structure of ITS1 and ITS2 reads using RNAstructure
(default options for DNA; Reuter and Mathews 2010). The MFE provides an approxi-
mation for the stability of a given structure, with lower MFE values indicating more
stable structures.

Results

Recovery of genomes

DNA extraction methods yielded similar DNA content and concentration that usually
required further concentrating efforts given the small size of our samples. Compared
with other methods, the simple ammonium sulphate lysis (cf. Anslan and Tedersoo
2015) retained large amounts of polysaccharides that co-precipitated with DNA, but
did not interfere with ligation and sequencing. The HiSeq run produced 553,982,778
individual reads (average length, 145.4 bases), of which 86.7% passed initial quality
filtering. Individual genomes and metagenomes were covered by 1,366 to 21,288,678
(median, 5,780,997; SD, 3,863,989) reads with no differences among sample types
or fruit-body categories. However, specimen age had a significant negative effect on
the recovery of reads in fruit-bodies (F1, 5 ~4.4; R°=0.076; P=0.040) but not in EcM
root tips (P>0.1; Fig. 1). The time of DNA isolation had no further impact. The total
length of all genomic and metagenomic scaffolds averaged 5.5 x 107 bases (SD, 5.6 x
107) across all samples. It was positively related to the maximum DNA concentration
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Figure |. Effect of specimen age on the recovery of reads in the Illumina HiSeq run. Closed circles,
‘old’ fruit-bodies; shaded circles, ‘regular’ fruit-bodies; open circles, ‘unsequenced’ fruit-bodies; shaded
triangles, ectomycorrhizal root tips representing unique rare lineages; open triangles, ‘unsequenced’ ecto-
mycorrhizal root tips.
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Figure 2. Impact of maximum obtained DNA concentration and number of Illumina HiSeq reads on
the size of all scaffolds (A, B) and largest nuclear IDNA scaffold (C, D). Regular straight lines and dotted

lines indicate linear and better fitting logarithmic relationships, respectively.

obtained (partial effect: F, ,=10.8; R’=0.070; P=0.001; Fig. 2A) and total number of
reads (F, ,~62.1; R?=0.401; P<0.001; Fig. 2B).
The proportion of genomic and metagenomic sequences belonging strictly to fungi

varied greatly across samples, being on average three times lower for EcM root tip
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(median, 1.5%; SD, 3.7) compared with fruit-body (median, 4.5%; SD, 15.9) samples
(F,,,=10.8; #=0.098; P=0.001). The lack of closely related reference genomes clearly
hampered unequivocal assignment of genomic fragments to fungi or other organisms.
Of these, bacteria were the most common organisms in fruit-bodies and EcM root
tips, whereas plant scaffolds strongly contributed to the EcM-derived metagenome.
However, plant contribution was difficult to establish, because of the large size and
ample non-coding regions in plant genomes. Samples of old fruit-bodies and particu-
larly EcM root tips included multiple co-inhabiting fungal species. Their coverage was
distinctly lower than that of the target species, but unambiguous separation of these
satellite taxa was more difficult for relatively fragmented genomes.

Ribosomal DNA and single copy genes

The coverage of nuclear and mitochondrial DNA and SCGs and their ratio varied
greatly across samples independent of sample origin (fruit-body vs. EcM) and cat-
egory (Suppl. material 1). For the 38 most comprehensively sequenced samples, the
standardized ratio of median coverage of nuclear IDNA to mitochondrial rDNA to
SCGs was 17.0/4.2/1.0. Notably, Glomus macrocarpum (TU116699) and Endogone
sp. (TU113361) exhibited the corresponding ratios of 1.6/3.6/1.0 and 2.0/2.7/1.0,
respectively, indicating low amount of nuclear and mitochondrial IDNA relative to
SCGs in their ‘fruit-bodies’ that are comprised of multinucleate hyphal structures
and chlamydospores. In contrast, Hydnum sp. (TU116505) and Cantharellus sp.
(TU116208) stood out as specimens with the highest nuclear IDNA to SCG ratio
(43.4/1.0 and 37.6/1.0, respectively).

Among the target regions of fruit-body and EcM samples, nuclear IDNA was
relatively more efficiently recovered compared with mitochondrial rDNA and both of
these were sequenced with greater success than SCGs (P<0.01 in all cases). There was
no difference in the recovery rate among individual SCGs (P>0.5), although RPB1
was completely missing in two samples (ectomycorrhiza of the /genea-humaria lineage
TS1000 and Sarcodon squamosus TU100663) that exhibited nearly full-length recov-
ery of other SCGs and rDNA. Apart from other taxa, most specimens belonging to
Thelephorales contained two highly divergent copies of the TEF1 gene.

The SCGs were significantly less efficiently recovered in EcM samples compared
with fruit-body samples (by a factor of 1.9 to 6.2; P<0.001), but the recovery of nuclear
and mitochondrial IDNA was comparable between sample types (P>0.1). Across all sam-
ples, the maximum DNA concentration (partial effect: F, =26.7; R*=0.201; P<0.001;
Fig. 2C) and the total number of reads (¥, , =23.9; R°=0.180; P<0.001; Fig. 2D) posi-
tively affected the length of the largest nuclear rDNA scaffold. The number of reads
necessary to yield full-length TDNA became rapidly saturated at the depth of 2 x 10° -5
x 10° sequences for samples with maximum DNA concentration > 0.2 ng pl" (Fig. 2D).
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Fruit-body samples

Within fruit-body collections, rDNA and SCGs were better recovered from ‘regular’
and recent ‘unsequenced’ collections than ‘old’ material (Suppl. material 1). Across all
samples, the length of largest scaffolds of nuclear IDNA was strongly correlated to that
of mitochondrial rDNA (R=0.724; P<0.001) but not SCGs (2>0.05). The length of
largest scaffolds was correlated among all SCGs (0.584<R<0.649; P<0.001).

Fruit-body samples displayed great variation in genomic sequencing success. The
‘old” samples sequenced most poorly - i.e., nuclear rDNA >1500 bases could be re-
trieved only for 43.0% of specimens, which is significantly less compared with ‘unse-
quenced’ (73.3%) and ‘regular’ (84.2%) specimens (P<0.01). Mitochondrial rDNA
and SCGs were also relatively poorly recovered in ‘old” collections, although the differ-
ences were less pronounced among the categories (0.01<P<0.15).

The HTS approach highlighted that primer bias and atypically long ITS mark-
ers may account for the Sanger sequencing problems in ‘unsequenced’ fruit-body
samples. In particular, several Helvella spp. and Cantharellus spp. exhibited ITS1
markers of 500-600 bases that exceed the average values three-fold (Tedersoo et
al. 2015). In addition, most Cantharellus spp. displayed a 3’ terminal mismatch
or several mismatches to ‘universal’ and ‘fungal’ primers (ITSOF, ITS3, ITS4,
LROR). Besides the regular rDNA copy, Endogone sp. (TU116680) exhibited two
additional copies that were only 87.2% and 77.5% similar in the ITS region and
displayed multiple indels and substitutions in the flanking 5.8S and LSU regions
including the highly conserved parts. Lenzitopsis oxycedri (UK146) possessed one
such abnormal copy with 89.8% ITS sequence similarity, whereas Glomus macro-
carpum (TU116699) had an extra rDNA copy with 96.0% ITS similarity but no
mutations in the flanking 5.8S and LSU fragments. These extra copies had 1.9-2.6
times less coverage than the corresponding regular copies, except that of L. oxyce-
dri (54.9-fold difference). The potential problems with sequencing Clavulina sp.
(TU116528) and Hydnum sp. (TU116505) could not be tackled, although the for-
mer specimen was ‘contaminated’ by the DNA of Diptera larvae and a chytrid. The
secondary structure of recovered ITS1 and ITS2 sequences had a similar minimum
free energy (MFE) and MFE per base in the ‘unsequenced’” and other categories
(Suppl. material 1).

