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Abstract
Due to their submerged and cryptic lifestyle the vast majority of fungal species are difficult to observe
and describe morphologically and many remains known to science only from sequences detected in
environmental samples. The lack of rules to delimit and name most fungal species is a staggering
limitation to communication and interpretation of ecology and evolution in kingdom Fungi. Here we use
environmental sequence data as taxonomical evidence and take an integrated taxonomic approach by
combining phylogenetic and ecological data to generate and test species hypothesis in the class
Archaeorhizomycetes (Taphrinomycotina, Ascomycota). Based on environmental amplicon sequencing
we recognize 68 distinct phylogenetic species hypotheses (PSHs) of Archaeorhizomycetes, including the
two described species in the class, in a well-studied Swedish pine forest podzol soil. Nine of the species
hypotheses, including the more abundant ones, are supported by long read data and represent 78% of the
sequenced Archaeorhizomycetes community.
Among well supported sister PSHs, significantly differential distribution in the soil profile provide
additional ecological evidence supporting the identification of two novel species for which we provide
molecular diagnostics and propose names. Our analysis indicates that frequent and abundant taxa can
be phylogenetically resolved in environmental samples, while rare taxa remain un-captured at our
sampling and sequencing intensity. While environmental sequences cannot be automatically translated
to species hypothesis, they can be used to generate phylogenetic and ecological evidence supporting
species recognition of abundant species without physical specimens.

Introduction
Species are fundamental units of biodiversity. There is general support for species as entities with their
own evolutionary identity and fate, i.e., separately evolving metapopulation lineages, the principle upon
which the unified species concept is built (De Queiroz, 1998, 2007). Nevertheless, it remains challenging
to operationally delimit species. It is increasingly evident that morphology-based taxonomy is not a
feasible approach to systematically classify most eukaryotic microorganisms, including fungi (Hibbett,
2016) and protists (Keeling & Burki, 2019). Diagnostic morphological characters may not be readily
available even in some macroscopic animals (Fišer et al., 2018), calling for integrated taxonomy
including DNA-based methods for delimitation and classification of cryptic species (Dayrat, 2005; Padial
et al., 2010; Yeates et al., 2011). Often, molecular data play a key role in taxonomy, for example, by
utilizing phylogenetic evidence to test hypotheses of species boundaries that were developed using
morphological evidence. Over the last decade, DNA-based species delimitation has resolved hundreds of
cryptic species in algae, and species diagnosis based solely on DNA sequence data is increasingly
accepted (Leliaert et al., 2014).
In fungal systematics, the about 140 000 described species are predicted to represent less than one tenth
of the true fungal diversity (Hibbett, 2016). The submerged lifestyle and microscopic, morphological
simplicity of fungi complicates their discovery and formal nomenclature because the physical specimens
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required for naming species in accordance with the International Code of Nomenclature for Algae, Fungi
and Plants (the Code) can often not be isolated or identified. Many of the undescribed fungi are known
from environmental studies using amplicon sequencing (Nilsson, Anslan, et al., 2019) and are among
those referred to as “dark taxa” (Ryberg & Nilsson, 2018). Efforts to culture and image “dark taxa” are
scarce, and as in the case of the current study, often fruitless, in part because we know so little about
these organisms. One approach to identifying hypothetical species using environmental sequence data is
via a cluster-based reference system that includes both environmental and ex-type sequences, for
example “virtual taxa” of the MaarjAM database (Öpik et al., 2010), or “species hypotheses” of the UNITE
database (Kõljalg et al., 2013; Nilsson, Larsson, et al., 2019). It is impossible to overstate the value and
utility of such databases (for example, as a tool for identification of environmental sequences), however,
clustering methods cannot replace taxonomy since outputs are context-dependent and similarity cutoffs
remain arbitrary (Ryberg, 2015). Integrated taxonomy may resolve this limitation by using multiple lines
of evidence to support or reject species hypothesis, thus building towards well-supported delimitation of
species (Leliaert et al., 2014). Naming “dark taxa” is a tool to communicate their presence and gather an
understanding of their biology.
One particularly enigmatic lineage filled with “dark taxa” is the fungal class Archaeorhizomycetes
(Taphrinomycotina, Ascomycota) (Rosling et al., 2011). Sequences of Archaeorhizomycetes are
frequently observed in environmental DNA samples from soil and roots and have been detected in more
than 100 environmental studies (Hibbett, 2016; Menkis et al., 2014; Porter et al., 2008). Based on
clustering of published environmental DNA sequences, the class is likely to comprise at least 500 species
with a wide geographical distribution, occurring in terrestrial environments around the globe (Menkis et
al., 2014). The annotated fungal sequence database UNITE (version 8.0) (Kõljalg et al., 2013) currently
has 195 species hypotheses classified as Archaeorhizomycetes at the 1.5% dissimilarity threshold.
Richness estimates based on clustering at 98.5% of environmental sequences available as Short Read
Archive data indicate that Archaeorhizomycetes may encompass as many as 16,231 OTUs (Lücking &
Hawksworth, 2018). Previously known as Soil Clone Group 1 based on environmental sequence data
(Porter et al., 2008; Schadt et al., 2003), the first living specimen was isolated into pure culture and validly
named in 2011: Archaeorhizomyces finlayi Rosling & T. James (Rosling et al., 2011). To date, only one
additional species, A. borealis Menkis, T. James & Rosling (Menkis et al., 2014), has been isolated and
described. Even if the species richness estimates based on environmental sequence data are inflated due
to sequencing errors or artefacts of OTU clustering methods (Lücking & Hawksworth, 2018), the two
name-baring species in the class certainly represent a small fraction of its true diversity. Further, while
little is currently known about the ecology and lifestyles of species in the Archaeorhizomycetes, studies
using environmental sequences indicate that the class is both abundant and diverse in a range of
terrestrial ecosystems (Carrino-Kyker et al., 2016; Clemmensen et al., 2015; Cruz-Paredes et al., 2019;
Fernández-Martínez et al., 2017; Geml et al., 2014; He et al., 2019; Kluting et al., 2019; Kyaschenko et al.,
2017; Levy-Booth et al., 2019; Maghnia et al., 2017; Pinto-Figueroa et al., 2019; Rosling et al., 2013; Sun et
al., 2016). In several studies its abundance is linked to ecological patterns such as succession and
nutrient availability highlighting the urgent need to recognize species in the class to facilitate
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communication and identify ecological patterns across studies. Despite extensive culturing efforts, no
further cultures of Archaeorhizomycetes were successfully isolated in the current study. To estimate
diversity of Archaeorhizomycetes, as well as many other under-described fungal lineages, environmental
sequence analysis needs to be developed for species hypothesis testing. High abundance in
environmental sequence datasets and access to reference sequences for all described species makes
Archaeorhizomycetes an excellent case to develop novel taxonomic approaches for describing species
known only from environmental sequences, without the risk of creating confusion in respect to species
described based on morphology or other kind of characters.
In nature, niche partitioning is an important process that allows co-existence of species with similar
resource requirements (Schoener, 1974) such as soil fungal communities (Peay et al., 2008). In
accordance with the expectation that closely related species have separate niches in at least one
dimension, vertical separation has been demonstrated for sister species of soil fungi as a result of
competitive avoidance (Mujica et al., 2016). In the current study we use niche separation as a dimension
for ecological species recognition. We designed the current study to advance the field of fungal
systematics by using environmental sequence data to generate evidence for taxonomic description of
species from a well-studied Swedish pine forest. At this site, previous studies have revealed operational
taxonomic units (OTUs) within Archaeorhizomycetes that are both abundant and vertically stratified
(Fransson & Rosling, 2014; Lindahl et al., 2007). We combined long and short read amplicon sequences
in order to propose phylogenetic species hypotheses (PSH) for the Archaeorhizomycetes diversity at the
site. Here, we use environmental sequence data by building phylogenetic species hypotheses that we test
using ecological species recognition, i.e. niche separation as defined by read abundance recorded from
visually distinct Podzol soil horizons. We hypothesized that sister PSHs would have different realized
niches and tested this using short read relative abundance across soil horizons as a proxy for niche
distribution. By combining two lines of evidence we firmly delimit and describe two novel species.

