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Abstract

1. Abstract

The arbuscular mycorrhizal fungi are exceptionaiportant mutualists, forming a symbiosis with 70-
90% of all terrestrial plants. This root-fungus@sation is called the arbuscular mycorrhiza (ANIhe
plant obtains inorganic nutrients (e.g. N,V their obligate symbiotic fungal partners and tbhedus
obtains photosynthetically fixed carbon. In the ldscade it turned out that morphological idengifion

of AM fungi (AMF) is often misleading, due to fevin@racters and dimorphic spores produced by many
species. Furthermore, species recognition in rbated on morphology is not possible. Molecular data
gave insights into many new and unexpected phyletierelationships, but were still scattered regeyd
used molecular markers and taxon sampling, whichpess molecular ecological studies.

The focus of this study was to elaborate a robuseaular phylogeny as a base for natural systematic
and as data baseline for molecular characterizatiwh detection of AMF. The nuclear small subunit
(SSU) rDNA, the internal transcribed spacer (IT&jion and a part of the large subunit (LSU) rDNA
region of many described and several undescribediep was amplified with newly designed AMF
specific primers, which were successfully tested ased on DNA-extracts from field sampled plant
roots. These primers amplify ~250 bp of the SSig,wlnole ITS region and ~800-1000 bp of the LSU
rDNA (in total ~1.8-1.5 kb). Using the new, specifiimers AMF could be detected and resolved down
to the species-level from field collected materiie ~1.5 kb sequences were analyzed for theirepec
resolving power and thus as potential DNA barcodiegions for AMF. Only the complete ~1.5 kb
fragment allowed robust species resolution andgeition and therefore an extended DNA barcode,
covering the ITS and LSU rDNA region, was recomnezhd

In addition to the ~1.5 kb fragment, a ~1.8 kb fnegt of the SSU rDNA region was amplified and
analyzed for (sub-)genus-level resolution. Comlgrimese two fragments, which overlap in the SSU by
~250 bp, a ~2.7 kb fragment could be analyzed dintuthe near full length SSU, the ITS-region (ITS1
and ITS2 region excluded) and 800 bp of the LSU ADBombining these three rDNA markers robust
phylogenies could be inferred. Based on this ddu@, phylogenetic placement of the type species of
Glomuscould be defined, supporting the split of the or@émeralesinto two families Glomeraceag
Claroideoglomeracegde and five genera QGlomus Funneliformis Rhizophagus Sclerocystis
Claroideoglomulsand several debated changes in the taxonon@laheromycotaould be supported or
rejected.

The baseline data developed in this study will iower future molecular biodiversity and ecological

studies and the uncovering of functional diversignd evolutionary aspects of AMF.
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2. Zusammenfassung

Die arbuskuldren Mykorrhizapilze bilden mit 70-908er Landpflanzenarten eine aufl3ergewohnlich
wichtige mutualistische Symbiose. Diese Wurzeld&toziation nennt man die arbuskulare Mykorrhiza
(AM). Hierbei erhalt die Pflanze inorganische Nébife (z.B.: N, P) Uber ihre symbiotischen Pilzpart
welche im Gegenzug photosynthetisch-fixierten Kobteff bekommen. Innerhalb der letzten 10 Jahre
wurde immer deutlicher, dass die morphologischer&@tiarisierung von AM-Pilzen oftmals unsicher ist,
aufgrund weniger Sporenmerkmale und dimorphiscipereh, welche von vielen Arten gebildet werden.
Darlber hinaus ist die morphologische Artbestimmumig AM-Pilzen in Wurzeln nicht mdglich. Seitdem
wurden mittels molekularer Charakterisierung dieréndtschaftsverhaltnisse der AM-Pilze naher
beleuchtet, durch unterschiedlich genutzte molekuléarker und abweichendes Taxonsampling, werden
molekular-6kologische Studien jedoch erschwert.

Das Ziel dieser Arbeit war es eine Datenbasis gteken, fir eine robuste molekulare Phylogenidciae

als Grundlage fir eine natirliche Systematik, make Charakterisierung sowie Detektierung von AM-
Pilzen genutzt werden kann. Hierflr wurde die smsaliunit (SSU) rDNA, die internal transcribed space
(ITS)-Region und die large subunit (LSU) rDNA-Regiovieler beschriebener sowie einiger
unbeschriebener Arten, mittels neu entwickelten RN&- spezifischen Primern, amplifiziert. Diese
wurden erfolgreich getestet und an DNA-Extrakters &flanzenwurzeln angewendet. Die Primer
amplifizieren ~250 bp der SSU, die gesamte ITS-&egind ~800-1000 bp der LSU rDNA (insgesamt
~1.8-1.5 kb), womit AM-Pilze sequenzbasiert aufelsgne angesprochen werden kdnnen. Das ~1.5 kb
Fragment wurde auf potentielle DNA-Barcode Regioned deren damit verbundene Artauflésung fir
AM-Pilze getestet. Lediglich das ~1.5 kb Fragmendudbte robuste Artauflosung und -identifizierung,
weshalb ein DNA-Barcode empfohlen wurde, der die tind die LSU rDNA Region beinhaltet.

Zusatzlich zu dem ~1.5 kb Fragment, wurden ~1.8d&bSSU rDNA Region amplifiziert, um AM-Pilze
auf Gattungsebene aufzulésen. Beide kombiniertizeng ~2.7 kb Fragment, mit einem Uberlapp von
~250 bp in der SSU, decken die gesamte SSU, digIlMSL und ITS2 ausgenommen) und 800 bp der
LSU rDNA ab. Diese drei rDNA-Marker zusammen ernigéiggn robuste Phylogenien. Basierend auf
diesen Daten konnte die phylogenetische PositionTgpart vonGlomusund darauffolgende Trennung
der Glomeralesin zwei Familien GlomeraceagClaroideoglomeracegeund funf Gattungen@lomus
Funneliformis Rhizophagus Sclerocystis Claroideoglomu} und einige debattierte Veradnderungen
innerhalb der Taxonomie d&lomeromycot&largestellt werden.

Die in dieser Arbeit erstellte Datengrundlage wimlkiinftige ©Okologische sowie molekulare
Biodiversitatsstudien erleichtern und dazu fihnamkfionelle Diversitatsaspekte sowie die Evolutitsr
AM-Pilze besser zu verstehen.
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3. Introduction

3.1 Arbuscular mycorrhizal fungi

The arbuscular mycorrhiza (AM), a symbiosis fornedween land plants and arbuscular mycorrhizal
fungi (AMF), is widespread. This is indicated byethercentage of land plants forming this symbiosis,
which is about 70-90% (Trappe, 1987; Wang & Qil&0Smith & Read, 2008). The eponymous feature
of this symbioses are the arbuscules (Latin: anldase small tree), tree-like structures which arerfed
during fungal colonization of the plant root ane gresent in the state of active bidirectional ieatr
transfer between the plant and the fungal partide fungal partner of this symbiosis provides
phosphorus (Sanders & Tinker, 1971; 1973; Jakoleses., 1992a,b; Harrison & van Buuren, 1995),
nitrogen (Raven et al., 1978; Smith, 1980; Amesalgt1983; Johansen et al., 1992; Frey & Schiepp,
1993; Johansen et al. 1996; Hodge et al., 2@Xxyvindarajulu et al., 2005and other nutrients (e.g.
Cooper & Tinker, 1978; Liu et al., 2000) to the hpkant. The plant partner, in exchange, suppligsou
20% of the photosynthetically fixated carbon to fimegus (Douds et al., 2000; Graham, 2000). AMF are
ecological and economical important as they carrdwg pathogen resistance (Vigo et al., 2000; de la
Pena et al., 2006) as well as biomass productionitfiSet al., 2009) of the host plant. In additidF
mitigate different kinds of plant stresses suchdamight (Michelson & Rosendahl, 1990; Auge et al.,
2001; Aroca et al., 2007), or heavy metal toxi¢iyldebrandt et al., 1999) and protect plants asfaioot
herbivores (Gange, 2001). The putative asexual AM&nders, 1999) are obligate symbionts, which
means they are dependent on the host plant anadtcharcultivated without it. However, some studies
raise the question about whether these fungi deetalgrow independently of host plants (Hildebraxtd
al., 2002; 2006). Due to their hidden lifestyle, nmaaspects of the AMF are not well understood.
Fundamental but unanswered questions regardingetiodution and the functional diversity of the
multinucleate, asexual AMF are their hetero- (Katral., 2001) or homokaryotic nature (Pawlowska &
Taylor, 2004), and, partly related to that questioow a reasonable species concept can be applied f
AMF.

Are AMF homo-or heterokaryotic? Kuhn et al. (208hpwed indications for the heterokaryotic nature of
AMF, which were based on two highly variable ITS&riants ofScutellospora castaneahow to be
spread on different nuclei by fluoresceisitu hybridization (FISH)The heterokaryosis hypothesis was
supported by Hijri & Sanders (2005), but Pawlowgkdaylor (2004) doubted it based on the study of
POL-like sequences fronslomus etunicatumshowing that all sequence variants were pregseralli

offspring, concluding this fungus to be homokargotn a recent review Sanders & Croll (2010) sta&t
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AMF are most likely heterokaryotic trying to explathe results of Pawlowska & Taylor (2004).
Although, this matter is still debated most evidepoints to heterokaryosis which is also indicdtgdhe
high ribosomal DNA (rDNA) polymorphism detectedimdividuals of AMF, e.g. within a single spore
(Stockinger et al., 2009; 2010).

For AMF currently there is no existing biologicglesies concept, as AMF are asexual clonal organisms
(Sanders, 2002) and it is challenging to explaiecsiion within these organisms. There are differen
explanations, for example speciation may occur depi@tion to specific niches, without the need of
sexual reproduction (Birky et al., 2005). How cosicth ancient fungi survive and overcome the riegult
deficits (accumulation of detrimental mutations)aséxual recombination? At the moment, the conteept
recognize species in AMF is mainly based on thepmaogy of the resting spores (Mosse & Bowen,
1968; Morton & Benny, 1990), but this morphospedescept has many difficulties (Morton, 1985) and
should be at least combined with phylogenetic agsye.g. Walker et al., 2007; Btaszkowski et24l(08;
Gamper et al., 2009), to reduce or prevent mischeniaation and misidentification of AMF species
(see chapter 3.3). There may be a species coneagibfe based on anastomosis compatibility of AMF
(Cardenas-Flores et al., 2010). However, hyphalbfusliffers for the distinct families of AMF, e.g.
Glomus species increase their capacity of root colomratwith anastomosis and built up hyphal
networks, whereas iGigasporacea@anastomosis is mostly used for hyphal healingdderovidencia et

al., 2005). Another approach may be the ‘phylogensgecies’ concept (Taylor et al., 2000), based on
definition of gene concordances e.g. distinct momatates and selection pressure. But such data are
missing for most AMF species. Nevertheless, a pgdtie sequencing approach (Sokolski et al., 2010)
showed essentially the same results as based @BHAITS-LSU rDNA amplicon (Stockinger et al.,
2009), showing the model fungus of AMF research DAO7198 to be conspecific witlblomus

irregulare (Btaszkowski et al., 2008).

3.2 Evolution of AMF

The AMF are an ancient asexual group of eukaryethigsh separated from the other fungal lineages ove
600 million years ago (Mya). The earliest reliablédence for AM in seed plants occurs in the forfim o
non-septate hyphae, vesicles, arbuscules and ctapgces in silicified roots of the Triassic cycad
Antarcticycas schopfi{Stubblefield et al., 1987; Phipps & Taylor, 1996he earliest known direct fossil
evidence for AMF forming symbiosis with an earlysgalar land planfglaophyton major(400 Mya;
Remy et al., 1994) stems from the Rhynie chaglaophyton majomwas shown to also contain well
preservedScutellospora and Acaulosporalike spores (Dotzler et al., 2006; 2009). The etdenown

fossils representing terrestrial fungi are fromrapp460 My old Ordovician dolomite rock of Wiscims

9



Introduction

and resemble modern AMF (Redecker et al., 200@yatt concluded, based on this indirect evidende tha
terrestrial AMF already existed at a time when e flora most likely consisted only of plants the
bryophytic level (Brundrett, 2002) supporting a mtyophic origin of land plants (Pirozynski & Malloc
1975).

Molecular clock estimates of the origin of the ANtleve varied considerably depending on the fossil
record used as calibration points and the molealtank estimates (Taylor & Berbee, 2006). AMF are
assumed to be older than 650 My based on the cmtsdrypothesis (Berbee & Taylor, 2001) or over
1000 Mya when using the more extreme hypothesisKian et al., 2001; Hedges & Kumar, 2003).

3.3 Morphological characterization and taxonomy o AMF

Based on pure spore morphology new species habe ttescribed following the International Code of
Botanical Nomenclature (McNeill et al., 2006), oblecular characterization is not a prerequisitee T
identification of AMF based on their morphologichlaracters is subject to few experts in the fidld to
sparse spore characters, the ability of speciésrto dimorphic spores, ambiguous or incomplete igsec
description and possible spontaneous changes sptire characters (e.g., color, size). The lasitpoas
recently exemplified by Morton & Msiska (2010b) bdson aScutellosporaheterogamaculture that
produced an unexpected albino mutant, stable fer @% years and 19 pot culture generations, if this
albino mutant would have been found in the field described based on spore morphology only it may

have been mistaken as new species, indicatingrthertance of molecular characterization.

Currently there are 228 described AMF specigslofneromycota species list at www.amf-
phylogeny.com), but only for about 50% sequenca da¢ available and only ~81 spp. are available as
cultures from culture collections (e.g. in the mgional Culture Collection of VA Mycorrhizal Fuing
INVAM; The International Bank for th&lomeromycota BEG; Glomeromycotan Vitro Collection,
GINCO; cf. Morton, 1993; Declerck et al., 2005; #oet al., 2005). Until 2001 it was discussed vleet
AMF are a non-monophyletic group of fungi (Mortd®Q00), but based on phylogenetic analyses of the
small subunit (SSU) rRNA gene, it was shown thatAMF are a monophyletic and well separated clade
of fungi (SchuBler et al., 2001b). Thus, the AMFreveplaced in their own fungal phylum, the
GlomeromycotgSchiller et al., 2001b), as weakly supporte@rsgtoup ofAsce andBasidiomycota
(the Dikarya). This sister group relationship was also indiddby a six gene phylogeny (James et al.,
2006), but questioned by Lee & Young (2009). Theefastudy was based on sequences of the
mitochondrial genome froRhizophagus irregularigformerly namedslomusintraradices Stockinger et

al., 2009), showing th&lortierellales — formerly grouped within th&@ygomycota— as sister group of

AMF.
10
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Regarding the four main lineages in tGéomeromycotat was known that thd?araglomeralesand

Archaeosporalesre basal lineages within the phylum, whereabthaching order was not yet resolved,

and separate from the phylogenetically youngerrsidersisporalesandGlomeralegFig. 1).

ORDER FAMILY GENUS
Glomerales
Glomeraceae Glomus
Funneliformis
Rhizophagus
Sclerocystis
Claroideoglomeraceae Claroideoglomus
Diversisporales
Diversisporaceae Redeckera
Diversispora
Otospora
Acaulosporaceae Acaulospora
Entrophosporaceae Entrophospora’
Gigasporaceae Gigaspora
Scutellospora
Racocetra?
Pacisporaceae Pacispora
Archaeosporales
Geosiphonaceae Geosiphon
Ambisporaceae Ambispora
Archaeosporaceae Archaeospora?
Paraglomerales
Paraglomeraceae Paraglomus

Fig. 1: Schematic phylogenetic relationships of taxa in @lemeromycotasensuSchiiler & Walker (2010}

including two phylogenetically uncharacterized seec® Racocetranow includingRacocetra weresubiaé the

genuslntrasporawas rejected by Schif3ler & Walker (2010) and tremetl toArchaeospora

Recently several taxonomic changes within Glemeromycota mainly in the Diversisporales took

place, e.g. the erection of two new (phylogendiiaahsupported) gene@ntrophosporeandKuklospora

(Sieverding & Oehl, 2006). The latter genus wasendg abolished (Kaonongbua et al., 2010). The
phylogenetic affiliation oEntrophosporastill remains unclear as no reliable sequence al&tavailable.

Oehl et al. (2008) published a revisionGifjasporaceaand split it into three new families and five new
genera, which was controversially debated and thcesjected by Morton & Msiska (2010a) leaving
only Racocetraas a new genus within thBigasporaceae A major revision of theGlomeraleswas
recently published by SchiRler & Walker (2010). sThwvas so far impossible as the phylogenetic

11
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placement ofGlomus macrocarpumthe type species oBlomus was unknown and thus the needed
evidence for reclassifying of the major cladeshie Glomeraleswas lacking. Based on sequences of the
SSU rRNA gene oGlomusmacrocarpumthe ordeiGlomeraleswas now separated into two families (as
already proposed by Schwarzott et al., 2001) Gh@meraceagphylogenetically corresponding to the
former Glomusgroup [GIGr] A) andClaroideoglomeraceaéhe former GIGrB). The famillomeraceae
now comprises the four genef@omus Funneliformis Rhizophagusand Sclerocystis The family
Claroideoglomeraceancludes one genu€§laroideoglomusbased on the formé&lomus claroideunas

generic type.

All these taxonomic changes indicate the diffi@dtof morphological characterizations without ansbu
molecular phylogenetic base. The need for reliabtdecular markers and the importance of a reliable
data baseline for correct identification of AMF species level is obvious. This was also exemplifigd
the wrong species affiliation of the model fungums AMF research, formerly assigned @omus
intraradices (now Rhizophagus intraradicgsDAOM197198. Based on morphological and molecular
characterization, Stockinger et al. (2009) showeat this fungus was misidentified and is conspecifi
with the recently describe@lomus irregulare(Btaszkowski et al., 2008), which now khizophagus
irregularis (SchiuBller & Walker, 2010). Sokolski et al. (2080pported this conspecificity based on the
analysis of three protein encoding geradsr{gation factor 1, V-H -ATPase VHABZNdFOF1-ATPases-
subuni}, but for unknown reasons usidh. intraradiceskS906 (=DAOM225240) as a reference strain
and not the ex-type culture from Florid@hizophagus intraradiceBL208 (Schenck & Smith, 1982). As
earlier published KS906 sequences (submitted byiShdna et al., 2000) cluster with FL208 sequences
(Stockinger et al., 2009) the results seem reasenBht, as neither SSU, ITS or the LSU rRNA gerasw

used by Sokolski et al. (2010) as molecular makegmparison to existing rDNA data is difficult.
3.4 Molecular characterization of AMF

Systematics based on taxonomy and phylogeny nowaddigs on phylogenetic analyses of molecular
data (Bruns et al., 1991; Hibbett et al., 2007)aose exclusively using morphological characters is
known to be problematic. Recently an increasing lmemof formal descriptions in th@lomeromycota
include molecular beside the needed morphologideracterization (e.g. Gamper et al.,, 2009;
Kaonongbua et al., 2010). Both are required toelablF species in their right taxonomic context,
therefore, reliable markers are needed, such agDNA regions, which are well defined, conserved in
function and do not undergo horizontal gene tran3fiee largest taxon sampling for AMF is provided f
the SSU rDNA marker region, but only allowing phydmetic resolution down to genus level. This was

exemplified for the genuAmbisporaby Walker et al. (2007), where at least three igge@mbispora

12
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leptoticha Am. callosaAm. gerdemannjiiwere unresolved when using the SSU. Phylogeaetityses of

the ITS and LSU rDNA region could separate thesisg and these marker regions provide species-
level resolution of AMF when combined. Due to thghhintraspecific variability of the ITS region,ish
marker alone is not suited to resolve very closelgted species, as for exampleizophagus intraradices

(formerGlomus intraradicesand its close relatives (Stockinger et al., 2009)

Beside the rDNA further molecular markers are amd for AMF, such as the genes for the
mitochondrial LSU rRNA (Croll et al., 2008; Borstlet al., 2008; Thiéry et al., 201@rtubulin (Msiska

& Morton, 2009; Morton & Msiska, 2010a,b), elongatifactor le (Sokolski et al., 2010), HATPases
(Requena et al., 20Q3gtc., but they are either inapplicable or dataanly available for few closely
related AMF.

3.5 In-field detection of AMF and community analyss

Presently, the rDNA region is the most suitableauoolar marker region for molecular detection of AMF
species in the field and recognition of undescribpécies. Furthermore the ITS region will mostliike
become the DNA-barcoding region for fungi, potditian combination with the partial LSU rDNA
region (see chapter 3.6). Despite the fact thatoubhr markers have been established and improved
during the last years, there are still communitglgses of AMF, which are purely based on sporeeytsv
The problem of these studies is that spores atmgestages and with regard to community analybiss t

is critical as they do not necessarily reflect dotive AMF in the field (Merryweather & Fitter, 189
Renker et al., 2005; Hempel et al., 2007).

When using a DNA sequence based approach forlohdigtection it is important to know the drawbacks,
e.g., the SSU rDNA is not suited to resolve speeaied some frequently used PCR primers are not
phylogenetic inclusive or amplify non-target sequesn (Schifler et al., 2001a; Gamper et al., 2009;
Kriger et al.,, 2009 — chapter 4). Therefore thegesaf DGGE and T-RFLP methods for in-field
community analyses may be problematic. The multqupies, when using the rDNA as marker region,
are a disadvantage as repeats vary considerablyex@mple, the variability of the ITS region canga
from 6% in Gigaspora margarita (Lanfranco et al., 1999) to over 15% in speciesttid genus
Rhizophagusgcontaining the formeB. irregulare andG. intraradices see Stockinger et al., 2009). Thus it
is important to define the intraspecific varialyilfior correct interpretation of in-field AMF commity
studies, as those of Wubet et al. (2003) or Barstl@l. (2006), otherwise sequence variants may te
mis- or over-interpretations. Especially when usimg SSU rDNA region a phylotype may correspond to
more than one species vice versaseveral phylotypes may represent only one spethss.diversity of

AMF in rootswould be nearly unknown without molecular methdig 1993 about 150 AMF species had
13
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been described (Smith & Read, 1997), today 228ispeare known — an increase concerning species
numbers of more than 50% within 18 years of resedfowever, field studies always recover a reldgive
large number of unknown sequence types, in comgatis sequences which can be assigned to known
species flusbancet al., 2002; Wubet et al., 2003; 2004; Haug et24l04). Based on the assumption of a
similar proportion of ‘unknown species’ worldwidg{rstler et al. (2006) gave a theoretical estinoétat
least 1250 AMF species existing. However, the boétk of community studies still is the lack of kel

curated reference sequences (Seifert, 2009).
3.6 DNA barcoding

A DNA-barcode is defined as a standardized, shod easy amplifiable DNA fragment allowing
recognition of a species (Frézal & Leblois, 2008ppropriate fungal molecular marker regions are
needed, but the SSU rDNA region is not suited ag\Iidrcode. For fungi the ITS region was proposed
as official DNA barcode, which is also frequentsed for AMF, but is not robustly resolving very sy
related species, e.g. withiRhizophaguqformer GIGrAb; Stockinger et al., 2009). Therefaa DNA
barcode analysis was performed by Stockinger et28l10 - chapter 5) based on the 1.5 kb fragment
amplified with the AMF specific primers SSUMAf-LSUWSSUmMCT-LSUmBr (Kriiger et al., 2009 -
chapter 4). The ITS2, the LSU-D1 and the LSU-D2@8 bp target regions were tested, but individually
did not allow robust species-level resolution forsely relatedRhizophaguspecies, but when using the

1.5 kb fragment as phylogenetic backbone, speemmynition was possible also for such short fragmen
3.7 Deep sequencing of AMF communities

There have been several attempts to detect AMR@rfield based on PCR, cloning and sequencing, but
this is expensive and time consuming for largeeseaperiments (Renker et al., 2006). Other ecabgic
studies of AMF communities have been conducteddasanassive parallel sequencing approaches (e.qg.
Opik et al., 2009, Lumini et al., 2010). Both cormity analyses were based on the 454 sequencing
technology with ~250 bp read lengths, which aredloort for reliable phylogenies and the consengd S
rDNA region is insufficient for species recognitioAn improved approach with the recent titanium
chemistry for 454 sequencing (read lengths of H#8)0 AMF specific primers (Krliger et al., 2009 —
chapter 4), the results of potential target markgions (Stockinger et al., 2010) and a comprekensi
sequences data baseline, making large scale coyramalyses, revealing the AMF diversity, are now
feasible. In close future tools like the evolutiopnplacement algorithm (EPA, Stamatakis & Berg@Q2

http://i12k-exelixis3.informatik.tu-muenchen.defnal or the web-based workbench PlutoF (Abarenkov

14
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et al., 2010) will be available for analyses of 4ffD(or longer) 454 reads, which are superior hapse
similarity tests using, e.g. BLAST and the pubkggence databases.

3.8 Aim of this study

The aims of this study were to provide a phylogeneamework for AMF as a foundation for a natural
systematic and, based on such a data baselineevelop and establish tools for species-level
identification of AMF. Due to the lack of AMF spéci primers amplifying rDNA of all main
phylogenetic lineages dblomeromycotanew primers were designed targeting the 3' SSNADthe
whole ITS region and approx. 800 bp of the LSU rDK&SU-ITS-LSU fragment). These discriminate
non-target organisms, were tested and shown tdfigadly and efficiently amplify AMF also from pldn
root extracted DNA (Krlger et al.,, 2009 - chaptdr %he rDNA amplified provides species-level
resolution and therefore is also suited for inefiglvestigations at this level. A part of this st(dhapter

5) was conducted to analyze potential DNA barcodiegions also in regard to use them for deep
sequencing of AMF community analyses. Furthermioegbiaseline for molecular characterization of AMF
was improved using the SSU-ITS-LSU fragment in cioration with a second, covering the near full
length SSU (Schwarzott et al.,, 2001), resultingaimobust glomeromycotan phylogeny using 2.7 kb
(SSUfull-ITS-LSU) sequences for phylogenetic traemputations (chapter 8). With these molecular
detection tools and baseline data the phylogenetiationship of the AMF species described as
Ambispora brasiliensigGoto et al., 2008) could be clarified, placingnito Acaulosporaand it was also
detected in plant roots where the trap culture ri@teas sampled (chapter 6). Furthermore someiespec
formerly assigned toGlomus were placed in their correct phylogenetic contéxtDiversispora
(chapter 7).
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4. DNA-based species level detection dBlomeromycota: one PCR primer set for all

arbuscular mycorrhizal fungi

This chapter is identical to the publication:
Kriiger M, Stockinger H, Kriger C, Schii3ler A. 2009.DNA-based species level detection of

Glomeromycotaone PCR primer set for all arbuscular mycorrhfzalgi. New Phytologisti83: 212-223.
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Summary

* At present, molecular ecological studies of arbuscular mycorrhizal fungi (AMF)
are only possible above species level when targeting entire communities. To improve
molecular species characterization and to allow species level community analyses in
the field, a set of newly designed AMF specific PCR primers was successfully tested.
* Nuclear rDNA fragments from diverse phylogenetic AMF lineages were
sequenced and analysed to design four primer mixtures, each targeting one binding
site in the small subunit (SSU) or large subunit (LSU) rDNA. To allow species resolution,
they span a fragment covering the partial SSU, whole internal transcribed spacer
(ITS) rDNA region and partial LSU.

e The new primers are suitable for specifically amplifying AMF rDNA from material
that may be contaminated by other organisms (e.g., samples from pot cultures
or the field), characterizing the diversity of AMF species from field samples, and
amplifying a SSU-ITS-LSU fragment that allows phylogenetic analyses with species
level resolution.

* The PCR primers can be used to monitor entire AMF field communities, based on
a single rDNA marker region. Their application will improve the base for deep
sequencing approaches; moreover, they can be efficiently used as DNA barcoding

primers.

Introduction

Arbuscular mycorrhizal fungi (AMF) are associated with
70-90% of land plants (Smith & Read, 2008) in a symbiosis
called arbuscular mycorrhiza (AM), that has existed for
> 400 million yr (Parniske, 2008; Schiifller ez a/., 2009). The
economic and ecological importance of these ancient biotrophic
plant symbionts is therefore obvious. Arbuscular mycorrhizal
fungi transfer inorganic nutrients and water to the plant and
receive carbohydrates in exchange. By driving this bidirectional
nutrient transport between soil and plants, they are highly
relevant for global phosphorus (P), nitrogen (N) and CO,
cycles. Moreover, they affect directly and indirectly the
diversity and productivity of land-plant communities (van
der Heijden ez al., 1998) by their central role at the soil-plant
interface (van der Heijden ez 4/., 2008). They can also improve
host plant pathogen resistance (Vigo ez 4/., 2000; de la Pena
etal., 2006) and drought stress tolerance (Michelson &
Rosendahl, 1990; Aroca ez al., 2007).

Despite the enormous role of AMF in the entire terrestrial
ecosystem, their biodiversity in relation to functional aspects

212 New Phytologist (2009) 183: 212-223
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is little understood. Most of the 214 currently described
species (www.amf-phylogeny.com) are characterized only
by spore morphology and the majority have not yet been
cultured. Moreover, from molecular ecological studies we
know that the species described represent only a small fraction
of the existing AMF diversity (Kottke ez al., 2008; Opik et al.,
2008). Problems with identification of AMF result from
their hidden, biotrophic lifestyle in the soil, few morpho-
logical characters, and the potential formation of dimorphic
spores. This led to many AMF species, phylogenetically
belonging to different orders, being placed in one genus
(Glomus) and, conversely, individual species forming different
spore morphs being described as members of different orders.

Another drawback of morphologically monitoring AMF
by their resting spores (Oehl ez al., 2005; Wang ez al., 2008)
is that the presence of spores may not reflect a symbiotically
active organism community. Furthermore, many species
cannot be reliably identified at all from heterogeneous field
samples, and when identifying described species (likely to
represent less than 5% of the existing species diversity) similar
morphotypes may be erroneously determined as a single species.

© The Authors (2009)
Journal compilation © New Phytologist (2009)


mailto:krueger@lrz.uni-muenchen.de
mailto:krueger@lrz.uni-muenchen.de
mailto:krueger@lrz.uni-muenchen.de
http://www.amf-phylogeny.com
http://www.newphytologist.org

New
Phytologist

To reveal functional and ecological aspects of distinct AMF
communities associated with different plants and/or under
different environmental conditions it is essential to detect
AMF communities in the field on the species level. However,
there are as yet no unbiased methods for this purpose, not
only for morphological identification but also for molecular
methods. Principally, DNA sequence based methods are most
useful for detecting organisms at different community levels,
but for ecological work they also depend on reliable baseline
databases and tools. For example, fingerprinting methods
such as random amplification of polymorphic DNA (RAPD),
inter-simple sequence repeat PCR (ISSR) and amplified
fragment length polymorphism (AFLP) are expected to be error
prone in uncharacterized environments because of too many
‘unknowns’ in the background, which hampers interpretation
of specificity (Mathimaran ez a/., 2008). A similar problem
exists for DNA array techniques. Nevertheless, suitable
molecular methods are crucial to overcome the limitations
of morphological identification (Walker & Schiifller, 2004;
Walker et al., 2007; Gamper et al., 2009; Stockinger ez al., 2009).

But how are DNA or RNA sequence data for community
analyses obtained and how can the current limitations of
molecular tools be overcome? Molecular characterization of
AMEF is in most cases achieved by PCR on DNA from roots
of host plants, spores or soil samples. Several primers targeting
the rDNA regions as molecular marker were claimed to be
AMEF specific. Most of these amplify only a restricted number
of glomeromycotan taxa or DNA of nontarget organisms. The
most comprehensive taxon sampling for the Glomeromycora
covers the small subunit (SSU) rDNA region (Schiifller
et al., 2001a,b), for which a new, AMF specific primer pair
was recently published (AML1 and AML2; Lee ez al., 2008).
Unlike the often used AM1 primer (Helgason ez a/., 1998) it
is perhaps suitable to amplify sequences from all AMF taxa,
but the SSU rDNA is inadequate for species resolution of
AME. Inclusion of the internal transcribed spacer (ITS) and
the large subunit (LSU) rDNA region allows both robust
phylogenetic analyses and species level resolution (Gamper ez 4.,
2009; Stockinger ez al., 2009).

The available public database sequences are scattered
through SSU, ITS and LSU rDNA subsets with varying
lengths, often only 500-800 bp. In most cases this does not
allow species level analyses, and short sequences obtained
with primers that have inaccurately defined specificity may
result in errors. For example, some short database sequences
labelled as Gigaspora (Jansa ez al., 2003) cluster with those of
Glomus versiforme BEG47 (Diversisporaceae) (Gamper et al.,
2009). Because of the relatively few LSU sequences in the
public databases, the design of improved primers is challenging
or even impossible. We therefore sequenced the ITS region
and the 5" part of the LSU rDNA of a set of well-characterized,
but phylogenetically diverse AME and designed new primers
from the resulting database. These primers are suited to
amplify DNA from members of all known glomeromycotan
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lineages and, by allowing elaboration of a more accurate
baseline dataset, could be a breakthrough for molecular
community analyses of AMF.