While most collections of stipitate fruit-bodies were relatively free from co-col-
onization by other fungi, specimens of Helvella and those with hypogeous and re-
supinate fruit-bodies were commonly inhabited by multiple putatively saprotrophic
or mycoparasitic fungal taxa. Of these, Tulasnella, Rhizoctonia (syn. Ceratobasidium)
and unidentified genera of Eurotiales and Sordariales were the most common. Their
nuclear IDNA scaffolds were of relatively lower coverage even if the sequences were
nearly full-length. Similar patterns but notably shorter satellite sequences were evident
in mitochondrial IDNA (up to, 2000 bases) and SCGs (up to 500 bases).
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EcM root tip samples

There were no differences in rDNA and SCG recovery among EcM root tip samples
that failed determination previously and those representing rare lineages. Out of 12
previously unidentified EcM root tip samples, only one (L3136g) remained further
without identification due to low maximum DNA concentration (0.07 ng/ul) and
hence low number of retrieved sequences (173,554 reads). Based on the ITS region,
the Tasmanian sequences were identified as Sebacina sp. (1L3043d), Inocybe australien-
sis (L3185g), and Discinella sp. (/helotiales4 lineage; L3161g, L3196a, L3196g). The
Estonian sequences were identified as Tomentella sp. (L8574]), Helvella sp. (18623]),
Geopora sp. (1L9302]), Tulasnella sp. (L9188]), Tricholoma fulvum (1.8970d) and Fis-
cherula macrospora (L9238]) based on the full or partial ITS sequences (Suppl. material
1). The DNA of most EcM samples was apparently degraded, because no primer mis-
matches, excessively long barcodes, paralogues or deviations in the minimum free en-
ergy were evident. Only the Tulasnella sp. sample (1L9188]) exhibited two mismatches
to the ITS3 primer and members of the /helotiales4 lineage had ca. 500-base intron
between the ITSOF and ITSI1 primer sites.

Using the metagenomics approach, three out of 17 EcM root tips with successful
Sanger sequences (L848, L8601, L8760b) failed to retrieve high-quality nuclear IDNA
sequences >1500 bases. A single EcM fungus always dominated in nuclear IDNA, but
the samples were often co-inhabited by a myriad of ascomycetes, in particular Helo-
tiales, Sordariales, Hypocreales and Dothideales. Basidiomycetes were less common,
although Twulasnella, Ceratobasidiaceae and Tremellales (Cryprococcus) occurred in mul-
tiple samples. The ratio of plant to fungal nuclear IDNA varied nearly 80-fold, ranging
from 0.21 to 16.3 (median, 1.76) with no apparent differences among host taxa.

Across all 29 EcM root tip metagenomes, fungal TEF1, RPB1 and RPB2 scaffolds
>1500 bases were successfully obtained for two, five and fourteen samples, respec-
tively. For 13 samples, none of these SCGs were recovered (scaffolds <500 bases). In
successfully sequenced EcM samples, individual SCGs typically occurred in several
scaffolds located tens to a few hundred bases apart based on mapping to the alignment.
BlastN searches against INSDc and comparisons with rDNA revealed that the largest
scaffolds obviously belong to the targeted mycobiont. The co-occurrence of other fungi
rendered the taxonomic assignment of SCG scaffolds ambiguous.

Soil and mock community samples

The two highly complex soil metagenomes comprised altogether four fungal nuclear
rDNA scaffolds >500 bases in size, three of which were obvious chimeras. The mock
community sample included 25 scaffolds encompassing ITS or any of the nuclear
rDNA genes (>500 bases). Comparisons with respective Sanger sequences revealed
that 32% of these sequences were chimeric, some of which comprising >2 parents.
Two of the chimeric sequences were ‘circular’, i.e. comprised of a full-length rDNA
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and fragments of another taxon in one of the ends. Most of the chimeric breaks were
located in the conserved regions of 3” half of the SSU and 5’ end of LSU, but none
were evident in the 5.8S rRNA gene. SSU and LSU of certain congeneric taxa (Lyo-
phyllum spp., Tomentella spp.) were represented by a consensus sequence that matched
perfectly to none of the ingredient specimens. In scaffolds with lower coverage, 5” or 3°
ends were sometimes highly diverged from the corresponding Sanger sequence or any
database sequences, indicating that artefactual sequences are, to some extent, generated
by metagenomics methods.

Discussion

Genomic fragments

We recovered partial fungal genomes and metagenomes from <1 ng DNA of fruit-body
and EcM root tip samples with variable success, depending on specimen age and DNA
quality (see below). This indicates that fungal genomes can be sequenced from minute
amounts of DNA if sufficient quality is secured. The current genome sequencing pro-
tocols in the 1000 Fungal Genomes project require three to four orders of magnitude
more DNA (http://genome.jgi.doe.gov/programs/fungi/1000fungalgenomes.jsf) that
cannot be obtained from tiny samples. In comparison, the genomes of prokaryotes
are on average ten times smaller and these have been successfully recovered from com-
mon species (upwards 1% relative abundance) in the complex environmental material
(Wrighton et al. 2012), multiple single cells (Rodrigue et al. 2009), and high-quality
starting material of <0.01 ng DNA (Adey et al. 2010). Because of a single DNA mol-
ecule and low proportion of repeats and other non-coding regions, bacterial genomes
are easier to assemble compared with eukaryotes that tend to possess long non-coding
regions, multiple chromosomes and usually one or two organelles. In our study, taxo-
nomic affinity of especially short scaffolds remained undetermined at the kingdom level
based on de novo assembly. The paucity of closely related fungal reference material,
multiple co-inhabiting organisms and moderate sequencing depth complicated scaffold
assembly and rendered estimates of genome size and coverage unreliable (not shown).
Our study aimed to recover the most important genetic markers used for barcoding
and phylogenetic reconstruction. Nuclear and mitochondrial IDNA sequences were
successfully recovered from most fresh and high-quality samples but typically not from
fruit-body specimens >10 years old. For these old specimens, the maximum obtained
DNA concentration, a proxy for DNA quality and quantity, remained <0.2 ng/pl.
Although other DNA samples were further diluted to this level for library preparation,
barcoding markers could not be usually obtained from samples with 0.05-0.2 ng/pl
maximum DNA concentration. Because Nextera approach uses DNA fragmentation
and 12 cycles of PCR in the ligation step (‘tagmentation’), the short DNA molecules of
degraded material (Allentoft et al. 2012) may have become over-fragmented or poorly
amplified and thus lost from further analytical procedures. This speculation is sup-
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ported by 2.3-fold lower yield of reads and 2.8-fold lower proportion of known fungi
in ‘old’ samples compared with ‘regular’ and ‘unsequenced’ samples taken together.
An 18-year old specimen of Tomentella ferruginea (TAAM 166877) represented the
oldest collection that was successfully sequenced for the full-length of all DNA genes
and SCGs. In comparison, Staats et al. (2013) successfully sequenced the genome of
Pleurotus ostreatus fruit-body specimen collected in 1931 by taking advantage of 8000-
fold greater amount of DNA and relatively clean vegetative material from the interior
of a sporocarp. Old fruit-body samples with large initial amounts of degraded DNA
can be prepared for Illumina sequencing using fragmentation-free ligation methods
(Carpenter et al. 2013).