Material And Methods

Field site and sampling
Soil samples were collected in mid-October 2013 from Ivantjärnsheden field station close to Jädraås
(60°49‘N, 16°30’E, altitude 185 m), a well-documented field site in central Sweden (Persson, 1980) with
Pinus sylvestris L. overstory and an understory of ericaceous dwarf shrubs (Calluna vulgaris (L.) Hull and
Vaccinium vitis-ideae L.) and mosses [Dicranum majus Turner and Pleurozium schreberi (Bridel) Mitten].
The stand was naturally regenerated after tree felling in 1957 and thinned before the onset of an
experimental field study conducted between 1974 and 1990 [experiment Ih2 (9802)] (Axelsson &
Bråkenhielm, 1980) (Fig. S1). Between those years, 30 × 30 m plots received one of four different
treatments: irrigation and fertilization (IF), irrigation (I), un-manipulated control (O), as well as clear cut
plots (CU). The clear-cut was part of a second study following the initial experiment and represented one
plot from each previous treatment. Forest has since started to regenerate in CU plots. To account for
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deep) in each plot after visually dividing the plot into four quadrants; one core each were taken from the
middle of each quadrant and from the middle of the plot after peeling back the top shrub and moss layer
(incl. most of the litter layer). Soil cores were separated into visually distinct podzol soil layers: organic
soil (O, approximately 0–5 cm depth), mineral elluvial soil (E, 5–8 cm) and mineral illuvial soil (B, 8–
15 cm), before pooling the layers for each plot. We sampled four types of plots: three treatments (I: 11, 16,
17; IF: 4, 12, 13; O: 21, 23, 24) as well as the clear cuts (CU: 1, 2, 3) (Fig. S1, Table S1). This sampling
rendered a total of 36 soil samples that were separately homogenized in Ziploc bags before separating a
15 mL sample from each that was transported back to the laboratory on ice and stored at -20 °C.
Remaining soil was stored cold awaiting fungal isolation efforts.

Attempts to isolate Archaeorhizomycetes from roots
An extensive culturing effort was performed during summer and fall of 2013 and 2014, attempting to
isolate species in Archaeorhizomycetes from Ivantjärnsheden field station. New soil samples were
collected for isolations in 2014. The isolation protocol was based on previous successful isolations of
Archaeorhizomycetes (Grelet et al., 2010; Menkis et al., 2014; Rosling et al., 2011). Roots were separated
from soil samples collected as described above. Under a stereomicroscope, healthy and dead root tips
about 1 cm long were selected, and superficially disinfected in 30% peroxide for 30 s and rinsed in sterile,
deionized water for 2 min. Then, root tips were cut in ~ 2 mm long pieces and placed in 10 cm diameter
petri dishes containing modified Melin Norkrans media (MMN) (Marx, 1969) with half strength of
glucose. Up to 20 root fragments were placed in each dish and incubated up to five months in darkness
at room temperature. Since available Archaeorhizomycetes cultures are slow-growing, all fungal colonies
that grew from the root fragment during the first three months were discarded by cutting them out of the
plate using a sterile scalpel. Fungal colonies emerging from the root tips after this period were subcultivated on new dishes with the same MMN media. Days after plating were recorded for all transfers.
Approximately 2,000 root tips were surface-sterilized and plated, resulting in just over 160 cultures
somewhat resembling those of A. borealis or A. finlayi. DNA was extracted from these for amplification of
the rDNA ITS and LSU region, using the forward primers ITS1 (White et al., 1990) and reverse LR3 (Hopple
Jr & Vilgalys, 1994), and then amplified and sequenced by Sanger technology, also including the reverse
primer ITS4 (Gardes & Bruns, 1993). The 98 usable sequences generated were assigned to SH in UNITE
(Kõljalg et al., 2013) and BLASTed against GenBank (Altschul et al., 1990). None of the sequences
matched Archaeorhizomycetes, but many were identified as root associated fungi in the genera

Coemansia, Meliniomyces, and Phialocephala (among others). The sequences were deposited in
GenBank (Sayers et al. 2020), with accession numbers MH843963–MH844060.

Soil DNA extraction
From each composite soil sample, two sub-samples of approximately 0.5 g wet weight were collected
into separate 2.0 mL microtube containing 750 µL of lysis buffer (Xpedition™ Soil/Fecal DNA miniprep,
Zymo Research Corporation, Irvine, California, USA). Total soil DNA extraction was performed after
homogenization for 30 s using a TerraLyser™ (Zymo Research Corporation), following the manufacturer’s
protocol. DNA concentration and integrity were verified by 0.8% agarose gel electrophoresis on 0.5% Tris
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Acetate-EDTA buffer (Sigma-Aldrich, St. Louis, Missouri, USA) stained with 1 × GelRed™ (Biotium Inc.,
Hayward, California, USA). Two different sequence datasets were generated from these samples: 1) a
"phylogenetic" dataset of long amplicons using PacBio SMRT, and 2) an "ecological" dataset based short
read metabarcoding using IonTorrent. The longer reads in the “phylogenetic” sequence dataset provides
enough information to resolve deeper nodes in the Archaeorhizomycetes tree while the “ecological”
dataset provides sufficient sequencing depth and replication to test for species specific realized niches.