Materials and Methods

Fungal and plant material for primer tests

We first tested different samples as DNA templates for PCR
to confirm the specificity of the newly designed primers.
These included plasmid inserts (Table 1), DNA extractions
from single AMF spores and root samples from the Andes
(Ecuador) and the Spessart Mountains (Germany). Primers
were tested for specificity by PCR with plasmids carrying rDNA
fragments with known sequences. All these plasmids had been
amplified from single spore DNA extracts with the SSU
rDNA primer SSUmAYT, described here, and the LSU rDNA
primer LR4+2 (modified from LR4; www.aftol.org). The
specificity of SSUmA( could therefore not be investigated directly.

DNA extraction for primer tests

All vials, tips, beads, solutions, and other equipment used
were sterile and DNA free.

From cleaned, single AMF spores DNA was extracted
with the Dynabead DNA DIRECT Universal Kit (Invitrogen,
Karlsruhe, Germany) as described in Schwarzott & SchiifSler
(2001).

Roots potentially colonized by AMF were cut into ten
0.5 cm pieces and collected in a single 1.5 ml Eppendorf tube
containing one tungsten carbide bead (diameter 3 mm;
Qiagen, Hilden, Germany). They were immediately frozen in
liquid N, within the closed tube, placed in liquid N, precooled
Teflon holders, and ground to a fine powder in a MM2000
bead-mill (Retsch, Haan, Germany). Extraction was done by
either an innuPREP Plant DNA Kit (Analytik Jena, Jena,
Germany) following the instructions of the manufacturer,
or a cetyltrimethylammonium bromide (CTAB) protocol
modified from Allen ez al. (2006). For the CTAB protocol,
prewarmed extraction buffer (750 pl for 75 mg tissue) was
added to each sample of frozen, ground tissue, followed by
incubation at 60°C for 30 min. Next, one volume of a
chloroform—isoamylalcohol mixture (24 : 1) was added. The
samples were centrifuged for 5 min at 2570 g and the upper
phase was transferred into a new tube. After addition of 2.5 pl
RNase A (10 mg ml™") this was incubated at 37°C for 30 min.
One volume chloroform—isoamylalcohol (24 :1) was then
added and the tube was centrifuged as above. The supernatant
was collected and two-thirds volumes of isopropanol added.
The samples were incubated at 4°C for 15 min. After centrifu-
gation (10290 g for 10 min) the pellet was washed in 70%
ethanol, air dried, and eluted in 100 pl of molecular biology
grade H,O. Volumes of 2-5 pl of each DNA extract were
used as PCR template.

New Phyrologist (2009) 183: 212-223
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Table 1 Plasmids used to test primer specificity and their origin
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Plasmid Spore Attempt number Source
Species (order) no. no. (culture code) Voucher (collector) Origin
Glomus luteum (Glomerales) pMK020.1 2 Att 676-5 (SA101) W3184 INVAM Saskatchewan, Canada

Glomus intraradices (Glomerales) pHS051.14 283  Att 1102-12 W5070 GINCO (Nemec) Orlando, USA
(MUCL49410)

Glomus sp. (Glomerales) pMK010.1 11 Att 15-5 (WUM3) W2940 Walker (Mercer) Merredin, Australia

Acaulospora sp. (Diversisporales) pMK005.1 19  Att869-3 (WUM18) W2941 Walker (Mercer) Nedlands, Australia

Pacispora scintillans (Diversisporales) ~ pMK027.1 190  Field collected W4545  Walker (SchiiBler)  Griesheim, Germany

Gigaspora sp. (Diversisporales) pMKO003.1 14  Field collected W2992 Walker (Cabello)  Tres Arroyos, Argentina

Scutellospora heterogama pMK029.3 72 Att 334-16 (BEG35) W3214 Walker (Miranda) exact location unknown,

(Diversisporales)
Glomus versiforme (Diversisporales) pHS036.4 262
Kuklospora kentinensis (Diversisporales) pHS098.16 310

Geosiphon pyriformis (Archaeosporales) pMK044.1 8 GEO1

Att 475-45 (BEG47)
Att 1499-9 (TW111A) W5346 INVAM

North America
W5165 Walker (Bianciotto) Corvallis, USA
Tainan, Taiwan

W3619 SchuBler Bieber, Germany

Single spores from which the cloned amplicons (amplified with primers SSUmAf-LR4+2) originated and the geographic origin of the respective

arbuscular mycorrhizal fungi (AMF) are shown.

PCR conditions

The Phusion High-Fidelity DNA polymerase 2X mastermix
(Finnzymes, Espoo, Finland) was used for PCR with the
SSUmMAf-LSUmAr or SSUmC{-LSUmBr primer pairs.
SSUmCS and LSUmBr were also applied as nested primers
(see Fig. 1c). The final concentration of the reaction mix
contained 0.02 U pl™! Phusion polymerase, 1X Phusion HF
Buffer with 1.5 mm MgCl,, 200 pm of each dNTP and
0.5 pm of each primer. Thermal cycling was done in an
Eppendorf Mastercycler Gradient (Eppendorf, Hamburg,
Germany) with the following conditions for the first PCR:
5 min initial denaturation at 99°C; 40 cycles of 10
denaturation at 99°C, 30 s annealing at 60°C and 1 min
elongation at 72°C; and a 10 min final elongation. The same
conditions were used for the nested PCR primers except that
the annealing temperature was 63°C and only 30 cycles were
carried out. The PCR products were loaded on 1% agarose
gels (Agarose NEEO; Carl Roth, Karlsruhe, Germany) with
1% sodium borate buffer (Brody & Kern, 2004) at 220 V, and
visualized after ethidium bromide staining (1 pg ml™).

Cloning, restriction fragment length polymorphism
(RFLP) and sequencing

Polymerase chain reaction products were cloned with the
Zero Blunt TOPO PCR Cloning Kit (Invitrogen) following
the instructions of the manufacturer, except that to reduce
costs only one-third of the specified volume of all components
was used. Only SOC medium for initial bacterial growth after
transformation was used in the volume as per the instructions.
From each cloning we analysed up to 48 clones for correct
length of plasmid inserts. In some instances fewer clones
were available because of low cloning efficiency. Colony-PCR

New Phytologist (2009) 183: 212-223
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was performed with the GoTaq DNA Polymerase (5 U pl™;
Promega, Mannheim, Germany) and modified M13F and
M13R primers. To roughly detect intrasporal and intersporal
sequence variability in the clones, RFLP was performed in
10 pl reaction volume, containing 5 pl colony-PCR product,
one of the restriction enzymes HinfI (1 U), Rsal (1 U), or
Mbol (0.5 U) and the specific buffer. One or two clones for
each restriction pattern were sequenced, using M13 primers,
by the LMU Sequencing Service Unit on an ABI capillary
sequencer with the BigDye v3.1 (Applied Biosystems, Foster
City, CA, USA) sequencing chemistry. The sequences were
assembled and edited in sEQassEM (www.sequentix.de) and
deposited in the EMBL/GenBank/DDB] databases with the
accession numbers FM 876780 to FM876839.

Primer design

For the design of new AMF specific primers a sequence
alignment was established with the programs ALiGN
(www.sequentix.de) and arB (Ludwig eral, 2004). The
alignments contained all AMF sequences present in the public
databases and our new data. In total > 1000 AMF sequences,
covering all known phylogenetic lineages, were analysed to
design the SSU and LSU rDNA primers. To allow com-
parison to the existing SSU rDNA datasets the primers were
designed to overlap (approx. 250 bp) with the SSU rDNA.
We used BLAST against the public databases and the probe
match tool in ARB to test the specificity of the newly
designed primers in silico. For the alignment in the arB
database a combination of our new dataset and the 94th
release version of the SILVA database (Pruesse etal, 2007,
www.arb-silva.de) was used. The oligonucleotides were
then synthesized as standard primers (25 nmol, desalted)
by Invitrogen.

© The Authors (2009)
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SSUmAf1
(a) SSUmAf2
SSUmCE1
SSUmCE2
SSUmCE3

TGGGTAATCTTTTGAAACTTYA. . .
TGGGTAATCTTRTGAAACTTCA. . . -
. .——TCGCTCTTCAACGAGGAATC
. .TATTGTTCTTCAACGAGGAATC

. TATTGCTCTTNAACGAGGAATC

Gl. caledonium BEG20 Y17635

Gl. mosseae UT101 AY635833, Gl. geosporum BEGll AJ132664
Gl. sp. 'intraradices' DAOM197198 AY635831

Gl. claroideum BEG14 AJ301851

Gl. Iluteum SA101 AJ276089

Ac. laevis AU211 AJ250847

Ac. longula W3302 AJ306439, Ac. rugosa WV949 7214005

Ac. scrobiculata BEG33 AJ306442, Ac. spinosa WV860 7214004
Ac. sp. W3424 AJ306440

Ku. colombiana Wv877 z14006

Di. spurca ex-type W3239 AJ276077

Gl. versiforme BEG47 X86687, G. sp. W2423 AJ301863

Gl. eburneum AZ420 AM713405

Gl. eburneum AM713406, Gl1. fulvum AM418548, Ot.
Gi. candida BEG17 AJ276091

Gi. cf. margarita W2992 AJ276090

Gi. rosea DAOM194757 X58726

Sc. cerradensis MAFF520056 AB041345

Sc. heterogama FL225 AY635832

Pac. scintillans W3793 AJ619940

Ge. pyriformis AM183923

Am. fennica W3847 AM268194, W4752 AM268196

Am. leptoticha MAFF520055 AB047304, NC176 AJ006466
Ar

In

bareai AM905318

trappei NB112 AJ243420
schenkii CL401 AM743189
Pa. brasilianum WV219 AJ012112, Pa. occultum IA702 AJ276081

TGGGTAATCTTTTGAAACTTCA. .
TGGGTAATCTTTTGAAACTTCA. .
TGGGTAATCTTTTGAAACTTCA. .
TGGGTAATCTTTTGAAACTTTA. .
TGGGTAATCTTTKGAAACTTTA. .
TGGGTAATCTTTTGAAACTTCA. .
TGGGTAATCTTTTGAAACTTCA. .
TGGGTAATCTTTTGAAACTTCA. .
TGGGTAATCTTTTGAAACTTCA. .
TGGGTAATCTTTTGAAACTTCA. .
TGGGTAATCTTTTGAAACTTCA. .
TGGGTAATCTTTTGAAACTTCA. .
TGGGTAATCTTGTGAAACTTCA. .
TGGGTAATCTTTTGAAACTTCA. .
TGGGTAATCTTTTGAAACTTTA. .
TGGGTAATCTTTTGAAACTTCA. .
TGGGTAATCTTTTGAAACTTCA. .
TGGGTAATCTTTTGAARCTTCA. .
TGGGTAATCTTTTGAAACTTCA. .
TGGGTAATCTTTTGAAACTTCA. .
TGGGTAGTCTTATGAAACTTCA. .
TGGGTAATCTTGTGAAACTTCA. .
TGGGTAATCTTGTGAAACTTCA. .
TGGGTAATCTTTTGAAACTTCA. .

TGGGTAATCTTTTGAAACTTCA

TGGGTAATCTTGTGAAACTTCA. .

.TATTGCTCTTCAACGAGGAATC
. TATTGCTCTTCAACGAGGAATC
. TATTGCTCTTGAACGAGGAATC
.TATCGCTCTTCAACGAGGAATC
.TATCGCTCTTCAACGAGGAATC
. TATTGCTCTTAAACGAGGAATC
.TATTGCTCTTCAACGAGGAATC
.TATTGCTCTTCAACGAGGAATC
.TATTGCTCTTTAACGAGGAATC
. TATTGCTCTTCAACGAGGAATC
.TATTGCTCTTTAACGAGGAATC
.TATTGCTCTTCAACGAGGAATC
. TATTGCTCTTCAACGAGGAATC
.TATTGCTCTTCAACGAGGAATC
.TATTGCTCTTCAACGAGGAATC
.TATTGCTCTTTAACGAGGAATC
.TATTGCTCTTCAACGAGGAATC
. TATTGCTCTTCAACGAGGAATC
. TATTGCTCTTCAACGAGGAATC
.TATTGYTCTTAAACGAGGAAYC
. TATTGCTCTTCAACGAGGAATC
.TATTGCTCTTCAACGAGGAATC
. TATTGCTCTTCAACGAGGAATC
.TATTGCTCTTAAACGAGGAATC

TATTGCTCCTAAACGAGGAATC

.TATTGTTCTTCAACGAGGAATC

Ichthyophonus hoferi U25637

Neurospora crassa X04971

Parasitella parasitica AF157149

Penicillium notatum M55628
Peridermium/Endocronartium harknessii M94339
Peziza badia L37539

Russula compacta U59093

Saccharomyces cerevisiae J01353

(b) LSUmArl

LSUmAr2
LSUmAr3
LSUmAr4
LSUmBrl
LSUmBr2
LSUmBr3
LSUmBr4
LSUmBr5

CGGGTAATCTTTTGAAACCTTA. .
CGGGTAATCTTGTTAAACTGTG. .
TGGGTAAACTTTT-AAATTTCA. .
TGGGTAATCTTGTTAAACCCTG. .
TGGGTAATCTTGTGAAACTTGG. .
TGGGTAATCTTGTGAAACTCTG. .
TGGGTAATCTTGTGAAACTCTG. .
TTGGTAATCTTGTGAAACTCCG. .

-GCTCACACTCAAATCTATCARA. ..
~GCTCTAACTCAATTCTATCGAT.
TGCTCTTACTCAAATCTATCAAA. .
-GCTCTTACTCAARACCTATCGA-. ..

.TATTGATCTTCAACGAGGAATT
. TATTGCTCTTCAACGAGGAATC
.TATTGCTCTTCAACGAGGAATT
.TATTGCTCTTCAACGAGGAATG
.TATTGCTCTTCAACGAGGAATA
.TATTGCTCTTCAACGAGGAATT
.TATTGCTCTNCAACNAGGARAT
.TATTGCTCTTCAACGAGGAATT

DAACACTCGCATATATGTTAGA
.AACACTCGCACACATGTTAGA
.AACACTCGCATACATGTTAGA
AAACACTCGCACATATGTTAGA

. .AACACTCGCATATATGCTAGA

Gl. etunicatum BEG92 AF145749

Gl. etunicatum AJ623309

Gl. etunicatum AJ623310

Gl. luteum SA101 FM876809, Gl. sp. W3349 FM876804

Gl. sp. WUM3 FM876813

G1l. coronatum W3582 FM876794, BEG28 AF145739

G1. coronatum BEG49 AF145740, Gl. mosseae BEG25 AF145735
Gl. sp. 'intraradices' DAOM197198 DQ273790

Gl. claroideum BEG14 AF235007

Gl. constrictum BEG130 AF145741

Gl. fragilistratum BEGOS5 AF145747

Ac. laevis WUM11l FM876787

Ac. sp. WUM18 FM876792

Ac. scrobiculata BEG33 FM876788

Di. celata BEG231 AM713417, Gl. versiforme BEG47 FM876814
Gi. sp. W2992 FM876803, Sc. heterogama BEG35 FM876837
Sc. heterogama FL225 DQ273792

Sc. sp. W3009 FMB876833

Pac. scintillans W4545 FM876831

Ge. pyriformis GEOl AM183920

Pa. occultum IA702 DQ273827

TGTTCTTACTCAAATCTATCARA. .

TGCTCTTACTCAAATCTATCAAA
AGNTCTTACTCAAATGTATCAAA
TGCTCTTACTCAAATCTATCAAA

TGCTCTTACTCAAATCTATCAAA. .
TGCTCTCACTCAAATCTATCAAA. .
TGCTCTTACTCAAATCTATCARA. .
TGCTCTTACTCAAATCTATCAARA. .

TGCTCTTACTCAAATCTATCAAA
TGCTCTTACTCAAATCTATCAAA
TGC=CTTACTCAAATCTATCAAA
TGCTCACACTCAAATCTATCAAA
TGCTCGTACTCAAATCTATCAAA

TGCTCTTACTCAAATCTATCAAA. .
TGCTCTTACTCAAATCTATCARA. .
TGCTCTAACTCAATTCTATCGAT. .
TGCTCTGACTCAATCCTATCGAT. .

TGCTTTAACTCAATTCTATCGAT
TGCTCTTACTCAAATCTATCAAA
TGCTCTAACTCAAATCTATCAAA

TGCTCTTACTCAAACCTATCGAT.

.GAACACTCGCATATATGTTAGA

GAACACTCGCATATATGTTAGA
GAACACTCGCACATATGTTAGA
GAACACTCGCATATATGCTAGA

.AAACACTCGCATATATGTTAGA
.AAACACTCGCATATATGTTAGA
.AAACACTCGCATATATGTTAGA
. TAACACTCGCATATATGTTAGA

AAACACTCGCATATATGCTAGA
AAACACTCGCATATATGTTAGA
AAACACTCGCATATATGTTAGA
AAACACTCGCACACATGTTAGA
AAACACTCGCACACATGTTAGA

.AAACACTCGCACACATGTTAGA
.AAACACTCGCACATATGTTAGA
. TAACACTCGCATACATGTTAGA
. TAACACTCGCATACATGTTAGA

TAACACTCGCATACATGTTAGA
AAACACTCGCATATATGTTAGA
AAACACTCGCACGTATGTTAGA

.ARACACTCGCACATATGCTAGA

Aspergillus niger AM270051

Endogone pisiformis DQ273811

Laccaria bicolor DQ071702

Malassezia cf. restricta HN312 DQ789978
Mortierella sp. MS-6 DQ273786

Mucor racemosus M26190

Saccharomyces cerevisiae 773326

(c) SSUmCf
SSUmAf I'liS1 ITISZ

CGCTCTTACTCAAATCCATCCGA. .

TGCTCTTACTCAAATCTATCCAA
TGCTCTACCGCAGAATCGTCACA

TGCTCTTACGCAGACCCATCCGA. .
TACTCTTACTCAATCCCAGTCAC. .
TGCTTTACCTCGGTCATTTCAGT. .
TGCTCTTACTCAAATCCATCCGA. .

LSUmBr
LSUmAr

.GAACACTCGCGTAGATGTTAGA

AAACACTTGCATATATGTTAGA
AAATACTCGCAGGCATGTTAGA

.AAARAACTCGCACACATGTTAGA
.AAACACTCGCATATATGTTAGA
.AAATACTTGCACTTATGGTGGA
.AAACACTCGCATAGACGTTAGA

SsuU 5.88

LSU

Fig. 1 Forward and reverse primers designed in this study (5'-3" direction), compared with their annealing sites in sequences from representative
members of all main AMF taxa and some non-AMF species. Variable sites not represented in any primer mixture are shaded. When no culture
identifiers are known, voucher (W) numbers are given behind the species name. (a) Forward primers SSUmAf (mixture SSUmAf1-2) and SSUmCf
(mixture SSUMCf1-3). (b) Reverse primers LSUmAr (mixture LSUmAr1-4) and LSUmBr (mixture LSUmBr1-5). (c) Small subunit (SSU) rDNA,
internal transcribed spacer (ITS) region and large subunit (LSU) rDNA (5465 bp) of Glomus sp. ‘intraradices’ DAOM197198 (AFTOL-1D48, other
culture/voucher identifiers: MUCL43194, DAOM181602; accession numbers: AY635831, AY997052, DQ273790) showing the binding sites of
the newly designed forward and reverse primer mixtures.
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Table 2 Polymerase chain reaction primer mixtures designed for amplification of arbuscular mycorrhizal fungi (AMF)

Primer Nucleotide sequence (5"-3") nt Target taxa (mainly)

SSUmAf1  TGG GTA ATC TTT TGA AAC TTY A 22 Acaulosporaceae, Archaeosporaceae, Diversisporaceae, Geosiphonaceae,
Gigasporaceae, Glomeraceae (GIGrA & GIGrB), Pacisporaceae

SSUmAf2  TGG GTA ATC TTR TGA AAC TTC A 22 Ambisporaceae, Diversisporaceae, Geosiphonaceae, Paraglomeraceae

SSUmAf Mix SSUmAf1-2 (equimolar) 22 All AMF lineages

SSUmCf1 T CGC TCT TCA ACG AGG AAT C 20 Archaeosporaceae (indirect evidence by amplification
of Ambispora fennica), Glomeraceae (mainly GIGrB)

SSUmCf2  TAT TGT TCT TCA ACG AGG AAT C 22 Paraglomeraceae

SSUmCf3  TAT TGC TCT TNA ACG AGG AAT C 22 Acaulosporaceae, Ambisporaceae, Archaeosporaceae, Diversisporaceae,
Geosiphonaceae, Gigasporaceae, Glomeracea (mainly GIGrA), Pacisporaceae

SSUmCf  Mix of SSUmCf1-3 (equimolar) 20-22  All AMF lineages

LSUmMAr GCT CAC ACT CAA ATC TAT CAA A 22 Acaulosporaceae

LSUmAr2 GCT CTA ACT CAA TTC TAT CGA T 22 Gigasporaceae

LSUmAr3 T GCT CTT ACT CAA ATC TAT CAA A 23 Acaulosporaceae, Diversisporaceae, Geosiphonaceae, Gigasporaceae,
Glomeraceae (GIGrA and GIGrB), Pacisporaceae

LSUmAr4 GCT CTT ACT CAA ACC TAT CeA 21 Paraglomeraceae

LSUmAr  Mix of LSUmMAr1-4 (equimolar) 21-23  All AMF lineages

LSUmBr1  DAA CAC TCG CAT ATA TGT TAG A 22 Acaulosporaceae, Archaeosporaceae, Glomeraceae (GIGrA), Pacisporaceae

LSUmBr2 AA CAC TCG CAC ACA TGT TAG A 21 Acaulosporaceae

LSUmBr3 AA CAC TCG CAT ACA TGT TAG A 21 Gigasporaceae

LSUmBr4  AAA CAC TCG CAC ATA TGT TAG A 22 Diversisporaceae, Geosiphonaceae, Glomeraceae, Paraglomeraceae,
(primer sequence was also found in amplicons from Ambispora
fennica and an Archaeospora sp.)

LSUmBr5 AA CAC TCG CAT ATA TGC TAG A 21 Gigasporaceae, Glomeraceae (GIGrB)

LSUmBr Mix of LSUmBr1-5 (equimolar) 21-22  All AMF lineages

Variable sites among primers of an individual mixture are shaded. Target taxa most likely amplified, according to known binding site sequences,
are listed. Comments in parentheses indicate that the primer was successfully used to amplify the given taxon, although the binding site

sequences were not known.

Results

Primer design

Potentially suited binding sites for primers that match AMF
sequences but discriminate against plant and non-AM fungal
(non-AMF) sequences were identified for the SSU rDNA and
LSU rDNA. They were located at positions 1484 and 1532
on the SSU, and at positions 827 and 928 on the LSU rDNA
(based on Glomus sp. ‘intraradices DAOM197198 sequence;
Fig. 1¢). Sequence variation made it impossible to derive
individual primer sequences that specifically amplify all
Glomeromycota. Thus, a set of four primer mixtures was
designed, each targeting one binding site (Table 2, Fig. 1).
Certain non-3’ located mismatches that only slightly altered
melting temperature and some mismatches (Glomus etunicatum)
that were perhaps caused by low sequence quality were
accepted for primer design (Fig. 1). To discriminate against
nontarget organisms mismatches at the 3" end of the primers
were included. BLasT searches indicated high specificity of the
new primer pairs for AMF.

New Phytologist (2009) 183: 212-223
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Glomeromycota sequences that represent the known
variability at the primer binding sites are shown in Fig. 1. We
aimed to include as many main phylogenetic lineages (Fig. 2)
for primer design as possible. However, the following taxa
could not be included for LSU rDNA binding sites analyses:
Entrophosporaceae, containing only two species lacking
sequence data; Archaeosporaceae, because available sequences
did not cover the LSU rDNA binding sites; Orospora for
which only two nonoverlapping partial SSU rDNA sequences
are known; Intraspora, represented by only one SSU rDNA
database sequence.

Primer specificity — discrimination against plants

The discrimination of primer SSUmA(f]1 against ‘lower’ plants
is weak and exemplified by only one mismatch to database
sequences from mosses (Polytrichastrum, Leprodontium
and Pogonatum), a liverwort (Trichocoleopsis), a hornwort
(Phaeoceros) and a clubmoss (Selaginella). Burmannia, one
Phaseoleae sp. and some other plant sequences also showed
only one mismatch. All other plant sequences had a minimum
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GENUS FAMILY ORDER
Glomerales
_: Glomus Glomeraceae
Gen. ined. Fam. ined."
Diversisporales
Gen. ined.? Diversisporaceae
_q Diversispora
Otospora’
_: Acaulospora Acaulosporaceae
Kuklospora®
Entrophospora Entrophosporaceae*
Gigaspora Gigasporaceae
_E Scutellospora
Pacispora Pacisporaceae
Archaeosporales
I_I_ Geosiphon Geosiphonaceae
Ambispora Ambisporaceae
I_E Archaeospora Archaeosporaceae
Intraspora
Paraglomerales
Paraglomus Paraglomeraceae

Fig. 2 Phylogenetic relationships of taxa in the Glomeromycota (SchiiBler et al., 2001b; Walker et al., 2007). 'Species currently named Glomus.
One of the main Glomus clades (GIGrA or GIGrB) will represent the Glomeraceae, once the phylogenetic affiliation of the type species of Glomus
is known; 2contains Glomus fulvum, Gl. megalocarpum, Gl. pulvinatum; 3contains Kuklospora colombiana and Ku. kentinensis (formerly
Entrophospora) (Sieverding & Oehl, 2006); *contains one genus with two species, Entrophospora infrequens and En. baltica (Sieverding & Oehl,
2006), neither of which is phylogenetically characterized; >Otospora (Palenzuela et al., 2008) contains one species, Otospora bareai. Based on
small subunit (SSU) rDNA sequences and from a phylogenetic viewpoint this genus is congeneric with Diversispora.

of two mismatches, mainly at the 3" end of the primer. For
SSUmA(S2 there were at least two mismatches to all plant
sequences, except for a moss (Archidium) with only one
mismatch. For the nested forward primer SSUmC{1 a
minimum of three mismatches for all plants, except for one
environmental Phaseoleae sequence with two mismatches,
were observed. SSUmCf2 mismatched at one site to the same
Phaseoleae sequence and to liverworts (Radula, Prilidium and
Porella), a hornwort (Anthoceros) and a Taxus species. Other
plant sequences displayed a minimum of two mismatches, at
least one at the 3" end. For SSUmCf3 the above mentioned
sequence of Phaseoleae showed no mismatch, but all other
environmental Phaseoleae sequences had at least one mismatch
at the 3’ region of the primer. SSUmCI3 also showed only
one mismatch for sequences of liverworts (Radula, Ptilidium
and Porella), a hornwort (Anthoceros) and for one Liliopsida
and 7Zaxus sequence. The remaining BrasT hits displayed
two mismatches (several Zaxus spp., Pinus and the liverwort
Haplomitrium) or more. These results show that for primer
mixtures SSUmAS and SSUmCS the discrimination against
‘lower’ plants is less than for vascular plants.

The LSU rDNA primers had at least two mismatches
to plant sequences. The minimum for LSUmArl was four
mismatches to a Brassica sequence. LSUmAr2 and LSUmA«r3
showed four mismatches for a Medicago sequence, in the
case of LSUmATr?2 this holds also true for Vitis vinifera and
Oryza sativa. All other plant sequences showed more
mismatches to LSUmAr1, LSUmAr2 and LSUmATr3. For
LSUmAr4, which was designed to target Paraglomeraceae,
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two mismatches were found for Solanum lycopersicum
followed by at least three for all other plant sequences.
The LSUmBr primer set had a minimum of three mismatches
to plant sequences. LSUmBr1 shows more than three mis-
matches to a Lotus and a Brassica sequence. At least three
mismatches (to Ephedra and Larix) occurred for LSUmBr2.
There were three mismatches for LSUmBr3 to Selaginella,
followed by a liverwort ( Trichocoleapsis) and a moss (Bryum) species
with four. LSUmBr4 had three mismatches for V. vinifera
and at least five for all other plant sequences. LSUmBr5
displayed more than four mismatches to any plant sequence.

Primer specificity — discrimination against
nontarget fungi

The primer mixture SSUmAf should partly exclude
amplification of nontarget fungi, whereas SSUmCF poorly
discriminates non-AMF (Fig. 1a). Therefore, the highly
specific amplification of AMF rDNA results mainly from the
LSU primers. The primer mixture LSUmAr discriminates
well against most non-AME An exception is LSUmAr!1 with
only one mismatch to a group of sequences from uncultured
soil fungi (Basidiomycota related) from a Canadian forestry
centre. For all other known non-AMF sequences more than
four mismatches to LSUmAr1 and three to LSUmAr2 were
observed. The primer LSUmAr3 shows only one mismatch
with several chytrid sequences. For all other non-AMF
LSUmAT3 as well as LSUmAr4 mismatched with at least two
sites, mainly at the 3" end.
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For the (nested) LSUmBr primer mixture the specificity is
lower; for example, LSUmBr1 showed no mismatch to some
fungi in the more ancestral lineages, namely Endogone lactiflua
and Mortierellaceae species, chytrids (Rhizophlyctis and
Gonapodya), an uncultured alpine tundra soil fungus and
matched one ascomycete sequence (Catenulostroma). For
LSUmBr2, no mismatches occurred for sequences of some
basidiomycetes (Bulleribasidium, Paullicorticium and Russula)
and a zygomycete (Spiromyces minutus). Only one mismatch
was observed for sequences including basidiomycetes
(Calocera, Calostoma and Ramaria) and ascomycetes (Pyxidi-
ophora, Eremithallus and Phacococcus), and some other fungi.
LSUmBI3 discriminates well against other fungi with at least
three mismatches, except for one uncultured soil fungus
sequence (Cryptococcus related) that matched completely.
The primer LSUmBr4 showed no mismatch to Clavulina
griseohumicola and only one to some fungal sequences
including ascomycetes (Pyxidiophora and Phaeococcus) and
basidiomycetes (Cryprococcus spp.). LSUmBr5 showed only
one mismatch to fungal sequences of Mortierella spp., a chytrid
(Rhizophlyctis rosea), and some ascomycetes (Schizosaccharomyces,
Verrucocladosporium, Passalora and Catenulostroma). In general
the LSUmATr primers discriminate better against non-AMF
than the nested primers LSUmBr.

Primer efficiency — tests on plasmids and DNA extracts
from single spores

The new primer pairs were designed to amplify fragments
of approx. 1800 bp (SSUmAf-LSUmAr) and 1500 bp
(SSUmCFLSUmBr). In a first PCR amplification test,
samples were chosen to encompass divergent phylogenetic
lineages of the Glomeromycota. Cloned rDNA of the AMF species
Acaulospora sp. and Kuklospora kentinensis (Acaulosporaceae),
Glomus lutewm, Gl. intraradices and a Glomus sp. (Glomeraceae),
Pacispora scintillans (Pacisporaceae), and Scutellospora heterogama
(Gigasporaceae) were used (Table 1, Fig. 3a). In addition,
rDNA fragments were amplified from single spore DNA
extracts from Geosiphon pyriformis (Geosiphonaceae), Gl. mosseae
(Glomeraceae), Gl. eburnewm and Gl. versiforme (Diversisporaceae),
a Paraglomus sp. (Paraglomeraceae), and a Gigaspora sp.
(Gigasporaceae) (not shown). All tested AMF species were
successfully amplified with the new primer set.

To test the potential sensitivity of the new primers, the
same plasmids as in the first PCR test and additional
plasmids carrying inserts of a Gigaspora sp., Gl. versiforme and
Ge. pyriformis (Table 1, Fig. 3b) were used. They were diluted
over several magnitudes to contain 100 pg, 10 pg, 1 pg,
100 fg, 10 fg, 1 fg, 0.1 fgand 0.01 fg DNA pl_l. One micro-
litre was used as template for PCR, whereas the four lowest
concentrations correspond with 5000, 500, 50 and 5 plasmid
molecules in the 20 pl PCR reaction volume. Both primer sets
were tested independently. Differences between specificity of
the first and nested primer sets were observed for Pacispora,
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Kuklospora, and Geosiphon. For Pacispora the PCR with
SSUmAf and LSUmAr yielded, even with the lowest DNA
concentration, a clearly visible band, whereas PCR with
SSUmCS and LSUmBr yielded weaker bands, indicating
lower specificity. Weaker bands were also observed for the
rDNA amplification of Ku. kentinesis with the primers
SSUmMCH-LSUmBr and for Ge. pyriformis with SSUmAf-
LSUmA:r. However, these differences may be within the
error-range of photometric DNA concentration measurement
of the plasmid stock-solutions. Only slight or no differences
occurred between the other plasmid templates, when comparing
the intensity of the bands, except for GI. versiforme. Here,
clearly visible bands were only found for the higher DNA
concentrations, but with the same pattern for both primer
pairs. However, this was an artefact caused by low template
DNA integrity. Later dilution series with fresh plasmid
preparations (also from other Diversisporaceae) were indistin-
guishable from those obtained with the other species shown in
Fig. 3(b). For Ku. kentinensis no amplicon could be observed
after PCR with the primers SSUmAf-LSUmAr, because
the cloned fragment was originally amplified with the nested
primers. The plasmid therefore serves only as a negative
control in the first PCR and as positive control for the PCR
with the nested primers.