Across all samples, nuclear and mitochondrial rDNA were more efficiently re-
covered compared with SCGs, which reflects the results from amplicon sequencing
(Schoch et al. 2012) and scaffold coverage. The range of sequence coverage ratio of
nuclear rDNA to SCGs (1.6 to 43.4) is somewhat lower than the previously reported
rDNA copy numbers based on qPCR (range, 20 to 200; reviewed in Baldrian et al.
2013). Our indirect estimates should be viewed with caution, because the coverage
ratio is based on only 2-3 SCGs and does not account for the AT/GC bias (Perisin
et al. 2016). The relative amount of mitochondrial DNA certainly depends on the
metabolic activity of a fungus, potentially varying between living cultures, fruit-bodies,
EcM root tips and natural mycelium. Taken together, our analyses indicate that fungal
species exhibit marked differences in the relative amount of nuclear and mitochondrial
rDNA that may further affect metabarcoding- and metagenomics-based estimates of
diversity. These results explain the relatively low abundance of Glomeromycota in the
soil nuclear rDNA pool (Saks et al. 2014; Tedersoo et al. 2014) and support utilization
of SCGs as additional barcodes (e.g. Stockinger et al. 2014).

We sought to uncover the causes why certain fungal species and EcM morpho-
types have remained unidentified using direct Sanger sequencing of amplicons. We
showed that EcM root tip DNA was degraded and/or comprised of multiple fungal
species, which may have disabled direct Sanger sequencing. In fruit-body samples, ex-
cessive length of ITS1 sequence might have caused low amplification success in several
Cantharellus spp. and Helvella spp. Due to rapid evolution of rDNA genes in Can-
tharellus (Moncalvo et al. 20006), several otherwise conserved primer sites had one or
more mismatches to the templates in the commonly used fungal or eukaryote primers.
Furthermore, Lenzitopsis oxycedri, Endogone sp. and Glomus macrocarpum possessed
several divergent copies of rDNA that is previously known for a small group of Glom-
eraceae (Stockinger et al. 2010) and is attributed to the multinucleate habit in that
group. Potential ITS paralogues with multiple mutations in the conserved region were
evident for the two former species, confirming previous implications based on Sanger
sequencing of cloned amplicons (Simon and Weiss 2008) and 454 pyrosequencing of
amplicons (Tedersoo et al. 2010; Lindner et al. 2013).

Ribosomal DNA scaffolds from soil and mock community metagenomes indi-
cated artificial generation of a high proportion of chimeric scaffolds during DNA as-
sembly. This demonstrates that markers with long conserved regions such as nuclear
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rDNA cannot be reliably assembled even in simple fungal communities. Furthermore,
artificial consensus sequences were generated for closely related species with nearly
identical SSU and LSU. While such artefacts can be relatively easily tracked in mock
communities, metagenomic assembly of rDNA is particularly problematic for natural
samples from more complex substrates that comprise hundreds to thousands of fungal
species. Due to short scaffolds and the paucity of reference data, we cannot estimate
the reliability of scaffold assembly in mitochondrial genes and SCGs, but this may be
more problematic with closely related species. Such assembly problems are considered
of minor importance in prokaryote metagenomes (Wrighton et al. 2012; Parks et al.
2015) because of a single circular chromosome, lower proportion of repeats, more
rapid evolution and more relaxed definition of species/fOTUs at 97% SSU similarity
(Mende et al. 2013).

Conclusions and perspectives

Taxonomically informative IDNA genes and SCGs can be sequenced from <1 ng DNA
of fruit-body and EcM root tip specimens using genomics and metagenomics approach-
es, respectively. However, fruit-body specimens >10 years old need specific care for
obtaining high-quality DNA or require fragmentation-free options for ligation. HTS
methods also enabled us to recover large fragments of fungal genomes for a majority of
EcM root tips and fruit-bodies that could not be sequenced using Sanger method or
that represented unique (including type) material. For high-quality DNA samples, two
million (meta)genomic reads were sufficient to recover the full-length nuclear rDNA.
Recovery of SCGs was more unpredictable among samples, requiring roughly 10 mil-
lion unpaired reads. This enables sequencing of ca. 50 fungal genomes on a single 2x150
paired-end Illumina HiSeq run at low coverage (5-10 x; cf. Stajich 2014). As of January,
2016, a commercial Illumina HiSeq run (5.5 x 10® reads) cost between 5000 and 7000
EUR. However, all individual samples need to be separately ligated with a cost 50-100
EUR sample™. Thus, the cost per low-coverage fungal draft genome amounts ca. 150-
250 EUR. We believe that such low-coverage genomics analyses represent a feasible op-
tion to generate multi-gene phylogenomic data sets for tens to hundreds of specimens or
mining for the presence and diversity of certain gene families such as carbohydrate ac-
tive enzymes (CAZymes), antibiotics resistance genes and unique metabolic pathways,
but not for routine identification. Targeted enrichment using biotin-linked DNA/RNA
probes enables even greater throughput and direct focus on selected markers (Carpenter
et al. 2013; Moriarty Lemmon and Lemmon 2013; Manoharan et al. 2015). The full
metagenome data also enable to construct draft genomes of prokaryotes and viruses
associated with the fruit-body ‘mycosphere” and soil ‘mycorrhizosphere’ that shed light
on putative functions and metabolic pathways of these co-occurring microorganisms.
The currently available sequence length and error rate combination does not allow re-
liable large-scale assembly of genetic information of eukaryotes from complex communi-
ties using a single HTS platform. Besides tens and hundreds of millions of Illumina HiSeq
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reads, metagenomics analyses would benefit from additional low-coverage sequence anal-
ysis of long (up to 3000 bases at 5-8 times circular coverage) fragments as routinely imple-
mented by Pacific Biosciences for in-depth genomic reconstructions. Long amplicon-free
backbone sequences reduce the incidence of chimeras and assembly artefacts. Combined
with targeted marker capture, this approach would allow greater throughput of eukaryote
target genes and more efficient utilization of phylogenetics tools in metabarcoding and
community-level functional metagenomic analyses.
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Abstract

During a routine scan for Signal Recognition Particle (SRP) RNAs in eukaryotic sequences, we surpris-
ingly found in silico evidence in GenBank for a 265-base long SRP RNA sequence in the ITS1 region of a
total of 11 fully identified species in three ectomycorrhizal genera of the Basidiomycota (Fungi): Astraeus,
Russula, and Lactarius. To rule out sequence artifacts, one specimen from a species indicated to have the
SRP RNA-containing I'TS region in each of these genera was ordered and re-sequenced. Sequences identi-
cal to the corresponding GenBank entries were recovered, or in the case of a non-original but conspecific
specimen differed by three bases, showing that these species indeed have an SRP RNA sequence incorpo-
rated into their ITS1 region. Other than the ribosomal genes, this is the first known case of non-coding
RNA:s in the eukaryotic ITS region, and it may assist in the examination of other types of insertions in
fungal genomes.
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Introduction

The nuclear ribosomal internal transcribed spacer (ITS) region is part of the ribosomal
DNA cistron. The I'TS region is transcribed together with the 18S, 5.8S, and 28S genes
but removed in the post-transcriptional processing of the rRNA. The ITS region has
three separate subregions: the ITS1, the 5.8S gene, and the ITS2. The ITS1 is situated
between the 18S and the 5.8S genes, and the ITS2 is situated between the 5.8S and the
28S genes. The ITS region varies significantly in length among fungal species (Taylor
and McCormick 2008, Tedersoo et al. 2015), and both of ITS1 and ITS2 form sec-
ondary structures with stems, bulges, and loops (Freire et al. 2012, Rampersad 2014).
The secondary structure is important for correct processing of the rRNA; although the
ITS1 and ITS2 regions are not expressed in the ribosome, there are constraints on the
evolution of the ITS region, and it has both fast evolving and more conserved regions
(Nazar 2004, Mullineaux and Hausner 2009). However, there is still much to learn
about the function of the ITS region, especially for ITS1 (Rampersad 2014, Coleman
2015). The fast evolving regions of ITS has made it a cornerstone in species/genus-
level phylogenetic inference in fungi and other organisms for more than 20 years, and
it is the formal fungal barcode used for molecular species identification (Alvarez and
Wendel 2003, Schoch et al. 2012).