Generating the “phylogenetic” sequence dataset
Approximately 1500 bp of the rDNA ITS and LSU region was amplified from all soil DNA extracts using
the primer set ITS1F (Gardes & Bruns, 1993) and LR5 (Hopple Jr & Vilgalys, 1994), with Phusion HighFidelity DNA polymerase (ThermoFisher science, Waltham, Massachusetts, USA). We run a thermocycling protocol as follows: an initial denaturation at 95 °C for 10 min followed by 30 cycles of
denaturation at 95 °C for 45 s, annealing at 58 °C for 45 s, and elongation at 72 °C for 90 s, with a final
elongation at 72 °C for 10 min. A total of 5, 8 and 3 samples successfully amplified for O, E and B
horizons, respectively (Table S1). PCR products from the separate soil horizons were pooled and
quantified by Nanodrop 2000C (ThermoScientific, Waltham US), and gel electrophoresis was performed
to generate three amplicon libraries (SwO, SwE and SwB) for sequencing at SciLifeLab/NGI (Uppsala,
Sweden) on a PacBio RS II system (Pacific Biosciences, Menlo Park, CA, USA). Sequences were delivered
to us as error-corrected FASTQ files. Raw reads for the current study are available in ENA (samples
ERS3508481- ERS3508483).
The “phylogenetic” sequences dataset was filtered in four steps for downstream phylogenetic analysis of
the Archaeorhizomycetes diversity at the site. First, the raw sequence reads were filtered and trimmed
using the tool cutadapt (version 1.18) (Martin, 2011) to keep only reads with both primers present, and to
remove the actual primer sequences from the reads. Amplicons sequenced in reverse, were reverse
complemented before continuing the analyses. Secondly, a quality-controlled, long read sequence dataset
of all amplified sequence variants (ASVs) was generated using DADA2 (version 1.9.3) (Callahan et al.,
2016). Default parameters were used for filtering the reads, but discarding sequences with more than 12
"expected errors" (maxEE = 12). This value was chosen relatively high due to the long reads. In addition,
sequences shorter than 50 bp and longer than 3,000 bp were removed as spurious. The option 'pooled'
was used both for denoising and chimera detection, in order to consider the sequences in all three
samples/data sets together. For chimera removal, the option 'AllowOneOff' was used, meaning that a
sequence will be identified as chimeric also if it is one mismatch or indel away from an exact bimera.
Thirdly, the tool ITSx (version 1.1-beta) (Bengtsson-Palme et al., 2013) was used to identify different
regions of ribosomal RNA within each ASV. Seven of the ASVs were considered incomplete reads and
removed from further analysis because no ITS2 region was detected. BLASTing of these sequences
suggest that they represent protists. We used Geneious (version 11.1.4) (Kearse et al., 2012) to align the
LSU region of the 276 ASVs with the LSU sequences of A. finlayi (JF836022), A. borealis (KF993708) and
the uncultured lineage GS31 (KY687760) which represents a sister class of Archaeorhizomycetes
(Tedersoo et al., 2017). The Geneious alignment algorithm set to the Global alignment with free end gaps
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option, a cost matrix of 65% similarity (5.0/-4.0) with gap open penalty 12 and gap extension penalty 3.
ASV taxonomy assignments with a confidence value of 0.8 or higher was added in the alignment to the
ASV name using a customized script using class when assigned, or else phyla or domain. The alignment
was visually inspected, and three ASVs were removed because two were truncated (ASV_279 and
ASV_196) and one (ASV_280) was chimeric with a possible protist sequence. For the remaining ASVs,
taxonomy was predicted with the ITS2 region using the SINTAX classifier (Edgar, 2010) as implemented
in VSEARCH (version 2.10.4) (Rognes et al. 2016), and the USEARCH/UTAX reference dataset (version
8.0) (UNITE Community, 2019), available from the UNITE database (Kõljalg et al., 2013). This reference
dataset was customized by replacing unassigned species level taxonomy with UNITE SH when available.
A final alignment across 1,186 bp from 273 ASV and 3 reference sequences was uploaded in the CIPRES
portal (Miller et al., 2010) and a maximum likelihood tree was built using the online version of RAxML
XSED2 (version 8) (Stamatakis, 2014). The GTRGAMMA model was used with 1000 iterations for the
calculation of bootstrap support. The tree was visualized in FigTree (version 1.4.4) and rooted with two
Rozellomycota sequences (ASV_229 and ASV_237). Taxonomy predictions with a confidence value of 0.8
or higher using class when available, or else phyla or domain was added to the ASV name in the tree file
using a customized script. Forty-two ASVs representing Archaeorhizomycetes were identified as those
forming a well-supported clade together with A. borealis and A. finlayi, and distinct from GS31 (Fig. S2).
The full-length sequences of these 42 ASVs were aligned in Geneious as described above and a ML tree
was generated in the CIPRES portal as described above, and ASVs on long branches were visually
inspected in the alignment. This procedure identified ASV_135 a chimera formed from parent sequences
ASV106 and ASV8, and was removed from the dataset. With these steps, we generated a high quality
Archaeorhizomycetes rDNA sequence dataset consisting of 41 ASVs ranging in length from 1,3731,801 bp and representing 52,274 reads (Fig. S2, Table S2, S3). In the end, 272 ASV sequences, together
with the most specific taxonomy level with a confidence value of 0.8 or above, were published in GBIF
(http://doi.org/10.15468/8zymuf).