Primer efficiency — tests on field and nursery sampled
roots and spores

To test whether the newly designed primers discriminate
against nonglomeromycotan fungi and plants, we used them
on DNA extracted from single spores from pot cultures,
environmental root samples, and root samples from a tree
nursery, in nested PCR approaches. We observed not a single
non-AMF contaminant sequence in the 12 environmental
root and 40 single spore samples processed. The discrimination
against plants was tested with DNA extracts from roots of
potential AMF hosts. The species collected comprised Poa cf.
annua, Ranunculus cf. repens, and Rumex acetosella from a field
site in Germany, and Podocarpus cf. macrostaqui, Heliocarpus
americanus and Cedrela montana tree seedlings from a tree
nursery in Ecuador. From a large number of nested PCR
approaches, on just one occasion, three identical clones
carrying a plant sequence (R. acetosella) were obtained. The
Rumex related database sequence (AF189730, 630 bp) covers
the ITS region, but not the binding sites for the nested
primers. The new primers were also used successfully on DNA
extractions from single AMF spores from pot cultures and a
root organ culture (ROC). This demonstrates PCR amplification
with a broad phylogenetic coverage of AMF, while efficiently
discriminating against non-AMF and plants (Table 3).

The results show that the new primers are suitable to
amplify DNA from members of the whole Glomeromycota
and can be used for species level analyses of AMF communities

in the field.
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Fig. 3 Polymerase chain reaction amplification with primers SSUmAf-LSUmAr (approx. 1800 bp amplicons) and SSUmCf-LSUmBr (approx.

1500 bp amplicons). (a) PCR on cloned DNA fragments, using different annealing temperatures and a template concentration of 1 ng pl~'. A.s.,
Acaulospora sp.; G.s., Glomus sp.; G.1I., Glomus luteum; Ps., Pacispora scintillans; K.k., Kuklospora kentinensis; G.i., Glomus intraradices; S.h.,
Scutellospora heterogama; N, negative control. Annealing temperatures: 1, 55°C; 2, 55.7°C; 3, 57.8°C; 4, 60.5°C; 5, 63.1°C; 6, 65°C; 7, 55.2°C;
8, 56.6°C; 9, 59.1°C; 10, 61.8°C; 11, 64.2°C; 12, 65.5°C. (b) PCR using 1 pl of a 10-fold plasmid dilution (100 pg — 0.01 fg plI~") as template,
corresponding to 5x107 to 5 plasmid molecules in 20 pl PCR reaction volume. Annealing temperatures: SSUMAf-LSUmAr 60°C; SSUmMCf-LSUmBr
63°C. N, negative control; Marker, NEB 2-Log DNA Ladder (bp: 10 000, 8000, 6000, 5000, 4000, 3000, 2000, 1500, 1200, 1000 (arrowhead),

900, 800, 700, 600, 500, 400, 300, 200, 100).

Discussion

There have been numerous efforts to design PCR primers
generally applicable for detection of the whole group of AMF
(Simon ez al., 1992; Helgason ez al., 1998), but later studies
showed that they do not amplify DNA of all Glomeromycota
or they also amplify ascomycetes, basidiomycetes or plant
DNA (Clapp ez al., 1995, 1999; Helgason ez al., 1999).
Other primers were successfully used for certain groups of the
Glomeromycota (Kjoller & Rosendahl, 2000; Redecker, 2000;
Turnau e al., 2001; Wubet et al., 2003, 2006; Gamper &
Leuchtmann, 2007).

Many of the approaches require different primer pairs
and independent PCR attempts for distinct target taxa.
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Comparison of such studies can be difficult since the distinct
primer binding sites may behave very different in PCR and do
not allow semiquantitative approaches. A single primer set
for PCR amplification that covers all groups of the Glomero-
mycota and allows the identification of AMF at the species
level was not available.

We have chosen the strategy of mixed primer sets to cover
the defined sequence variability, instead of using fully
degenerated primers. This reduces the degree of degeneration
and results in a higher ratio of efficiently binding primers. The
approach also allows adjustment of the concentrations of
individual primers in future attempts. At the beginning of the
study we speculated that the exonuclease activity of the proof-
reading DNA polymerase used could hamper discrimination
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Table 3 PCR amplification with the new primer pairs; DNA extracted from roots or spores

Sample First Nested

Environmental samples or culture PCR PCR Clones sequenced, most likely genus (sLast hits for full length and partial sequences)

Cedrela montana roots (tree nursery pot) N1 - + pCK011.1-7 Ambispora (uncultured Archaeospora LSU)

Cedrela montana roots (tree nursery pot) N3 + + first PCR: pCK009.1-3 Glomus (mycorrhizal symbiont of Marchantia foliacea SSU, ITS, LSU; Glomus sp.
MUCL43206 LSU); nested PCR: pCK016.1-3, pCKO17.1 Glomus (uncultured AMF clone Glom3524.1 SSU;
symbiont of M. foliacea SSU, ITS, LSU; Glomus sp. MUCL43206 LSU, MUCL43194, LSU; Glomus sp.
‘intraradices’ AFTOL-1D845 LSU)

Cedrela montana roots (tree nursery pot) N8 + +(ns)  pCK010.1,2 Gigaspora and/or Scutellospora (uncultured Gigasporaceae clone S2R2 SSU, ITS, LSU;

Gi. rosea SSU, ITS, LSU; Sc. heterogama AFTOL-1D138 LSU)

Heliocarpus americanus roots (tree nursery pot) N2 - + pCKO012.2-4 Archaeospora and Glomus (Ar. trappei NB112 SSU, ITS, LSU; Glomus sp. ‘intraradices’
AFTOL-ID845 LSU)

Podocarpus cf. macrostaqui root without nodules PO + +(ns)  pCK018.1 Acaulospora (Ac. alpina clone 1060/33 SSU, ITS; uncultured Acaulospora clone:

(seedling from forest) A3-68-c LSU)

Podocarpus cf. macrostaqui root with nodules P1 + +(ns)  pCK020.1-13 Acaulospora (Ac. alpina clone 1060/33 SSU, ITS; Acaulospora clone: A3-68-c LSU)

(seedling from forest)

Podocarpus cf. macrostaqui root nodules only P2 - + pCK006.1,2 Glomus (GI. diaphanum clone 3.3 SSU, ITS, LSU; GI. coronatum BEG28 LSU; symbiont of

(seedling from forest) M. foliacea SSU, ITS1; uncultured Glomus LSU)

Podocarpus cf. macrostaqui root nodules only P3 - + pCK007.1,3,4 Glomus (Glomus sp. 0171 SSU, ITS; uncultured Glomus clone K7-10 SSU, ITS; Glomus clone K31-1

(seedling from forest) LSU; uncultured Glomus clone 1298-21 SSU, ITS, LSU; uncultured glomeromycete 2-09 LSU); pCK007.5,6
pCK008.1,3-7 Glomus (uncultured Glomus clone S1R2 + S2R1/2 SSU, ITS, LSU; Glomus sp. MUCL43206
LSU, MUCL43207 LSU; symbiont of M. foliacea SSU, ITS1; uncultured Glomus clone: A10-28 LSU)

Ranunculus repens roots (field sample) 1A - + pMKO078.1-3 Acaulospora (uncultured Acaulospora SSU; LSU)

Ranunculus repens roots (field sample) 3A - + pMK083.2,3,5 Acaulospora (Acaulospora sp. ZS2005 SSU, ITS; Ac. paulinae clone 2.2 LSU )

Ranunculus repens roots (field sample) 5A - + pMKO077.1-5 Glomus (uncultured Glomus clones STR2 + 850-23 SSU, ITS; uncultured Glomus clone H5-2 LSU)

Ranunculus repens roots (field sample) 7A - + pMKO080.1-5 Diversispora (Gl. aurantium SSU, ITS, LSU; Gl. versiforme BEG47 LSU, uncultured Glomus
LSU); pMK080.6,7 Glomus (uncultured Glomus clone S1R2 SSU, ITS; uncultured Glomus LSU)

Poa annua roots (field sample) 1C - + pMK082.1,4,6,9-17 Acaulospora (uncultured Acaulospora SSU, ITS, LSU; uncultured Acaulospora LSU)

Poa annua roots (field sample) 2C - + pMKO081.1,3-5 Acaulospora (uncultured Acaulospora SSU, ITS, LSU; Ac. laevis BEG13 LSU)

Plantago lanceolata roots (pot culture, Att 1451-8 + +(ns)  pCK024.1,3,4 Glomus (uncultured Glomus clone S2R2 SSU, ITS, LSU; uncultured Glomus clone S1R2 SSU,

inoculated with C. montana roots) ITS, LSU; Glomus sp. ‘intraradices’ AFTOL-1D845 LSU, Glomus sp. MUCL43206 LSU; Glomus sp.
MUCL43203 LSU)

Plantago lanceolata roots (pot culture, Att 1456-1 - + pCK025.1-4 Glomus (uncultured Glomus clone S1R2 SSU, ITS, LSU; Glomus sp. MUCL43203 LSU)

inoculated with H. americanus roots)

AMF ss (ss pot culture) Att 1449-5 - + pCK022.1-3 Diversispora (Gl. aurantium SSU, LSU; GI. versiforme BEG47 LSU)

AMF ss (ss pot culture) Att 1450-1 - + pCK023.1-4 Acaulospora (Ac. colossica clones 15.1+15.4 SSU, ITS, LSU; uncultured Acaulospora clone
H1-1 LSU)

AMF ss (ss pot culture) Att 1456-7 - + pCK026.1,2-6 Archaeospora (uncultured Archaeospora clone 1400-71 SSU, ITS, clone R8-37 LSU;

Ar. trappei SSU, ITS, LSU)

AMF ss (ss pot culture) Att 1456-11 - + pCK027.1-3 Glomus (Gl. claroideum clone 57.10 SSU, ITS, LSU)

AMF ss (ss pot culture) Att 1449-10 - + pCK028.2-5,7-12 Glomus (Gl. claroideum clone 57.10 SSU, ITS, LSU)

AMF ss morphotype 1 (ms pot culture) Att 1451-6  + + first PCR: pCK029.1 Glomus (Gl. claroideum clone 57.10 SSU, ITS, LSU); nested PCR: pCK030.1-6
Glomus (uncultured Glomus clone Pa127 SSU, ITS, LSU; uncultured Glomus clone S1R2 SSU, ITS, LSU;
Gl. etunicatum LSU; Glomus sp. MUCL43203 LSU)

AMF ss morphotype 2 (ms pot culture) Att 1451-6 - + pCK031.1,2 Gigaspora (Gi. rosea clone Gr8.2 SSU, ITS, LSU; Sc. heterogama AFTOL-ID138 LSU)

Glomus intraradices spore cluster (ROC) Att 4-64 - + pHS099.3,6,8,11,14,16,25,32,36,40,41,47 Glomus (uncultured Glomus clone S2R2 SSU, ITS, LSU; Glomus sp.

(from FL208)

MUCL43203 LSU, Glomus sp. MUCL43206 LSU, MUCL43207 LSU, Glomus sp. 'intraradices' AFTOL-1D845 LSU)

First PCR, SSUMAf-LSUmAT; nested PCR, SSUmCf-LSUmBr. PCR reactions are given as positive when a PCR product of the expected size was visible. The closest sLasT hits are shown for the first and/or
nested PCR derived sequences. Att, culture attempt; ITS, internal transcribed spacer; LSU, large subunit; ms, multi spore; ns, not sequenced; ROC, root organ culture; ss, single spore; SSU, small subunit.
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by terminal 3" primer mismatches, but no such problems
were detected.

Primer specificity

The primers designed show some mismatches to AMF
sequences at the 5" end (Fig. 1), which do not hinder PCR
amplification (Bru ez /., 2008). Primer mismatches such
as C-T, T-C and T-G do not impair amplification strongly
even when situated at the 3" end of the primer (Kwok et al.,
1990). The forward primers SSUmA( as well as the reverse
primers LSUmBr mismatched once with Ge. pyriformis, but
did not hamper amplification. The LSU rDNA primers show
sufficient sequence similarity to the target organisms, as the
mismatches are either in the middle or at the 5” end.
LSUmAr primers displayed individual mismatches to
sequences of Scutellospora spp., Gl. etunicatum, and one
Acaulospora sp. (Fig. 1). Nevertheless, DNA of these species
was successfully amplified from environmental samples and
in the primer efficiency test (Fig. 3). Ambisporaceae and
Archaeosporaceae species could not be included in the design
of the LSU primers, but Ambispora fennica DNA from a single
spore extraction (not shown) and Archaeospora sp. from single
spores and roots of an Ecuadorian tree seedling (Table 3) could
be amplified with the new primers, indicating well matching
binding sites. Sequences from Otospora (Diversisporaceae
Palenzuela ez al., 2008; matching the SSU primers), Intraspora
(closely related to Archacospora), and Entrophospora (sensu
Ochl & Sieverd.; with two species only) are either not or only
partly characterized and therefore could not be included in
several aspects of primer design. Otospora and Intraspora are
very closely related to their sister genera (maybe congeneric),
so the lack of LSU rDNA sequences was therefore interpreted
as a minor limitation.

We could successfully amplify all AMF tested with the new
primers, but because of the lower number of LSU rDNA
sequences available for AMF an optimization of the LSU
primers might be reasonable in future. The discrimination
against non-AMF and plant DNA is excellent, as shown on
DNA extracts from environmental samples and spores from
pot cultures. To discriminate against non-AME, LSUmAr
works much better than the nested primers LSUmBr. The
cloned plant (Rumex) rDNA fragment that originated from
root material can be interpreted as an ‘outlier’. The primer
binding sites could not be investigated for Rumex, because of
lacking sequence coverage. It should be indicated in this
context that we did not use HPLC-purified primers. This
means a certain fraction of primers may not be fully synthesized
and could result in less specific amplification. All plasmids
used in the plasmid test carried inserts that were originally
amplified with SSUmAf. Therefore, the efficiency of this
primer could not be validated, but because of the high
number of SSU rDNA sequences known, it can be stated
that the binding sites in the cloned fragments correspond to a
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realistic situation. The efficient amplification from spore DNA
extracts was, moreover, confirmed in numerous former PCR.

Advantages over previously used PCR primer sets

In most former field studies SSU rDNA phylotypes were
analysed for molecular detection of AMF. However, this
region does not allow species resolution and each defined
phylotype, irrespective of the used distance threshold value or
phylogenetic analysis method, may hide a number of species
(Walker ez al., 2007). In general, the LSU rDNA region
allows species resolution, and thus the LSU primer pair
FLR3-FLR4 (Gollotte ez al., 2004) was used for species-
level community analyses. However, in particular, FLR4
is not phylogenetically inclusive (Gamper ez al., 2009)
and discriminates many lineages, including Diversisporales,
Archaeosporales and Paraglomerales, which results in a strong
bias in community analyses towards the Glomeraceae. The
primer FLR3 binds to DNA of many nontarget fungi as it
shows no mismatch to > 1300 basidiomycete sequences and
some ascomycete sequences in the public databases. Such
problems obviously may bias tRFLP community analyses
(Mummey & Rillig, 2008) and seminested PCR approaches
(Pivato et al., 2007) using FLR3 and/or FLR4. The primer
pair SSUGlom1-LSUGlom1 (Renker e a/., 2003) amplifies
many non-AMF and plants. Combined with the primers
ITS5-ITS4 in a nested PCR (Hempel ez al., 2007) this
resulted in a 5.8S rDNA phylogenetic analysis, which
resolved only the genus level. Even the ITS region does not
always resolve species for AMF (Stockinger ez al., 2009).

In some cases, species-specific detection tools are available
for individual species or certain well-defined and closely
related species. The three closely related AM fungi G/. mosseae,
Gl. caledonium and Gl. geosporum were detected by using
LSU primers in field studies (Stukenbrock & Rosendahl,
2005; Rosendahl & Matzen, 2008), but these primers were
designed to only amplify subgroups or certain taxa in the
Glomeromycora. For the well-studied Gl intraradices related
AMEF (e.g. DAOM197198), which are, however, not conspecific
with Gl intraradices (Stockinger er al. 2009), microsatellite
markers are available for their detection in the field (Croll
et al., 2008; Mathimaran ez al., 2008). Some mtLSU region
markers were also studied (Borstler et al., 2008), but because
of the high length variation observed (1070-3935 bp) and the
difficulty in amplifying this region it is not very promising for
community analyses. Thus, such markers cannot be used for
general AMF community analyses.

The new primers described in the present study were
used to amplify efficiently and specifically target IDNA from
environmental samples of the main phylogenetic groups in
the Glomeromycota. For the first time, this will allow molecular
ecological studies covering all AMF lineages to be carried out
with only one primer set. Furthermore, the long sequences
allow robust phylogenetic analyses and species level resolution
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by inclusion of the variable ITS and LSU rDNA region
(Walker ez al., 2007; Gamper et al., 2009; Stockinger ez al.
2009), whereas formerly used primers mainly amplified
rDNA fragments of up to 800 bp (Helgason ez al., 1999;
Redecker, 2000; Lee ez a/., 2008).

Potential application as DNA barcoding primers

The new primers are suited to amplify the most likely primary
DNA barcode region for fungi, the ITS region (already online
at the Barcode of Life Data Systems (BOLD) website;
www.barcodinglife.org). In general ‘barcode primers’” should
amplify short fragments and for the ITS region the amplicons
generated by our primers are in fact too long. However, the
main criterion for DNA barcodes is the resolution at species
level. Since for Glomeromycota this is difficult or impossible
to achieve with the ITS region only (Stockinger ez /., 2009),
the inclusion of the 5" LSU rDNA fragment is strongly
recommended. Our new primer set (SSUmAf, SSUmCH,
LSUmAr and LSUmBr) appears to be well suited as barcoding
primers for Glomeromycota. The primers will be helpful for
the molecular characterization of AME including species
descriptions (Gamper ez al., 2009), resulting in a sequence
database that allows the design of further primers for the
detection of AMF from field samples. LSUmAr and LSUmBr,
located approximately at positions 930-950 and 830-850 on
the LSU rRNA gene, may be used in combination with new
forward LSU primers for amplification of fragments within
the variable D1/D2 LSU regions. Based on such amplicons,
deep sequencing approaches with the now feasible longer
reads of the new 454 FLX-titanium chemistry will allow
species level detection of the ‘unknown” AMF community, in
future molecular ecological studies.
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Summary

e Currently, no official DNA barcode region is defined for the Fungi. The COX1
gene DNA barcode is difficult to apply. The internal transcribed spacer (ITS) region
has been suggested as a primary barcode candidate, but for arbuscular mycorrhizal
fungi (AMF; Glomeromycota) the region is exceptionably variable and does not
resolve closely related species.

e DNA barcoding analyses were performed with datasets from several phylo-
genetic lineages of the Glomeromycota. We tested a c. 1500 bp fragment spanning
small subunit (SSU), ITS region, and large subunit (LSU) nuclear ribosomal DNA
for species resolving power. Subfragments covering the complete ITS region,
¢. 800 bp of the LSU rDNA, and three c. 400 bp fragments spanning the ITS2, the
LSU-D1 or LSU-D2 domains were also analysed.

e Barcode gap analyses did not resolve all species, but neighbour joining analyses,
using Kimura two-parameter (K2P) distances, resolved all species when based on
the 1500 bp fragment. The shorter fragments failed to separate closely related
species.

e We recommend the complete 1500 bp fragment as a basis for AMF DNA
barcoding. This will also allow future identification of AMF at species level based
on 400 or 1000 bp amplicons in deep sequencing approaches.

Introduction

This study aimed to define a DNA barcoding region for
arbuscular mycorrhizal fungi (AMF) that also is useful for
molecular in-field community studies. Despite the fact
that AMF are perhaps the most important fungi in terres-
trial ecosystems, forming mutualistic symbioses with ¢
80% of land plants (Brundrett, 2009), much of their
biology still is enigmatic. One recent example for a new
and surprising finding are the Mycoplasma-related
endobacteria of AMF (Naumann et al, 2010), with
completely unknown function. The lack of knowledge
about many aspects of AMF biology is partly because of
their asexual, obligate symbiotic and subterranean life-
style. All AMF belong to the phylum Glomeromycota
(Schiifiler ez al., 2001) and molecular biological methods
revealed cryptic species showing, for example, that spore
morphs previously defined as different species in distinct
families (e.g. morphs of Ambispora leptoticha) are con-
specific (Sawaki ez al, 1998; Redecker ez al, 2000;
Walker ez al., 2007). However, the asexual reproduction
and potentally clonal diversity complicate the inter-
pretation of AMF species boundaries (Stukenbrock &
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Rosendahl, 2005). Despite this limitation, the present
species concept is valuable, congruent with phylogenetic
analyses (Walker et 2/, 2007; Msiska & Morton, 2009;
Stockinger et al, 2009) and important for uncovering
functional diversity. Unfortunately, the knowledge of
preferential associations of AMF with plants under certain
environmental conditions is still very limited, although a
better understanding of differential AMF—plant associations
and symbiotic preferences is of high ecological rele-
vance and will affect sustainable management practices in
agriculture and forestry.

Identification of AM fungal species from the field

Community analyses based on morphologically monitoring
AMF spore occurrences in the soil reveal some important
hints about the species composition in different ecosystems
(Oehl ¢t al., 2009; Robinson-Boyer et al., 2009), but spores
are resting stages and may not reflect those species that are
2004).
Moreover, relatively little is known about the influence of

physiologically active at the time (Sanders,
environment or host plant on sporulation dynamics over

both space and time (Walker ez al., 1982).
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To overcome such drawbacks, molecular methods were
developed to detect AMF directly within roots. The most
frequently used markers are one or more of the nuclear
rRNA genes, for example the widely used small subunit
(SSU) rRNA gene (Helgason et al, 1999; Wubet ez al.,
2006; Lee eral, 2008), the internal transcribed spacer
(ITS) rDNA region including the 5.8S rRNA gene (Wubet
et al., 2004; Hempel ez al., 2007; Sykorova ez al., 2007),
and a part of the large subunit (LSU) rRNA gene (Gollotte
et al., 2004; Pivato et al., 2007; Rosendahl ez /., 2009).
However, many molecular analyses are biased, as some of
the primers used detect only parts of the community and
the level of taxonomic resolution in most cases is uncertain.
Species-level community analyses based on rDNA regions
should be feasible (Gamper ez al., 2009; Stockinger ez al.,
2009), but no single molecular marker or DNA barcode is
yet suitable for species-level resolution of all AMF.

DNA barcoding for fungal species definition and
identification

DNA barcoding in the strict sense is defined as the stan-
dardized analysis of an easily amplifiable PCR fragment for
sequence-based identification of species. Identifications
must be accurate, rapid, cost-effective, culture-independent,
universally accessible and usable by nonexperts (Frézal &
Leblois, 2008). By DNA barcoding, organisms can be
identified in life cycle stages not suited for morphological
identification (Gilmore ez al., 2009).

In DNA barcoding, species are separated by standardized
barcode gap analyses or phylogenetic tree-building methods.
A barcode gap exists if the minimum interspecific vari-
ation is bigger than the maximum intraspecific variation.
Alternatively, phylogenetic neighbour joining analysis based
on Kimura two-parameter (K2P = K80) distances is a sug-
gested standard method and in future more sophisticated
phylogenetic methods will most likely be applied.

A part of the mitochondrial cyrochrome ¢ oxidase 1 (COX1)
gene has become the first official animal DNA barcode
(Hebert ez al., 2004; http://www.barcoding.si.edu/) and for
plants an agreed system is based on the plastid loci rb¢L and
matK (Hollingsworth er al., 2009), but no official consensus
strategy exists for fungi. A standardized DNA-based species
identification system for fungi would be extremely useful.
There are ¢. 100 000 named fungi (Kirk ez 4/, 2008), and
estimates suggest that as many as 1.5-3.5 million species
exist (Hawksworth, 2001; O’Brien ez al, 2005).
Identification of many of these, particularly from their vege-
tative state, will only be possible by molecular methods.

Primers have long been available for the nuclear ITS
rDNA region (White ez al., 1990; Gardes & Bruns, 1993)
which are now commonly used for fungal identification
(Koljalg er al., 2005; Summerbell ez al., 2007). The ITS
rDNA region will probably be proposed to the Consortium
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for the Barcode of Life (CBOL, http://www.barcoding.
si.edu) as a fungal barcode (Seifert, 2009). As for many
other organism groups, fungal sequence data derived
from inaccurately identified material exist in the public data-
bases (Ryberg et al., 2008), and a lack of vouchers often
precludes verification of sequences (Agerer et al., 2000).
Unfortunately, third party corrections in the GenBank
sequence database are prohibited (Bidartondo ez 4l., 2008).
Initiatives such as UNITE (http://unite.ut.ee) were estab-
lished to provide validated and curated data, but such data
are still lacking for AMF.

COX1 is not suited as general fungal barcode

Demonstration that the COX1 region is unsuitable for easy
PCR-amplification, sequencing and species identification
would preclude its use according to the CBOL standards.
Although this region showed promise for Penicillium spp.
(Seifert er al., 2007), the length of fungal COXI is highly
variable (1.6-22 kb). The shortest potential barcoding
region varies in length from 642 bp to > 12 kb (Seifert,
2009). Moreover fungal species-level discrimination with
COXI genes may be inaccurate (Chase & Fay, 2009) and in
Fusarium and the Aspergillus niger complex multiple para-
logues hinder species-level resolution (Geiser ez al., 2007;
Gilmore et al., 2009). For the AMF Glomus sp. FACE#494,
the barcoding region of COXI spans 2200 bp and contains
several introns (Lee & Young, 2009). Moreover, the
mtDNA of Glomus diaphanum contains a COXI intron
with high sequence similarity to a corresponding COXI
intron in plants and Rhizopus oryzae (Lang & Hijri, 2009).
The plant intron is thought to have originated by horizontal
gene transfer (HGT) from fungi (Vaughn et 4/, 1995; Lang
& Hijri, 2009), further questioning the general usability of
COX1 as a barcode for either fungi or plants.

Defining a DNA barcoding region for AMF

Both potential primary barcoding regions — COX1I with its
large length variation and the ITS rDNA with its lack of dis-
crimination of closely related AMF species (Stockinger
et al., 2009) — seem unsuited for AMF. Therefore, we aimed
to define a DNA barcoding region for Glomeromycota by
comparing different nuclear rRNA gene regions and the
ITS.

We further on abbreviate the nuclear SSU rRNA gene as
SSU, the LSU rRNA gene as LSU, and the 5.8S rRNA gene
as 5.8S; the term ‘ITS region’ is used for the complete
ITS1-5.85-ITS2 rDNA (Fig. 1), for simplicity. A DNA
fragment of 1420-1602 bp, amplified with AMF specific
primers (Kriiger ez al., 2009) from species in widely sepa-
rated AMF clades was sequenced. The fragment covers
¢. 240 bp of the SSU, the 400-526 bp long ITS region,
and 776-852 bp of the LSU. We compared the complete
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Fig. 1 Schematic representation of the LSU region
nuclear ribosomal DNA regions studied.
Triangles indicate positions of priming sites ITS2 fragment
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s 5.8S H] - Large subunit i
ITS1 ITS2 ‘
ITS4 LSUmBr

that were used as borders for in silico
analyses of the fragments. Lines indicate the
fragments analysed.

fragment, the ITS region, the LSU region, and three
400 bp fragments, covering the 5.8S + ITS2, LSU-D1 or
LSU-D2, for species resolving power and suitability as
DNA barcode. This corresponds with the resolution level in
environmental deep sequencing approaches using the present
454 GS-FLX Titanium system, with ¢. 400 bp average read
lengths. The barcode we propose here will also facilitate the
identification of species using future deep sequencing
systems with > 1000 bp read lengths (http://www.454.com;
http://www.pacificbiosciences.com).

Materials and Methods

Taxa and public sequences used for analyses

The ‘core dataset’ sequences investigated in this study (see
the Supporting Information, Table S1) cover the partial
SSU, the ITS region and the partial LSU, completely cover-
ing a fragment spanning the region amplified with primers
SSU-Glom1 (Renker ez al., 2003) and NDL22 (van Tuinen
et al., 1998). For all AMF analysed, a culture identifier or a
voucher deposited in a herbarium (W-numbers) is known;
for most, both items of information is available. The attempt
(Att) numbers refer to the culture collection of Christopher
Walker, BEG identifiers to the ‘International bank for the
Glomeromycora’ (http://www.kent.ac.uk/bio/beg), INVAM
to the ‘International culture collection of (vesicular) arbus-
cular mycorrhizal fungi’ (http://invam.caf.wvu.edu) and
MUCL to the ‘Glomeromycota in vitro collection’ (GINCO;
additional
identifiers are listed in Table S1. For analysis of the five
AMEF species included in the AFTOL (assembling the fungal
tree of life) project (James ez al., 2006), the individual SSU,
ITS and LSU sequences were assembled to a contiguous
consensus sequence. For the ‘extended dataset’, analyses of
the Ambisporaceae, Diversisporaceae and Glomus Group Aa
additional public database sequences (Tables S2-S6) were
included. Sequences probably derived from contaminants
(Schiifller et al., 2003) were excluded.

http://emma.agro.ucl.ac.be/ginco-bel/).  Some
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LSU-D1 fragment
LSU-D2 fragment

DNA extraction, PCR amplification, cloning and
sequencing

Spores were cleaned and DNA was extracted as described in
Schwarzote & Schiiffler (2001). At first, PCR was per-
formed with the primers SSU-Gloml combined with
NDL22 or LR4+2 (Stockinger ez al., 2009). Later, the PCR
approach with AMF-specific primers described in Kriiger
et al. (2009) was used, for the majority of the AMF charac-
terized (Table S1). Polymerase chain reactions with the
Phusion High Fidelity DNA polymerase (Finnzymes,
Espoo, Finland), cloning, restriction fragment length poly-
morphism (RFLP) analyses and sequencing were performed
as described in Kriiger er al. (2009), except for Glomus
caledonium BEG20 which was amplified using a 729 DNA
polymerase (Peglab, Erlangen, Germany) and some clones
that were obtained using the StrataClone Blunt PCR
Cloning Kit (Stratagene Agilent Technologies, La Jolla,
CA, USA). Sequences were assembled and proofread with
SEQASSEM (http://www.sequentix.de) and deposited in the
EMBL database with the accession numbers FN547474—
FN547681.

Phylogenetic and sequence divergence analyses

The partial SSU, ITS region and the partial LSU sequences
from this study and public database sequences covering the
same regions were analysed (Table S1). Data were mainly
from single-spore DNA extractions or single spore isolates
of characterized AMF species. Shorter regions were sepa-
rated either by the gene borders, or by primer binding sites.
The fragments used for analyses were: the ITS region (400—
526 bp) including the 5.8S and cut at the gene boundaries
to the SSU and LSU; the LSU fragment (776-852 bp) covering
the LSU undl the binding site of primer LSUmBr
(Kriiger et al., 2009); the ITS2 fragment (352-430 bp) cor-
responding to an ITS3-1TS4 (White ez al., 1990) amplicon
including most of the 5.8S and the complete ITS2 region;
the LSU-D1 fragment (281-394 bp) corresponding to a
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portion bordered by the LR1 (van Tuinen ez al, 1998)
and FLR3 (Gollotte et al, 2004) priming sites (whereas
FLR3 is a forward primer); the LSU-D2 fragment (370-
436 bp) corresponding to an FLR3-LSUmBr amplicon
(Fig. 1).

For some analyses, shorter or less well-defined sequences
from the database were included and manually aligned to
the core dataset with aLien (heep://www.sequentix.de) or
ArB (Ludwig er al, 2004; http://www.arb-home.de). The
resulting dataset is referred to as ‘extended dataset.
Sequence divergences were calculated based on the K2P
model (Kimura, 1980) with pairwise deletion of gaps, using
the AP package of r (Paradis ez al, 2004). To illustrate
the sequence divergences within and between species,
TAXONGAP 2.3 (Slabbinck et 4/, 2008) was used.