One element that has never been implicated in the context of the eukaryotic IDNA
cluster and ITS evolution is the existence of non-coding RNAs (ncRNA) other than
the 18S, 5.8S, and 28S rRNAs. Based on the recent identification of a ubiquitous
eukaryotic ncRNA in the fungal phylum Basidiomycota, viz. the Signal Recognition
Particle RNA (SRP RNA; Dumesic et al. 2015), we discovered a ~265 bases long
homologue of this gene in a set of fungal ITS1 sequences (Fig. 1). The SRP RNA is
an essential component of the SRP, a ribonucleoprotein particle that co-translationally
directs proteins to the endoplasmic reticulum (ER) membrane. The SRP RNA acts
both as a scaffold for the SRP proteins and as a regulator of the SRP by mediating a
global reorganization of the SRP in response to cargo binding (Rosenblad et al. 2009,
Akopian et al. 2013).

A more thorough in silico analysis verified the presence of SRP RNAs in the
ITS1 region of a total of 11 fully identified fungal species (separate Latin binomials)
distributed over three lineages of ectomycorrhizal basidiomycetes (Boletales: Aszraeus
(1 species: A. sirindhorniae), Russulales: Russula (1 species: R. olivacea), and Russula-
les: Lactarius (9 species: L. argillaceifolius, L. aspideus, L. brunneoviolaceus, L. luridus,
L. nanus, L. pallescens, L. pseudouvidus, L. uvidus, and L. violascens). The notion of
an additional ncRNA element in the ITS1 region is novel and would seem — at least
at a first glance — to compromise the function of the ITS1. Hypothetically, any of
contamination, chimeric unions, or other laboratory or data analysis artifacts could
explain this finding. In this study we apply DNA sequencing and bioinformatics to
verify the presence of SRP RNA sequences in the ITS1 region of representatives of
these fungi.
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Materials and methods

SRP RNA bioinformatics

The bioinformatic analysis of non-coding RNAs such as the SRP RNA is not trivial,
as the primary sequence may vary substantially as long as the secondary structure is
preserved. To enable searches for SRP RNAs without requiring exact sequence matches
across the full length of the SRP RNA, we used a secondary structure covariance model
constructed from the full set of available ascomycete SRP RNAs with the basidiomycete
SRP RNAs from Dumesic et al. (2015) added, as well as a second dataset contain-
ing all covariance models from Rfam (Nawrocki et al. 2014). These models were used
in an INFERNAL v1.1 cmsearch (Nawrocki and Eddy 2013) run against flatfiles of
the International Nucleotide Sequence Database Collaboration (INSDC; Nakamura
et al. 2013; February 2015 release). After observing several highly significant matches
to what seemed to be the fungal ITS1 region, we re-ran the search on the flatfiles
from the manually curated fungal ITS database UNITE (Abarenkov et al. 2010; release
2015-08-01) using ITSx 1.0.11 (Bengtsson-Palme et al. 2013) to identify the ITS1
region. A total of 63 matches and 11 fully identified species from three ectomycorrhizal
basidiomycete lineages were recovered (Suppl. material 1). All matches were examined
manually to verify that they displayed all the universally conserved motifs and nucleo-
tides. The sequences were found to stem from more than 20 different published and
unpublished studies. The fact that these sequences had been found multiple times in-
dependently is highly suggestive of technically sound, authentic sequence data (Nilsson
et al. 2012), but to further confirm the authenticity of the sequences we re-sequenced
one herbarium specimen from each of these lineages, either from the original material
or from other conspecific specimens.

PCR and sequencing

To rule out systematic PCR artifacts as sources of false positives in the bioinformatics
analyses, we retrieved the original, or conspecific, specimens underlying one repre-
sentative from each of the genera (Table 1): the conspecific collection Astraeus sirind-
horniae MA-Fungi 47735 (collected in the Philippines; herbarium MA), the authentic
collection Lactarius luridus TU118993 (collected in Estonia; herbarium TU), and the
authentic collection Russula olivacea TU101845 (collected in Estonia; herbarium TU).
We specifically sought to use a different primer pair combination and PCR conditions
than did the original sequence authors in a further attempt at generalizing our find-
ings. For A. sirindhorniae, DNA extractions, PCR reactions, and sequencing were per-
formed as described in Martin and Winka (2000), however using DNeasy Plant Mini
Kit (Qiagen) with overnight incubation for DNA extraction. Primers used for ampli-
fication were ITS5/1TS4 (White et al. 1990; Suppl. material 1). For the specimens of
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Lactarius and Russula, the DNA was extracted and amplified using the primers ITS1{
and ITS4b following Anslan and Tedersoo (2015). Sequences were edited and assem-
bled using Sequencher 4.2 (Gene Codes, Ann Arbor). All sequences were examined for
sequence quality following Nilsson et al. (2012). Chimera detection was undertaken
using UCHIME (Edgar et al. 2011) and the UNITE chimera reference dataset (Nils-
son et al. 2015; release 2015-03-11).

Results

The ITS sequences recovered from the sequencing round passed all quality control
measures we exercised. In addition, no sequence was found to have the multiple DNA
ambiguity symbols suggestive of the presence of several information-wise distinct ITS
copies in the individuals at hand (Hyde et al. 2013). The resulting sequences manifest-
ed the SRP RNA sequence in the ITSI region of all three re-sequenced lineages. The
two authentic specimens of Russula and Lactarius produced identical ITS sequences to
those already extant. The sequence from the conspecific Astraeus sirindhorniae speci-
men differed by three bases from the extant sequence, which is well within the expect-
ed intraspecific variation when conspecific isolates are compared across geographical
distances (Thailand and the Philippines in this case). The sequences were deposited in
the INSDC as accessions KU356730-KU356732.

SRP RNA-containing sequences of Russula and Lactarius were found to have an
average length of some 890 bases; the corresponding average length for the SRP RNA-
containing Astraeus sequences was 840 bases. When using BLAST to find the most
similar sequences of Russula, Lactarius, and Astraeus that did not contain the SRP
RNA, we found that their ITS region was on average 616 bases (Russula), 644 bases
(Lactarius), and 620 bases (Astraeus). This corresponds well to the length of the SRP
RNA (~265 bases) for all of Astraeus, Russula, and Lactarius, allowing for some few
bases of divergence considering the cross-species comparison. The distances between
the SRP RNA and the surrounding genes 18S and 5.8S were almost the same within
each lineage, but differed somewhat among the three lineages: 80 and 174 bases (Lac-
tarius), 150 and 80 bases (Russula), and 55 and 132 bases (Astraeus).

Discussion

The finding that ncRNAs are located in tandem is not novel. Apart from the highly
conserved nuclear rDNA cluster, some ncRNAs have been found to cluster in several
protist species, e.g., SRP RNA together with U6 snRNA, 55 rRNA, SL RNA, and
tRNAs in dinoflagellates (Zhang et al. 2013). Regarding the transcription of the SRP
RNA in fungi, the transcriptional promoters of the SRP RNA in Saccharomyces cerevi-
siae (the TFIIIC-binding A- and B-box) are internal, and the SRP RNAs have a poly-
pyrimidine termination sequence similar to other RNA polymerase III genes. Although
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Figure 1. Schematic illustration of the fungal ITS region and neighboring rDNA genes. The subregions
ITS1, 5.8S, and ITS2 of the ITS region are indicated along with the SRP RNA in the first part of the
ITS1. The absolute positions of the subregions and the SRP RNA are provided in Suppl. material 2.

yeast SRP RNA also has an upstream TATA box — a motif we could not clearly identify
in our alignments — inactivation of this region does not result in a significant effect on
transcription (Dieci et al. 2002). Therefore it is possible that our identified SRP RNAs
could be transcribed independently of the transcription of the rDNA cluster. If so,
the SRP RNAs found in the ITS1 region most probably are fully functional, but there
may be another copy in the genome that constitutes the major transcript. Whether the
SRP RNA could be a product of the IDNA processing seems less likely. Although the
A, cleavage site that is the closest to the 5.8S should be downstream of the SRP RNA
3’ end since the distance between the SRP RNA and the 5.8S is at least 80 nucleotides
in the 63 sequences, the SRP RNA needs correct 5’ and 3’ ends to fold into the proper
secondary structure. Therefore the processing of the tricistronic ribosomal transcript
most probably leads to non-functional SRP RNA. The surprising lack of mutations, as
compared to other identified basidiomycete SRP RNAs (Suppl. material 4), could be
explained not only by the insertion being a recent event, but also by the need to preserve
the secondary structure of the SRP RNA region and thus the remaining parts of ITS1.