Generating the “ecological” sequence dataset
The ITS2 region of the rRNA genes was amplified using primers gITS7 forward (Ihrmark et al., 2012) and
modified ITS4m reverse (Rosling et al., 2016) (a 1:1 mixture of ITS4 (White et al., 1990) and a modified
version of it: 5′–TCCTCGCCTTATTGATATGC–3′), with both primers containing adequate barcode
sequences for single-ended sequencing (Table S1). Modifications on the reverse primer ITS4 were
included to reduce its known bias against the class Archaeorhizomycetes (Schadt & Rosling, 2015). PCR
was performed in a final volume of 20 µL reactions with 10–20 ng DNA, 1 × SSoAdvanced™ Universal
SYBR® Green Supermix (Bio-Rad Laboratories, Hercules, California, USA), and 0.8 nM of each primer.
PCR amplifications were carried out on a CFR96 TouchTMReal/Time PCR Detection system (Bio-Rad
Laboratories) with 10 min pre-denaturation at 95 °C, 1 min DNA denaturation at 95 °C, 45 s annealing at
50, 54 and 58 °C (performed in separate tubes) to compensate for primer binding bias (Schmidt et al.,
2013), 50 s of extension at 72 °C and 3 min final extension at 72 °C. Monitoring amplification by qPCR
allowed us to adjust the number of cycles between 23–27 for each plate, in order to ensure that
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amplification did not plateau and to minimize chimera formation. All reactions were carried out in parallel
on the duplicate DNA extracts from each sample, combining all six PCR products before purification
using the ZR-96 DNA Clean & Concentrator™-5 (Zymo Research Corporation). Duplicate quantification of
PCR products was performed using the Quant-iT™ PicoGreen® dsDNA Assay Kit (Life Technologies
Corporation, Carlsbad, California, USA) on a TECAN F500 microplate reader and the band purity and
length was checked by electrophoresis in 2% agarose gel 0.5 × TAE buffer. A sequencing library was
prepared by pooling 35 ng PCR products from each sample, loaded onto a 318 chip for PGM Ion Torrent
sequencing technology (Life Technologies Corporation, Carlsbad, CA, US) and sequenced at the National
Genomics Infrastructure (NGI Uppsala; SciLifeLab, Uppsala, Sweden). The current study was sequenced
on the same IonTorrent chip as four other studies with samples from different ecosystems including
forest soils across Puerto Rico (Urbina et al., 2016), mixed deciduous forest in Indiana, US (Rosling et al.,
2016) and two un-published datasets from west Africa (Benin and Burkina Faso) and central Asia (India
and Kyrgyzstan), as well as a negative and positive control on this IonTorrent chip. The 4,805,942 raw
sequence reads were demultiplexed by the sequencing facility and provided as 96 fastq files. Raw reads
for the current study are available in ENA (samples ERS4600640-ERS4600675).
The software package DADA2 (version 1.14.0) (Callahan et al., 2016) for R (version 3.6.1) (R Core Team,
2019) was used to quality filter the raw reads and infer ASVs. Prior to ASV inference, primer and barcode
sequences were trimmed from the reads using cutadapt (version 2.6 with Python version 3.7.5) (Martin,
2011), allowing for up to two mismatches, and requiring detection of both forward and reverse primers,
as well as a minimum primer/read overlap of 10 bp. After primer trimming, 1,905,188 reads (39.6% of raw
reads) were retained. The fi < erAndTrim function of the DADA2 package was then used to trim the
first 15 bp (trimLeft = 15), truncate the reads at any quality score of two (tuncQ = 2), and filter out
reads that are less than 75 bp in length ( min Len = 75) or have more than five expected errors (
max ∃ = 5). Next, error learning and denoising (via the ≤ arnErr or s and dada functions,
respectively) of the reads were done using default parameters, except that a homopolymer gap penalty of
1 was specified for the denoising step (HOMOPOLYMER GAP PENALTY = - 1), and the alignment
band size was increased to 32 for both error learning and denoising steps (BAND SIZE = 32). All 96
samples from the chip were pooled for ASV inference (p∞l = TRUE) and removeBimeraDenovo
function was used to detect and remove chimeras (method = “p∞ ≤ d”) and allowing for a one-off
mismatch (`allowOneOff = TRUE), resulting in a total of 4,822 ASVs, representing 1,804,814 reads (37.6%
of raw reads). For clarity ASVs generated from IonTorrent data are called itASVs though out the text.
Two methods were used to identify itASVs as putative Archaeorhizomycetes sequences. In the first
method, taxonomy was predicted using a bootstrap support cutoff of 0.8 for all itASVs using the SINTAX
classifier in USEARCH (v11.0.667_i86osx32) (Edgar, 2010) with a modified version of the UNITE
USEARCH/UTAX reference dataset for all Eukaryotes (version 8.0) (UNITE Community, 2019). Since the
SINTAX classifier cannot handle blank fields in taxonomy strings, the UNITE reference dataset was
modified to replace blank fields with ‘<lowest_name_ided>_<rank>_Incertae_sedis’, where <
lowest_name_ided > is the identity of the lowest identified supra-taxonomic rank, and < rank > is the
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taxonomic rank of the blank field, using the custom python script add_Incertae_sedis.py. These taxonomy
predictions were also used to detect non-fungal sequences (based on a 0.8 bootstrap cutoff). In the
second method, itASVs were BLASTed against a reference dataset consisting of the 41
Archaeorhizomycetes ASVs from the phylogenetic dataset, plus five sequences of the undescribed classlevel lineage GS31 (GenBank Accession numbers KY687669, KY687744, KY687760, KY687776, and
KY687785) (Tedersoo et al., 2017), using the blastn command line tool (version 2.9.0) (Camacho et al.,
2009) with a minimum of 70% query coverage per high-scoring sepment pair (- qcov hsp perc70). An
itASV was identified as putatively Archaeorhizomycetes if it was detected via either method (i.e., any
itASV with a blast hit to one of the Archaeorhizomycetes ASVs of the phylogenetic dataset or with a
taxonomic prediction to Archaeorhizomycetes). A total of 182 and 282 itASVs were identified across the
96 samples via the SINTAX method and the BLAST method, respectively, and all 182 itASVs detected via
the SINTAX method were also identified via the BLAST method.
After removing non-fungal itASVs as well as the sequence from the positive control DNA (itASV_1), the
dataset consisted of 4,461 itASVs and 1,680,044 reads, of which 282 itASVs/425,349 reads were
putatively Archaeorhizomycetes (25.3% of the fungal reads) across the entire sequencing run. The
mηMDS function from the R package vegan (version 2.5-6) (Oksanen et al., 2013) was used to conduct
an nMDS ordination of the complete itASV occurrence matrix across 96 samples (Fig. S3). The ordination
was based on a distance matrix, calculated after transforming the matrix to per-sample relative
abundances using the Bray-Curtis dissimilarity index, and a maximum of 200 random starts was
specified. The results indicate that sample 24B may suffer from tag-switching with one of the samples
from Puerto Rico, however we still choose to include this sample in all downstream analyses, since only
seven rare Archaeorhizomycetes itASV were unique to sample 24B, and therefore the
Archaeorhizomycetes community was not notably different from the other Jädraås samples. Finally, the
”ecological” dataset (an itASV count per sample matrix for the Jädraås samples) was generated by
removing all samples from other studies and positive/negative controls. Further itASVs occurring only
once across the 36 Jädraås samples were filtered out. This “ecological” dataset consisted of 1,664
itASVs (619,176 reads) (Supplementary datafile 1), and 123 of these itASVs (233,667 reads; 37.7% of
Jädraås fungal reads) were putatively Archaeorhizomycetes (Table S4, Supplementary datafile 2).