The analyses of database sequences included some
identical sequences where, from the database entries, it
could not be excluded that these possibly originated from
different spores or cultures. Phylogenetic analyses were
performed with puyrip 3.6 (Felsenstein, 2005) with
neighbour joining tree-building based on K2P distances.
A consensus tree was calculated from 1000-fold boot-
strapped analyses with sumTrEES (Sukumaran & Holder,
2008). As an alternative approach, sequences were aligned
automatically using the MAFFT online server (MAFFT
version 6; http://align.bmr.kyushu-u.ac.jp/mafft/online/server/)
before phylogenetic analyses. The iterative refinement
option of MAFFT was set to FFT-NS-i (Katoh ez al,
2002). Phylogenetic trees were processed with TREEGRAPH2
(treegraph.bioinfweb.info), TREEVIEW] (Peterson & Colosimo,
2007) and TREEDYN (Chevenet et al, 2006) and refined
with Adobe Ilustrator CS3.

Results

The phylum  Glomeromycota presently contains 219
described species. Of these, 81 are available as cultures from
the INVAM, BEG and GINCO collections. Only some of
these are single-spore isolates and some may be misidenti-
fied. Many undescribed or unaffiliated AMF are also hosted
in culture collections. In the present work, we analysed a
core dataset represented by 28 characterized AMF species
from three different orders, with a focus on close relatives.
For the Diversisporaceae, five of the eight known species
could be covered, whereas within the Gigasporaceae (sensu
Morton & Benny, 1990) and the Acaulosporaceae five of the
45 and four of the 36 known species, respectively, were
studied. For the Pacisporaceae (seven species; not available
as cultured AMF), one species could be analysed from
stored DNA extracts from the study of Walker er al
(2004). In the monogeneric Glomerales 11 of 102 described
Glomus species and in the Ambisporaceae two of eight could
be studied. Further well-defined sequences were used for
some groups, such as the Ambisporaceae ITS region for five
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of the eight known species. In general, the availability of
well-defined isolates is a major bottleneck for the study of
many AMF taxa.

We did not test the AM1-NS31 SSU fragment, used in
many environmental studies including a recent 454 GS-
FILX sequencing approach (Opik et al., 2009), because the
AM1 primer discriminates many AMF taxa and the amplified
region lacks species resolution power.

Intraspecific rDNA sequence variation

No universal intraspecific percentage of sequence variation
(K2P distance) could be defined as a threshold to separate
AMF species. For the longest DNA fragment studied,
SSUmMCH-LSUmBr (c. 1500 bp, see Table S7, corresponding
to the core dataset), the maximum intraspecific varia-
tion ranged from 0.47-10.8%. Considering only the seven
species for which at least 24 sequence variants are available
(Acaulospora laevis, Gigaspora margarita, Gigaspora rosea,
Scutellospora ~ gilmorei, Glomus intraradices, Glomus sp.
‘irregulare-like’ DAOM197198 and Glomus versiforme) the
minimum intraspecific variation was 1.55%. The highest
value of 10.8% was found in G. intraradices (cultures
FL208 and MUCL49410).

The ITS region revealed a variation of 0.23-14.6%, or
2.96-14.6% when analysing only the seven species with at
least 24 variants of the SSUmCf-LSUmBr fragment avail-
able. Glomus intraradices (FL208 and MUCL49410) again
showed the highest intraspecific variation. The range of var-
iation in the LSU-D2 fragment was 0-15.7% (2.8-15.7%
for species with at least 24 sequence variants known), again
with G. intraradices showing the highest value.

For the LSU-D1 fragment (LRI-FLR3), five species
lacked intraspecific variation (number of distinct sequences
in parentheses): Glomus sp. WUMS3 (6), G. caledonium (3),
Acaulospora scrobiculata (4), Glomus luteum (5), Diversispora
celata (3). In general, this region showed the lowest
intraspecific variation for most species analysed, with one
exception, Kuklospora kentinensis (14) where the ITS2 frag-
ment (ITS3-1TS4) showed the lowest variation with only a
single basepair insertion in some sequences. Further K2P
distance data are shown in the Supporting Information
Figs S1, S2.

Barcode gap analyses

A barcode gap is not a prerequisite for DNA barcoding, but
may allow easy distinguishing of species (Hebert ez al,
2004). Barcode gaps could not be found for all AMF species
studied. Comparison of the different regions, regardless of
the alignment method used (Table S7, Fig. S1), showed the
complete fragment (SSUmCF-LSUmBr) resulting in the
lowest number (4) of species without a barcode gap, fol-
lowed by the complete ITS region (5) and the LSU region
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(7). Analysis of the LSU-D2 fragment also resulted in seven
species lacking a barcode gap, whereas the LSU-D1 frag-
ment revealed 12 species without a barcode gap. The ITS2
fragment (covering most of the 5.8S) resulted in eight species
without a barcode gap. For the complete fragment, the size
of the barcode gaps, if they existed, varied from only 0.1%
to 22%. Some further analyses of the Ambisporaceae and
Diversisporaceae are shown in Fig. S2.

Phylogenetic analyses of the core dataset

The  Gigasporaceae,  Acaulosporaceae,  Diversisporaceae,
Ambisporaceae, Glomus Group B, Glomus Group Aa and
Glomus Group Ab were analysed separately, as the high vari-
ation in the ITS region made it impossible to align across
family level groups. For each group, five defined regions
covered by the SSUmCFLSUmBr fragment were analysed
(Fig. 1). All positions in the alignment were included in the
neighbour joining analyses (Figs 2, S3-S8), as summarized
in Table 1 for the core dataset (Figs 2, S3-S8).

The complete fragment (SSUmCE-LSUmBr) provided
the best discriminatory power. Each of the analysed species
was resolved with bootstrap support of at least 72%, for
most species of > 90%. The AFTOL sequences of Glomus
mosseae and Scutellospora heterogama cluster with those of
the corresponding species. Sequences of Glomus sp.
‘irregulare-like’ DAOM197198 (= MUCL43194 =
DAOM181602, used for the running Glomus genome
sequencing project) and ‘GINCO #4695rac-11G2’ cluster
with those of Glomus irregulare, and together are likely
representing one species, confirming the evidence of
Stockinger et al. (2009).

Almost all species could be separated using the complete
ITS region, except G. intraradices and its close relatives.
The same situation was reported for maximum likelihood
analyses of this region (Stockinger ez al., 2009) and holds
true for analyses of the LSU region only. Using the LSU,
Scutellospora  spinosissima (three sequences) and Glomus
proliferum (15 sequences) neither were resolved as mono-
phyletic and the Gigaspora rosea clade (27 sequences) had
bootstrap support below 50%. When the ITS2, LSU-D1
and LSU-D2 fragments were analysed separately, the LSU-
D1 fragment performed worst with sequences from 11 of
the 25 species not forming monophyletic clades. The ITS2
and LSU-D2 fragments performed better, but still did not
separate G. proliferum (15 sequences) from G. intraradices
(47 sequences). Gigaspora margarita BEG34 did not form a
well-supported clade for either fragment. As for the 800 bp
LSU, S. spinosissima (three sequences) was not resolved in
the LSU-D2 analysis.

Although not included in the CBOL standards or recom-
mendations, a BLAST approach was tested in addition to the
phylogenetic analyses. We used the BLASTN default settings
of NCBI in both, public database and local BrLaST searches,
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and studied all SSUmCEHLSUmBr fragment sequences for
their correct identification. This alternative approach always
resulted in first hits corresponding to the correct species
(data not shown).

Phylogenetic analyses of the extended dataset

Shorter sequences from the public database, selected accord-
ing to their assigned name or culture identifier, were
included in some analyses. In addition, some environmental
sequences were used, predominantly from the Ambisporaceae,
Diversisporaceae and Glomus Group Aa.

Analyses of Ambisporaceae Only two Ambisporaceae spe-
cies SSUmCHLSUmBr fragments were available (Table S7,
Fig. §1), but five ITS regions and several environmental
sequences of Ambispora species could be analysed. All were
phylogenetically well separated (Fig. S9). The environ-
mental sequences (number in parentheses) from 7axus
baccata (6), Prunus africana (1) or Plantago lanceolata (1)
roots form branches distant from the characterized species.

Analyses of Diversisporaceae The 1TS analyses of the
Diversisporaceae (Fig. S10) did not reveal any fundamental
differences from the analyses of the core dataset (Fig. S7).
At this point, we draw attention to the fact that several
Glomus species have not yet been formally transferred to the
genus Diversispora and therefore carry the ‘wrong’ genus
name. The four ITS database sequences from the INVAM
cultures AZ237B from Arizona together with the four
sequences of NB101 from Namibia are most likely of con-
specific origin. Also, a set of 30 environmental ITS
sequences annotated as G. versiforme in the database, cluster
separately from G. versiforme BEG47 and should be anno-
tated as unknown Diversispora species. It was already known
that Glomus fulvum (five sequences), Glomus megalocarpum
(2) and Glomus pulvinatum (2) form a clade much apart
from other Diversisporaceae species and together probably
represent a distinct genus (Redecker ez al., 2007).

For the LSU analyses (Fig. S11), the four database
sequences (AM947664,65, AY842573,74) from G.
versiforme BEG47 clustered with the 25 sequences of our
BEG47 core dataset sequences, but the sequence EU346868
from a G. versiforme culture HDAM-4 was widely sepa-
rated. All database sequences (EF067886-88) referring to
Glomus eburneum INVAM AZ420A as well as D. celata
(Gamper et al., 2009) clustered with those of the respective
species in our core dataset. Three Glomus aurantium LSU
database sequences (EF581860,62,63) are separated from
two other sequences (EF581861,64). All five sequences are
linked to voucher W4728 and originate from one trap
culture setup with material collected near Tel Aviv in Israel
(J. Blaszkowski, pers. comm. 21 September, 2009). As trap
cultures usually contain several species, it is not certain that
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Fig. 2 Phylogenetic tree computed from all c. 1500 bp SSUmCf-LSUmBr fragment sequences analysed (core dataset), demonstrating species
level resolution. Neighbour joining analyses (1000 bootstraps) with bootstrap (BS) support displayed down to the level of species. Note that
the BS support values differ from those given in Table 1, because an unambiguous alignment of internal transcribed spacer 1 (ITS1) and ITS2
sequences between families, as computed here, is impossible. Therefore, the BS values shown here are biased by ambiguously aligned sites in
the highly variable regions and for species level comparison the values from Table 1 should be referred to. The corresponding species is written
to the right of each cluster; every second cluster is highlighted in grey.

the sequences in the subclades were derived from conspecific
organisms.

Analyses of Glomus Group Aa (‘Glomus mosseae group’)
Analysis of our core dataset of this group showed clear
separation of species with the ITS region, the ITS2 frag-
ment, and both LSU fragments analysed. However, the
situation changed when including database sequences for
the ‘extended dataset’ (see Figs 3, $4).

For the ITS region, Glomus sp. WUM3 (six sequences),
G. caledonium (10 sequences) and Glomus geosporum (31
sequences) formed well-separated clades. Glomus mosseae
sequences formed two well supported subclades (Fig. 3),
which were rendered paraphyletic by the clustering of the
ex-type of Glomus coronatum BEG28 (16 sequences) in

between. However, the minor G. mosseae clade (only seven
sequences) consists exclusively of sequences derived from
field sampled spores with identifiers GMO2 and GMO3.
From spore GMO?2 one sequence (AF161058) clusters in
the minor clade while the other entire ones (AF161055-57,
AF166276) cluster within the major clade.

The ITS sequences in Glomus Group Aa reveal more
discrepancies.  Glomus monosporum (1T102: AF004689;
FR115: AF004690, AF125195), Glomus dimorphicum
(BEG59: X96838-41) and ‘Glomus fasciculatum’ BEG58
(X96842,43; but see following text) sequences cluster in the
major G. mosseae clade.

For the G. mosseae major clade (excluding the GMO2
and GMO3 sequences), the intraspecific variation of the
complete ITS region is 12.1% (100 sequences). When

Table 1 Respective bootstrap values supporting species as monophyletic after neighbour joining analyses (based on K2P distances, 1000
bootstraps) of six different regions (complete SSUMCf-LSUmBr fragment, complete internal transcribed spacer (ITS) region, ITS2, large subunit

(LSU), LSU-D1 and LSU-D2 fragments)

SSUMCF-LSUmBr TS region LSU  ITS2 (ITS3-ITS4)  LSU-D1 (LR1-FLR3)  LSU-D2 (FLR3-LSUmBr)
Gigaspora margarita 88 75 55 47 34
Gigaspora rosea 100 90 48 90 59
Scutellospora gilmorei 100 29 88 93 69
Scutellospora spinosissima 92 98 95
Scutellospora heterogama 100 99 100 100 97 98
Length of alignment (positions) 1505 468 795 394 398 376
Acaulospora laevis 100 100 100 100 100 100
Acaulospora scrobiculata 100 100 100 100 100 100
Acaulospora sp. WUM18 100 100 100 100 100 100
Kuklospora kentinensis 100 100 100 100 100 100
Length of alignment (positions) 1591 525 826 436 403 401
Diversispora celata 100 95 100 70 929 100
Diversispora spurca 100 96 100 97 100
Glomus aurantium 100 94 94 95 94
Glomus eburneum 100 75 100 72 99 93
Glomus versiforme 100 100 100 100 100 100
Length of alignment (positions) 1600 497 860 407 398 440
Glomus cf. clarum 100 100 100 100 100 100
Glomus intraradices 72
Glomus sp. ‘irregulare-like’ 100 96 29 53 95
Glomus proliferum 94 80
Length of alignment (positions) 1644 540 863 437 400 440
Glomus mosseae 100 97 100 93 98 929
Glomus sp. WUM3 100 97 100 98 100
Glomus caledonium 100 100 9% 99 97
Glomus coronatum 100 100 100 100 929 929
Length of alignment (positions) 1664 565 862 448 397 442
Glomus etunicatum 100 929 100 90 96 100
Glomus sp. W3349 100 100 100 100 100 100
Glomus luteum 100 100 100 100 96 93
Length of alignment (positions) 1624 539 843 433 392 430
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Fig. 3 Internal transcribed spacer (ITS) region (a), ITS2 fragment (b) and the large subunit (LSU)-D2 fragment (c) neighbour joining analyses
(1000 bootstraps) of Glomus Group Aa. Analysis (c) is performed with a different dataset than (a) and (b) (for details see the Supporting
Information, Tables S5, S6). Some long branches were reduced in length to 50% (//). 'AY635833, AY997053, DQ273793' represents the
consensus sequences of these sequences. Glomus mosseae (closed square), Glomus sp. WUMS3 (grey circle), Glomus coronatum (grey triangle,
apex up), Glomus caledonium (black triangle, apex right), Glomus monosporum (open square with cross), Glomus fasciculatum (diamond),
Glomus geosporum (grey triangle, apex down), Glomus dimorphicum (open square), Glomus constrictum (black circle), Glomus fragilistratum

(grey triangle, apex right).

adding the G. monosporum, G. fasciculatum BEG58 and
G. dimorphicum sequences clustering in this clade the varia-
tion increased only marginally to 12.2% (109 sequences).
The intraspecific variation of the other characterized species
within Glomus Group Aa varied between 0.8 and 2.8%.

The LSU-D2 fragment analysis resulted in clear separa-
tion into several well-supported clades (Fig. 3), but some
contain sequences from more than one species. One Glomus
[fragilistratum sequence clusters within the G. caledonium
clade. One G. coronarum BEG49 sequence is distant from
those of the ex-type culture G. coronatum BEG28
(=Artt108). BEG49 clusters with Glomus sp. WUM3, but a
Glomus constrictum BEG130 sequence also falls in this
clade. The intraspecific variation of the LSU-D2 fragment
is 19.4% (170 sequences). The major G. mosseae clade had a
variation of 15.8% (158 sequences) and the smaller clade of
11.2% (12 sequences). The other species in this group
showed an intraspecific variation between 1.2-5.0% (5-28
sequences, respectively).

Discussion

In this study, we analysed several regions of the nuclear
rDNA region as possible candidates for DNA barcoding of
AMF, including the ITS region which is widely used for
identification of fungi. Because it was demonstrated that the
ITS region alone is unsuitable to resolve closely related
AMF species (Stockinger et al., 2009), whereas a longer,
1500 bp fragment could be successfully applied, we used
this longer rDNA fragment as a baseline. Moreover, c
400 bp fragments were analysed for their power to resolve
species and suitability for community analyses using the
454 GS-FLX Titanium pyrosequencing method (Valentini
et al., 2009).

Intraspecific rDNA variation and its definition

In the present study, we calculated intrasporal and intra-
specific rDNA variability for several species. However, the
determination of species in the Glomeromycota is largely
based on a morphological species concept and the apparent
asexual lifestyle may complicate the interpretation of species
borders, though asexual speciation is found in diverse
organism groups. For AMF, perhaps the best-studied clade,
Glomus Group Ab, may exemplify the problems. A very
high intraspecific variation was found in G. intraradices
(Stockinger ez al., 2009). This was characterized from two

© The Authors (2010)
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isolates and the parent culture of one of the isolates (the
‘ex-type culture’ of this species, F1.208, derived from a root
trap culture). The 1500 bp rDNA from a single spore,
interestingly, roughly encompassed the amount rDNA vari-
ation and moreover also the pattern of sequence types found
in the entirety of samples analysed, which were derived from
two isolates and the FL208 culture. Both isolates originated
from the same field site, but from material sampled 20 yr
apart. The results raise questions such as whether one AMF
spore contains most of the existing intraspecific tDNA
variation, or whether the similarity in the sequence type
patterns reflects, for example, the sampling of two recent
descendents of a clonal lineage. These are open questions,
but the closely related ‘G. irregulare-clade’ (likely represent-
ing a single species) contains a huge number of sequences
derived from diverse ecosystems and many continents.
Glomus intraradices sequences have never been detected in
these ecosystems, but are up to now only known from
Citrus sp. in Florida. We interpret these data as most likely
reflecting a biologically meaningful genetic separation of
different organisms. Although we can currently separate all
morphospecies studied, and take this as support for the
applicability of DNA barcoding for AMF, it must be noted
that the species concept used to define these asexual
organisms may change.

The intraspecific and intrasporal variation varied consid-
erably among the studied AMF, for all regions analysed
(Figs S1, S2). Here, we followed the CBOL barcoding
standards (http://www.barcoding.si.edu) and used K2P
distances. We stress this because the numbers for sequence
variation differ significantly, depending on the method
used for estimation; for example, the G. intraradices ITS
region (47 sequences) 14.6% K2P distances correspond to
> 23% uncorrected distances including gaps as a fifth
character (Stockinger ez al., 2009). Similarly high K2P dis-
tances occur for the ITS region of G. mosseae (12.2%, 109
sequences). The intrasporal ITS variation we found in the
G. mosseae sequences was 4.6% (16 sequences) and only
slightly increased to 5.3% when adding 45 database
sequences from cultures with geographically widespread
origin published in Avio er al (2009). An example for
high ITS variation is G. fulvum (Diversisporaceae), where
the addition of one sequence raises the variability from
< 10% to 15% (five sequences in total). The ‘oudier’
sequence is derived from a different geographical location
and might also represent a closely related, but distinct
species.
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In general, for AMF the simple use of a percentage variation
value as threshold to define and cluster molecular oper-
ational taxonomic units (MOTUs) for species identification
must be considered inapplicable.

Barcode gap and phylogenetic analyses

The comparison of the maximum intraspecific and the min-
imum interspecific variation revealed that none of the studied
DNA fragments allowed absolute AMF species separation
by barcode gap analyses. Evidently, when based on the
rDNA regions studied, this method cannot be applied to
AMEF. In general, barcode gaps may often be an artefact of
insufficient taxon sampling (Wiemers & Fiedler, 2007).
The likely existence of a large number of undescribed and
uncharacterized species (Sykorova et al., 2007; Opik et al,
2009) adds further complexity to the topic. Moreover, there
are several inaccurate species determinations in the public
sequence databases and contaminant sequences cannot be
ruled out when using spores from mixed species cultures
(Schii8ler ez al., 2003). Examples of inconsistencies are G.
Jasciculatum BEG53 and BEG58 sequences that cluster in
Glomus Group Ab and in Glomus Group Aa, respectively.
Morphologically interpreted, it is very unlikely that the
BEG58 sequences belong to G. fasciculatum (Lloyd-
Macglip ez al., 1996).

DNA barcode-based identification of species can also be
derived from phylogenetic inference. The simple neighbour
joining analysis based on K2P distances of the complete
fragment (SSUmCE-LSUmBr) resulted in support for all
species investigated here. It allowed a distinction between
all closely related species in Glomus Group Ab. The species
concept in this difficult group is also supported by the fact
that the mitochondrial LSU rDNA as a marker (Bérstler
et al., 2008) distinguishes G. intraradices from the genome
sequenced  Glomus species DAOMI197198 that s
represented by the ‘G. irregulare clade’.

For the 1500 bp fragment BLAsT searches performed well
and could be an alternative tool for identification, but this
may be problematic for unknown species. It should be kept
in mind that similarity-based comparisons can be mislead-
ing and phylogenetic methods generally perform better.
Therefore, we recommend a phylogenetic approach, but
BLAST surely is an alternative for fast data screening or to
select sequences to be analysed more in detail.

The ITS region

The ITS region resolved many of the known species, but
not the closely related members within Glomus Groups Ab
and Aa, respectively. However, the ITS region was suited
to resolve relatively closely related species in the
Ambisporaceae (Walker ez al., 2007), and also shows, for

example, that a set of environmental ITS sequences
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labelled as G. versiforme does not cluster with those of
G. versiforme BEG47 and probably represent distinct species.
The ITS region might be useful for species delineation,
but with some limitations.

Other problems with species resolution might be caused
by synonyms. For example, in Glomus Group Aa several
sequences with uncertain assignment to species are from G.
dimorphicum and G. monosporum, which were, on morpho-
logical grounds, discussed as possibly conspecific with G.
mosseae (Walker, 1992). However, the difficulties might
also result from the use of mixed species cultures. The fun-
gus identified as G. monosporum INVAM FR115 was in a
culture that also contained spores of G. mosseae and
Paraglomus  occultum  (htep://invam.caf.wvu.edu/cultures/
accessionculturedetails.cfm?ID=6356, 12.02.2010). The
G. monosporum culture INVAM IT102 also contained
G. mosseae and Glomus etunicatum spores (from http://
invam.caf.wvu.edu/cultures/accessionculturedetails.cfm?ID
=6895, 12 Feb 2010). It can therefore not be ruled out that
the spores identified as G. mosseae and G. monosporum are
of conspecific origin, or that contaminant sequences gave
rise to incorrect assignation.

The G. mosseae ITS sequences formed two distinct clades,
with the minor clade consisting only of sequences from two
field sampled spores (GMO2 and GMO3). As already dis-
cussed in Antoniolli ez /. (2000) spore GMO3 could be an
unidentified species, and the ‘outlier’ sequence AF161058
from spore GMO?2 might be interpreted as a contaminant
originating from GMO3. Currently, when including the
database ITS sequences, it seems impossible to state whether
the G. mosseae clade consists of one species or several species
that cannot be separated or have been misdetermined.
Analysing the complete fragment (SSUmC{-LSUmBr) for

more and well-defined isolates may solve such questions.

The LSU region

Using the 800 bp LSU region of the core dataset resulted in
more unresolved species than using the ITS region, but the
LSU-D2 region alone showed about the same species reso-
lution power as the ITS region. The LSU-D1 fragment
behaved worst with both extended and core datasets. It
seems unsuited for obtaining good resolution and this may
explain why the 800 bp LSU region resolution is not better
than that of the shorter LSU-D2. The G. mosseae sequences
analysed by Rosendahl er al. (2009), from cultures with
geographically widespread origin, all fell into the main G.
mosseae LSU subclade (Fig. 3, lower clade). The authors
proposed, based on the genetic variability found in the LSU
and in FOX2 and TOR gene introns, that these cultures are
closely related and the panglobal distribution likely was
caused by anthropogenic dispersal. It should also be men-
tioned that three single-spore isolates (HG isolate 209,
BEG224, ]] isolate 243) each gave rise to divergent
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sequence variants located in both G. mosseae LSU subclades.
This indicates that the rDNA variation reported in some
other studies is an underestimate, caused by a lack of detec-
tion of less frequent sequence types (represented by the
upper LSU-D2 subclade in Fig. 3).

DNA fragments for deep sequencing technologies

The 454 GS-FLX Titanium pyrosequencing technology
currently allows an average read length of ¢ 350-450 bp
and offers great potential for ecological studies. Our data
demonstrate that a read length of 400 bp will not be suffi-
cient to identify all AMF species with certainty, based on
neighbour joining analyses using such a short fragment
only. However, there are alternative phylogenetic
approaches that may overcome this lack of resolution when
taking an alignment based on longer sequences as a
‘backbone’ for the phylogenetic inference. For example, the
program RaxMmL 7.2.6 (http://arxiv.org/abs/0911.2852v1;
Stamatakis et 2/, 2010) includes a novel likelihood-based
algorithm for evolutionary placement of short reads into a
given reference tree of full length sequences. We show the
LSU-D2 and ITS2 fragments to be good candidates for spe-
cies identification by 454 pyrosequencing. The LSU-D2
region may be preferred if AMF sequences are specifically
amplified from roots or soil (Kriiger ez @/, 2009). In studies
where the diversity of other groups of fungi is also investi-
gated, the ITS2 fragment is a good alternative and can be
amplified with established primers for fungi. Although most
such published ITS and LSU region primers do not match
all AMF sequence variants, many do not strictly discrimi-
nate AMF taxa, as they match at least 50% of the known
intraspecific sequence variants. These primers are ITSI
(White et al., 1990) with a ratio of total number of
sequences analysed : total mismatches : 3’-end mismatches
in the last four sites of 1250 :56:5, ITS4 with
1271:23:5, ITS5 (White eral, 1990) with
1217 : 36 : 4, LR3 (http://www.biology.duke.edu/fungi/
mycolab/primers.htm) with 929 :24 : 15 and ITSIF
(Gardes & Bruns, 1993) with 1250 : 75 : 4. ITS1F shows
mismatches to a number of AMF, such as most Ambispora
species, some Glomus species, Scutellospora projecturata and
many members of the Diversisporaceae and Acaulosporaceae,
but at positions that should not hamper amplification if
PCR conditions are not too stringent. Conversely, the fol-
lowing primers must be interpreted as not suited to amplify
all AMF: the LSU forward primer FLR3 (1239 : 128 : 64)
discriminates, for example some Scutellospora and
Paraglomus species; ITS3 (1219 : 604 : 577) mismatches at
the 3’-end to most Glomus Group Ab, Ambisporaceae and an
unidentified Acaulospora species. Moreover, it has up to five
5’-end mismatches to the Geosiphon pyriformis sequences.
New developments in 454 pyrosequencing methods will
soon allow a read length of 1000 bp. For this, new primers
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could be designed targeting a fragment consisting of the
ITS2-LSU region (complete ITS2 and LSU until primer
LSUmBr), with a length of ¢. 960-1117 bp. This fragment
allowed resolution of all species investigated by NJ analyses
(data not shown), although with lower bootstrap support
when compared with the 1500 bp fragment.

Conclusion

We have shown that barcode gap analyses based on the
rDNA regions are not suited for AMF barcoding. The
intraspecific variation seems heterogeneous and exception-
ally high in some groups. Phylogenetic analyses of the c
1500 bp SSUmCt-LSUmBr rDNA fragment distinguished
all species investigated, whereas shorter rDNA fragments
did not allow a separation of very closely related species.
The LSU-D2 and ITS2 fragments appear most suitable for
high-throughput 454 GS-FLX Titanium pyrosequencing
technology with 400 bp read length,

However, in addition to methodological aspects, species
recognition is mainly hampered by the lack of a compre-
hensive and accurate baseline dataset and accessibility of
biological material. To overcome this and to avoid prob-
lems using mixed or cross-contaminated cultures it would
be desirable to establish, provide and use single-spore iso-
lates. Many open questions could be answered by studying
more defined cultures and isolates, or sometimes by more
in-depth characterization of field material. Surprisingly, for
many very recently described AMF species no biological
material seems to be available at all, except for the voucher
that is needed for the formal description. Consequently
these species are not available from culture collections,
making any proof or improvement of concepts very
difficult.

From the molecular biological point of view, the use of
proof reading polymerases under optimal PCR conditions
is highly recommended, as it considerably reduces PCR
errors and sequence chimaera, as discussed in Lahr & Katz
(2009) for example, although it should be noted that the
Phusion-PCR conditions used in that paper are unsuitable
(see htep://www.finnzymes.com). To mark errors in the
public databases, a third party annotation facility in
GenBank (as proposed by many mycologists, such as
Bidartondo ez al., 2008) would help, but unfortunately is
not allowed. Therefore, curated databases such as UNITE
currently seem to be the only option to provide reliable
data.

For future analyses, a ‘quantitative world of community
analysis’ beyond the current limit of 400 bp read length will
be feasible, as 1000 bp 454-reads are possible (http://
www.454.com) and new high throughput (and possibly
low-cost) sequencing technologies may allow even
longer reads, soon (e.g. Pacific Biosciences, http://www.
pacificbiosciences.com; Eid ez 4/., 2009). This may be taken
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as another argument in favour of using longer DNA bar-
codes for better species resolution, as suggested here.

As a baseline for Glomeromycota DNA barcoding, we pro-
pose the sequencing of variants of the easily PCR amplifiable
SSUmCE-LSUmBr 1500 bp fragment. We also recommend
that such a molecular characterization should be included
in AMF species descriptions whenever possible. The
sequence data will be very important for future molecular
ecological studies of AMF—plant associations and
preferences in the field, which are still mostly hidden.
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Acaulospora brasiliensis comb. nov. andAcaulospora alpina (Glomeromycota) from upland
Scotland: morphology, molecular phylogeny and DNA-bBsed detection in roots

Kriger M, Walker C, Schufler A 2011

Abstract

Spores of two supposedly arbuscular mycorrhizagéilispecies, new to the United Kingdom and recently
described ag\caulospora alpineand Ambispora brasiliensi§Glomeromycotg were discovered in soil
samples from moorland in upland Scotland. Soil gliadt trap pot cultures were established, but gitem
to establish these fungi in single-species potcedt withPlantago lanceolatas host were unsuccessful.
Nevertheless, based on a 1.5-kb DNA fragment sparpart of the small subunit rRNA gene, the interna
transcribed spacer region and part of the largerstibRNA gene, both these species could be detecte
directly in field-sampled roots, together with amecultured species each $€utellosporaRhizophagus
(former Glomusgroup Ab, or Glomus intraradicesclade’) andAcaulospora WhereasA. alpina has
characteristic morphological similarities to otlspecies in its genug,. brasiliensismorphologically has
little in common with any other species Ambispora The molecular phylogeny, DNA barcoding and
morphological evidence clearly plage brasiliensisin the genus#\caulospora We therefore rename the
species, reported from Brazil and Scotland, Aasulospora brasiliensiscomb. nov., and discuss
ecological aspects of the very different environtadrom whichA. brasiliensisandA. alpinahave been

reported.
Introduction

This study was initiated during an investigationtbé mycorrhizal colonisation potential of Scottish
upland soils forSalix lapponunctuttings (Milne et al. 2006). Natur8&l lapponumandS. herbaceavere
sampled and examined for the occurrence of arbaisaulcorrhiza (AM). The presence of vesicles
confirmed that AM fungi Glomeromycota SchiiZler et al. 2001) were present, and sampls w
examined for the presence of glomeromycotan sgoresorphological identification. Abundant spores
that resembled\caulospora alpingfrom high altitude in Switzerland; Oehl et al.aB) andAmbispora
brasiliensis(from Minas Gerais State, Brazil; Goto et al. 200@&re recovered from trap cultures. The
specimens ofA. brasiliensisappeared to be more like #&taulosporaspecies Diversisporale} than a
member ofAmbispora(Archaeosporalgs thus conflicting with the published descriptidrherefore, we
re-examined and expanded our data and studiechxiomdmic, phylogenetic and systematic position of

the Scottish organism amil brasiliensiswith a view to reconciling this apparent confligtere is no

45



DNA sequence data for the Brazilian organism, botaaphological study was undertaken to compare it
with the Scottish collections. The holotype &f brasiliensis consisting of spores preserved on
microscope slides, was examined and compared wititas preparations of the Scottish specimens. The
ScottishA. brasiliensidike fungus was also characterised by DNA sequemmeviding species-level
resolution, including a region that probably wilbver the official DNA barcode for fungi (see also
Stockinger et al. 2010). This allowed a direct déte of the fungus in the roots of plants from the
Scottish upland moorland, together with alpina and additional uncultured species, one each of
Scutellospora Rhizophagusand Acaulospora The discovery of the same species of arbuscular

mycorrhizal fungi (AMF) in very different ecologiceonditions is discussed.