The three species from which the SRP RNA was recovered are all ectomycorrhizal
basidiomycetes and come from two different orders and two different families. Two of
these lineages are closely related (Russula and Lactarius, both in Russulaceae (Russula-
les)); the third one — Astracus sirindhorniae (Boletales) — comes from the same subphy-
lum (Agaricomycotina) as the former two. Even so, the Russulales and the Boletales are
separate orders, such that the presence of SRP RNAs in these fungi must be considered
independent gains. In the case of Russula and Lactarius — two very speciose genera — the
vast majority of the known species do not have the SRP RNAs in their ITS1. Similarly,
none of the other species in Astraeus treated by Phosri et al. (2014) were found to have
the SRP RNA. It would appear far more realistic to view these SRP RNAs as independ-
ent insertion events than as a plesiomorphic ITS state where the ancestor contained
the SRP RNA, but where all species except the few considered here lost it (Miller et al.
2006; Suppl. materials 1-4). Indeed, we found no evidence for SRP RNA in the ITS
region of any other fungus.
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The three previously identified SRP RNAs in the Russulales are not located in or
close to the rDNA cluster (Dumesic et al. 2015), and we argue that the SRP RNA
must be considered as an independently inserted element in these ITS1 sequences. Al-
though this does not cause any problems in terms of molecular identification of these
species, it does present a potential difficulty to the uncritical use of ITS sequences in
phylogenetic inference in these fungal lineages. Under the assumption that the SRP
RNA is found in the exact same position in the ITS1 region among species, the se-
quences could still be aligned jointly as long as the SRP RNA part is kept as a separate
element in the multiple sequence alignment. Any failure to realize that the SRP RNA
should be treated as a separate element to be scored as gaps in species that do not have
the SRP RNA is certain to give rise to very noisy multiple sequence alignments and
skewed inferences of phylogeny. In other words, there is a risk that alignment tools
will try to align other parts of the ITSI region onto the SRP RNA part in large align-
ments, which would violate homology assumptions. We briefly examined whether
several of the most commonly used alignment programs were able to recognize the
unique nature of the SRP RNA and not try to stack other parts of the ITS1 onto the
SRP RNA. The results were generally encouraging as long as the number of non-SRP
RNA containing species was kept reasonably low, with only minor manual adjust-
ments needed a posteriori. In the worse situation where the SRP RNA insertion is
not found in the exact same position across species, it will not be possible to maintain
position homology in the multiple sequence alignment. In that scenario, the sequences
containing the SRP RNA must be excluded from the alignment process, or the SRP
RNA element must be removed. Interestingly, Eberhardt (2002) reported an unex-
pected 250-base insertion in the ITS1 of Russula olivacea — one of the species examined
in the present study — and chose to exclude it from her multiple sequence alignment
due to alignment difficulties. In hindsight it seems probable that this 250-base region
indeed represents the SRP RNA. As demonstrated by the Eberhardt (2002) example,
there is widespread (although not necessarily universal) awareness of the importance
of examining multiple sequence alignments manually before they are put to scientific
use. However, the increasing use of fully automated solutions to data harvesting and
phylogenetic inference may present a concern here (cf. Antonelli et al. 2014).

Our findings are not without potential shortcomings though. The number of ITS
copies per fungal cell can approach 200 or more (Bellemain et al. 2010; Black et al.
2013). Whereas the process of concerted evolution is thought to homogenize the ar-
ray of ITS copies (Alvarez and Wendel 2003), it is not uncommon to find evidence of
two or more distinct I'TS copies during sequencing work (Hyde et al. 2013). A recent
pyrosequencing-based study found evidence for multiple, information-wise distinct
ITS copies in 3-5% of the 99 examined species of Ascomycota and Basidiomycota
(Lindner et al. 2013). The extent to which the three species examined here contain
multiple distinct ITS copies is unknown but may well be low, given that we obtained
single, clean PCR products and sequence chromatograms for all three species. Even so,
it is conceivable that we — much like the original sequence authors — in fact amplified
a rare and perhaps non-functional ITS copy. Although this would not disqualify our
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finding of an SRP RNA in the fungal ITS region, it would raise questions regarding
whether the inclusion of the SRP RNA ruined the function of this particular ITS copy,
essentially rendering the corresponding rRNA non-functional. In either case, we view
this multiple-copy scenario as unlikely given our consistent obtainment, and the more
than 20 independent recoveries, of the SRP RNA-containing ITS1 sequences.
Unfortunately, none of the species of the present study have a complete genome
published, so a detailed analysis of the SRP RNA in the context of the genomes of
these and closely related fungi will have to wait. That said, the trend that published
fungal genomes tend to come without the ribosomal operon for reasons of conveni-
ence is most unfortunate (Schoch et al. 2014). We join the barcoding community in
extending a plea that whenever a genome is sequenced and assembled, the ribosomal
operon should be assembled into the genome as a part of that process. If this undertak-
ing proves to be too complex, then at least the full ribosomal operon should be bun-
dled with the genome, even if its assembly into the genome cannot be accomplished.

Conclusions

We found evidence of Signal Recognition Particle (SRP) RNAs in the ITS1 region of
a total of 11 fully identified species in three ectomycorrhizal genera: Astraeus, Russula,
and Lactarius. Other than the ribosomal genes, this is the first known case of non-
coding RNAs in the fungal ITS region. Our finding is small step towards explaining
the many insertions found throughout fungal genomes, and it adds a new element to

the field of fungal ITS evolution.
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Output from cmsearch and primers used

Authors: Magnus Alm Rosenblad, Maria P. Martin, Leho Tedersoo, Martin Ryberg,

Ellen Larsson, Christian Wurzbacher, Kessy Abarenkov, R. Henrik Nilsson

Data type: text/computer output

Explanation note: A) The output from cmsearch showing all 63 relevant matches to
the three ectomycorrhizal lineages. B) Detail of the primers used to re-amplify the
specimens.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.
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ITS multiple sequence alignment

Authors: Magnus Alm Rosenblad, Maria P Martin, Leho Tedersoo, Martin Ryberg,

Ellen Larsson, Christian Wurzbacher, Kessy Abarenkov, R. Henrik Nilsson

Data type: text/ DNA sequence data

Explanation note: A multiple sequence alignment in the NEXUS format (Maddison
etal. 1997) comprising all 63 matching I'TS sequences, plus the three newly gener-
ated ones (KU356730, KU356731, and KU356732). The alignment was produced
in MAFFT without manual adjustment (Katoh and Standley 2013). The alignment
is composed of partial nSSU (bases 1-34 in the alignment), the full ITS1 (bases
35-678), the full 5.8S (bases 679-838), the full ITS2 (bases 839-1395), and partial
nLSU (bases 1396-end). The SRP RNA occupies position 203-474 in the align-
ment. The alignment is provided for overview purposes only; the two-order nature
of the taxa (Boletales and Russulales) coupled with the high variability of the ITS
region jointly mean that the alignment will not be suited for phylogenetic infer-
ence.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.
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Ellen Larsson, Christian Wurzbacher, Kessy Abarenkov, R. Henrik Nilsson

Data type: text/ DNA sequence data

Explanation note: Multiple sequence alignment comprising the 63 public ITS1 se-
quences with SRP RNA found in them, the three newly generated sequences, and
the SRP RNA sequences from Dumesic et al. (2015) (Stereum hirsutum, Heteroba-
sidion irregulare, and Heterobasidion annosum).