Delimiting phylogenetic species hypotheses based on
environmental sequences
We combined the two sequence datasets described above to delimitate species supported by both
phylogenetic and ecological species recognition. In brief, we generated phylogenetic species hypothesis
(PSHs) from a ML tree including both long ASVs and itASVs. Read counts per sample were combined for
all itASVs merged into a PSH. Well supported sister PSHs, ie. pairs of PSHs supported by long read data,
were tested for having different realized niches using their relative abundance in the total fungal
community. The method is specified below.

Phylogenetic
species recognition
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We generated an alignment with the 123 itASVs from the “ecological” dataset and the 41 ASVs from the
“phylogenetic” dataset including also reference rDNA sequences of A. borealis (KF993708), A. finlayi
(JF836022) and the uncultured lineage GS31 (KY687760) as well as several 5.8 and LSU rDNA
sequences representing outgroup taxa (Saitoella complicata (AY548296), Schizosaccharomyces pombe
(EU916982), Taphrina deformans (DQ470973) and Taphrina wiesneri (NG_027620)) using Geneious as
above. To avoid duplication of data, we identified and removed 25 itASVs that were identical to the ITS2
regions of a long read ASV in the alignment (Supplementary datafile 3). A final alignment with 146
sequences was uploaded in the CIPRES portal (Miller et al., 2010)and a maximum likelihood tree was
built using the online version of RAxML-HPC2 on XSED version 8 (Stamatakis, 2014) using the
GTRGAMMA model and 1000 iterations for the calculation of bootstrap support. PSHs were delimited
using both Bayesian and Maximum likelihood implementations of the Poisson tree processes (PTP)
model, using the online web server (Zhang et al., 2013) (Supplementary datafiles 4). FigTree v1.4.4 was
used to visualize the resulting tree, and the Maximum likelihood solution PSHs were collapsed to their
stem node for display. All alignments and trees are made available in TreeBASE, Study ID S26320.

Analysis of relative sequence read abundance and
distribution of Archaeorhizomycetes
We used a 2-way ANOVA (function aov in R 3.4.1) (R Core Team, 2019) to test for general trends in total
fungal reads, number of Archaeorhizomycetes itASVs, number of Archaeorhizomycetes PSH, and relative
abundance of Archaeorhizomycetes across soil horizons and treatments administered in previous studies
(Table S5). Terms were added sequentially and post-hoc Tukey test with HSD p-value correction for
multiple comparisons were performed when significant effects were detected. Read counts for itASVs
were combined into PSHs before calculating relative abundance of PSHs in the total sequenced fungal
community for each sample (Supplementary datafile 5). The overall Archaeorhizomycetes community
composition in relation to soil horizon was visualized using nMDS ordination analysis (metaMDS in
package vegan) based on the relative abundance of the 68 delimited Archaeorhizomycetes PSHs using
the default Bray-Curtis distance. Two dimensions were assigned to the analysis with a maximum of 100
starts. Further, the significance of soil horizon, plot and treatments in shaping the Archaeorhizomycetes
community composition was further tested using permutational multivariate analysis of variance
(PERMANOVA) implemented in the anova.cca function in the vegan package of R (Oksanen et al., 2013)
(Table S6). This analysis was based on relative abundance of the nine PSHs represented by long read,
999 permutations were performed. We also tested for soil horizon specificity of the nine PSH using a
Kruskal Wallis test in R (kruskal.test in R version 3.4.1) (R Core Team, 2019). The multiple comparisons pvalues were corrected with Benjamini & Hochberg-method (Table S7).
IonTorrent sequencing generated 4.5 times more reads than PacBio sequencing and we thus expected the
“ecological” dataset to represent a more exhaustive sampling compared to the phylogenetic dataset.
Based on the “ecological” dataset, we estimated the proportion of Archaeorhizomycetes species richness
and abundance was represented by the “phylogenetic” dataset by calculating both reads in and counts of
PSHs including long read ASVs as a proportion of all PSHs (Fig. 1, Table S4). We used “ecological”
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dataset read abundance of PSHs to estimate the detection limit of the “phylogenetic” dataset by
determining the rarest PSH including long read ASVs. However, detection limits are not absolute since not
all soil samples were included in the “phylogenetic” dataset (Table S1).

Ecological species recognition
Based on the phylogenetic analysis of PSHs detected at the site, we selected two pairs of sister PSHs
(PSH_2 vs. PSH_3 and PSH_7 vs. PSH_8) that were supported by long reads from the “phylogenetic”
dataset and frequently observed in the “ecological” dataset (Fig. S4). We tested these pairs for niche
specific distribution using relative abundance in the “ecological” dataset with soil horizons as
operationally identified niches. Orthogonal contrasts for each pair were given as explanatory variables
against soil horizon relative abundances in the statistical model, which was run with 200 permutations
(Table S8).