Materials and Methods

Origin of plant and fungal material

On the 23rd of September 2003 an excursion was nateall nan Tarmachan (approximately 900 m
altitude, UK national grid coordinates NN 58789 B8656° 315.82' N 4° 17 48.29 W), an upland site

in Scotland, to collect fruiting bodies of ectomgtizal fungi associated witBalix herbacealong with
samples of the acidic soil (pH 4.0-5.0, measuresnemst of Lochan na Lairige; Stevens and Wilson
1970) and vegetation. Samples were collected byvarg a small patch of turf and attached soil véth
hand trowel to a depth of about 10 cm. These samalme from a mainly grassy area supporting a mixed
plant population ofFestuca vivipara, Nardus stricta, Salix herbaced¢ch&milla alpina, Vaccinium
myrtillus, Vaccinium vitis-idea, Galium rotundifain, Carexspp. andRhacomitrium lanuginosunOn

16 April 2010, six new samples were collected fideall nan Tarmachan by National Trust for Scotland
staff. Spore extractions from these yielded theesapecies with acaulosporoid spores as had beed fou
in the earlier samples. Mixed plant species roohas were taken for DNA extraction. More new
samples were taken from a nearby location (closéadthan na Lairige) at a slightly lower altitude
(56°3114.20N 4°16 47.60'W at approximately 500 m amsl) on 6 September 20h6.soil was thin and
peaty, with a pH (in water) of 4.9, and these almatained both species.

Culture attempts

Subsamples of the soil (approximately 15 ml) wergjected to centrifugation and sucrose floatation t
extract spores (Walker et al. 1982). Attempts werade to establish multi-spore pot cultures with
Plantago lanceolatan Sunbags (Sigma-Aldrich, UK) by pipetting sporasto seedling roots in the
planting hole in 10 cm diameter pots containingeatkdisinfested mixture (3:1, v/v) of horticultussnd

and Terragreen™ (expanded attapulgite clay, Oil Borp., USA) (Walker 1999). Further culture
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attempts, as ‘soil plus plant traps’ were establisby mixing the soil with equal parts of Terragree

and replanting the sward sample to establish clpsedultures in Sunbags (Walker and Vestberg 1994)

Morphological analyses

The holotype ofA. brasiliensisconsists of a single microscope slide, labellathbispora brasiliensis
15 08 06 Serra do Cipd'. The slide was contained iwardboard slide holder upon which was written
‘URM78879 Ambispora brasiliensigtypus)’. No other information was provided withet specimen
except a note from URM saying ‘URM78880, also rexee by Dr. Chris Walker, is not available.’

The spores on the slide were studied in detailuiffinoa Zeiss Axioskop research microscope. Digital
images were captured with a Canon EOS5D cameraiaadneasurements were made with a calibrated
eyepiece reticle. For the Scottish material, extdcspores were examined initially in water under a
dissecting microscope, followed by study of spanegolyvinyl alcohol lactoglycerol (PVLG) withoutro
with Melzer's reagent (1:4, v/v; PVLG-M) under tbempound microscope as described above. Some
specimens were also examined in glycerol. SpaifQ)L8uggested including unmodified wall structure
observations from water immersed specimens, biowitspecial objective lenses water has poor dptica
properties for compound microscopy, and dries tgpidunsealed mounts. Glycerol does not affect the
wall structure and gives a satisfactory refraciiviex. Comparisons with other glomeromycotan fungi
were made from original species descriptions {@&.alker and Trappe 1981; Walker et al. 1993; Wadker
al. 2004) and from herbarium specimens collectetMayker since 1974. Spore colour descriptions were
from spores in water, either by comparison witthart(Anon 1969; Anon 1990) or, when unmatched, by
use of vernacular colour names The purely morphicébgerms ‘acaulosporoid’ or ‘acaulospore’ refer t

a spore produced in the stalk or neck of a spanifersaccule and do not imply homology with similar
spores ofAmbisporaor Archaeosporapp. We do not use the term ‘glomerospore’ (Goib ldaia 2006)
used in the protologue &. brasiliensisbecause there are several different kinds of sppreduced by
glomeromycotan fungi, and they are likely not toHmmologues (Morton and Msiska 2010). Glomoid
spores are found amongst widely separated syseatiips, and are unlikely to be homologous either

amongst glomeromycotan higher taxa or with eitliaubosporoid or gigasporoid spore morphs.

Molecular characterisation

DNA extractions from single spores, polymerase rchaaction (PCR), cloning, sequencing and sequence
editing were as described in Schwarzott et al. 12@Md Kriger et al. (2009). The near full-lengthad
subunit (SSU) rRNA gene was analysed together thigh complete internal transcribed spacer (ITS)
region, including the 5.8S rRNA gene and ~800-btheflarge subunit (LSU) rRNA gene.

For the SSU rDNA three clones revealing slightl§festent sequence variants were sequenced from

sample W4699/Att1211-0, taken 19th September 200zbtain robust evidence on the genus level. For
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the ITS and LSU rDNA regions a ~1.5-kb fragment whmed and analysed, to achieve species-level
resolution (Stockinger et al. 2010) and to cover potential official fungal primary DNA barcode €th
ITS region or a combination of the ITS and theLSU regions). Part of the sequence data (clones
pMKO062-3; pMK064-4, 6; pMK065-4, 5, 6, 7; pMK109-2) was derived from the same, stored material
as the SSU rDNA (W4699/Att1211-0). The remainingnels sequenced (pCK032-1, 2, 4) came from a
subculture (W5473/Att1210-5) sampled on the 5thJofy 2008. DNA was extracted from 10 cm
(20 randomly taken root fragments of 0.5 cm lengtiproximately 150 mg fresh weight) of field-sanaple
mixed plant roots. To cover a fraction of the ispracific sequence variability, ten distinct seqesritom

two separate attempts (W4699/Att1211-0 and W547B2A0-5) were characterised and used for
phylogenetic analyses of the ~1.5-kb SSU-ITS-LSNAfragment.

The SSU rDNA sequences were submitted to the EMBitalthse with the accession numbers
FN825898-900, those of the SSU-ITS-LSU rDNA regiovith the accession numbers FN825901-912
and those for the DNA directly amplified from tteots with FR681926-936 and FR772326—-334.
Phylogenetic analyses were performed with RAXML TStamatakis et al. 2008) hosted at the CIPRES
Portal 2.2 (http://www.phylo.org/portal2/) usinget TRGAMMA model for the bootstrapping phase and
for the final tree inference model, with 1,000 tsb@ps. Analyses of the SSU rDNA, using sequences
covering all main phylogenetic lineages in tdomeromycota clearly showed the new sequences
obtained to beAcaulosporarelated. Further phylogenetic analyses of thekb.Sragment were then
restricted to sequences from tAeaulosporaceaenly incorporating all well-characterised sequence
from the public databases abi/ersisporasequences as outgroup.

The taxonomy and the sequence annotations useatlaped from the most recent systematic treatment
of theGlomeromycotgublished by Schi3ler and Walker (2010).

Results

The two dominantly sporulating species found in thlee samplings from the upland moorland in
Scotland possessed small, ornamented acaulosmspoids. They were accompanied by a few spores of
other glomeromycotan fungi. The trap cultures, ontcast, initially yielded only the two putative
Acaulosporaspp., later described & alpinaby Oehl et al. (2006) and. brasiliensisby Goto et al.
(2008). Several unsuccessful attempts were madesdiate both these organisms in pot culture.
Sporulation continued in these pots until March @08ut when sampled again in October 2006 and in
January 2008, no spore of either species was foundlovember 2009, further sampling of the pot
cultures revealed aAmbisporasp. (probably undescribed) aomus ambisporupbut all attempts at
establishing subcultures of these species faildte morphology of the spores &. alpina was

substantially as in the description of Oehl e{2006) and thus will not be discussed further herei
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Morphology of the Ambispora brasiliensis holotype

The holotype consists of a number of specimens teduander two 22-mm square cover slips in what
appears to be PVLG. There were 15 spores of theiespeoncerned, as well as one spore of an
undetermined species oScutellospora and two small, globose spores of an undetermined
Rhizophagusp. There were also a few other inclusions, begehvere not glomeromycotan. All but four
of the specimens were crushed, and only one hatbd Pedicel’ at the point of origin. It was not
possible to observe a scar or pedicel on any ofaghmining spores. Because the spore base coulaenot
identified, shortest by longest dimension of tharfancrushed specimens were measured. The resultant
measurements were 72 x 88, 78 x 80, 75 x 83 and Bum. The crushed spores were also measured
and their approximate original, uncrushed size @ssnated to have been 64-88 x 64188 There was

no saccule on the type slide, and thus no obsenstiould be made for comparison with the original
species description.

The wall structure of the type specimens was diffito assess because, although they were crughed,
most specimens such detail was obscured and s#bisfaobservations were impossible. We interpret th
most likely structure to be A(UoL)B(F)C(FF), whetterefers to a ‘unit component’, L to a laminated

component, and F to a flexible component.

Morphology of the Scottish fungus

The appearance of the specimens (Figs. 1, 2,3, @, 7, 8, 9, 10) did not differ in glycerol, PVLG
PVLG-M. Because of the particularly small size bé tspores, there is inevitably some doubt when
interpreting the wall structure. Some components flxible in nature, and because they wrinkle on
crushing, it is often difficult to distinguish reebmponents from artefactual ones resulting froldifig.
The outer component of the acaulospore wall of spiscies is also very difficult to see becausenef t
ornamentation which usually obscures its origin.

The acaulospores have a sparkling brownish yellgpearance in water under reflected light (FigThe
colour of the spores varied depending on the didiecA few were more or less colourless (hyalirmjt
most were various shades of yellow to brown (Fys; Table S1). Some specimens were found with the
sporiferous saccule still attached, though in athese, it was collapsed and devoid of contenigs(H,

3). The saccule wall appears to consist of just @aponent, about im thick (Fig. 4, arrow). The
majority of spores had become detached in the mmagpieal of most species in the genisaulospora
We did not find a saccule with content or with yguor developing spores attached.

The wall structure followed the expected pattern fitembers of the genu&caulosporain that it
consisted of a continuation of the saccule wall(B), overlaying a laminated, pigmented, and et
rigid, main structural component up towh thick, but mostly between 1 anduth. These constitute a

single wall group, A. This outer wall group is Hgtand it fragments readily upon heavy crushing.
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Although the saccule wall itself and the mycelimonfi which it is formed, are smooth, component 1 is
ornamented to varying degrees with large, coloartedlicles (more or less rounded elevations, Ejqup

to 10 um high, and in length and width up to 20 x |30, seemingly developed from the saccule wall
component (Fig. 8). In outline, the collicles may $mooth or irregular. They vary considerably iresi
and their outlines in plain view also is variadi®m circular to oval to irregular with smooth tagged
boundaries. Their height, even on the same specioanvary from about 1 to 40m. On some spores,
they are low and quite difficult to see, whereasothrers, they are immediately evident, even unider t
dissecting microscope. Occasional specimens aresalsmooth with only a few collicles remaining
attached to the structural component, indicatirag frerhaps this outer component may break down over
time.

Inside the main structural wall group there somesirappears to be a second group, B that is vefigudiif

to observe. It is a single very thin flexible compat up to, but normally considerably less thaprl
thick (Fig. 7). On most spores, it cannot be sdeadland might be an artefact of microscopy. Itrisre
likely to be an ontogenetic character, as a singfaup occurs in spores of sorAeaulosporaspp. that
have been studied developmentally (e.g., StirmdrMarton 1999). If it is part of a developmental
sequence, it either is delicate, disintegratingmtte spore is crushed, or it is ephemeral, disappe at
spore maturity. We could not resolve which is cctrréSurrounded by this is a third wall group, C,
consisting of a pair of apparently adherent thimponents (Fig. 7). The outermost of these is veity t
(<1 um) and flexible, detaching on crushing from an mmest component (up to dm thick) which
encloses the spore contents.

There is either a short pedunculate stalk (FigoBhed from the proximal part of the sporiferouscde
wall or a distinct caldera-shaped scar resultiognfia slightly raised collar at the point of fornoatiof the
laminated wall component (Fig. 9). There was natiea to Melzer's reagent. Glomoid spores were not
found in either field samples or pot cultures. Geation was observed in one specimen (Fig. 10),tbut

was not possible to distinguish any pregerminastoncture such as a germination shield on thisespor

Spore size comparison of holotype and Scottish maial

Fungal spore size measurements should be quotkxhgth by width’ (Hawksworth et al. 1983). Our®ar
made by taking the length as normal to the spose lfarigin of spore) and the width at right angles
this. By following this convention (see e.g. Thaxi®22; Gerdemann and Trappe 1974) it is possible t
determine if spores are broader than they are land,to compare shapes by using terms such as ovoid
versusobovoid and pyrifornversusobpyriform. The dimensions given by Goto et al0Q®) in the
protologue ofA. brasiliensisseem to be simply shortest dimension (presumatitithyv by longest
dimensions (presumably length) without referencéhtospore base. We have combined the dimensions

given in the protologue with our own measurememntstfe description of the new combination.
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The size range of the Scottish spores is somewtmatlles than that given in the protologue of
A. brasiliensisWe consider the difference between 48-91 x 5}#8fmean 66 x 6am (n = 215) for

the Scottish material, and 59-88 x 69-100 (—1d8)mean and number of specimens measured unstated
in the protologue) given for the Brazilian specimdo be within the intraspecific range of glomeremy
cotan spores. Measurements of the images in thelpgoe give one complete spore at 74 xu84 and

two for which only a single dimension could be mgad at 88 and 93m, respectively. All these values
are within the range of the Scottish material afi a® our measurements of the spores in the hatotyp
(64-88 x 64—88, mean 75 x i@B, n =15).

Phylogenetic analyses

The phylogenetic analysis of the SSU rRNA gene seges (Fig. 1) clearly showed that the species
described asA. brasiliensis (Goto et al. 2008) clusters withAcaulospora (Acaulosporaceae
Diversisporale} and not withAmbispora(AmbisporaceaeArchaeosporalgs Thus, the species not only
belongs in a different genus from that proposedhi protologue, but consequentially it must also be
placed in a different order. For achievement ofcegselevel resolution, we analysed an approximately
1.5 kb rDNA fragment and we also characterised pathe intraspecific variability for this fragment
(Kruger et al. 2009; Stockinger et al. 2010). Wrmmpared with the species for which sequence
information is available, the Scottish fungus appdamost closely related to the recently published
speciesAcaulospora colliculosgKaonongbua et al. 2010), followed By alpina (Fig. 12). We also
detected thé\. brasiliensidike fungus in plant roots from the Scottish saimplsite (sample no. 1518,
Meall nan Tarmachan, 16 April 2010). SequencesesgmtingA. alpina (Fig. 12), aScutellosporasp.
closely related to, but not conspecific with gilmorei(not shown), an unknowRhizophagussp. (not
shown), and a further, unknowAtaulosporaspecies also were obtained from the same plahsesople.
Both the phylogenetic trees computed from the S®WMIA and the ITS-LSU rDNA fragments,
ungquestionable show that the Scottish fungus, nobogfically appearing conspecific with. brasiliensis

clusters withinAcaulospora(Acaulosporacegeand does not belong in tlenbisporaceae

Formal transfer of Ambispora brasiliensis to Acaulspora

Acaulospora brasiliensis(B.T. Goto, L.C. Maia & Oehl) C. Walker, M. Krigé& A. Schiif3lercomb.
nov. Figs 1-12.

MycoBank no. MB 518748

Basionym:Ambispora brasiliensi8.T. Goto, L.C. Maia & Oehl, Mycotaxob05 13 (2008) (MycoBank
no. 511612).
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Acaulosporoid spores (acaulospores) borne singtigersoil, laterally in the neck of a hyaline sfgndus
saccule, almost colourless to yellow to olive yellto very pale brown to brownish yellow to yellotis
brown to reddish yellow to yellowish red, globosesubglobose to broadly ellipsoid (rarely irregylar
48-91 x 51-10Qum (rarely up to 118 pum in the longest dimensiorpor8 wall structure of five
components 1-5 in three groups, A—C. Group A of tamponents; outer component hyaline, originating
from the neck of the sporiferous saccule, formingplicular ornamentation of variable size, app#sen
arising from a continuous basal layer approximatelym thick, tightly adherent to a laminated,
pigmented structural component, its point of origppearing as a slightly raised collar or occasipre

a pedicel of variable length. Wall group B of ohént flexible, hyaline, component, gim thick. Wall
group C, of two components, the outermost very #md elastic, up to im thick, juxtaposed with a more
robust component, approximatelyin thick enclosing the spore contents. No reactmrMelzer's

reagent.

Distribution and habitat: Known from the Cerradorbe of Serra do Cipd, Minas Gerais State, Brazil
(Goto et al. 2008) from a site described as ‘mantnsisting ofVelozzia caruncularis and from an
upland heathland in Scotland in which the dominesgetation consists dfestuca viviparaandNardus
stricta, with Salix herbacegAlchemilla alpina Vaccinium myrtillusV. vitisidea Galium rotundifolium

G. saxatile Carex spp., andRhacomitrium lanuginosunirom sequence analyses, it is known to be a
member of a glomeromycotan community among thesrobthese plants, including. alping another
Acaulosporasp., aScutellosporap. closely related t8. gilmoreiand an undetermindghizophagusp.

Mycorrhizal associations are unknown, but root oation shown by DNA-based detection in plant

roots that were sampled from the field site.
Specimens examined

Typus: Brazil. Minas Gerais. Serra do Cip6, benemirado vegetation (dominated by Velozzia caruaris)l
Microscope slide (URM78879) dated 15 Aug. 2006hka protologue, the collection date is given aty'2004’.

United Kingdom, Scotland, Perthshire, Ben Lawerdiotal Nature Reserve, Meall nan Tarmachan (Hillttoeé
Ptarmigan), approximately 900 m amsl, from withi®02m of UK National Grid Reference: NN58789 38612
(latitude, 56.518284N; longitude, 4.296748W) frowil eneath heathland vegetation or from subseqpent
cultures. C. Walker (voucher numbers preceded byW®#514 from sample 1136 on 23 Sep 2003; W5748 from
Sample 1517; W5751 from sample 1518; W5755 frompéarh519; W5759 from sample 1520; W5762 from sample
1521; W5765 from sample 1522, all collected 16 Ap@i10. W5827 from sample 1527, close to Lochahaigge
(56°3114.20N 4°1647.60'W) at approximately 500 m amsl, collected 6 Sepem#®10. From trap pot cultures
from containing Festuca vivipara, Nardus strictd &ualium rotundifolium: W4699 from Att1211-0 fronample
1136 on 19 September 2004; W4786 from Att1210-thfsample 1136 on 6 February 2006; W4796 from Atii@1
from sample 1136 on 21 February 2006; W4833 frotd 2#0-0 from sample 1136 on 15 July 2006.
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Discussion

We showed first records of twlcaulosporaspp.,A. alpinaandA. brasiliensisfrom a Scottish upland.
The latter species was initially describeddasbispora brasiliensi§Goto et al. 2008) and is transferred to

AcaulosporgAcaulosporacegebased on molecular evidence and morphologicabcierisation.

To study its morphology, isotypes Af brasiliensiswere requested as a loan from the herbaria OSC and
Z+ZT (Oregon State University and Zurich), but heit of them could locate the specimens concerned.
Nevertheless, it is clear from the holotype andpttatologue ofA. brasiliensishat there are no significant
differences between spores of the Brazilian andtiSharganisms, and we conclude they are conspecif
Goto et al. (2008) described, but did not illustratne glomoid spore of 25—-3éh in diameter attached to

a germinating hypha from a single acaulosporoidespbhe Scottish collections contained glomoid spor

of an Ambisporasp., but these were very large (~30® in diameter) in comparison with those of
A. brasiliensis and corresponded with the descriptions givenniembers ofAmbispora(Walker et al.
2007). No glomoid spores have been found linketthéoScottish acaulospores. Therefore, more evidence

is needed before the asserted dimorphic natut@obtganism can be verified.

The Brazilian acaulospores have a slightly largeximum dimension than those from Scotland, but
similar differences even occur among subculturesiodle-spore AMF isolates (Walker and Vestberg
1998). Though the Brazilian spores are describedbeisg ‘hyaline to light yellow’, images in the
protologue show them to be yellow to brown. Thegeaof colour for the Scottish collections is almost
colourless to yellow to pale yellow brown or reddisrown. Such differences are likely to result from
different perceptions and methods of comparison aadhe slight size differences, are not sufficten
separate species. The ‘pedicel’ used to place thensm inAmbisporais not a feature confined to that
genus being present on membersAafaulosporaand Entrophospora infrequengHall 1977). Some
specimens oA. brasiliensifrom Scotland had a short stalk although mostdrdg a circular or oval scar
as seen in mogtcaulosporaspores. The illustration of a ‘collar’ in the Bilgan species description (Goto
et al. 2008) is similar to those typical of spoieshe genusAcaulospora showing that both scars and

short ‘pedicels’ may be present.

We could not reconcile the wall structure in theaps description with either the holotype specisnen
those in our own collections. Even with large-spospecies, it usually is impossible to follow spore
development from field-collected material. In owilections and trap cultures, we have so far found
spores either completely sessile or attached ongyrtpty and collapsed saccules. Thus, it was initgess
to follow the development of the saccules or spuadl structure. The thickened and uneven ornamen-
tation on the acaulospore surface makes it diffimudetermine wall structure or to see internalcttires

such as a germination shield.
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The sporiferous saccule wall is described by Gotl.€2008) as being two-layered, but their ilfatibns

do not convincingly illustrate more than one layard saccules are completely lacking from the pkot
material available to us. Their ‘evanescent outgref’ appears to be soil particles adherent to the
collapsed and decaying saccule. We have been ut@llee more than a single wall component in our
specimens, and from the images in the protolodvewall structure seems the same as that obsenved i
the Scottish material. In our interpretation, thaimstructural wall group of the spore consistsvaed
components. The first is colourless and seems tadminuous with the wall of the saccule. It is
ornamented to varying degrees with pustule-likdiades which occur only around the spore and not on
the saccule itself. However, the limitations ofhligmicroscopy on such small specimens must be
considered. The illustration of the pedicel in Getoal. (2008) as continuous with the main struatur
spore wall (‘outer wall’) does not adequately ithase such a feature. Although one specimen on the
holotype slide does have a short pedicel, it isgmeed in such a way that its structure and relstiip to

the wall components of the acaulospore could naldiermined. We interpret it as part of the outestmo
component (the saccule wall). Tightly adherentttis the coloured outer component of the spordfitse
This is probably ‘laminated’, though in many speeims it is so thin that layers cannot be seen. Many
spores of glomeromycotan species seem to have auaeminated component as the main structural
component or layer. We, therefore, interpret thdl wiucture of wall group 1 as consisting of one
component originating from the saccule wall andezoad component, the structural wall of the
acaulospore, that is probably produced de novoinvihateral swelling in the saccule neck. Gotalet
(2008), however, consider that the saccule hascvoponents (layers) that later differentiate it t
separate ‘walls’, the outermost having three layar&l the innermost having two layers. From
examination of many specimens, it is clear thatitimer wall groups lack any attachment to either th
saccule wall or the main structural wall group lodé tacaulospore. Spores of bdtbaulosporaspp. and
Ambisporaspp. develop their main structural wall de novehimi the saccule wall (Kaonongbua et al.
2010; Stirmer and Morton 1999; Walker et al. 2007).

Moving towards the interior of the spore, Goto lef{2008) describe a ‘middle wall’ that consiststab
layers (formed by differentiation from the sacculall). Such a development has not been recorded for
any species in th&lomeromycotaand in particular is different from the structafeeitherAmbisporaor
Acaulospora(Kaonongbua et al. 2010; Walker et al. 2007). Vdeld see only a very thin flexible
component that we consider to be a second wallpgbmcause sometimes, upon crushing the spore, it
remains close to wall group 1, and sometimes toithhermost group (group 3). Goto et al. (2008)
illustrate a third ‘wall’ consisting of three laygeWe interpret the third wall group as having whstinct
components of more or less equal thickness, thgogietimes only a single one could be seen. We were

able to see what we thought might be a germinalield from a lateral view on one specimen (not
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shown), but we were not certain that we were imegipg it correctly. Goto et al. (2008) describédit(
did not illustrate) a germination shield on onerspanly as being a lobed structure similar to firasent
in spores of species iBcutellosporaor Racocetra(Morton and Msiska 2010). We could not find a

germination shield on any of the holotype specimens

With the exception ofA. colliculosa no other member of th&caulosporaceaéias small, yellow to
brownish yellow acaulosporoid spores possessinicalar ornamentation. The sporesAf brasiliensis

lack reaction to Melzer's reagent, even after thestmvigorous crushing on a microscope slide with
PVLG/Melzer's (4:1, viv) and in pure Melzer's reageAlthough mostcaulosporaspecies react to this
reagent, producing a pale purple to dark purplewohssociated with at least one internal comporaent
few species, such &s laevis andA. colliculosa(Kaonongbua et al. 2010) lack such a reaction. él@w

A. alping which is a close relative &. brasiliensis possesses an inner wall component that becomes
purple when spores are crushed in PVLG/Melzer'sh{Gat al. 2006; C. Walker unpublished). This
provides support for the opinion that the reactionMelzer's reagent may not be a phylogenetically

informative character (Kaonongbua et al. 2010).

Neither ourselves nor Goto et al. (2008) have lzdda to establish the fungus in pure culture asdtate

it by single-spore culturing attempts. SporesfAofbrasiliensishave been produced only in pot cultures
established from field soil and natural plants, thése could not be maintained even by moving entir
plants to a new pot of sterilised substrate. Howewee could directly detect the presence of
A. brasiliensisin field-collected roots from the Scottish locatiddy molecular biological methods,
together withA. alpinaand one undetermined AMF species eactSaiitellospora(closely related to
S. gilmore), Rhizophagus(different from any other species yet sequencein frthis genus), and
Acaulosporaclustering in a monophyletic clade wigh colliculosa A. brasiliensisandA. alping. It will

still be necessary to establish it in pure cultueéore its mycorrhizal nature can be confirmed tiyfothe
application of Koch’s postulates.

Acaulospora alpinavas previously known only from altitudes above0D, 81 amsl in the alpine region of
mainland Europe. Although the Scottish locations ar much lower altitude (500-900 m amsl), the
climatic conditions in Scotland are also very seybut soil conditions and plant communities clearke
very different in these ecosystems. The Scottishpsas came from a thin, peaty soil of approximately
pH 5, overlaying a ‘Ben Lawers schist’. In contrdbe bedrock in the alpine areas from whichalpina

is known seems to be very variable. Spored\.oalpinawere found in ‘...acidic sandstones, siliceous
gneiss and granite rocks, up to ultrabasic semuiémtand calcareous “Blndner Schiefer” schists and
carbonatic and dolomitic limestones ...” (Oehlle2806). The pH value given is five for the samiptam

which the type material came. However, it is muobrenunexpected to find a fungus, brasiliensis
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reported from a dry, cerrado ecosystem with predantly summer rainfall (Minas Gerais State, Brazil)
on almost permanently wet, cold, peaty Scottishnaod. Nevertheless, the bedrock in the Serra @6 Ci
also seems to be igneous, and has a low pH ofGbi(et al. 2008), as does the Scottish site (pb).4—
Low pH has been shown as a likely key factor ireetfhg populations of glomeromycotan fungi in

agricultural conditions (Wang et al. 1985).

The distribution of some species in Blomeromycotas known to be very wide with respect to different
site conditions (Borstler et al. 2010), even to ploint of speculation that humans have been refiglens
for spread through agricultural practices (Roseheéalal. 2009).A. brasiliensisto date is known only
from two sites that are not so heavily influencgdhlomans and its occurrence in such widely differen
ecosystems could lead to suggestions that it magbewidespread. On the other hand from two res;ord
it is certainly too early to draw conclusions abitsitecological preferences as a species, anchibtisoo
far from the truth that the known distribution afjanism may reflect the distribution of people ietted

in them rather than their true spread. As far ascame discover, the only common factor seems to be
igneous bedrock with low soil pH, and this mightdoee of the problems in relation to establishing po
cultures. Molecular tools with species-level reiolu should soon provide a better basis for inttipg
such ecological and biogeographical informatiothatlevel of species on a secure foundation.
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Legends to figures

Fig. 1 Acaulospora brasiliensisomb. nov. Several acaulospores, some with attiashecules, extracted
from substrate by swirling and decantifig. 2 Acaulospora brasiliensisomb. nov. Individual spore,
detached from the saccule, showing the collicularamentation on the outermost surfaég. 3
Acaulospora brasiliensisccomb. nov. Spore still attached to the colourlesansparent collapsed
sporiferous sacculdzig. 4 Acaulospora brasiliensisomb. nov. Detail of saccule wall, showing a sing|
component (indicated with an arrovifig. 5 Acaulospora brasiliensisomb. nov. Pedicel-like spore base
(indicated with an arrow) formed by the thickenadale neck at the point of spore developmieigt. 6
Acaulospora brasiliensisomb. nov. Point at which the spore has detactmd the saccule showing a
short ‘pedicel’ and the components of the maincstmal wall group (indicated with 1 & 2, respectije
Fig. 7 Acaulospora brasiliensisomb. nov. Structure of the apparent middle (8] paired innermost
wall components (4 & 5)ig. 8 Acaulospora brasiliensisomb. nov. Composite image at two depths of
focus (joined at the white diagonal line), showthg continuous nature of the saccule wall (S) dued t
outermost component of the acaulospore Flg. 9 Acaulospora brasiliensisomb. nov. The caldera-
shaped scar at the point of detachment of the dpone the sacculefFig. 10 Acaulospora brasiliensis
comb. nov. Germinating acaulospore; the thick, wad outer wall components obscure the contents, an

it is not possible to see if a germination shisléormed.

Fig. 11 Phylogenetic maximum likelihood tree computed WRAXML from individual or consensus
sequences of near full-length SSU rRNA gene se@senincluding all main lineages of the
GlomeromycotaNew taxa are adopted from SchifBler and WalketQR(5upport values derived from a
1,000-fold bootstrapped analysis are shown on tiaadhes; values below 60% were considered as
unresolved and the respective topologies were i to polytomiedR?araglomussequences were used

as outgroup.

Fig. 12 Phylogenetic maximum likelihood tree computed WRAXML from approx. 1500 bp sequences
covering approx. 250 bp of the SSU rRNA gene, thel/ITS region and an approx. 800 bp of the LSU
rRNA gene. Some shorter sequences from the puatabdses were also included for comparison and are
marked as follows: #, covering partial SSU and wH®IS region; *, covering partial LSU. Support vedu
derived from a 1000-fold bootstrapped analysis sitrewn on the branches; values below 60% were
considered as unresolved and the respective tapeslegere collapsed to polytomies. The tree waserbot
with Diversisporasequences as outgroup; the root was shortenedd¥y 8&s indicated by diagonal

slashes.
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91 Gigaspora candida BEG17 W3292/Att26-19 (AJ276091)
08 [E Gigaspora albida FL927, old INVAM number: WV1034 (Z14009)

Gigaspora sp. W2992/field-collected (FM876799-803+AJ276090)
Gigaspora gigantea WV932 (Z14010)
Scutellospora cerradensis MAFF520056 (AB041344-45)
Scutellospora reticulata CNPAB11 (AJ871270-73)
Scutellospora heterogama FL225, AFTOL-ID138 (AY635832)
Scutellospora calospora BEG32 (AJ510231+AJ306443+AJ306445-46)
Scutellospora spinosissima W3009/Att664-1 (AJ306437)
Scutellospora projecturata W3254/Att697-0 (AJ242729)

9I4_| Pacispora scintillans W3793/field-collected, Germany (AJ619940-43)
L

100 Acaulospora longula W3302/Att698-3 (AJ306439)
93 80 Acaulospora rugosa WV949, old INVAM number: WV935 (Z14005)
Acaulospora cavernata BEG33, W3293/Att209-37 (AJ306442)

Pacispora scintillans W3849/Att961-0, Poland (AJ619944-47)
Pacispora scintillans W3862/field-collected, UK (AJ619948-51)

Acaulospora spinosa WV860 (Z14004)

100

96

100 — Acaulospora sp. 'contigua’ WV201, old INVAM number: WV796 (Z14011)
! Acaulospora colombiana FL356, old INVAM number: WV877 (Z14006)
Acaulospora laevis AU211-3 (AJ250847)

— Acaulospora mellea (FJ009670)

100

Acaulospora brasiliensis (FN825898-825900)
96 [ Diversispora celata FACE234 (AM713421-22)
Diversispora eburnea AZ420A, W4729 (AM713429-31)

100

100 | Ambispora callosa OK1, MAFF520057 (AB047305-07)

100

— Diversispora spurca (AJ276077-78+Y17649-50)
— Diversispora epigaca BEG47 (X86687+Y17651+AJ13266+AJ276088)
% Rhizophagus vesiculiferum (?) (L20824)
66 Rhizophagus irregularis DAOM197198, AFTOL-ID48 (AY635831)
66 — Rhizophagus fasciculatus BEG53 (Y17640)
—| —— Rhizophagus proliferus MUCL14827, DAOM226389 (AF213462)
100 Rhizophagus manihotis FL879-3 (Y17638+U36590)
A: Sclerocystis sinuosa MD126 (AJ133706)
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Abstract

Background: Understanding the mechanisms underlying biological phenomena, such as evolutionarily conservative trait
inheritance, is predicated on knowledge of the natural relationships among organisms. However, despite their enormous
ecological significance, many of the ubiquitous soil inhabiting and plant symbiotic arbuscular mycorrhizal fungi (AMF,
phylum Glomeromycota) are incorrectly classified.