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.
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SRP RNA multiple sequence alignment

Authors: Magnus Alm Rosenblad, Maria P. Martin, Leho Tedersoo, Martin Ryberg,

Ellen Larsson, Christian Wurzbacher, Kessy Abarenkov, R. Henrik Nilsson

Data type: text/ DNA sequence data

Explanation note: Multiple sequence alignment with the SRP RNA sequences of
Dumesic et al. (2015; Stereum hirsutum, Heterobasidion irregulare, and Heterobasidion
annosum) aligned to our newly generated ITS sequences of Russula and Lactarius.

Copyright notice: This dataset is made available under the Open Database License
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(ODDL) is a license agreement intended to allow users to freely share, modify, and
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Introduction

The genus Psora consists of c. 30 species growing on soil and rock, mainly in arid
areas, from the arctic to the subtropical regions of the world (Timdal 2002). The cur-
rent concept of the genus was proposed by Schneider (1980) and emended by Timdal
(1984). No world monograph exists, but there are two revisions of the genus in North
America (Timdal 1986, 2002) and keys to the species in Europe (Poelt and Vézda
1981) and Asia (Timdal and Zhurbenko 2004). Ekman and Blaalid (2011) published
a molecular phylogeny of the Psoraceae, including 18 species of Psora.

In the current Chinese checklist (Wei 1991), five species of Psora are listed: (1) P.
asahinae (Zahlbr.) ].C.Wei, (2) P. asiae-centralis (H.Magn.) N.S.Golubk., (3) P. cre-
nata (Taylor) Reinke, (4) P. decipiens (Hedw.) Hoffm., and (5) P. lurida (Ach.) DC.
However, three species on this list (1, 2, and 5) are currently excluded from Psora, and
for one (3), the single Chinese record is based on incorrectly identified material [Psora
asahinae was synonymised with Psorula rufonigra (Tuck.) Gotth.Schneider (Schneider
1980), P. asiae-centralis was placed in Toninia as T. tristis ssp. asiae-centralis (H.Magn.)
Timdal by Timdal (1992), P. lurida was placed in Romjularia as R. lurida (Ach.) Tim-
dal by Timdal (2008), and the report of P. crenata is based on the holotype of Lecidea
undulata H.Magn. (Bohlin 82, S!) which was placed in synonymy with Anamylopsora
pulcherrima (Vain.) Timdal by Timdal (1991)]. Hence, P. decipiens (4) is the only
currently known species of Psora in China. It is listed from Xizang by Wei (1991) and
from Yunnan by Wang (2012, including a beautiful photograph), and is, together with
Psora himalayana (C.Bab.) Timdal (described from Uttar Pradesh, India, at 4700 ft),
the only known Psora species in the Himalayas.

On a visit to the herbarium of Institut fiir Pflanzenwissenschaften, Karl-Franzens-
Universitit Graz (GZU) in 1992, one of us (ET) discovered an apparently undescribed
species of Psora collected near the Khumbu Glacier south of Mt Everest (Nepal) by Josef
Poelt in 1962. Two years later, ET was asked by Torstein Engelskjon to identify some
specimens collected by him in 1993 in the Rongbuk Valley north of Mt Everest (Tibet)
during a joint Chinese-Norwegian scientific expedition. The material comprised the
same apparently undescribed species of Psora. The material from both expeditions was
rather poor and put aside pending richer collections. In 2013, during a visit to GZU,
MB was made aware of the Psora collection that WO had made in the Himalayas in
1994 and 2000. This collection contained the putative new species, and a renewed
study, including DNA analysis, has led us to describe it here as Psora altotibetica.

Material and methods

The specimens

This study is based on 15 collections of Psora made by WO in the Himalayas in 1994
and 2000, the collection of Psora altotibetica by J. Poelt (GZU), the two by T. Engelskjon
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(TROM), two by G. & S. Miehe made in the Himalayas in 1993 (GZU), four collections
from the Karakoram Range (Pakistan) in GZU which are here identified as 2 himalayana
and P vallesiaca (Schaer.) Timdal, and two collections of P indigirkae Timdal & Zhurb.
from Yakutia in O. Voucher data for these 26 specimens are given in the list of examined
specimens and in Table 1. The table also contains voucher data for the specimens of which
DNA was downloaded from GenBank or obtained through the Norwegian Barcode of
Life project (NorBOL). With the exception of one collection (2 himalayana, Zhurbenko
98161), we have examined all collections listed in Table 1 by morphology during this
project or previously.

Anatomy

Microscope sections were cut on a freezing microtome and mounted in water, 10%
KOH (K), lactophenol cotton blue, a modified Lugol’s solution in which water was
replaced by 50% lactic acid, and chlor-zinc-iodine. Amyloid reactions were observed
in the modified Lugol’s solution after pretreatment in K. Chlor-zinc-iodine was used to
locate remnants of algae in the cortex, and polarized light was used to locate crystals of
secondary metabolites and calcium oxalate. Calcium oxalate was identified by adding
25% sulphuric acid to the section; the oxalate crystals dissolve and needle shaped crys-
tals of calcium sulphate precipitate. Ascospore measurements are given as X + 1.5xSD,
where X is the arithmetic mean and SD — the standard deviation.

Secondary chemistry

Thin-layer chromatography (TLC) was performed in accordance with the methods of
Culberson (1972), modified by Menlove (1974) & Culberson and Johnson (1982). All
specimens were examined by TLC, with the exception of Miche & Miehe 9573/23/03
and Obermayer 4502, which were omitted due to being represented by richer material
from the same localities.

DNA extraction, PCR and sequencing

We performed DNA extraction, PCR amplification, PCR purification, and cycle se-
quencing as described by Bendiksby and Timdal (2013). DNA was extracted from
apothecia of 13 specimens (Table 1; GenBank Accession Numbers KU863631—
KUB863656). All DNA isolates produced for the present study are deposited in the
DNA collection at Natural History Museum, University of Oslo. We amplified and
sequenced the nuclear ribosomal internal transcribed spacer (ITS) and the mitochon-
drial ribosomal small subunit (mtSSU) using the primer pairs ITS5/ITS4 (White et al.
1990) and mtSSU1/mtSSU3R (Zoller et al. 1999), respectively.
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Data analyses

Sequences were assembled and edited using SEQUENCHER v.4.1.4 (Gene Codes
Corporation, Ann Arbor, Michigan, U.S.A.). Alignments were established in BIO-
EDIT 7.2.3 (Hall 1999) using the “Clustal W/Multiple alignment” option with subse-
quent manual adjustments. We analysed and summarized the data with parsimony and
Bayesian phylogenetic methods, including model testing, as described in Bendiksby
et al. (2015). The nuclear and mitochondrial datasets were analysed separately and in
combination (concatenated) with indels treated as missing data.

Results

Species identifications

The 24 Central Asian specimens were identified by morphology and secondary chem-
istry as Psora altotibetica (13), R himalayana (2), P vallesiaca (5), and P tenuifolia
Timdal (4).

Anatomy

The following key characters for including P altotibetica in Psora were observed in the
new species: the upper cortex contained remnants of algae throughout both the lower
stainable layer and the upper epinecral layer (‘Scheinrindentyp’ of Poelt 1958); the
hypothecium contained calcium oxalate crystals; the epihymenium contained orange
crystals which dissolved in K with a purple diffusion (assumed to be anthraquinones);
and the ascus contained a well-developed, amyloid tholus with a central, deeper amy-
loid tube structure (Porpidia-type).