Placement of local PSHs among available
Archaeorhizomycetes sequences globally
To place the Archaeorhizomycetes PSHs from the current study in a larger phylogenetic context, an
alignment was generated including publicly available environmental sequences previously identified as
belonging to the Archaeorhizomycetes (Menkis et al., 2014), as well as new sequences affiliating with the
class identified by BLAST search in UNITE (Altschul et al., 1990). Environmental sequences were included
if they covered at least two of the three rDNA regions ITS1, ITS2 or LSU. Duplicate sequences from
individual studies were excluded. Sequences were aligned including the outgroup previously described
and visually inspected in Geneious version 11.1.4 (Kearse et al., 2012) to remove suspected chimeras.
The alignment was truncated after the LSU D3 region where some sequences had long inserts (HolstJensen et al., 1999) and insertions present in only two or less sequences were deleted. Maximum
likelihood trees were built using the online version of RAxML XSED2 (version 8) (Stamatakis, 2014) in
CIPRES portal (Miller et al., 2010), with the GTRGAMMA model and 1000 iterations for the calculation of
bootstrap support. To focus the analysis on PSHs from the current study a series of alignments and trees
were generated by stepwise removing published sequences that separated on deep nodes without
including any of the PSHs identified in the current study. The final alignment included a total of 172
Archaeorhizomycetes sequences in addition to the 41 ASVs generated in the current study and 6
outgroup sequences (alignment and tree are available in TreeBASE Study S26320). PSHs were
delimitated across the tree using the bPTP portal as above and referred to as global PSHs and visualized
in TreeView by collapsing nodes corresponding to PSHs according to the maximum likelihood solution.
All included Archaeorhizomycetes sequences were mapped to UNITE species hypotheses at 98.5% by
massBLAST of their ITS region (Supplementary datafile 6). The generated tree allowed us to evaluate the
robustness of phylogenetic species delimitation in our local dataset and to visualize global sister clade
relationships. Further, the larger Archaeorhizomycetes alignment was used to visually identify diagnostic
sequences regions in both the ITS1 and ITS2 region, for two novel species first hypothesized as PSH_7
and PSH_8 (Fig. 1).
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Results
Across all samples in the studied pine forest, 38% of the sequenced fungal community was assigned to
class Archaeorhizomycetes in the short amplicon “ecological” dataset (Table S4). In the “phylogenetic”
dataset on the other hand, the class represents 26% of the fungal reads (Table S2). Despite high relative
abundance based on total fungal reads and intense cultivation efforts no isolates of
Archaeorhizomycetes were successfully obtained. The relative abundance of class Archaeorhizomycetes
was not significantly affected by soil horizon (Fig. S5, Table S5) or treatment (Table S5). However,
number of Archaeorhizomycetes itASVs and PSHs were significantly affected by soil horizon (Table S6),
with higher richness detected in B horizon samples compared to samples from both O and E horizon (Fig.
S6). Across all samples, 68 PSHs of Archaeorhizomycetes were delimited, nine of which were supported
by reads in the “phylogenetic” dataset, one of which included the reference sequence of A. finlayi (Fig. 1,
Fig. S7). The most abundant PSHs were supported by long read data in the “phylogenetic” dataset (Fig.
S4), together accounting for 78% of the Archaeorhizomycetes reads identified in the “ecological” dataset.
Likely due to the lower sequencing depth of the “phylogenetic” dataset, taxa making up less than 1% of
the sequenced fungal community were not consistently recovered in long read ASVs (Fig. S4).
The Archaeorhizomycetes community composition was structured by soil horizons (Fig. S8) and model
testing showed that the relative abundance in the “ecological” dataset of nine PSHs supported by long
reads was significantly affected by soil horizon (PERMANOVA: PSH vs Horizon df = 2, F = 4.6070, P <
0.0001) but not by treatment or plot (Table S6). The niche distribution also varied with plot*treatment
interactions (df = 3, F = 2,0344, P > 0.005) (Table S6). This indicates that soil horizons may reflect niches
explored differently by these fungi. While most of the nine PSHs were not significantly associated with a
single horizon, we found that A. finlayi was tentatively associated with the O horizon (Table S7). For two
sister pairs of phylogenetically well supported PSHs that were both abundant and frequently observed
(Fig. S4, Table S8), we found significant differences in realized niche for PSHs within each pair (Fig. 1,
Table S9). Based on their relative sequence read abundance in the fungal community across soil
horizons, PSH_7 and PSH_8 had significantly different niche distributions (p < 0.05). Differential niche
distribution of PSH_1 and PSH_2 was marginally significant (p < 0.1; Table S9). This provides further
evidence that the phylogenetically distinct PSH_7 and PSH_8 are also ecologically separate species.

Global perspective on recognized taxa
The site-specific Archaeorhizomycetes diversity (Fig. 1) was analyzed in a global perspective by
populating an alignment of ASVs from our “phylogenetic” dataset with publicly available environmental
sequences that formed well supported clades with long reads Archaeorhizomycetes ASVs from the
current study (Fig. 2, Supplementary datafile 6). A total of 78 global PSHs were delimited and supported
using a bPTP model, 41 of which are represented by a single sequence (Fig. 2). However, some of the
PSHs delimited in the local dataset (Fig. 1) were not stable with the addition of published environmental
sequences. Most notably, PSH_2, PSH_5 and PSH_9 (identified as A. finlayi) each split in the global
phylogenetic
tree (Fig. 2). PSH_2 separates into two global PSHs, both containing sequences previously
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recovered from the studied field site, with PSH_2:2 being the more frequently observed of the two and
including long sequences in UNITE SH1566367.08FU, while sequences in PSH 2:1 did not map to an
existing UNITE SH (Supplementary datafile 6). Similarly, global PSH_5:1 contained previously published
sequences from the same field site, as well as from Ireland and the US, while global PSH_5:2 contained
only two ASVs from the current study (Supplementary datafile 6). Both global PSH_5:1 and PSH_5:2
cluster on a well-supported branch with four global PSHs that include previously published sequences
(Fig. 2). Sequences in three of these PSHs map to the same UNITE SH, demonstrating that the boundaries
of phylogenetically delimited PSHs and cluster-based SHs are not always the same. Further, ASVs and
published sequences mapping to SH1556760.08FU, Archaeorhizomyces finlayi, split into two global
PSHs (PSH_9:1 and PSH_9:2) in the current analysis (Fig. 2, Supplementary datafile 6). These two PSHs
cluster on a well-supported branch with five single sequence PSHs mapping to four different UNITE SHs.
Limited taxon sampling and low representation of intra species genetic variation of potential sister taxa
as well as possible chimeric sequences within the clade may obscure PSH delimitation.
The included sequences represent only a fraction of the global Archaeorhizomycetes diversity, including
sequences from 90 of the 181 UNITE SH currently identified as belonging to Archaeorhizomycetes
(Kõljalg et al., 2013). With the exception of PSH_4 and PSH_2:1, long read ASVs mapped to UNITE SH
meaning that the majority of our ASVs where highly similar to previously observed environmental
sequences (Supplementary datafile 6). Archaeorhizomycetes borealis is distributed across the Eurasian
boreal biome (Menkis et al., 2014) but was rare at our study site and was only detected as a short
amplicon itASV.
In the global analysis, the sister taxa PSH_7 and PSH_8 cluster together with three single sequences
(Fig. 2), two of which map to SH1566388.08FU (Supplementary datafile 6). Based on the
globalfungi.com database (Vetrovsky et al., 2020) this SH restricted to North America, indicating that
closely related taxa exist globally but that these are likely geographically separated from those captured
in our dataset. While addition of publicly available environmental sequences weakened the bPTP ML
support for these two PSHs, both remain intact. In the global tree, the delimitation of global PSH_7 and
global PSH_8 both include sequences previously recovered from the studied field station as well as
sequences collected throughout Europe (Supplementary datafile 7). These two PSHs are distinct based
on both local (Fig. 1) and global (Fig. 2) phylogenetic analysis as well as ecological evidence
demonstrating that they have significantly different realized niches across soil horizons at the study site
(Fig. S9, Table S9). Overall, relative abundance of PSH_8 is higher at 8.9 ± 1,7% across all three horizons
compared to PSH_7 at 3,5 ± 1,2%. Relative abundance of PSH_8 is highest in O horizon and decreases
towards deeper soil layers while the relative abundance of PSH_7 is stable throughout the soil profile (Fig.
S9a). When co-existing in a sample, relative abundance of PSH_7 is higher when the relative abundance
of PSH_8 is low (Fig. S9b) indicating competitive avoidance between the two species similar to patterns
of vertical separation previously observed for soil fungal sister species (Mujica et al., 2016).
Based on combined phylogenetic and ecological evidence we propose two novel species 1)