Methodology/Principal Findings: Here, we focused on a frequently used model AMF registered as culture BEG47. This
fungus is a descendent of the ex-type culture-lineage of Glomus epigaeum, which in 1983 was synonymised with Glomus
versiforme. It has since then been used as ‘G. versiforme BEG47'. We show by morphological comparisons, based on type
material, collected 1860-61, of G. versiforme and on type material and living ex-type cultures of G. epigaeum, that these two
AMF species cannot be conspecific, and by molecular phylogenetics that BEG47 is a member of the genus Diversispora.

Conclusions: This study highlights that experimental works published during the last >25 years on an AMF named ‘G.
versiforme’ or ‘BEG47’ refer to D. epigaea, a species that is actually evolutionarily separated by hundreds of millions of years
from all members of the genera in the Glomerales and thus from most other commonly used AMF ‘laboratory strains’.
Detailed redescriptions substantiate the renaming of G. epigaeum (BEG47) as D. epigaea, positioning it systematically in the
order Diversisporales, thus enabling an evolutionary understanding of genetical, physiological, and ecological traits, relative
to those of other AMF. Diversispora epigaea is widely cultured as a laboratory strain of AMF, whereas G. versiforme appears
not to have been cultured nor found in the field since its original description.
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understand the biology and ecology of individual AMF species.
The fact that they are asexual, multikaryotic, and obligately
biotrophic, however, makes their study complicated and difficult.
All AMF are placed in the monophyletic fungal phylum,
Glomeromycota [1]. In the past, morphological classification often
yielded taxonomic groupings that did not reflect natural
relationships. Fortunately, such misclassifications are now less
frequent as DNA based characterisation becomes more common.

Introduction

A solid phylogeny is the basis for natural systematics and the
understanding of hierarchical levels in taxonomy and functional
diversity of organisms. This is particularly important for those
organisms that are widely used in basic research and are
commonly known as model species. Here, we clarify and rectify
the systematic classification of an experimentally frequently used

arbuscular mycorrhizal fungus (AMF). This fungus, catalogued as
BEG47, is phylogenetically distinct from most other laboratory
strains affiliated with the genus Glomus, but since the early 1980s
has erroneously been known as Glomus versiforme.

Fungi forming arbuscular mycorrhiza (AM) are main drivers of

most terrestrial ecosystems, living in intimate mutualistic symbiosis
with the majority of vascular land plants, which they provide with
water and inorganic nutrients, mainly phosphorus (P). Because
most crop plants form AM, and global P deposits are on the verge
of depletion, AMF can be considered indispensable for sustainable
agriculture. It will thus become very important to better

@ PLoS ONE | www.plosone.org

Many AMF formerly assigned to the genus Glomus, based on a
limited number of morphological characters, have now been
shown to belong to any one clade of the four presently described
orders of the Glomeromycota, separated by hundreds of millions of
years of evolution. For example, the former G. occultum and its
relatives were shown to belong to an ancient lineage [2] and
consequently transferred to Paraglomus in the Paraglomeraceae [3],
which later was assigned to a separate order, the Paraglomerales [1].
Likewise, G. callosum and G. gerdemannii are now placed in the genus
Ambispora [4-5] (Archaeosporales), another basal glomeromycotan
lineage. Many systematically misplaced species were thus trans-
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ferred from Glomus to other genera, in agreement with a natural
classification [6], and recently several species from the phyloclade
Glomus Group C (GIGrC, [7]) have been transferred to the genus
Diversispora (Diversisporales) [8]. Nonetheless, there are many species
still called Glomus, which remain to be correctly placed once their
phylogenetic affiliation is known.

A natural classification system is crucial for the description and
understanding of phylogenetic, functional and trait diversity that
influence patterns of plant and AMF community productivity. Plant
phylogenetic diversity is possibly correlated with community
productivity through functional diversity, and high AMF diversity
has been shown to promote plant diversity and also plant
community productivity [9-10]. Functional differences of AMF
and plants must impact upon each other and order- or family-level
phylogenetic relations, or both, have been shown to determine AMF
community assemblies and mycorrhizal symbiotic functioning [11].
Phylogenetic affiliation may also be important for understanding
functioning at the molecular level, as might, for example, be
indicated by differential gene expression and pathogen resistance
upon colonization by either culture DAOM197198 (as G. intraradices,
Glomerales), BEG47 (as G. versiforme) or Gigaspora gigantea (Diwerstsporales)
[12]. In this instance, BEG47, although named ‘Glomus’, is a species
from the Duversisporales and thus more closely related to Gigaspora
than to ‘G. intraradicess DAOM197198.

As previously presented for the ‘model fungus’ in AM research,
DAOMI197198 [13] (now Rhuzophagus irregularis: synonym G.
urregulare, [8][14]), we here present a detailed review of the
phylogenetic position of BEG47, which is probably the second
most often used AMF culture in basic research and molecular
biological studies (e.g. [15-17]). The type material of both, G.
epigaeum and G. versiforme (synonym Endogone versiformis) and the
synonymisation [18] of BEG47 with G. versiforme were re-examined.

The species under consideration in relation to BEG47 are:

1) Endogone versiformus, named from combined collections (November
1860 to January 1861) [19] and deposited in the Helsingfor Botanic
Garden, Helsinki (H) by W. Nylander. The species was later
transferred to the genus Glomus as a heterotypic synonym of G.
macrocarpus var. macrocarpus [20] and then recognised as not conspecific
with G. macrocarpum, and classified as G. versiforme [18].

ii) Glomus epigaeum (described as G. epigaeus) [21], synonymised as
a later heterotypic synonym of G. versiforme [18]. The species was
described from a pot culture at Oregon State University,
numerous subcultures of which have been extensively used for
research, as G. epigaeus [22], as G. epigaeum [23] and, most
commonly, as G. versiforme (e.g., [15-17][24-25]). The culture-line
used in basic research, which includes BEG47, stems from the
original multi-spore culture from which G. epigaeum was described
in 1979 [21].

This study aimed at substantiating the phylotaxonomic
affiliation of BEG47 and clarifying its phylogenetic relationship
within the Duversisporaceae. We also included some other species
recently transferred from Glomus to Diversispora and Redeckera [8]
and considered, in addition, the environmental sequences of
Diversisporaceae from public databases to analyse the global
distribution of species from the Duwersisporaceae. These data will
also facilitate future molecular ecological, evolutionary and
taxonomic studies, as they are currently implemented in a third
party annotated, web-accessible database [26] for reliable analyses
based on well-annotated fungal sequences.

Results

The culture-line represented by BEG47, which was already
known to be phylogenetically distinct from most other species in

@ PLoS ONE | www.plosone.org
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Glomus [27-28], produces both pale (e.g. W5167/Att475-45) and
darkly coloured (e.g. W5165/Att475-45) spores. The pale spores
(which are considerably larger than the size range given for E.
verstformis [ = G. versiforme] and may darken with age) are
characterized by the same rDNA sequence types as the darker
ones and thus are doubtless conspecific.

Molecular phylogeny of Diversispora epigaea BEG47 and
Diversisporaceae

To study the phylogenetic relationships in greater detail, a core
sequence dataset was analysed consisting of all Diversisporaceae
sequences available, except environmental sequences lacking
species assignment. The internal transcribed spacer (ITS) and
partial large subunit (LSU) rDNA regions of the generic type
species, D. spurca, were also characterised. The phylogenetic
analysis (Figure 1) clearly shows that G. epigaca (= G. versiforme
BEGA47), G. aurantium, G. eburneum, and G. trimurales all belong to
Diversispora, in the Diversisporaceae, in agreement with the recent
major taxonomic revision of Glomeromycota [8]. Redeckera is well
separated from Duversispora, justifying its generic status as already
suggested by Redecker and colleagues [29].

The extended dataset contained environmental sequences
carrying sufficient phylogenetic information for analysis below
genus level (Figure 2), although the sequences that vary greatly in
length did not always overlap in the multiple alignment. From
non-monophyletic clustering of such non- or partly-overlapping
sequences it is impossible to prove whether or not they are of
conspectfic origin. A couple of short environmental database SSU
rDNA sequences were omitted from the analysis shown in Figure 2
because they lowered phylogenetic resolution and disturbed tree-
topologies. They all clustered within Diversispora at the generic level
(Figure S1), except one environmental sequence (DQ357079) from
Ammophila arenaria rhizosphere soil from Portugal, which clusters
basally in the Diversisporaceae. The geographical annotations of
sequences falling within the phylogenetic lineage of Diversispora
indicate a panglobal distribution of the genus, through Europe,
Africa, Asia, Hawaii, the Middle FEast, North America and Central
America (Figure 2; Figure S1).

Morphology of the spores in the type material of
Endogone versiformis (G. versiforme)

The herbarium packet was annotated “T'ype of Endogone versiforme
Karst. DET: S. M. BERCH DATE: AUG 25, 1983°. The sample
was accompanied by a note with sketches in ink, dated ‘nov.1860’.
The note is expanded with additional drawings and further
annotation in pencil, indicating that it was originally in the hand of
W. Nylander; however, the additional drawings are unsigned and
it could not be established when or by whom they were made. The
original notes on the type material, together with the translation
into English of the Latin descriptions and annotations, are shown
in Figure S2 and the spore dimensions are given in Figure 3. The
type consisted of two small packets, each containing a very small
quantity of dried substrate incorporating a few very small
fragments of sporocarps (Figure S3). No prepared microscope
slides or other preserved material were included. Examination of
the holotype material of G. versiforme (Figure 4) shows that it
contained two rather distinctive kinds of spores (Figure 4A-C,I),
found either individually in the substrate or as fragments of
sporocarps (Figure 4A-E). One morph consists of small, pale
spores (Figure 4D,F) with relatively thin walls (Figure 4]). The
second morph (Figure 4K) has large, thick-walled darkly coloured
spores. Both morphs are directly compared in Figure 4C and
Figure 41. The type was fractionated but it is difficult to determine
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76 | Diversispora celata ex-type BEG231 [consensus]
Entrophospora nevadensis type material JP-2009-2 EEZ164 [FN397100]
Diversispora eburnea ex-type (=G. eburneum) AZ420A [consensus]
24 Diversispora spurca ex-type [consensus]
Diversispora aurantia ex-type (=G. aurantium) [consensus]
Otospora bareae type material JP-2006a/2007a [AM400229+AM905318]
Diversispora sp. W5257 [consensus]
100 Diversispora epigaea ex-type (=G. versiforme BEG47) [consensus] 5
Edeckera megalocarpum type material Guad05-051 [consensus] g'
100 Redeckera pulvinatum Mart05-035 [consensus] a
= Redeckera fulvum Pohn99-001 [consensus] Diversisporaceae ('tg
100 — Acaulospora sp. WUM18 [consensus] n:;
100 L Acaulospora cavernata BEG33 [consensus] a
100 ': Acaulospora laevis AU211 [consensus]
51 Acaulospora lacunosa BEG78 [consensus] Acaulosporaceae
........ S
100 Scutellospora nodosa BEG4 [consensus]
Scutellospora heterogama BEG35 [consensus]
62| 79— Gigaspora rosea DAOM194757 [consensus] Gigasporaceae
: Pacispora scintillans W4545 [consensus] Pacisporaceae:
100 Rhizophagus irregularis AFTOL-ID845 [consensus]
_:Funneliformis mosseae UT101 AFTOL-ID139 [consensus]
Claroideoglomus claroideum BEG14 [consensus] 0.1

Figure 1. Phylogenetic tree of Diversisporales computed from the core dataset of nuclear SSU-ITS-LSU rDNA sequences. RAXML
maximum likelihood analysis with bootstrap support shown at the branches; topologies with support below 50% were collapsed to polytomies. The
most recent synonyms for species in Diversispora are given in brackets. The published ‘Entrophospora nevadensis' sequence (SSU rDNA) is short and
does not allow species resolution, but clusters with high support within the Diversispora celata - D. eburnea clade. The two short, concatenated
‘Otospora bareae’ sequences (SSU rDNA) also cluster within the genus Diversispora. The genus Redeckera comprises the species formerly published as
Glomus fulvum, G. megalocarpum and G. pulvinatum. The tree is rooted with three representative sequences of the sister order Glomerales. The scale

bar indicates proportional substitutions per site.
doi:10.1371/journal.pone.0023333.g001

if the individual spores result from disintegration of the sporocarps
during almost one-and-a-half centuries of storage and handling, or
if they actually were produced ectocarpically in the substrate.
Nevertheless, for both morphs, spores in the sporocarps and
substrate are morphologically identical.

Pale coloured spores form epigeously in sporocarps that are up
to 1 cm wide (information from the protologue), though only
minute {ragments remain in the type collection. The sporocarp
peridium has a whitish, matted appearance and consists of tightly
tangled thin-walled (<1 pm thick) somewhat squamous aseptate
hyphae, 3-6 pm in diameter (Figure 4G). The glebal hyphae
appear tangled and are colourless, up to 15 um wide, with very
thin (<1 um) walls.

The spores (Figure 4D,F ]) are very pale in colour (Methuen
3A3, yellow) and translucent. For 27 of 85 measured spores, it was
mmpossible to determine the point of detachment from the
subtending hypha (spore origin) and thus also to determine their
lengths and widths. The dimensions of these, by simply taking the
longest and shortest dimensions, were 70-104x64-91 (mean
85x77) um. There is little variation in spore shape, and no spore
was noted that exceeded the broadly ellipsoid category, defined by
a maximum ratio of length to width of 1:1.3 [30]. Of the
remaining 58 spores that could be measured conventionally, 16
were broader than long. Their dimensions were 64—109 x64-99
(mean, 83 x82) um. Spore shape varied little; 26 were globose, 29
subglobose, and three broadly ellipsoidal. No truly ellipsoidal
(elongate, see [30]) spores were found. The structural spore wall
most probably consists of two colourless components in a single
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group (Figure 4P). Component 1 is persistent and found on all
specimens. It is up to 1 um thick and tightly adherent to
component 2 which is 2-5 um thick. In some specimens, there
appears to be a third component, <1 pm thick, but this might be
an artefact caused by congealing of spore contents in these very old
dried specimens. Most spores were completely detached from their
subtending hypha. However, where the subtending hypha could
be seen (Figure 4L,M) it was very short (no more than a few um,
but rarely up to 15 um long), with a very thin (=1 um) wall, up to
7 um wide distally, and usually tapered sharply proximally to a
width of ~1 um. Hyphal attachments appear to be occluded by
fusing of the spore wall internally.

Redescription of Glomus versiforme (P. Karst.) S. M. Berch
(MycoBank MB106567) = Endogone versiformis P. Karst (Myco-
Bank MB372848) (Figure 4A,D,F,G,J,L,M,P).

Sporocarps of indeterminate size and irregular shape, with a
pale, felty peridium; protruding through, or on the surface of
substrate. Spores globose to subglobose to broadly ellipsoid, 64—
109%64-99 (mean, 83x82) um, with a subtending hypha, often
truncated proximally and difficult or impossible to locate. Sealed
by a septum-like structure apparently formed from the inner layers
of the main structural wall component. Wall structure of an outer,
unit wall component (up to 1 um thick) adherent to an inner,
laminated main structural component, 2-5 pm thick, both being
continuous with the wall of the subtending hypha, and thus
presumably of the sporogenous mycelium. Spores in sporocarps
accompanied by thin-walled (<1 um), balloon-shaped vesicles,
41-92x61-196 um.
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Diversispora sp. environm. [DQ396723] (Podocarpus falcatus roots, Ethiopia)
Diversispora sp. environm. [DQ396724] (Podocarpus falcatus roots, Ethiopia)
Diversispora sp. (appearance similar to C. etunicatum) W2423/Att382-16 [consensus] (coal spoil heap, Hallside, Scotland ')

Diversispora sp. environm. [DQ396766] (Podocarpus falcatus roots, Ethiopia)
Diversispora sp. environm. [DQ396719] (Podocarpus falcatus roots, Ethiopia)
Diversispora sp. environm. [DQ396726] (Podocarpus falcatus roots, Ethiopia)
Diversispora sp. W3033/Att669-1 [FR686934] (soil from sand dunes under Leymus sp., Modrudalur, Iceland)

Otospora bareae [AM400229+AM905318] (rhizosphere soil of Pterocephalus spatulatus & Thymus granatensis, Sierra de Baza, Spain)

99 D. spurca SC157 [FJ461849] (INVAM: not in database)

D. spurca HA567 [FJ461848] (Andropogon virginicus, Hawaii, Polynesia)
D. spurca ex-type [consensus] (sand propagation bed of Paspalum notatum, greenhouse, Tucson, USA 2)
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D. spurca WV109G [FJ461847] (Andropogon virginicus, West Virginia, USA)
D. aurantia W4728 [consensus] (soil from maritime dunes, near Tel Aviv, Israel)
D. trimurales FL707B‘{FJ46185A’1\I]\5INVAM: “Glomus creamy white, US sugar corp”, no further data)
D. trimurales BR608 [FJ461851] (INVAM: not in database)
D. celata BEG230 FACES83 [consensus] (rhizosphere soil, Eschikon, Switzerland)
88| D. celata BEG233 FACE410 [consensus] érhizosphere soil, Eschikon, Switzerland
D. celata BEG232 FACE272 [consensus] (rhizosphere soil, Eschikon, Switzerland
gsf|' D. celata BEG231 FACE234 [consensus] (rhizosphere soil, Eschikon, Switzerland)
Entrophospora nevadensis JP-2009-2 EEZ164 [FN39710((J£ (rhizosphere soil of Plantago nivalis (endemic), Sierra Nevada, S
100y Djversispora sp. ‘NamAri' AZ237B [consensus] (INVAM: G. intraradices from Sonoran desert, Arizona; possibly contaminant
Diversispora sp. ‘NamAri’ NB101 [consensus] (INVAM: G. intraradices (?) from Walvis bay, Namibia; possibly contaminant)
D. eburnea ex-type AZ420A [consensus] (rhizosphere soil and root fragments of Sporobolus wrightii, Cochise County, Arizona, USA.)
96 D. eburnea UK121 [FJ461831] (rhizosphere soil & roots of Ammophila sp., Tentsmuir, St Andrews, Fife, Scotland)
Diversispora sp. W4538/Att1226-0 [FR686935] (sporocarp in Falcatorium taxoides pot in greenhouse, Edinburgh, Scotland 42’,
51 Diversispora epigaea W4671/Att1236-0 [FR686936] (sporocarp in Dicksonia antarctica pot in greenhouse, Jena, Germany °)
D. epigaea ex-type BEG47 [consensus] (sporocarp in Araucaria excelsa pot in greenhouse, Corvallis, USA. )
Diversispora sp. W4568/Att1231-0 [FR686937] (sporocarp in Woodwardia orientalis pot in greenhouse, Edinburgh, Scotland 7)
99r Diversispora sp. environm. [AM076638] (Plantago lanceolata roots from Thuringia, Germany)
Diversispora sp. environm. [AM076637] (Plantago lanceolata roots from Thuringia, Germany)
60 Diversispora sp. environm. W5257/field-collected [consensus] (sporocarp from woodland with Acer pseudoplatanus, Eastburn, England 8)
D. trimurales KS101 [FJ461855] (dominant vegetation Andropogon gerardii & Sorgastrum nutans, Konza Prairie, Kansas, USA))
osr D. trimurales W3577/Att710-6 [FR686955] (sand from maritime sand dunes under Corynephorous canescens, Swinoujscie, Poland)
D. trimurales W4124/Att1152-1 [consensus] (sand from maritime sand dunes under Corynephorous canescens, Swinoujscie, Poland)
= Diversispora sp. environm. [DQ396731] (Podocarpus falcatus roots, Ethiopia)
[ Diversispora sp. environm. [DQ396733] (Podocarpus falcatus roots, Ethiopia
— Diversispora sp. environm. PFC140 [DQ396727] (Podocarpus falcatus roots,
L Diversispora sp. environm. [DQ396728] (Podocarpus falcatus roots, Ethiopia)
Diversispora sp. environm. [DQ396736] (Podocarpus falcatus roots, Ethiopia)
‘Glomus tortuosum’ JA306A [FJ461850] (INVAM: not in database)
Redeckera fulvum CL/Mart05-049 [AM418545] (sporocarp from Martinique, eastern Caribbean Sea)
R. fulvum CL/Mart05-111 [AM418547] (sporocarp from Martinique, eastern Caribbean Sea
R. fulvum CL/Mart05-049 [AM4[18546] (spolrécgrp frorﬁ Martinique, eqastern Caribbean Sea) ) Redeckera
R. fulvum CL/Mart05-111 [AM418548] (sporocarp from Martinique, eastern Caribbean Sea)
Redeckera sp. fulvum-like AC/Pohn99-001 [consensus] (sporocarp from Pohnpei, Senyavin Islands, Micronesia) ¢
R. pulvinatum CL/Mart05-035 [consensus] (sporocarp from Martinique, eastern Caribbean Sea
R. megalocarpum CL/Guad05-051 [consensus] {sporocarp from Guadeloupe, eastern Caribbean Sea)

Acaulospora laevis AU211 [consensus]
Acaulospora lacunosa BEG78 [consensus]
Acaulospora sp. WUM18 [consensus]
Acaulospora cavernata BEG33 [consensus]
Scutellospora heterogama BEG35 [consensus]
Gigaspora rosea DAOM194757 [consensus]
Racocetra castanea BEG1 [consensus]
Scutellospora nodosa BEG4 W3485 [consensus]
Pacispora scintillans environm. W4545/field-collected [consensus]
100 — Claroideoglomus claroideum BEG14 [consensus]
841 Glomus trimurales' WA105 [FJ461859] 10
100 ‘Glomus trimurales' NB103A [FJ461857] 10
‘Glomus trimurales’ BR603A [FJ461860] 10
‘Glomus trimurales* MT112 [FJ461856] °
‘Glomus trimurales’ VA102A [FJ461858] 0
Rhizophagus irregularis AFTOL-ID845 [consensus] '
Funneliformis mosseae UT101 AFTOL-ID139 [consensus]

99

100
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Figure 2. Phylogenetic tree of Diversisporaceae computed from the extended dataset, including environmental nuclear rDNA
sequences. RAXML maximum likelihood analysis with bootstrap support shown at the branches; topologies with support below 50% were collapsed
to polytomies. The tree is rooted with representatives of the Glomerales. The scale bar indicates proportional substitutions per site. Except for very
short environmental SSU rDNA sequences that distorted the tree topology, all Diversisporaceae sequences which were available from the public
databases were used and have the following origins: ' the specimen from which this sequence was derived has Claroideoglomus etunicatum-like
spore morphology; soil from a re-vegetated coal spoil heap, beneath Salix sp. and associated weeds, which included Plantago major, P. lanceolata,
Fragaria vesca and various grasses; 2 Fazio's Greenhouse, from M. Pfeiffer’s pot culture no. 157, Building 42-2R, University of Arizona; 3 other plants
reported at the soil sampling location were Alchemilla fontqueri and Senecio elodes (both endemic) and Sorbus hybrid (non-endemic); * fungus with an
appearance similar to a ‘large-spored D. epigaed’, from a temperate greenhouse of Royal Botanical Garden Edinburgh, Plant No. 842581 H; > immature
spores; from fern house of Botanical Garden Jena (the plant was transferred to Jena from the botanical garden of the Wilhelma, Stuttgart, Germany);
7 Diversispora epigaea-like spores; temperate greenhouse of Royal Botanical Garden Edinburgh, the pot also contained an Oxalis sp. as a weed;
6 tropical greenhouse at the USDA-ARS horticultural research station; ® sporocarp from litter layer of semi natural woodland, with associated
understory, including an Allium sp.; ° this sequence most likely represents a species distinct from Redeckera fulvum, therefore it is annotated here as
‘R. fulvum-like’; '° sequences annotated as ‘D. trimurales’, from the same submission as the three sequences (FJ461851,54,55) that cluster in
Diversispora, but clearly falling in distinct families; "' culture published as GINCO4695rac-11G2 from the AFTOL project, but lacking further
information.

doi:10.1371/journal.pone.0023333.9002

to determine the original size of the sporocarps. The spores are
abundant in the substrate as individual spores and also found
embedded in substrate aggregates. Therefore it appears that they
can be formed ectocarpically and hypogeously. The peridium is
reddish yellow (Methuen 4A6) in colour and has a woolly

Mycorrhizal status unknown, but by analogy with other
members of the Glomeromycota, and considering that the specimens
came from potted plants in a greenhouse, it is likely that G.
versiforme forms AM.

Specimens examined: Finland, Nylandia, Helsingfors (Hel-

sinki). Spores and fragments of sporocarps from the potting
substrate of Cercocarpus ledifolia grown in a cold glasshouse, ‘23. XI.
1860 — I. 1861” [sic], leg. W. Nylander (Mus. Bot. Univ., Helsinki
3936 p.p. H — Lectotype [Voucher W4551 (H, isolectotype E)]).
Dark coloured spores form in sporocarps, embedded in coarse,
reddish yellow glebal hyphae, and ectocarpically in the substrate
(Figure 4B). Because the type sample is fragmented, it is impossible

@ PLoS ONE | www.plosone.org

appearance, consisting of angular, thin-walled anastomosing
coenocytic mycelium ~3-18 um diameter (Figure 4H). The
spores (Figure 4C,E,K) are coloured variably in shades of orange
to brown (Methuen 5D8-5D8), and are opaque due to their thick
coloured wall (Figure 4K). Of the 121 measured spores, for 52 it
was impossible to determine the location of the attachment to the
subtending hypha, and thus impossible to distinguish lengths from

August 2011 | Volume 6 | Issue 8 | e23333



A: Glomus versiforme from Endogone versiformis type
30
25 4
20 4
15 -

10 A
5.
o ddl I Hle

B: Dark spores from Endogone versiformis type

Number of spores in size class

C: Diversispora epigaea from ex-type cultures
180 -

120

60

1 A v

NI S N N I NG NI S A A I N BN SRS IS N
NURELET TR NV R 0”0 KW a0 D oS Y o)
0_,

A AN N NN NN TN I TN T N AN TN T NN N
EAPN RN RN AN NN NG RINCEI RNCIRC R SR

Size classes (um)

Figure 3. Dimensions of spores from Glomus versiforme type
collection and of Diversispora epigaea (grey: lengths and white:
width). A. Spores of the lectotype of Glomus versiforme (W4551)
prepared from the Endogone versiformis type material. B. Large spore
type (W4550) of an unknown species in the E. versiformis type material.
C. Diversispora epigaea BEG47 (combined measurements of specimens
from 49 voucher collections sampled from among 29 ex-type sub-
cultures).

doi:10.1371/journal.pone.0023333.9g003

breadth. By simply taking longest and shortest dimensions, the
resulting  size 73-208x73-208 um  (mean
137 %128 pm). There is considerable variation in spore shape,
and many spores exceeded the broadly ellipsoid category and were
ellipsoidal. Of the remaining 69 spores, 15 were broader than long
and 47 were longer than broad. The shape of the spores varied
considerably. Seven were globose, 32 subglobose, 20 were broadly
ellipsoidal, and 10 were ellipsoidal (elongate).

range  was

The spore wall consists of three, possibly four, components
(Figure 4Q,R). Component 1 at first is thin, ~1 pm thick. It
appears to expand to become as much as 4 um thick, and
eventually to disintegrate and disappear, and thus can be classified
as evanescent as defined by Walker [31]. It tightly adheres to
component 2, a unit component that varies in thickness from 1-
5 um. Wall component 3 is 5-12 um thick and very finely
laminated, though the laminations often are difficult to distinguish.
In many specimens, there seems to be a fourth thin flexible inner
component 4 (Figure 4R), though on others it was not detectable
(Figure 4Q). It is not clear if this is an artefact of specimen
preparation such as a loose lamina of component 3, but it is

@ PLoS ONE | www.plosone.org
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evident in both glycerol and PVLG-based preparations. The wall
thins at the spore base to produce a bowl-shaped lumen 3-10 um
diameter internally, tapering to ~1 pm externally where the
subtending hypha is attached (Figure 4N,O). The majority of
spores have their subtending hypha detached close to the spore
base. When it is retained, it is very difficult to see because it often is
extremely thin-walled (normally <1 pm). It can be up to 37 um
long and as much as 15 um wide distally, tapering to become
constricted proximally to about 1 um in diameter, where it usually
becomes detached. On a few specimens, the subtending hypha is
thickened to ~2 um proximally (Figure 40) and sometimes it
appears to be occluded by a plug of amorphous material.

Morphology of Glomus epigaeum from the holotype and
ex-type culture-lines, including BEG47

The spores are produced in dense masses, lacking a peridium
(Figure 5A—C) and with or without varying amounts of brownish
contextual hyphae, or singly (Figure 5D), or in loose clusters in the
substrate. The spore masses (referred to in the protologue as
‘sporocarps’) were originally recorded as being 2-8x3-15 mm
[21], but they are very variable in size and shape. The colour of
the spores is variable (Figure 5B-G). They are colourless at first,
soon becoming pale yellow, gradually becoming orange at
maturity to dark reddish brown (Methuen 8E8) when moribund.
The spore wall components do not react to Melzer’s reagent,
although the pale spores may become overall slightly yellow.

Seven-hundred and eighty spores were measured from among
29 ex-type cultures (Table S1; Figure 3C); 346 were broader than
long, 158 were equal in length and width, and 276 were longer
than broad. Spore shape was not very variable, 497 spores being
globose, 212 subglobose, 56 broadly ellipsoidal, and only 15
ellipsoidal. Some of these spores were ovoid (8) or obovoid (28),
two were flattened somewhat on one side, six were pyriform, and
two were subtriangular. The spore dimensions were 78-213 x78—
192 ym (mean =131x131 pm, n=780). The protologue gives
spore measurements for the epigeous spores as (60—)75-
140(—165)x95-140 pm. In one sample, 100 dark epigeous spores
and 100 pale hypogeous spores were measured separately, yielding
dimensions of 82-146x85-146 ym (mean=115x116 pm) and
85-194x96-192 um (mean =135 x134 um).