The following species level characters were observed in P. alrotibetica: Upper cor-
tex composed of thin-walled hyphae with rounded lumina; lower cortex composed of
mainly periclinally oriented hyphae; crystals of calcium oxalate and assumedly gyro-
phoric acid (dissolving in K) present both in upper cortex and medulla; no crystals in
lower cortex; ascospores 9—14 x 5—7 pm.

Secondary Chemistry

The results of the TLC examinations are given in Table 1. All examined specimens of P
altotibetica contained gyrophoric acid; no traces of fatty acids were detected.
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Molecular data

Altogether 26 DNA sequences were generated from 13 specimens for the present study
(13 ITS and 13 mtSSU), including two specimens of P indigirkae from Yakutia in O.
In addition, seven unpublished ITS sequences of P globifera (Ach.) A.Massal. and P
vallesiaca from Norway were generated by the lichen DNA barcode project, OLICH,
at the Norwegian Barcode of Life (NorBOL). Moreover, 24 ITS and mtSSU sequences
from 13 Psora specimens were downloaded from GenBank. GenBank accession num-
bers of all 57 sequences are given in Table 1.

Alignments and phylogenetic analyses

The I'TS matrix of 32 accessions was 676 basepairs long and contained 181 parsimony-
informative characters. The basepairs and parsimony-informative characters for the
mtSSU matrix of 25 accessions were 881 and 28, respectively. The estimated best fit
model of evolution for ITS was SYM+G and for meSSU it was HKY+1+G. Both par-
simony jackknife and Bayesian trees of ITS vs mtSSU were congruent but resolved to
various extents (not shown). Therefore, for the final analyses, a concatenated dataset
of 1557 bp was used. In the Bayesian analysis of the concatenated dataset, the average
standard deviation of split frequencies had fallen to 0.0045 at termination (four mil-
lion generations) and the first 1000 saved trees (i.e. 25%) were discarded as burn-in.
The Bayesian 50% majority rule consensus tree, rooted with P testacea, is presented
with both Bayesian and parsimony branch support superimposed (Fig. 1). The mo-
lecular data group, with high support, multiple accessions of each species according to
species determination based on morphology. The single exception is one accession of
P himalayana, which falls out nested within a P vallesiaca clade. The latter consists of
strongly supported subclades. Psora tenuifolia is strongly supported as phylogenetic sis-
ter species to P altotibetica. The P tenuifolia — P altotibetica clade is in turn sister to the
P vallesiaca clade. A clade consisting of P hyporubescens Timdal and P pacifica Timdal
is also strongly supported. Apart from this, the molecular data does not support any
further inter-species relationships.

Discussion

Psora tenuifolia is the sister species of P altotibetica in our phylogeny (Fig. 1). It differs
in having thinner, ascending, less pruinose, more white-edged squamules containing
zeorin and usually norstictic acid, and in having a well-developed lower cortex com-
posed of mainly anticlinally oriented hyphae which are densely covered by calcium
oxalate crystals (Timdal 1986). Psora tenuifolia was previously known from Alaska and
arctic Canada (Timdal 1986) and from Yakutia (Zhurbenko 2003). In two specimens
(Obermayer 4525 and 5236) norstictic acid was not detected by TLC; these specimens
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Figure 1. The Bayesian 50% majority rule consensus tree based on a concatenated alignment of ITS and
mtSSU sequences of 33 accessions of 14 Psora species (see Table 1). Parsimony jackknife support values
above 50% are shown below branches and Bayesian posterior probabilities above. The curly branch lead-

ing to P, testacea has been shortened to reduce the size of a broad figure.

represent a previously unknown chemotype of P tenuifolia. The species is here reported
as new to China (Sichuan and Xizang) and the Himalayas. One collection (Obermayer
4487) is a mixture of P altotibetica and P tenuifolia.
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Psora vallesiaca is the phylogenetic sister species of the P. altotibetica - P. tenuifolia
clade (Fig. 1). It differs from P. altotibetica in having less pruinose squamules with a more
up-turned and white-edged margin, and in containing norstictic acid. It is morphologically
more similar to P. tenuifolia than to P. altotibetica; see Timdal (1986) for discussion on the
differences between P. tenuifolia and P. vallesiaca. Two specimens here identified as P. valle-
siaca (Obermayer 4482 and 5279) do not contain lichen substances and were first thought
to represent P. himalayana. We obtained sequences from the latter, and it clusters with 2.
vallesiaca in our phylogeny (Fig. 1, specimen P. vallesiaca 3). The sequence of P. himalayana
downloaded from GenBank (specimen not examined by us, chemistry unknown) also clus-
ters with those of P. vallesiaca in our phylogeny. Timdal (1986) remarked that P. hima-
layana and P. vallesiaca are sometimes difficult to distinguish morphologically, but that the
chemistry is diagnostic. It now seems that there is a norstictic acid deficient chemotype of
P. vallesiaca, making the taxonomic status of P. himalayana in need of revision. Psora val-
lesiaca is here reported as new to China (Sichuan and Xizang) and the Himalayas.

The other species of Psora known from the Himalayas, P. decipiens, differs in hav-
ing orange to red or rose, more regularly rounded squamules with a usually more
upturned and crenulate margin, in having strictly marginal apothecia, and in lacking
lichen substances or more rarely containing norstictic acid or very rarely hyposalazinic
and hypostictic acids (see, e.g., Timdal 2002).

Nine other Psora species contain gyrophoric acid (Timdal 1986, 2002, Timdal and
Zhurbenko 2004). Five of those are in our phylogeny (Fig. 1; i.e. P. californica Timdal,
P. hyporubescens, P. indigirkae, P. nitida Timdal, and P. pacifica), but none are closely
related to P. altotibetica. Psora indigirkae is the morphologically most similar Psora
species, but differs from P. altotibetica in having brown apothecia, often with a reddish
hue, larger ascospores (14-17 x 7—8 um; n=50), and in its secondary chemistry: gyro-
phoric acid is accompanied by bourgeanic acid (Timdal and Zhurbenko 2004). None
of the four remaining gyrophoric acid containing Psora species are morphologically
similar to P. altotibetica. Psora nipponica (Zahlbr.) Gotth.Schneider and P. rubiformis
(Ach.) Hook. have, e.g., a lower cortex similar to that of P. tenuifolia (Timdal 1986),
P. montana Timdal has medium to castaneous brown squamules and brown, more
plane apothecia, and P. russellii (Tuck.) A.Schneider has larger, more rounded squam-
ules, often with a central depression, and almost always contains norstictic acid as the
major compound (gyrophoric acid being minor to trace or lacking).

Taxonomy

Psora altotibetica Timdal, Obermayer & Bendiksby, sp. nov.
Mycobank: MB 816840
Fig. 2

Diagnosis. Similar to Psora indigirkae, but apothecia black, ascospores shorter, and
bourgeanic acid absent from the thallus.
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Figure 2. Psora altotibetica, part of holotype. Scale bar = 1 mm.

Type. CHINA. Xizang: Himalaya Range, 165 km SSE of Lhasa, 40 km W of
Lhiinze, little village on way to Nera Tso (=NiLa Hu), 28°23'N, 92°05'E, 4300-4400 m
alt., dry-valley, N-exposed dry slopes, on the ground, 1 Aug 1994, W.Obermayer 5282
(holotype: GZU!).