Archaeorhizomyces
secundus nom. sEq. for PSH_7 and 2) Archaeorhizomyces victor nom. sEq. for
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PSH_8 with names appended with nom. sEq. to indicate that the names are based on a sequence in the
absence of acceptable type material.

Taxonomy
Archaeorhizomyces secundus nom. sEq. Kluting, M. Ryberg & Rosling sp. nov.
MykoBank MB826774
Diagnosis: Separated from other species in the genus by ribosomal sequences possessing the following
distinctive characters in ITS1: CCGAGTCGCCACAT, at position homologous to bases 103–116 in ASV_4;
and in ITS2: CCATACCTTTTTGGTGTGT, at position homologous to bases 317–335 in ASV_4.
Ecological notes
In DNA extracts from soil and from roots, often from ectomycorrhizal roots of Pinus sylvestris but also
from roots of Calluna vulgaris. Found mostly in pine forest but also in other coniferous forest including
spruce and heatland, in temperate, boreal and alpine climate. Found in both organic and mineral soil
horizons but is less abundant in upper soil layers compared to Archaeorhizomyces victor.
Etymology
The species is outnumbered by its sister species for colonization of organic soil.
Type sequence
ASV_4 based on sequence reads from Ivantjärnsheden field station, Jädraås, SWEDEN, Uppsala, October2013, UDB0779127 in UNITE
Distribution
Sweden, Norway, Finland, United Kingdom, Austria.
Additional sequences
AB560514, DQ309209, FM992980, HM069470, JN032483, KX289979 (Alignment in Supplementary
datafile 8).
Archaeorhizomyces victor nom. sEq. Kluting, M. Ryberg & Rosling sp. nov.
MykoBank MB827624
Diagnosis: Distinct from other species in the genus by ribosomal sequences possessing the following
distinctive characters in ITS1: CGAATGGCTTTT at position homologous to bases 48–59 in ASV3, and
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ATGTGCTTTGGCGCCAAGT at position homologous to bases 93–111 in ASV_3; and in ITS2:
TCATACCTTCTT at position homologous to 323–333 in ASV_3.
Ecological notes
In DNA extracts from soil and from roots, often from ectomycorrhizal roots of Pinus sylvestris but also
from Calluna vulgaris. Most frequently found in coniferous forests but also in deciduous forest, in
temperate, boreal and alpine climate. Found in both organic and mineral soil horizons, outnumbers
Archaeorhizomyces secundus in upper soil layers.
Etymology
The species wins in competition with sister species for colonization of organic soil.
Type sequence
ASV_3 based on sequence reads from Ivantjärnsheden field station, Jädraås, SWEDEN, Uppsala, October2013, UDB0779126 in UNITE.
Distribution
Austria, Finland, Germany, the Netherlands, Sweden, United Kingdom.
Additional sequences
AB560521, DQ309123, HM069408, HQ873359, JF300381, JN006467, JN006468, JN032485 (Alignment
in Supplementary datafile 8).

Discussion
The class Archaeorhizomycetes is highly diverse, ubiquitous, and often highly abundant in environmental
DNA samples from around the world (Porter et al., 2008). With only two formally named and thus
recognized species very little is known about the ecology, morphology, and life styles of the species within
Archaeorhizomycetes (Menkis et al., 2014; Rosling et al., 2011). Species within the class are likely to have
different ecological roles and occupy different niches (Rosling et al., 2013) but intra-taxonomic
boundaries have only begun to be characterized within this lineage. The goal of this study was to
investigate the diversity of Archaeorhizomyces spp. at Ivantjärnsheden field station, a well-studied site in
which occurrences of OTUs representing species of Archaeorhizomyces have been previously
documented (Fransson & Rosling, 2014; Lindahl et al., 2007). We found that it remains difficult to obtain
pure cultures of Archaeorhizomyces even at a site with high abundance based on amplicon sequencing.
This prevents us from collecting traditional sources of evidence, such as morphological characterization,
for species descriptions and have instead delineated two novel species of Archaeorhizomyces using
alternative lines of evidence based on environmental sequences. By combining phylogenetic and
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described species and we choose to name them A. secundus nom. sEq. and A. victor nom. sEq. As there
is no material isolating the single species, we choose to not designate type material, and recognize that
these names are invalid according to the Code. We do however assign a sequence describing the fungal
barcoding region that together with type locality serve the purpose of type. We have appended them with