In some spores, the spore wall appears to have a unit outer
component (Figure 3]), but on others, it breaks down in patches
(Figure 5K), and thus must be considered to be evanescent. The
coloured main structural component sometimes seems laminated
(Figure 5H,J,K), and at other times the laminae cannot be seen by
light microscopy (Figure 5I). Finally there is an innermost
component (Figure 5J,K) that is often difficult to discern under
the light microscope, but was described as clearly visible in
transmission electron micrographs [23]. By light microscopy, the
wall structure of spores in PVLG is of three components as follows:
component | unit or more or less evanescent, colourless, up to
1 um thick; component 2 laminated, pigmented, 1-10 um thick
depending on age; component 3 <1 pm thick, lightly pigmented,
often tightly adherent to component 2 and difficult to discern,
sometimes appearing flexible due to shrinkage after immersion in
the mounting medium (Figure 5J,K). In a few spores the inner wall
component appears to form a septum (Figure 50). The subtending
hypha is variable (Figure 5H,LLM,N,O), very narrow, not more
than 10 um at the base of the spore; straight (Figure 5I) or slightly
curved (Figure 5H), or often constricted at the base (Figure 5M).
Usually the subtending hyphal wall is thin (1-2 pm), tapering little
in most (though not all) of the pale spores. On some mainly darkly
coloured spores, the wall of the subtending hypha tapers quite
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Figure 4. Photomicrographs of specimens from the holotype collection of Glomus versiforme (basionym Endogone versiformis). Pale
spores (G. versiforme) of W4551, dark spores (undetermined Glomus sp.) of W4550. A. Sporocarp portion of G. versiforme showing pale spores (s) and a
felted, pale-coloured peridium (p). Larger, dark coloured spores of an unknown Glomus sp. can be seen out of focus in the background. B. Part of a
sporocarp of Glomus sp. showing the pigmented peridial (p) and contextual (c) hyphae and embedded spores (arrows). C. The two different spore
morphs in water (G. versiforme indicated by arrows), illustrating the difference in spore size and colour. D. The pale-coloured spores of G. versiforme
showing clustered spores from a sporocarp. E. Sporocarp portion of the dark spored unknown Glomus sp. F. Five clustered spores of G. versiforme
from a sporocarp with accompanying vesicles (ve). G. Peridial hyphae of G. versiforme showing size and colour. H. Peridial hyphae of the dark spored
Glomus sp. 1. Spores of G. versiforme (left) and of the dark spored Glomus sp. (centre), allowing comparison of size, shape and pigmentation. J. Thin-
walled pale-coloured spore of G. versiforme. K. A thick-walled darkly coloured spore of Glomus sp. L and M. Subtending hyphae of G. versiforme. Most
specimens are sessile because of breakage of the very thin subtending hyphal wall at the spore base. N and O. Subtending hyphae of the dark
spored Glomus sp., broken close to the spore base and occluded by an amorphous plug in the bowl-shaped lumen (N) or persistent and occluded by
spore wall thickening (O). P. Wall detail of a spore of G. versiforme showing two components in the structural spore wall (1, 2) and a questionable
third component internally (3?). Q and R. Wall detail of a spore of the dark spored Glomus sp. showing three components in the structural spore wall
(Q), and a possible fourth (4?) separate component (R) internally.

doi:10.1371/journal.pone.0023333.g004
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1 mm

Figure 5. Photomicrographs of specimens from Diversispora epigaea ex-type pot cultures (including culture line BEG47). Dark spores
of W5165, pale spores of W5167 except Figure 5L, which is from W4565. A. Spore cluster, formed on roots near the surface of a pot. B. View of a spore
cluster showing the undifferentiated aggregation of pale coloured and orange spores. C. Spore mass, showing pale and dark spores. D. Spores
photographed in water, uncovered on a glass microscope slide. E. Spores of both colours, showing variation in size, shape and pigmentation. F. A
thick-walled pigmented spore of the dark morph. G. Thin-walled, immature pale-coloured spore. H and I. Subtending hyphae of dark (H) and pale (I)
spores showing occlusion by spore wall thickening and a distal septum in the dark morph. Note the difference in wall thickness. J and K. Wall
structure of dark (J) and pale (K), spores showing thin outer (1), thick laminated (2), and thin inner (3) components. L. Hyphal bridging, also known as
wound healing, in the somatic mycelium. M. Spore germination (g) at the base of the subtending hypha (sh). N. Germination directly through the
wall. O. A septum occluding the hyphal attachment of a thin-walled spore of the pale morph close to the spore base.

doi:10.1371/journal.pone.0023333.g005

sharply from up to 5 pm thick proximally (Figure 5H) to <1 um
distally where detached from the mycelium.

Germination is by emergence of a germ tube through the
remnant subtending hypha or directly through the spore wall
(Figure 5M,N). This species exhibits the type of self-anastomosis
known as hyphal bridging (Figure 5L) or wound healing [32], also
found in D. celata [33] and D. spurca [34]. This phenomenon has also
been observed for members of Ambispora, Gigaspora, and Scutellospora,
but differs from the formation of interhyphal anastomoses in hyphal
networks of members of the Glomeraceae [35-36].

@ PLoS ONE | www.plosone.org

Redescription of Diversispora epigaea (B.A. Daniels and
Trappe) C. Walker and A. SchiiBller (MycoBank MB542916) =
Glomus epigaeum (MycoBank MB314591) (Figure 5).

Two spore morphs (overall size range 60-213x78-192 pum),
depending upon whether formed epigeously or hypogeously.
Epigeous dense spore clusters, sometimes called sporocarps,
irregular, known to be 2-8x3-15 mm, but seemingly indetermi-
nate in size and shape, formed on substrate surface: peridium
lacking, sometimes with a basal hyphal mat extending around the
lower sides of the spore cluster. Spores globose to subglobose to
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broadly ellipsoid 60-170x85-174 um, pale cream when young,
becoming dull brownish yellow to orange at maturity or, at
senescence, brown. Spore wall structure of three components in
two groups. Wall group 1 of an evanescent component up to 1 pm
thick overlaying a laminated component up to 10 um thick. Wall
group 2 of a thin (<1 pm) flexible component. Subtending hypha
variable, straight or slightly curved, up to 10 pm in diameter and
often constricted proximally, to 4-6 um in diameter; subtending
hyphal wall proximally up to 5 um thick, tapering to 1 um distally,
the continuous inner wall component appearing to form an
internal septum. Hypogeous spores formed singly, or in loose
clusters in the soil; rarely as single spores, bursting through the root
cortex; formed on colourless mycelium; colourless at first, soon
becoming orange-white to light orange; globose to subglobose or
broadly ellipsoid 85-213x96-192 um. Wall structure and sub-
tending hypha as for epigeous spores. Neither hypogeous nor
epigeous spores react in PVLG-Melzer’s or pure Melzer’s reagent
except to become slightly yellowish (contents sometimes becoming
orange). Anastomosis of the type known as hyphal bridging
(wound healing) present in extraradical somatic mycelium.

Forming arbuscular mycorrhiza with numerous hosts including
Araucaria excelsa [21], Asparagus officinalis, Sorghum bicolor,
Allium porrum, Plantago lanceolata, Trifolium repens, Lotus
japonicus and Festuca ovina (see Table SI).

Specimens examined: Spores and spore clusters from the type
material and 29 other ex-type collections from cultures maintained
in the USA, UK, Italy, France, Belgium, Finland and Germany
(see Table S1).

Discussion

Glomus versiforme (= Endogone versiformis)

The epithet given by Karsten [19], versiforme, indicates
variability although in the protologue there is no mention of
extreme variation or of the presence of two morphs in the type
material. Obviously, only the paler morph was included in the
species circumscription of W. Nylander (Figure S2), and this has
been followed by Karsten [19] in his species description, which is
brief, but specific. It describes the spores as globose and white, and
gives spore dimensions (65-95 um) that fit only with the smaller of
the two morphs. The size range we measured for the pale-coloured
spores in the type material of G. versiforme corresponds well with
that of the protologue of that species. Both the size and
appearance of these are very different from those of the larger,
orange and more ovoid spores in the substrate comprising the type
material. The smaller paler-coloured spores were produced in
sporocarps with a pale coloured peridium with white woolly
elements, specified in the protologue as a feature of E. versiformus.
The larger, darkly-coloured spore clusters come from sporocarps
with darkly coloured peridial hyphae. With the description of
spore colour, size and shape [19] this confirms the opinion that the
author’s intention was to apply the epithet versiformis only to the
pale spores. The notes left by W. Nylander and the pencilled
annotations (Figure S2) thereon also support this view. Drawings
show only globose spores with a rather thin wall, relative to the
spore dimensions, unlike the more darkly pigmented spores which
have relatively thick walls and received no particular attention by
either authority.

Diversispora epigaea (= Glomus epigaeum)

The species defined as G. epigaewm by Daniels and Trappe [21]
and the monospecific type material lodged at OSC required little
emendation with respect to its morphology. The junction of the
subtending hypha is somewhat more varied than the description
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implies, and the statement that the subtending hypha is ‘inserted
into the spore wall’ is misleading, because it is continuous with
both spore components. In addition, the weak orange reaction to
Melzer’s reagent is in the cytoplasm, and not in the wall. Spore
colour changes considerably with spore development, from nearly
colourless for young spores to light orange (hypogeous spores) or
dark orange for old epigeous spores. The wall structure of the
spores was difficult to assess, sometimes the main structural wall
appeared laminated, and other times laminations could not be
detected. Because transmission electron microscopy of D. epigaca
spores [23] showed fine laminae as twisted microfibril layers, the
light microscopically visible lamination is considered not to be
artefactual. Molecular phylogenetic evidence (Figure 1, Figure S1)
clearly shows that BEG47 is not a member of the genus Glomus but
belongs to Diversispora.

Glomus versiforme (= E. versiformis) is a fungal species
neither cultured nor re-discovered since its original
description

The size, colour and nature of the peridium of the two different
kinds of sporocarps in the E. versiformis (= G. versiforme) type
collection already indicate that they are unlikely to be conspecific,
as indicated by differences in colour, size, form of the subtending
hypha and wall structure of the smaller pale and the larger dark-
spored morphs. For the pale morph most spores are more or less
globose or broader than long, whereas for the dark morph most
were longer than broad (we considered this significant, because the
ratio of length to width has been used as a species-specific
characteristic [37][20]). The pale sporocarps of E. versiformis have
balloon-shaped saccules amongst their spores, a feature lacking in
the larger, darkly pigmented spores, which are morphologically
similar to mature spores of D. epigaca.

Although spore size of the dark spores in the E. versgformis type
material is not very different from those of D. ¢pigaea BEG47, there
are some morphological differences. In the former, hyphal
attachments are rare; 68% of spores were broader than long;
and there appears to be a complete peridium although only
fragments of it were preserved. In contrast, for BEG47, hyphal
attachments are easily found; only 44% of spores were broader
than long. They are produced in large naked masses of ectocarpic
epigeous spores on the surface of the substrate. Whilst it is possible
that peridial development may depend on environmental
conditions, true sporocarps with peridia have never been reported
from cultures of BEG47 over decades of propagation in different
laboratories and with different plant hosts and substrates. This
further supports the distinctiveness of D. epigaea and both G.
versiforme and the accompanying dark-spored fungus.

Berch and Fortin noted [18] that spores of G. epigaeum were
much darker and larger than the description in the protologue and
concluded that the spores used for the protologue were ‘probably
immature’. Based on this assumption both the small, pale spores
and the large, coloured spores were incorporated within a single
combined description [18]. From our microscopic examination of
the type material, however, we conclude that the different spore
types in the type collection of E. versiformis most likely represent
different organisms mixed in the same herbarium packet. The use
of the plural (glasshouses, plants), and the dating of the collection
(23.X1.1860-1.1861) in W. Nylander’s notes and P. A. Karsten’s
protologue indicates that the type material is composed of several
collections from different glasshouses and plants and thus is most
likely to be mixed. The current Botanical Code dictates that type
material must come from only one collection, but no such
requirement applied at the time of Karsten’s description.
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The Botanical Code, Articles 9.9, 9.12, requires that the spore
morph selected to represent G. versiforme from the mixed collection
must be that which most closely conforms to the original diagnosis.
The pale spores, presence of a ‘white-woolly’ peridium with fine
hyphae and the narrow hyphal attachments therefore preclude G.
epigacum (= D. epigaea BEG47) as a potential synonym of G.
versiforme. Nevertheless, given that we could not obtain glomer-
omycotan DNA sequences from the type material of G. versiforme,
we cannot completely exclude the possibility that the small pale
and large pigmented spores in the type collection originate from a
single dimorphic species, although this seems extremely unlikely.
As a consequence of this notion that the original species
description of G. versiforme was based on more than one species,
a lectotype (W4551) was designated to define precisely the species
[8] and to provide an emended description, based only on the pale
spores (W4551). It should be noted that the new species
description of G. wversiforme is made from a combination of the
original protologue and a limited number of dead spores from a
mixed collection preserved in air-dried substrate for about 150
years, during which time the spores have deteriorated. To date we
have not found any other conspecific specimens, nor can we find
evidence that similar spores have been collected by anybody else
since the original description of the species. If a representative of
G. versiforme were to be found, it would be advantageous to define
an epitype and to resolve its phylogenetic position. Without
molecular evidence, the natural systematic position of G. versiforme
must remain uncertain but morphologically, it is not conspecific
with D. epigaea.

BEG47 represents Diversispora epigaea (= G. epigaeum)

and not Glomus versiforme (=E. versiformis)

Based on the present investigation, we must conclude that
BEG47 is not synonymous with G. versiforme in the strict sense
because:

a) two distinct spore morphs from more than one collection
were included in the type material of E. versiformis (= G. versiforme),
most likely from two different AMF species, whereas the species
description of E. versiformis clearly refers only to the smaller spore
morph and does not mention the D. ¢pigaca-like spore morph;

b) BEG47 and other D. epigaea (= G. epigaeum) ex-type cultures do
not form spores similar to the small pale spore morph in the type
collection of E. versiformis, which represent G. versiforme.

Molecular evidence presented here shows BEG47 to belong to
the genus Duwersispora, and consequently, under the rules of the
Botanical Code, it has to be placed in that genus as D. epigaca.
Duversispora epigaea is widely cultured and frequently used as a
laboratory strain for molecular, physiological and ultrastructural
research, whereas G. versiforme appears not to have been cultured
nor found in the field since its original description.

DNA sequence annotation in the public databases
Based on previous phylogenetic analyses [6][33] and additional
data gathered during this study, D. auwrantium, D. eburnea, and D.
trimurales were also transferred from Glomus to Diversispora [8].
Several of these sequences are still annotated as ‘Glomus’, in the
public databases. Another database sequence ascribed to G.
tortuosum culture accession JA306A clusters basal to Diversispora but
has to be considered of uncertain phylogenetic affiliation. No entry
with the identifier JA306 could be found in the INVAM culture
collection database and the sequence was included in a sequence
deposition (F]461790-F]461888) to Genbank that likely contains
mis-annotations or contaminant sequences, as for example, those
attributed to ‘G. trimurales’ which are derived from at least three
divergent AMF lineages (Figure 2). There are many sequences in
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the public databases that probably are incorrectly named. This
problem will soon be overcome by third party annotation using the
Plutol” workbench [26], through which environmental sequences
from the I'TS region, such as those earlier annotated as ‘uncultured
Glomus versiforme’ from Thuringia (AM076638, AM076637), will be
accessible. Species identity of these environmental sequences is not
known, but is unlikely to be conspecific with D. epigaea (BEG47)
[33], and thus should be annotated as ‘Duwersispora sp.’. The
Diversispora sp. sequences annotated as ‘NamAri’ from the INVAM
cultures NB101 (AF185682,90-91, AF185693-95; from Namibia)
and AZ237B (AF185677-81; from Arizona) are most likely of
conspecific origin and are very closely related to, or perhaps
conspecific with, D. celata. Also the short SSU rDNA sequence
FN397100 ascribed to Entrophospora nevadensis from Sierra Nevada,
Spain, is very closely related to those of D. celata. For the INVAM
cultures NB101 and AZ237B, we suspect that the sequences could
be derived from culture contaminants, wrongly determined
species, or that there was a mistake made during sequence
annotation, because the cultures themselves are named as ‘G.
intraradices’ in the INVAM database. The taxonomic assignment of
the sequence for E. nevadensis is difficult to explain. Perhaps it has
been derived from a contaminant and not from the fungus
morphologically described in its protologue [38], which does not
share morphological characteristics with any other species in
Duversispora.

Biogeography of the genera Diversispora and Redeckera
(Diversisporaceae)

Members of the genus Diversispora appear to occur worldwide, with
sequence-based records from Europe (England, Scotland, Spain,
Switzerland, Germany, Poland, Estonia, Iceland), North America
(California), Central America (Panama), Africa (Ethiopia), Asia
(South Korea), Hawaii, and the Middle East (Israel). One sequence
from Portugal (DQ357079) might be derived from another as yet
undescribed genus in the Diversisporaceae. Habitats and hosts of
Duwersispora spp. are diverse and include some from natural and
disturbed temporal and tropical ecosystems. So far, members of the
genus Redeckera have been recorded from Guadeloupe (Caribbean
Sea) and Micronesia, and one environmental sequence representing
this genus originated from South Korea. Regarding the biogeography
of the species in the Duwersisporaceae, present data do not yet provide a
distinct picture of global biogeography, and in some instances (e.g. for
Duversispora sp. ‘NamAri’) the origin of the sequences seems
questionable. Nevertheless, members of the genus Diversispora are
widely distributed, reinforcing the notion that species of this genus are
much overlooked although integral parts of many ecosystems
[33][45]. Improved molecular characterisation and in-field identifi-
cation, in future will lead to better understanding of this ecologically
and perhaps also economically significant group of AMF.

Materials and Methods

Generation of sequences and gathering of reference
sequences

To study the phylogenetic relationships of BEG47 with other
members of the Diversisporaceae, a core dataset was analysed that
contained all available sequences of Duversisporaceae, except
environmental sequences lacking species assignment. For the
generic type species, D. spurca, the nuclear internal transcribed
spacer (I'TS) and large subunit (LSU) rDNA sequences were also
characterised in this study.

For BEG47, DNA was extracted from single spores (see Table S2).
PCR amplification of the near full length nuclear small subunit (SSU)
rRNA gene was carried out with the primer pairs NS1/GeolO and
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GeoA2/Geoll. Cloning, sequencing and sequence editing were
carried out as described previously [6]. Some shorter fragments were
amplified with different primer pairs, which are noted in the
corresponding sequence database entries. The ITS region of nuclear
rDNA was initially amplified with the primers SSU-Glom1 [39] and
LSU-Glom1b (TCGTTTCCCTTTCAACAATTTCAC; [5]) or the
reverse primer LR4+2 [13]. PCR was run with the Phusion High-
Fidelity DNA polymerase with the following thermocycling program:
99°C denaturation for 2 min; 35 cycles of: 99°C for 10 s, 65°C for
30 s, 72°C for 60 s; final elongation at 72°C for 5 min. Later, the ITS
region was amplified together with a part of the LSU rRNA gene as
previously described [40]. The resulting SSU-ITS-LSU fragment
covers ~250 bp (3’ end) of the SSU rDNA, the complete ITS region
including the 5.8S rRNA gene, and ~800 bp (5" end) of the LSU
rDNA. After cloning and plasmid isolation, fragments were
sequenced on an ABI automated capillary sequencer (Applied
Biosystems, Forsters City, CA, USA). Electropherograms were proof-
read, trimmed and assembled with SeqAssem and sequences
manually aligned to a seed-alignment by using Align (both programs
from Sequentix, Klein Raden, Germany; http://www.sequentix.de).
The nucleotide basic local alignment search tool (nBLAST [41]) at
NCBI was used to compare the new nucleotide sequences against
entries in public databases and to identify diversisporacean public
database sequences.

The core alignment comprised the near full-length SSU rRNA
gene sequences from this study as well as such of the Dwersisporaceae
from public databases. These SSU rDNA sequences were
condensed to one strict consensus sequence (coding any variable
site as a degenerate base, according to IUPAC ambiguity code) if
from the same fungal isolate or culture, or in one instance (Redeckera
Sulvum; synonym G. fulvum) from field-collected material. Details
about how the strict consensus sequences were calculated are given
in Table S2. The term ‘ex-type’ is used in a broad sense to indicate
that the studied material is derived from a descendent of the type
culture. Besides culture-derived sequences also environmental
public database sequences of Diversisporaceae were included. An
extended alignment was created for a second, broader phylogenetic
analysis containing those additional short environmental sequences
that did not completely disturb tree topology at the below genus
level. A third dataset, used to compute the tree shown in Figure S1,
additionally comprised all short environmental sequences available
from the databases, including very short ones.

Computation of phylogenetic trees

Phylogenetic maximum likelihood (ML) analyses were performed
with the software RAXML through the CIPRES science gateway
(http://www.phylo.org/portal2/) with the GTRGAMMA model for
1000-fold bootstrapping as well as for final tree construction. The
analyses, with species from the Glomerales as outgroup, were based on
3043 sites from an alignment of 23 sequences (core dataset, Figure 1) or
3023 sites from an alignment of 86 sequences (extended dataset,
Figure 2). Neighbour joining and parsimony analyses gave essentially
the same results as the ML method (results not shown). Resulting trees
were drawn in FigTree 1.3.1 (http://tree.bio.ed.ac.uk//) and edited
with Microsoft PowerPoint 2007 and Adobe Illustrator CS3. New
rDNA sequences were deposited in the EMBL database with the
accession numbers AM713428, AM713432, and FR686934-
FR686958.

Morphology of spores, spore masses and sporocarps
Spores from pot culture substrate were extracted by centrifu-
gation and sugar floatation [42] or by agitating and swirling in
water and decanting through sieves with 35 or 50 um openings.
Selected spores were mounted in polyvinyl alcohol lactophenol
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(PVL) or polyvinyl alcohol lacto-glycerol (PVLG) with (PVLG/M)
or without the addition of Melzer’s reagent (4:1 PVLG:Melzer’s v/
v) and observed through a compound microscope, with or without
Nomarski differential interference contrast optics. Vouchers were
stored as colonised, dried potting substrate containing roots and
spores, or as semi-permanent microscope slides with specimens
mounted in PVL, PVLG or PVLG/M. Vouchers, other than
types, are deposited in the herbarium of the Royal Botanic Garden
Edinburgh (E), along with an isolectotype of G. versiforme consisting
of a prepared microscope slide in PVLG (Slide W4551-8). The
terminology for defining spore shapes and the convention of giving
spore dimensions as length by breadth, including ornamentation
but excluding appendages, follows Hawksworth and colleagues
[30]. Length was always taken as a perpendicular from the spore
base (point of subtending hypha). Consequently, spores can be
‘broader than long’. Spore dimensions were measured on selected
samples with a calibrated eyepiece graticule under a compound
microscope and colours were matched with the Methuen
Handbook of Colour [43]. Specimens were indexed by referring
to pot cultures as Attempts (Att) and giving herbarium voucher
specimens a number with a ‘W’ prefix [44], which from our own
work always include microscope-slide preparations, but that may
be any preserved material.

The culture tracking and specimen vouchering system allows
the addition of cultures and vouchers from other sources. Thus in
this study, we notionally numbered the original Araucaria plant,
part of the plant collection in the tropical glasshouse at Oregon
State University, as Att475-0 even though it was not a deliberate
attempt to create a mycorrhizal pot culture. The subsequent pot
culture, established by B. Daniels on asparagus with spores taken
from Att475-0, was given the notional number Att475-1. The
holotype of Glomus epigaeum (now Duversispora epigaea) came from this
type culture pot. It was given the voucher number W90, and an
authenticated sample from this pot culture, provided to C. Walker
on 12 Apr 1979 by B. Daniels, was numbered W100.

The holotype of Endogone versiformis (now Glomus versiforme),
loaned by the herbarium in Helsinki (H), consisted of two small
packets of dried spore masses or fragments of spore masses in a
gritty substrate. It included no prepared slides or other evidence of
microscopic preparations, though there were some annotations by
previous workers (Figures S2, S3). Type specimens were examined
first dry, and then, as small subsamples, in a dish of water. Where
the spore masses were sufficiently large, they were illuminated by
reflected light and examined through a dissecting microscope.
Colour determinations were made in comparison with standard
charts, illuminated with the same light as the specimens through a
split fibre optic light source at its full working voltage (colour
temperature, ~3100 K). Individual spores or very small spore
clusters were selected with fine forceps and suspended in water for
detailed examination.

For G. epigaeum we examined type or authenticated material and
living ex-type subcultures such as BEG47. The type material
(OSC39475) consisted of a herbarium packet that included a slide
holder, labelled “TYPE Glomus epigaeum B. Daniels’, The slide
mailer also has ‘Pot217’ (or ‘Pot2,7°) and ‘7/7/78’ hand printed on
the upper right corner. There was also a small unlabelled vial
about half full of lactophenol containing spores and spore masses.
In addition, a plastic slide holder with two slides made by J. Spain,
one with spores in lactophenol and one with spores in
PVLG+Hactophenol, was included. The former had dried out,
and was re-constituted with acidified glycerol. There was also a
slide (spores in what seems to be PVLG) made by S. M. Berch in
1983. The original lactophenol mounted slide (Trappe 5174) was
missing. Three new slides were made by mounting spores and
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small fragments of spore masses in PVLG, and given the voucher
numbers W90-2, W90-3, and W90-4. By deduction from the
protologue and from personal communication with Barbara
Hetrick (née Daniels), we determined that the type culture of G.
epigaeum (now named D. epigaca) was established with Asparagus
officinalis between autumn 1976 and an unknown date in 1977,
with a single spore mass removed from a greenhouse pot with
Araucaria excelsa. No further details of the culturing history and
origin of the species are available. Thirty nine vouchers, collected
from among 29 ex-type subcultures between 1979 and the present,
are available from the herbarium of the Royal Botanic Garden
Edinburgh (E) (C. Walker collection; see Table S1).

Supporting Information

Figure S1 Phylogenetic tree of Diversisporaceae with
additional environmental nuclear rDNA sequences.
Owing to the short length of most environmental sequences several
branches lack statistical support and phylogenetic resolution. RAXML
maximum likelihood tree with bootstrap support shown at the
branches; topologies with support below 50% were collapsed to
polytomies. Sequences that were not included in the analysis shown in
Figure 2 all cluster in the Diversispora clade, except one (DQ357079
from rhizosphere soil from Portugal), which clusters basally in the
Diversisporaceae. The other short sequences not shown in Figure 2
originated from Great Britain, from colonised roots of Agrostis
capillaries and  Trifolium repens (annotated as ‘phylotype Glol12’,
AF437656, AF437657) and from roots, probably of Acer pseudoplatanus,
from an urban environment (indirect evidence, no definitive source
given in database, AJ716004); from Estonia, from roots of Fragara
vesca (AM 849266, AM849271F) sampled in a boreo-nemoral forest in
Koeru and from roots of Oxalis acetosella (AM849285) and Hepatica
nobilis (AM849295, AM849296, AM849307); from South Korea,
Chungbuk, from Panax japonicus roots (EU332718, EU332719,
EU332707); from U.S.A., California, from a grassland (EU123386,
EU123387, EUI123390, EUI123394, EUI123465, EUI123391,
EU123392); from Panama, Barro Colorado Island, from Faramea
occidentalis seedling roots (AY129577).

(PDE)
Figure S2 Information accompanying the Endogone
versiformis type material. Transcription of the handwritten
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A phylogenetic framework for the natural systematis of arbuscular mycorrhizal fungi:

from phylum to species-level resolution and enviromental deep sequencing

Kriger M, Kriger C, Walker C, Stockinger H, Schii3ler A 2011

Summary

Although the molecular phylogeny, evolution anddbiersity of the arbuscular mycorrhizal fungi
(AMF) are becoming clearer, reliable sequence dagastill limited. Therefore, a dataset allowing
resolution and environmental tracing across allom&xonomic levels, including species, is provided
Two overlapping nuclear DNA regions, totallind kKb were analysed: the small subunit (SSU) rRNA
gene (up to 1800 bp) and a fragment spanning ~p506flithe SSU rDNA, the internal transcribed
spacer region (ITS region475-520 bjpand ~800 bp of the large subunit (LSU) rRNA gefie
entire range could be analysed for 34 speciesS®ld rDNA for ~76 unnamed and 18 undefined
species, and the ITS or LSU rDNA or a combinatiérbath of ~87 named and 17 yet undefined
species were analysed.

Phylogenetic analyses of the three rDNA markersigeoa reliable and robust resolution from Phylum
to species level. Altogether 105 named and 28 mstwascribed to yet undefined species were
analysed.

With this study we provide a baseline dataset fotecular systematics and community analyses of

AMF in the field, including analyses based on dseguencing.

Introduction

The arbuscular mycorrhizal (AM) fungis(omeromycotaSchifileret al, 2001) form symbioses
with most land plants, in almost any terrestriabsystem (Smith & Read, 2008). Despite the
considerable ecological importance of these futigjr biology and ecology is still not well

understood. This is partly because of their obélyasymbiotic, asexual and hidden lifestyle in

soil and roots.
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The characterization and identification of AM fun@\MF) has been mainly based on the
structure of their spores. However, conclusions @aylawed because many taxa show limited
morphological characters. Some species form mae tine spore morph, and cryptic species
can be determined only through molecular evideiSteh problems are reflected by several
recent taxonomic revisions (Kaonongbetal, 2010; Morton & Msiska, 2010a; Schul3ler &

Walker, 2010). Irrespective of difficulties in AM&lassification, in many studies it is important

to know the fungal identities and species. Howeegen 'model fungi’ in AM research were

shown to be misclassified (Stockingsral, 2009; Sokolsket al, 2010; Schiuf3lest al, 2011).

Correct affiliations are crucial for AMF communistudies, which are increasingly performed
solely based on molecular genetic markers. Mostnconty used is the nuclear small subunit
(SSU) rRNA gene, hereafter referred to as SSU. 18e%SU-targeting PCR primers (e.g. Simon
et al, 1992; Helgasoet al, 1998; Leeet al, 2008) that amplify fragments of ~500-800 bp have
been widely applied in ecological studies (Optkal, 2008; Zhanget al, 2010). However, even
the full length SSU does not resolve closely relapecies (Walkeet al., 2007; Gampeet al,
2009). In SSU datasets, one phylotype may repressvaral different species and, conversely,
different phylotypes may belong to one species. tiiégefore eschew terms like ‘virtual taxa’
(Opik et al, 2010) for taxonomically undefined phylotypes,‘@sxon’ in mycology is clearly
defined (Botanical Code, Article 1.1). A more apprate term is molecular operational
taxonomic unit (MOTU). Standardised MOTUs are aldoa the classification of unknown
fungal species from environmental samlédbbettet al, 2011), but care has to be taken that the

units indeed are based on coherent taxonomic |¢Malwksworthet al, 2011).

The more variable region covering the nuclear mdktranscribed spacer (ITS) 1, the 5.8S rRNA
gene and ITS2 rDNA (hereafter referred to as ITgome has also been used for detecting AMF
(Redeckeret al, 2000; Renkeet al, 2003; Hempekt al, 2007), but is often inadequate for
discriminating closely related species (Stockingeal, 2010). As a marker with intermediate
sequence variability the nuclear large subunit rRxe (hereafter referred to as LSU) has
proved useful for AMF detection (Gollotet al, 2004; Pivateet al, 2007), although many of the
primers used do not amplify particular AMF lineagistgeret al, 2009). Other markers such
as the mitochondrial LSU rRNA gene (Borstldral, 2010; Sykorovét al, 2011),s-tubulin
(Msiska & Morton, 2009)RPBlandRPB2(Jameset al, 2006; Redecker & Raab, 2006)Ht-
ATPase (Corradi et al, 2004; Sokolskiet al, 2010) have been used, but either they are
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inapplicable for AMF identification, only studiedrffew species, or unsuitable for phylogenetic

species resolution.

The nuclear rDNA region sequence dataset is taxarabyn sufficiently broad to permit
molecular ecological field studies of AMF commuesti However, comparisons among studies
are often difficult because of inconsistency in tiee and coverage of the different loci. The
variable ITS region sequences are often used &rmdete fungal species (e.g., Tedersbal,
2008), but for AMF most environmental phylotypesédxh on this region are not determined, and
often are not determinable (Stockinggral, 2010), to species-level. Thus, neither the SStJ no
the highly variable ITS region alone resolve clgseklated AMF, but reliable species
identification is possible based on a ~1.5 kb rDN&gment (Stockingeet al, 2009), easily
amplifiable with AMF specific primers (Krigeet al, 2009). This SSU-ITS-LSU fragment
covers ~250 bp of the SSU, the complete ITS regiwh~800 bp of the LSU. Shorter fragments,
such as the ~400 or soon 800 bp reads, providedSdy sequencing, can provide species
resolution if analysed together with a ‘phylogecetiackbone’ based on longer sequences
(Stockingeret al.,, 2010).

In this further effort to establish a solid refererdatabase, we (re-)analysed the nuclear rDNA
regions that i) can be specifically and easily P&Rplified for AMF (Kriger et al., 2009), ii)
resolve closely related species to allow DNA baimgdStockinger et al., 2009, 2010), and iii)
facilitate the application of deep sequencing tebtbgies for in-field detection of AMF
(Stockinger et al., 2010).

Materials and Methods

AMF material, DNA-extraction, PCR, cloning and seqgcing

The identities of the AMF subjected to moleculaalgses were determined from morphological
characters. For most of them, vouchers were degabsit the C. Walker collection and are
available from the Royal Botanic Garden Edinburgable S1).

Cleaned AMF spores were used for DNA extractiorstored as described in Schwarzott &
Schi3ler (2001). For some extractions, a simpliR€R-buffer protocol was followed (Naumann
et al, 2010). DNA was extracted from individual sporescept for some isolates (derived from
one single spore) for which up to 10 spores weralgab PCR amplification of the near full
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length SSU was as described in Schwarzott & Schi(@@01). Some SSU fragments, from
earlier studies, were amplified with the primers BKMAML2, NS1-NS2, NS1-GeolO and
GeoAl-ITS1Frc (ITS1F reverse complementary, 5-TTTACCTCTAAATGACCAAG-3)).