Description. Thallus squamulose; squamules up to 3 mm wide, rounded, adnate,
dispersed to adjacent, weakly concave to plane; upper surface medium brown, dull,
becoming moderately to densely pruinose, smooth when young, later with fissures
in the cortex; margin concolorous with upper side or partly white, straight to slightly
down-turned or slightly up-turned, entire; upper cortex 40-60 Km thick, composed of
pale brown, thin-walled hyphae with rounded lumina, containing remnants of algae
throughout (Chlor-zinc-iodine!), containing crystals of gyrophoric acid (assumedly,
dissolving in K) and (in pruinose squamules) crystals of calcium oxalate; epinecral
layer hardly developed. Medulla not amyloid, containing both lichen substances (dis-
solving in K) and calcium oxalate; lower cortex poorly developed, composed of mainly
periclinally oriented, pale brown hyphae, not containing crystals; lower surface brown.
Apothecia up to 1.2 mm diam., marginal or submarginal on the squamules, plane and
indistinctly marginate when young, soon becoming convex and immarginate, black,
epruinose or faintly white pruinose at the margin. Hypothecium colourless, containing
crystals of calcium oxalate; epihymenium yellowish brown, containing orange crystals
dissolving in K, K+ purple. Ascus clavate, with a well-developed, amyloid tholus con-
taining a deeper amyloid tube, lacking an ocular chamber (Porpidia-type); ascospores
ellipsoid, simple, hyaline, 9-14 x 5-7 pm (n = 30). Conidiomata not seen.
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-
.

15

Figure 3. Psora altotibetica, known distribution. Open circle = holotype locality.

Chemistry. Gyrophoric acid (by TLC); upper cortex and medulla K-, C+ faintly
red, KC+ faintly red, P—.

Habitat and distribution. The species is terricolous and known from nine locali-
ties in China (Tibet) and Nepal at altitudes between 4230 and 5000 m (Fig. 3).

Etymology. The name refers to its occurrence at high altitude in the Tibetan part
of the Himalayas.

Other specimens examined. Psora altotibetica. CHINA. Xizang: Shegar, Ron-
gbuk Valley, S of Rongpu-si, 5000 m alt., moraine hill, 7 Jul 1993, T.Engelskjon
T-030b (TROM L-42812); 5000 m alt., rock base, patchwise on silt, 7 Jul 1993,
T.Engelskjon T-036 (TROM L-42813); Upper Tsangpo basin, N of Saga, 29°34'N,
85°15'E, alt. 4760 m, 28°W, grazed stony relicts of Juniperus dwarf-scrub, on ground,
26 Aug 1993, G.Miehe. & S.Miehe 9573/23/02 (GZU) & 9573/23/03 (GZU); 120
km SSW of Quamdo (=Changtu), 10 km S of Bamda, 30°09'N, 97°17'E, 4500-4700
m alt., on mosses, overhang, NNW-exp., 6 Aug 1994, W.Obermayer 3967 (GZU);
Himalaya Range, 160 km S of Lhasa, dry valley of Kuru river, 10 km NW Lhozag,
28°24'N, 90°39'E, 4230 m alt., N-exposed steep rocks in a glen, on soil, 17 Jul 1994,
W.Obermayer 4350 (GZU) & 4365 (GZU); Himalaya Range, 170 km S of Lhasa, be-
tween Lhozhag and Lhakhang Dzong, W-facing slopes of Dhalari mountain, 28°20'N,
90°58'E, 4300 m alt., NN'W-exposed, +tunderhang, 20 Jul 1994, W.Obermayer 4485
(GZU) & 4502 (GZU); Himalaya Range, 170 km SE of Lhasa, 110 km SSE of Tse-
tang (Nedong), 28°35'N, 92°23'E, 4700 m alt., alpine meadows with Kobresia pyg-
maea, ground with Ochotona-burrows, 26 Jul 1994, W.Obermayer 4981 (GZU);
Himalaya Range, 130 km SE of Lhasa, 50 km SSE of Tsetang (Nedong), on way to
the pass Putrang La, 28°52'N, 92°06'E, 4400 m alt., dry slope, on soil, 2 Aug 1994,



46 Einar Timdal et al. | MycoKeys 13: 3548 (2016)

W.Obermayer 5223 (GZU). NEPAL. Mahalangur Himal, Khumbu, Morinen des
Khumbu-Gletschers bei Lobuche, 4950-5000 m alt., Sep 1962, J.Poelt 1138 (GZU).

Psora himalayana. PAKISTAN. Karakorum, Naz Bar (Yasin), 36°17-25'N, 73°0—
17'E, 3400-3470 m alt., subalpine Juniperus communis dwarf-scrub with Juniperus
macropoda trees in Seriphidium maritimum steppe; on silt in rock crevices, 11 Sep
1990, G.Miche & S.Miche 3529 (GZU); Karakorum, Baltistan, Haramosh Range,
“Alm” Pakora SE Ganto La, 35°41'N, 75°21'E, 3600-3800 m alt., pasture and rocks
around the alm, rocky slopes, 3 Jul 1991, J.Poelt K91-416 (GZU).

Psora indigirkae. RUSSIA. Sakha Republic: Momskii region, along the river In-
digirka, c. 48 km NNW of Tyubelyakh, 65°48'N, 142°53'E, 200-300 m alt., on
calcareous soil in limestone cliffs, 20 Jul 1992, R.Haugan & E.Timdal YAK17/24 (O
L-19086); c. 54 km N-NNW onyubelyakh, 65°51'N, 143°01'E, 200-300 m alt., 20
Jul 1992, M.P.Zhurbenko 92185 (O L-118686).

Psora tenuifolia. CHINA. Sichuan: Tibetan fringe mountains (=Hengduan Shan),
Shaluli Shan, on the outskirts of Yajiang, 200 m E of the river Yalong Jiang, 30°02’22”N,
101°00’16”E, 2610 m alt., NE-exposed dry slopes with schist outcrops, on thin soil
crust (over schist), 12 Aug 2000, W.Obermayer 9791 (GZU); Xizang: Himalaya Ran-
ge, 170 km S of Lhasa, between Lhozhag and Lhakhang Dzong, W-facing slopes of
Dhalari mountain, 28°20'N, 90°58'E, 4300 m alt., NN'W-exposed, +underhang, 20 Jul
1994, W.Obermayer 4487 (GZU); Himalaya Range, 175-180 km S of Lhasa, between
Lhozhag and Lhakhang Dzong, Kuru river valley, pass, 28°12'N, 91°00'E, 3600 m
alt., on soil, 21 Jul 1994, W.Obermayer 4525 (GZU); Himalaya Range, 210 km SE of
Lhasa, 15 km ESE of Lhiinze, way to Qayii, dry-valley of Subansiri, 28°24'N, 92°37'E,
41004200 m alt., on soil (+ mosses), 31 Jul 1994, W.Obermayer 5236 (GZU).

Psora vallesiaca. CHINA. Sichuan: Shalui Shan Mts, 30 km NE Batang, S Yi-
dun, 30°16'N, 99°25'E, 3750-3800 m alt., on marble outcrops, soil, 25 Jun 1994,
W.Obermayer 3227 (GZU); Xizang: Himalaya Range, 165 km SSE of Lhasa, 40 km
W of Lhiinze, little village on way to Nera Tso (=Ni La Hu), 28°23'N, 92°95'E, 4300~
4400 m alt., dry-valley, N-exposed dry slopes, on the ground, 1 Aug 1994, W.Ober-
mayer 5279 (GZU); Himalaya Range, 170 km S of Lhasa, between Lhozhag and
Lhakhang Dzong, W-facing slopes of Dhalari mountain, 28°20'N, 90°58'E, 4300 m
alt., NNW-exposed, +underhang, 20 Jul 1994, W.Obermayer 4482 (GZU); PAKIS-
TAN. Karakorum, Baltistan, Haramosh Range, between “Alm” Matumdus (3620 m,
35°42'N, 75°23'E) and Hemasil in the Basna Valley, 3100-3200 m alt., 7 Jul 1991,
J.Poelt K91-705 (GZU); Karakorum, Baltistan, Basna valley, Basnald, 2500 m alt., 10
Jul 1991, J.Poelt s.n. (GZU).
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