nom. sEq. to represent their status, in line with the recommendations of Lücking and co-authors (Lucking
et al., 2018). It is important to remember the function of a name: as a tool to label and communicate a
defined object or concept. Naming “dark taxa” is a tool to communicate their presence and gather an
understanding of their biology. We hope that by applying and using these names, regardless of validity,
we might be able to accumulate knowledge about these species faster, and potentially expediate
discovery of living specimens that can be linked to them. They also serve as suggested names, for if and
when they can be validated by specimen or image.
Names are essential for communication, and species without a valid name are ignored in many contexts.
However, the vast majority of fungal species cannot be named in accordance with the Code because we
know them only from environmental sequences. While molecular data have proven useful in taxonomy
for instance for the delimitation and characterization of taxa, the role that molecular data should play in
nomenclature has been much debated as of recent, particularly the role of environmental DNA sequences
(Hibbett, 2016; Lücking & Hawksworth, 2018; Lucking et al., 2018; Sarma, 2018; Seifert, 2017; Thines et
al., 2018; Zamora et al., 2018).
Some researchers site concerns with the use of cluster-based analysis to detect taxa in complex samples
(Thines et al., 2018; Zamora et al., 2018) although proponents of sequence-based nomenclature have
argued that this is largely a misconception (Lücking & Hawksworth, 2018; Lucking et al., 2018). Indeed,
the application of clustering methods to environmental metagenomic sequence data is useful tools for
community studies (Clemmensen et al., 2013; Tedersoo et al., 2014), but insufficient for taxonomy
(Ryberg & Nilsson, 2018). Sequence variation within OTUs is both biological and artifactual, and although
the boundaries of OTUs are generally decent proxies of species, they are entirely study and method
dependent. Sequence similarity threshold levels are often applied uniformly (for example, 98.5%
similarity), although the degree of inter and intraspecific variation is known to differ between groups of
fungi. An OTU may thus contain sequences from more than one species, or only part of a single species.
Here, we circumvent this problem by applying a method to distinguish between biological variation and
sequencing error, and compare only amplicon sequence variants ASVs. Including sequence quality data
alongside the raw reads and ASV sequences will facilitate cross-comparison between studies in the
future. Further, with ASVs we are able to get better insight into the intra- vs inter- specific sequence
variation, which helps us determine phylogenetic species hypotheses. OTU sequences in reference
databases are of varying quality, complicating the use of such data for species delineation. This
combination, a blurring of the intraspecific variation, and potential quality issues of publicly available
sequences may be a contributing factor to why phylogenetic species hypothesis support dropped
drastically in our global analysis (Fig. 2) compared to the local analysis (Fig. 1). There are also
shortcomings in using a single locus, for instance the ITS, as a universal locus for species delimitation. It
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as examples of high within species variability. However, this limitation applies to any single characteristic
be it molecular or morphological.
Another concern with using environmental sequences in taxonomy is the potential for describing artifacts
as species, or otherwise applying a name to an organism that is already described (Thines et al., 2018;
Zamora et al., 2018). Sequencing errors (such as large indels or chimeric sequences) could result in a
number of “ghost taxa”, and species being repeatedly described, (for example, if a species that is
described but not sequenced gets erroneously described a second time based on environmental data) are
real possibilities. We are careful here to mind the fine line between this detrimental effect, and the benefit
of using sequence-based nomenclature as a vessel for taxonomic discovery. In the case of
Archaeorhizomyces, we are certain that sequences from all described species was included in our
analysis. Further, we used two sequencing technologies, PacBio and Ion Torrent, and used a method to
detect and correct sequencing errors.
Considering that the vast majority of fungal species are currently unidentified and visible only through the
lens of environmental sequences, we urgently need to explore new routes for discovering and
documenting the world’s fungal biodiversity. There is compelling arguments in favor of sequence-based
nomenclature for dark taxa of fungi arguing that names are essential for communication of these
organisms, and that alternative proposed methods using alphanumerically coded names is simply not as
accessible as latin binomial names (Hibbett, 2016; Ryberg & Nilsson, 2018). We agree that

Archaeorhizomyces secundus is much less abstract than for example ‘SH1566369.08FU’ for specialists
and non-specialists alike. A name also conveys biologically informative information. By simply seeing the
genus name of this species, one immediately can infer something about its phylogenetic placement in
the fungal tree of life. Formal proposals have been put forth to amend the Code so as to allow the use of
DNA sequences as type material for formally describing fungal taxa, largely to facilitate taxonomic
discovery (Hawksworth, 2015), and a few examples of how this could be done exist (De Beer et al., 2016;
Lücking & Moncada, 2017). Not surprisingly, however, there are also many within the mycological
community who oppose the idea of DNA sequences as acceptable type material (Thines et al., 2018;
Zamora et al., 2018). It is clear that both perspectives have potential benefits and potential consequences
(Ryberg & Nilsson, 2018) but it seems that sequence based nomenclature in some capacity is the only
way forward for discovering a documenting fungal biodiversity, especially for lineages like
Archaeorhizomycetes.
We feel confident of the sequence data upon which we build phylogenetic species hypotheses and by
combining different lines of evidence we find that two of the most abundant and frequently observed
species at the site can be described and named. Archaeorhizomycetes secundus and A. victor represent
two species with distinct realized niches at this site. In the future they may need to be delimited against
additional - hitherto undescribed - species, or amended to include further variation in light of the new
data. However, by naming them we facilitate communication about their ecology and distribution and
hope to thereby stimulate further research into taxonomic and functional diversity within the
Archaeorhizomycetes.
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Figure 1
Maximal likelihood phylogenetic inference demonstrating the diversity of Archaeorhizomycetes in midSweden Pine forest podzol soil based on environmental ribosomal long and short amplicon ASVs
representing 68 phylogenetic species hypotheses (PSH) based on Maximum likelihood solutions in bPTP.
Two of these include sequences of the described species A. borealis and A. finlayi. The tree includes the
sister
taxon
undescribed class-level lineage GS31 (Tedersoo, et al. 2017) and four Taphrinamycotina
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species as outgroup. PSHs were cartooned to their stem node to visualize PSH represented by more than
one ASV. Nine PSHs (numbers 1-9) and were represented by long read ASVs from the current study and
are highlighted in large bold font. Remaining cartooned terminal nodes were represented only by short
read itASVs from the current study and are labeled with PSH_number or Archaeorhizomycetes borealis.
Bootstrap support values over 75 are shown on the branches (calculated from 1000 iterations). Average
relative sequence read abundance in soil horizons O, E and B are inserted in colored boxes for two pairs
of sister PSHs. Bent arrows indicate tested orthogonal contrasts with p-values shown in the middle. (See
Fig. S4 for corresponding tree with all ASV labels displayed).
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Figure 2
Maximum likelihood tree including all long read ASVs from the current study and publicly available
environmental sequences of Archaeorhizomycetes covering at least two of the rDNA regions ITS1, ITS2
and LSU. The tree is limited to environmental sequences that cluster on well supported basal nodes with
sequences from the current study. Nodes represent the 78 phylogenetic species hypothesis (PSH) based
on Maximum likelihood solutions in bPTP. Nodes including ASVs from the current study are cartooned to
visualize how many sequences are included and labeled with PSH_number according to Figure 1,
followed by ML support value for species delineation based on bPTP in parenthesis. Names for two
described and two novel species are included in bold for their corresponding PSHs. Following addition of
environmental sequences three local PSHs split, these are indicated by adding :1 and :2 after the PSH
number. PSHs including only publicly available sequences are collapsed. Placement of previously
published sequences from the studied field station is indicated by * after labeled node. Bootstrap
supports are calculated from 1000 iterations and indicated only when 80 or higher on branches leading
up to PSH from the current study. Full set of support values and sequence names are available in
supplementary figure S9.
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