For amplification of a ~1.8 kb SSU-ITS-LSU fragmetite primers SSUmMAf-LSUmAr (in some

cases with LR4+2 as reverse primer; Stockirgjeal, 2009) were used, mostly followed by a
nested PCR with the primers SSUMCf-LSUmBr or, imeoearlier attempts, SSU-Glom1-

NDL22 (Krugeret al, 2009; Stockingeet al, 2010), resulting in an ~1.5 kb amplicon covering
~250 bp of the SSU, the whole ITS region and ~80@hthe LSU. PCR products were cloned
and analysed as described in Krigeal. (2009).

New sequences were deposited in the EMBL databader uthe accession numbers AM114274,
AM713432, FR750012-FR750095, FR750101-FR750117, 5BRZ6-FR750127, FR750134-
FR750217, FR750219-FR750228, FR750363-FR750376,50%26-FR750544, FR772325,
FR773142-FR773152 and FR774917.

Sequence data art@lomeromycotdaaxonomy used

Sequences in the public databases were reviewestablish if they were from defined cultures
or environmental samples. Environmental sequeno¢ddentified to species were excluded.
Defined sequences of >650 bp and some shorter seggievere included or assembled to
‘contiguous’ sequences if they were the only ongslable for a particular taxon, or culture. For
several database sequences it is unclear if tHey teean AMF single spore isolate, multi spore
culture, or simply to a recombinant DNA coli clone number. Our annotations follow the most
recent systematics of ti@lomeromycotgSchuf3ler & Walker, 2010), including the suggestion

of Morton & Msiska (2010a) and Kaonongbuet al. (2010). Detailed sequence origin

information is listed in Table S1.
Phylogenetic analyses

For the SSU sequences, one strict (with varialids sioded according to IUPAC as degenerated
bases) consensus sequence was deduced from up geqénce variants for each isolate or
culture. The PCR primer binding sites were exclyddten known. Three different datasets were

then analysed:
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i) For the phylogenetic tree computed from ~2.&&huences (Fig. 1) we concatenated the above
noted strict SSU consensus sequence with one stmsiensus sequence made from all SSU-ITS-
LSU sequence variants of the same fungus (defingdcudture identifier), whereas the
unalignable ITS1 and ITS2 were excluded. Such SBBf8S-LSU sequences could be
assembled for 34 species from 38 cultures. Sineeettvere no corresponding SSU and SSU-
ITS-LSU sequences available for an individAathaeospora schenckiulture, sequences from
two different cultures (Att58-6, Att212-4; sequesddentical in the 250 bp SSU overlap) had to
be concatenated to cover the genégchaeospora Batrachochytrium dendrobatidis
(Chytridiomycota was used as outgroup and the following membelsmsél fungal lineages and
Dikarya were also includedAscomycotdExophiala dermatitidisSchizosaccharomyces pombe
Basidiomycota(Henningsomyces candiduhodotorula hordeg Kickxellomycotina(Orphella
haysii Smittium culisetge Mucoromycotina(Endogone pisiformjsMortierella verticillata,
Phycomyces blakesleeanuRhizopus oryzge and Blastocladiales (Allomyces arbusculus

Coelomomyces stegomy)ae

i) Near full length SSU strict consensus sequerfs@s8 kb) were used to compute a SSU tree
(Fig. 2) for 76 AMF species from 145 cultures (uaihg shorter fragments of 500-1300 bp for

18 species from 26 cultures).

iii) All individual SSU-ITS-LSU sequences (up to 24riants; ~1.5 kb) available from a culture
were analysed. To ‘anchor’ phylogenetically theialale ITS and LSU sequences by the more
conserved SSU, each variant was concatenated &’ thad with one SSU strict consensus
sequence of the same culture, if available. Theawal a more robust resolution of deeper (above
genus) topologies and avoids artificial clustermegulting from misalignment or convergent
characters due to mutational saturation in the lpiglariable regions. Subtrees at order and
family level could be computed for 87 defined afduhnamed species (Figs 3-9), representing
all main lineages in th&slomeromycota For the model fungudkhizophagus irregularis
DAOM197198, a reduced sequence set, still repregetite breadth of rDNA variability, was
used, as a detailed analysis was already publish8tbckingeret al. (2009). ForGigasporaceage
Paraglomeralesand Archaeosporalesthe composite dataset also included short databas
sequences>600 bp) if their inclusion did not reduce the taggtal support too much (Figs 3,
4). For the genera in tl@lomerales(exceptRhizophagusseparate analyses were conducted for

long sequences (Figs 7, 9), and after inclusioshoft sequences (Figs S1, S2).
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All maximum likelihood phylogenetic analyses wemmputed through the CIPRES web-portal
with RAXML ver. 7.2.7 (Stamatakist al, 2008) using the GTRGAMMA model and 1000

bootstraps for both the bootstrapping phase antirthktree inference model.

Results

For phylogenetic analyses, a ~1.8 kb SSU fragmeditaa~1.5 kb SSU-ITS-LSU fragment, both
overlapping by ~250 bp in the 3’ SSU, were analy@&ble S1) together with public database
sequences. Altogether, sequences derived from 103 Annotated to species and 28

undescribed species could be analysed phylogeftgtica
SSUfull-5.8S-LSU phylogeny of @BemeromycotdFig. 1)

The phylogenetic tree was computed from 39 asseh#hlekb consensus sequences representing
34 species. The highly variable ITS1 and ITS2 megiovere excluded because alignment is
impossible among higher taxa. However, their inolusdid not alter tree topology (data not
shown), demonstrating robust phylogenetic anchotiygthe more conserved regions (that
receive more weight in RAXML analyses). The topglogf the SSUfull-5.8S-LSU tree is
congruent with previously published rDNA trees, lith higher bootstrap support (BS). The
Glomeromycotaare supported as monophyletic, with th@aglomeralesas the most ancestral
lineage (separated with 85% BS from all other AMfedges). The next basal lineage, the
ArchaeosporalegincludingGeosiphonaceaé\rchaeosporaceaandAmbisporaceg@eresolves as
monophyletic (88% BS) and the following sister da®iversisporalesand Glomeralescluster
together with 100% BS. Th®iversisporalesappears monophyletic (94% BS), with all its
families well supported (excefintrophosporaceaerhich had to be excluded for lack of reliable

sequence data).

Members of theGlomerales(63% BS) separate into thi@lomeraceagformer Glomus Group
[GIGr] A) and Claroideoglomeraceadformer GIGrB). TheGlomeraceaecontains the four
generaFunneliformis (former GIGrAa), Rhizophagusand Sclerocystis(former GIGrAb), and
Glomus (former GIGrAc). Glomus is represented by the generic type spedi&dsmus
macrocarpum(epitype W5581/Att1495-0) anBunneliformisby F. mosseaeF. coronatum F.
caledoniumand Funneliformissp. WUMS3. InRhizophagusthe ‘model fungusRh. irregularis

DAOM197198 clusters with two other cultures of tbgecies, GINCO4695rac11G2 and a root
82



organ culture (ROC) annotated as DAOM212349. Howetree last number is the voucher
number also used for the type materialCtéroideoglomus lamellosuifirom a field collection)
and moreover for an ‘isotype’ pot culture of thpesies. The sequencesRifi. intraradicesex-
type culture FL208 cluster as sistelRb. proliferugDAOM226389).

SSU phylogeny of thiélomeromycotdFig. 2)

The available sequences of 76 species (145 cujtuwvese analysed. For the basal lineages
Archaeosporalesnd Paraglomeralegelatively few are characterised. Sequences ofdheer

Intraspora schenckitluster among those éirchaeospora

In the Diversisporalesthe SSU tree shows 100% BS for thigasporaceaeGigasporaappears
monophyletic, butRacocetraand Scutellosporaare not convincingly resolvedbcutellospora
gilmorei, S. nodosaand S. pellucida cluster on a branch together witkacocetraspecies.
Scutellospora cerradensi$. reticulata S heterogamaand the recently describ&kntiscutata
colliculosaform a monophyletic clade (80% BS), and the remgji8cutellosporaspecies fall
close to the type specieS. calospora in an unresolved basal polytomy. The family
Acaulosporaceags well supported (100% BS), but not the deepantning order within the
family. For Otosporabareae (Palenzuelaet al, 2008) the concatenation of two short non-
overlapping partial SSU sequences (AM400229, AMA@)3clusters amondiversispora
sequences, as does the only sequence (FN397100%heub for Entrophosporanevadensis
(Palenzuelaet al, 2010).Redeckeraa genus based on data from Redeekel. (2007),clearly

separates frorDiversispora ThePacisporaceaare sister t@igasporaceaavith 79% BS.

The Glomeracea@andClaroideoglomeraceaare both supported by 100% BSomus iranicum
and G. indicum(Btaszkowskiet al, 2010a,b) fall basally into a polytomy in t@omeraceae
Funneliformisis composed ofF. mossead9 cultures)F. coronatum(W3582/Att108-7, COG1),
F. geosporum(BEG11), Funneliformis sp. DAOM225952, F. caledonium(BEG15, BEG20),
Funneliformissp. WUMBS3, F. fragilistratum and F. verruculosum Funneliformis constrictum
together withF. africanum clusters basallyGlomus clusters with low BS (61%) sister to
Funneliformis comprising sequences @&. macrocarpum(W5293, W5605/Att1495-0) and
Glomussp. W3347/Att565-7RhizophagusomprisesRh. irregularis (DAOM197198, AFTOL-
ID845, WA4533/Att1225-1, and the above noted DAOMRD), Rhizophagussp. W3563,F.
vesiculiferumW2857/Att14-8; erroneously placedkunneliformisin Schifler & Walker, 2010,
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to be classified aRhizophagus Rh. fasciculatu8EG53, Rh. intraradicesFL208, Rh. clarus
(BR147B, W3776/Att894-7) andRh. manihotis (FL879, W3224/Att575-9). The genus
Sclerocystisis represented by two sequences, one each 8ansinuosa(MD126) and Sc.
coremioides(BIORIZE), forming a lineage basal ®hizophagusClaroideoglomusseparates
into two clades, one comprisit@aroideoglomusp. W3349/Att565-11 an@. viscosSumBEG27
(possibly incorrectly annotated, see discussiogiseces, and the other containing sequences of
C. lamellosum(W3161/Att672-13, W3158/Att244-7 (ex-‘isotype’ tuie, corresponding to
DAOM212349), W3814/Att756-1, W3816/Att844-2}, etunicatum(UT316, W3815/Att843-1,
W3808/Att367-3), C. luteum SA101, C. claroideum (BEG14, BEG23, BEG31), and
Claroideoglomuspp. (BR212, W3234/Att13-7, DAOM215235).

SSU-ITS-LSU phylogeny of the basal AMF lineagearaglomeraleand ArchaeosporalegFig.
3)

Sequence data are available for all three descia@dglomusspeciesParaglomusoccultum
sequences from four cultures cluster together @886 BS, including two of three sequences
from P. occultumCL383. The third short CL383 sequence and one fronoccultumFL703
group with P. laccatum but with low support. One sequence (FJ461809) of W54dd one
annotated agrchaeospora schenckiFJ461809), submitted to the database by Amarasi&g
Morton in 2010, tightly group witlP. laccatum The latter must be misannotated. All sequences
from this submission are marked below witl’* (see also Figs 3-6, S1-S2). Sequence
FJ4618844 of the INVAM culture NI116B clusters basally toege sub-clades, and U819@€7
ascribed toP. occultum GR582 falls in theP. brasilianum clade, implying a possible

misannotation.

The Archaeosporalesire represented by sequences fronAfdbispora five Archaeosporaand

one Geosiphoncultures.Archaeospora trappewas analysed using concatenated sequences for
cultures AU219 (=WUM19) and NB112, respectively. schenckisequences cluster with those
assigned t@\r. trappei ForAr. schenckiiCL401 the two short sequences available couldrot
concatenated, because sequence AM743189 (3'-SS&lgal) clustered close tér. trappei
NB112, but a partial LSU sequence (FJ461402lusters inParaglomus According to personal
communication (J. Morton, 8 Apr 2011) regardingsteéquence submission set)( it later was
discovered that the CL401 culture also contdmsoccultum therefore FJ461804 must be

considered as contaminant-derivéanbisporaleptoticha(85% BS),Am callosa(79% BS) Am
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fennica(98% BS), andhm granatensigPalenzuelat al, 2011; 100% BS) are well resolved, but
when including the short NC169-3 sequences, whigster unresolved, BS decreases. NC169-3
was recently namedlm appendicula(Kaonongbuaet al, 2010) based on conspecificity with the
former Acaulospora appendiculgMorton et al, 1997). The concatenated sequenceAof.
gerdemanniiAU215 clusters withAm callosa (BS 85%). Another sequence annotatecdAas
gerdemannii MT106 (FJ46188W) clusters with Am fennica (BS 100%), pointing to

misannotation or a contaminant.
SSU-ITS-LSU phylogeny of tbéversisporales — Gigasporacg&éy. 4)

After two recent revisions (Oehét al, 2008; Morton & Msiska, 2010a), the family
Gigasporaceaecurrently containsGigaspora Scutellosporaand Racocetra Gigaspora and
Racocetraare supported without conflict. From the nine diéscl Gigasporaspecies, five could
be analysed and separated into two subclades. @nprisesGi. rosea(DAOM194757, BEG9)
along with sequences of putatively conspecific dfiebllected yellowishGigaspora spores
(W2992), and one shorter sequence eaclGiofalbida BR235« (listed as Gi. rose&’ in
INVAM) and Gi. gigantea MA4014. The other clade compriseGi. margarita BEG34
sequences from two independent cultures and shedquences, one fror®i. decipiens
AU1024«, three from Gi. giganteaisolates’ and twoGi. margarita sequences (Gigmar58,
Gigmar60).

In Scutellosporacomprising 23 described species includbentiscutata colliculosasequences
are available for 11 specieScutellosporalivides in three groups, on8dutellosporasensu Oehl

et al, 2008) clusters basally within tl@igasporaceaeand is represented . spinosissima
W3009/Att664-1, foulS. calospora(generic type) cultures, ar&l dipurpuresceng/vo30«. A
second clade (90% BS; correspondingtrasporasensu Oehét al,, 2008) clusters with high
support sister tdRacocetraand comprisesS. gilmorei(99% BS when short sequences were
excluded; not shown) an8. nodosaBEG4 (100% BS when short sequences excluded; not
shown). When including sho®. pellucidasequences (AY639261, AY639309, AY639313,
AY639323; Gamper & Leuchtmann, 2004), the BSSonodosdBEG4 decreased to 60% a8d
gilmorei is no longer supported, and the sHdrtpellucidaNC155Cd sequence clusters among
sequences @. nodos®BEG4 (Fig. 4). The third cladef Scutellospord85% BS), corresponding
to Dentiscutataand Quatunicasensu Oehkt al. (2008), is basal t@igaspora.lt comprises

sequences from sever8l. heterogamecultures (BR155, NY320, WV858B, SN722, FL225,
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CL157, BEG35, FL654=W5611/Att1577-4 originally detened by Schenck &S. dipapillos3,

S. cerradensi¢MAFF520056,S. reticulataCNPAB11 and somshort sequences &. reticulata
(annotated a$. nigra but re-determined by C. Walker 8s reticulatafrom stored specimens
provided by J. Jansa, Dec 2010) &derythropa Short sequences of tw erythropacultures
(Sen, MA453B) cluster together with reasonable sdppvhile a third one (HA15@) is
unresolved. The well supported genRsacocetra(96% BS) comprises sequences from six
speciesRacocetra fulgidgwW2993) is well supported (not showbut becomes unresolved when
including shorter sequences &. verrucosa, R. gregaria, R. persi@nd R. coralloidea
Racocetra weresubiawas transferred back ®cutellosporaby Morton & Msiska (2010a), but

returned tdRacocetra(Schul3ler & Walker, 2010) because of its phylogierposition (Fig. 4).
SSU-ITS-LSU phylogeny of tbeversisporales — Acaulosporaceae (Fig. 5)

Presently there are sequences from 38 descitwaailosporaspecies, 21 of which could be
analysed. The phylogenetic tree clearly suppores ttansfer of the formeiKuklospora

kentinensisTW110 andK. colombianato AcaulosporgKaonongbuaet al, 2010).

Acaulospora alpingA. brasiliensisA. colliculosa A. lacunosaA. kentinensigndA. laevisare
well resolved. The species conceptAorentrerianais questionable as it appears morphologically
indistinguishable fromA. laevis Sequences of cultures from both species coulseparated in
the analyses if the variable ITS region was inctufleig. 5). ForA. paulinaetwo sister-clades
appear, one comprising eight sequences of CW4 a®tend clade containing oAe paulinae
AU103A <« and twoAcaulosporasp. WUM18 sequenceAcaulospora cavernatBEG33 andA.
denticulatacluster monophyletically witlh\. paulinae(note: BEG33 was earlier mis-determined
asA. scrobiculataby C. Walker, the error has been communicated ¢oBIEG for correction).
The only available partial LSU sequencefofscrobiculataAU303« clusters much apart, sister
to A. tuberculata(VZ103E) in a clade together with spinosaW3574/Att165-9 (ex-type culture)
and MN405Bd. For several short sequences the results arerratietear, as they are only
represented by one sequence or by sequences fflaredi cultures that cluster apart from each
other.

SSU-ITS-LSU phylogeny of tbeversisporales- Diversisporaceagrig. 6)

All data available folPacisporawere already shown in Figs 1 and 2 and are theredmitted
here. For Diversispora there are six described species (Schifller & Walké10), all
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characterised by rDNA sequences. The relativelytdemuences ddiversisporasp. NB101 and
Diversisporasp. AZ237B with stated origin from Namibia and Zana, respectively, are very
closely related. Including these short sequencesedses the BS f@. celataas a monophyletic
clade from 99% (not shown) to 62% (Fig. 6). Thiwersisporaspecies are well supported, but
for both D. spurcaandD. aurantig two distinct clades appear in the phylogenetalysis. One

D. spurcaclade is well defined by sequences from an ex-tygdare (W4119/Att246-18) and
contains a sequence Bf spurcaWV109«. The second clade is composed of two sequences
(FJ461848%, FJ461849%) from other cultures, and might represent anogpecies. Despite the
reasonable support of tie aurantiaclade, comprising sequences derived from the yoéotrap
culture (W4728/Att1296-0), two sequences from thme culture (EF581864, EF581861) form a
separated clade. The only sequence publishe@ .foortuosumJA306A (FJ46185@) clusters in

a basal polytomy. Three diverde. ‘trimurales sequences from the cultures KSM1FL707<4
and BR608q cluster at different positions througholdiversispora and require further

validation. The three speciesRedeckerdorm a separated, well supported clade (99% BS).
Entrophosporaceas phylogenetically undefined

There are only two described speciés, baltica and E. infrequens(generic type), in the
EntrophosporaceaeAdditionally E. nevadensisvas recently described (Palenzuefal, 2010),

but its sequence clusters in thesersisporaclade (Fig. 2). Other database sequences annotated
as Entrophosporaspecies are often shorter than 450 bp (e.g., AFG523), environmental,
uncharacterised, or should be annotateAcmsilospora Kaonongbuaet al, 2010). We excluded

all E. infrequenssequences from the analyses as they were very @hshowed high similarity
with Claroideoglomus Gigasporaor Rhizopus oryzasequences (see Schuf3éral, 2003).
Sequences from the cultures CA203and IN2154, all of which are of doubtful identity, also

cluster withinClaroideoglomugnot shown).

SSU-ITS-LSU phylogeny of tBdomerales — Glomeraceae (Funneliforaams Glomus,Fig. 7)

Glomusin its strict sense currently comprises ofdlomusmacrocarpum(W5581/Att1495-0,
W5293/field-collected) andGlomus sp. W3347/Att565-7, morphologically similar tG&.
macrocarpum but distinct because of a darker spore color. €sgrience attributed Blomus
hoi (BEG104) clusters witlslomussp. W3347 and one @&. aggregatun{OR2124d) clusters
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basally toG. macrocarpum(Fig. S1).Funneliformisis well supported and represented fy
mosseae(75% BS), F. coronatumW3582/Att108-7 (100% BS)Funneliformis sp. WUM3
(100%) and~. caledoniunBEG20 (97%), agreeing with Stockinggral. (2010).

When including short sequences (Fig. SE), coronatum ZTL clusters with cultures
W3582/Att108-7, BEG28, and IMA3. A BEG49 sequendesters apart, together witk.
constrictumBEG130.Funneliformis multiforunDAOM?240256 is well supportedr. geosporum
separates in two clades. For culture MD124 one $€§uence annotated & geosporum
(AF197918) clusters withirClaroideoglomus(Fig. S2) and one LSU sequence (FJ461831
annotated a&. macrocarpunclusters withF. geosporun{Fig. S1). Examination of MD124 (C.
Walker W2843 in 1996, W5729 in 2010) showed it te B. geosporum Funelliformis
caledoniumsequences (BEG86, BEG20, DAOM234210, SC658, RMCEB8/C658, JJ45)
cluster unresolved. Several such discrepancies f@.¢. monosporum, F. dimorphicynvere
already revealed by Stockinget al. (2010).Sequences db. deserticolarepresented by an ex-
type culture (BEG73, AJ746249), xanthium andF. constrictum(NE202«, UT188«) cluster
in a separated clade, and a sequence from INA4#xms another, basal and very long branch
(Fig. S1). This also holds true f@. globiferumFL327B« andG. insculptumPL1214, which

were excluded from our analyses.

SSU-ITS-LSU phylogeny of tkdomerales — Glomeraceae (Rhizophaguod Sclerocystis, Fig.
8)

For Rh. irregularis and Rh. intraradices Stockingeret al. (2009) already published detailed
analyses. Here, we add new sequences ftadncerebriformé MUCL43208 (not formally placed
in Rhizophagusbecause of uncertain identificatioRhizophagusp. MUCL46100, and several
Rh. irregularis cultures (W4682/Att857-12, BEG195, DAOM197198, DME@B3750,
MUCL46240, MUCL43205, FTRS203). Rhizophagus irregularis Rhizophagus sp.
MUCL46100,Rh. intraradicedFL208, MUCL49410)Rh. clarusW3776/Att894-7 andslomus
cerebriformeDAOM227022 (species identification needs furthtadsg), which clusters basally to
all studiedRhizophaguspecies, are very well supported (96-100% BS). Wéaker support for
Rh. proliferusDAOM226389 (68% BS) is caused by the short seqré&n@205079 that most
likely is of chimeric origin. When including shosequences, one froi®. microaggregatum
DAOM212150 clusters close t&hizophagusp. MUCL46100 (not shown), and one fraen

microaggregatumUT216B« on a long branch withirClaroideoglomus(Fig. S2). All three
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availableRh. custo©AOM236381 sequence variants cluster among segsasf®h. irregularis
and one Glomus trimuralesVA102A € sequence clusters with those RIfi. irregularis (not

shown). One of ML118&t and two sequences annotated @omus intraradices(Gamper &

Leuchtmann, 2004) apparently are neitRér intraradicesnor Rh. irregularis(Stockingeret al,

2009; 2010).Rhizophagus clarusequences from 10 cultures cluster in a well vwesbl
monophyletic clade together witRh. manihotissequencesSclerocystis sinuosdD126 falls

basal toRhizophagusindG. achrum(FM253379-81) Glomus bistratun{FM253382-84) ané.

indicum (GU059544-49) cluster basally with{Blomeraceagformerly GIGrAb) in a polytomy
(not shown).

SSU-ITS-LSU phylogeny of tBéomerales - Claroideoglomeracedéey. 9)

Claroideoglomus walkeri, C. drummondaind C. etunicatumare well supported, buC.
claroideumis rendered paraphyletic 16/ luteumSA101 sequences. The supplementary analysis
including shorter sequences (Fig. S2) shows a nunabesequences from addition&l.
etunicatumcultures (AU401, NB119, CA-OT-126-3-2, KE118, gtclustering together (66%
BS). Sequences @. drummondalso form a well supported cladélaroideoglomus luteunc.

claroideumand a sequence annotatedsasnicroaggregatunyT126B« cluster unresolved.
Discussion

By publishing further sequences produced over #eent years and re-analyses of available
phylotaxonomic reference sequences, we establistieat we consider could serve as a
phylogenetic backbone for a natural systematicSGtfmeromycotaand a basis for future
environmental (deep) sequencing projects. For smmak/ses we use consensus sequences, which
are theoretical constructs that may cause problarssme instances (Lindner & Banik, 2011).
However, in our AMF analyses the use of strict (@fiations represented by degenerate base
symbols) SSU consensus sequences anchors taxanbgreed sequences and thus reduces the
risks of coincidential phylogenetic attraction hased characters at highly variable sites and of
potential problems by inhomogenous sequence omtaampling. We analysed the available
nuclear rDNA data of ~105 described species and ut#8&med AMF cultures and samples
ascribed to undescribed species (approximate nwnbecause determinations may not always
be correct). More than 50% (118 species) of theeodlly 228 described AMF are covered by

sequences deposited in the public databases, huB8adn~36%) are propagated in the culture
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collections INVAM (http://invam.caf.wvu.edu), BEGht{p://www.kent.ac.uk/bio/beg), and
GINCO (http://lemma.agro.ucl.ac.be/ginco-bel), mgkireanalyses or improvements of the

sequence database difficult.
The need for a solid molecular genetic base forstfstematics dslomeromycota

SSU analyses (Schuf3letr al, 2001) and the six-gene phylogeny of Jaetesl. (2006) indicated
a likely sister-grouping of th&lomeromycotado Dikarya. By including basal fungal lineages as
well as members obDikarya, we again found the same sister grouping (Fig.lri)contrast,
analyses of the mitochondrial genomeRbf. irregularisisolate 494 (Lee & Young, 2009) and of
nucleus-encoded proteins (Lt al, 2009) questioned this sister relationship ardicate a
possible common ancestry of AMF witMortierellales However, tree topologies in the latter
study varied dependent on taxon sampling. At pitesesolving these differences must await
more data from phylogenetically basal AMF, but dig#he Glomeromycotare a monophyletic

and basal group of terrestrial fungi.

The dataset and analyses presented here providedfahe foundations for major taxonomic
reclassifications in th&lomeromycotgSchufiler & Walker, 2010). Such data are also imapd

as reference for new species descriptions. For pleanthe sole use of morphology for the
description of Ambispora brasiliensis(Goto et al, 2008) placed arAcaulospora species
incorrectly at generic, familial and even ordineVél (Krigeret al, 2011). Similar instances of
species descriptions only based on morphology weseussed by Morton & Msiska (2010b)
who reported an albino mutant 8fheterogamanV859, which would have been considered as a
new morphospecies if found in the field. Anotheample was the description &. irregulare
(Btaszkowskiet al, 2008), nowRh. irregularis based on a restricted analysis of intraspecific
morphological plasticity. Therefore, the quality &rmal species descriptions should be
improved by including an appropriate phylogenetibaracterization whenever possible.
Obviously, this is particularly important for newtiescribed species not represented by publicly

available isolates.
The phylogenetically basal lineag&araglomeraleandArchaeosporales

Only relatively few data are available for evoluwily ancient phylogenetic lineages of
Glomeromycota Presently there are only three recognized or ritest species in the

Paraglomeralesand 11 in théArchaeosporale$www.amf-phylogeny.com), but most likely this
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is only a small proportion of the existing speci@sr study is the first to yield reasonable branch
support forParaglomeralesas the most ancient lineage of B®meromycotgFig. 1). It also
supports the genukitraspora (Sieverding & Oehl, 2006) as congeneric wiahchaeospora
(SchaBler & Walker, 2010).

Diversisporales

There has been considerable nomenclatural changagatheDiversisporalesrecently. Oehkt

al. (2008) split the genusScutellosporainto three new families containing six genera
(Scutellosporain the ScutellosporaceaeRacocetraand Cetrasporain the Racocetracege
Dentiscutata Fuscutata and Quatunicain the Dentiscutatacege Except forRacocetra these
new taxa were all rejected by Morton & Msiska (28lINevertheless, it has long been indicated
that Scutellosporas non-monophyletic (e.g., Kramadibragtal, 2000; da Silveet al, 2006).
Although we support the notion of Morton & Msisk20(0a) that a robust taxon sampling and
phylogenetic analysis should be the base of taxamohanges, the phylogeny Gigasporaceae
presented herein may provide support for someefygnera proposed by Osdtlal. (2008), but
certainly not for erecting new families in thisata

The case of two differerld. aurantiaclades exemplifies problems in interpretation afadfrom
trap cultures seemingly producing spores of oneispgoften called single species cultures). It
seems possible, but cannot be proven, that thectriipre contained more than one species. For
the monospecific genu®tospora (Palenzuelaet al, 2008), the assembled two short, non-
overlappingO. bareaesequences cluster withdiversispora This could support the view th@t
bareaeis a morphologically exceptional member of Digersisporaceagbut might as readily be
the result of a contamination. The sequence ofebently describe&ntrophospora nevadensis
(Palenzuelat al, 2010) also clusters unexpectedly, in regardstonorphology, among those of
Diversispora A detailed analysis dDiversisporaceagewith focus onD. epigaea often named
‘Glomus versiform@8EG47’, and including biogeographical aspectgjiven in Schilleet al.
(2011).

Kuklosporasensu Oehl & Sieverding (2006) was described baskgly on spore morphology.
The recent transfer of alKuklosporaspecies toAcaulospora(Kaonongbuaet al, 2010) is

congruent with our analyses. In our opinion theecies,A. laevis and A. entreriana are
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morphologically indistinguishable. They could n& $eparated in analyses when excluding the
ITS1 and ITS2, but more data are needed to cordomspecificity.

Glomerales

A decade ago, it was proposed tldbmusshould be split into several families (Schwarzitt
al., 2001). These were named as phylogenetic grdsimsnusGroup (GIGr) A and B, until it
was clear where the generic type Gfomus G. macrocarpum belongs phylogenetically
(SchaBler & Walker, 2010). Now, the famig@lomeraceaerepresents the former GIGrA,
separated into four gener&lomus (GIGrAc), Funneliformis (GIGrAa), Rhizophagusand
Sclerocystis(both GIGrAb). In additionG. iranicum and G. indicum sequences form a basal
clade in this family, ands. bistratumand G. achrumcluster in a basal polytomy in the
GlomeraceaeHowever, the correct phylogenetic placements nemylire additional data. The

family Claroideoglomeraceaeorresponds to the former GIGrB.

For ClaroideoglomusFunneliformisandRhizophagusdetailed analyses were already conducted
by Stockingeret al. (2010), under the previous generic na@®omus The uncovered
inconsistencies discussed in that study are alsogrezable from the phylogenetic trees of the
present study, but are not further discussed hBt@zophagusirregularis was defined
(Btaszkowski et al, 2008), asG. irregulareg mainly based on perceived morphological
differences fronG. intraradicesin a former sense, which included DAOM197198. &halysis

of corresponding sequences is implemented in Fapdshow that the organisms interpreted as
different, based on morphology, in fact belonghe same specie&lomus irregulare(now Rh.
irregularis) is conspecific with DAOM197198 (and other culwref ‘G. intraradices$ in the
former sense), and not witB. intraradices (now Rh. intraradice¥ (Sokolski et al, 2010;
Stockingeret al, 2009, 2010). The molecular data suggestRatclarusandRh. manihotisare
conspecific, but this issue requires further molpyical work before the species can be

synonymized.
Putative errors in public sequence databases

As discussed repeatedly (e.g. Schif@deral, 2003; Bidartondoet al, 2008), annotation of
sequence entries in public databases is often duede or incorrect. There are different types of
errors; some sequences are obviously based on wdamgfication or undiscovered species

synonymy, some on contaminants, and others pedrapscidental or simple misannotation. For
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example, a batch of LSU sequences submitted by &Asmaghe & Morton (FJ461790-
FJ461888¢) caused numerous problems in our initial analysesl we realized that many of the
contained sequences seem to be either misannatatbetived from contaminants and must be
interpreted with caution. For example, sequenca® fiGlomus trimurale’s originally annotated
as Glomussp., fall among three different orders, in theegamiversispora Claroideoglomus
and RhizophagusSeveral entries will be updated (personal compati@n J. Morton, 8 Apr
2011). The failure to update public database sempsemwith taxonomic changes can result in
confusion and for accurate analyses many of thebdae entries cannot be accepted as provided.
Our own past errors include the annotationfofcavernataBEG33 asA. scrobiculata and
mixing up two samples resulting in mistakenly nagnithe corresponding sequences Sf
spinosissimaN3009/Att664-1 asS. nodoséBEG4 andvice versa Moreover, we doubt our own
annotation of a sequence (Y17652) attribute@toviscosunBEG27 because morphologically,
an affiliation toClaroideoglomusds surprising and the culture used for sequentatey turned
out also to contain a contamina®dt claroideurdlike fungus. A revived culture db. viscosum
has been established and will be used to clarifyrtiatter. An example for putative culture mis-
annotation is DAOM212349. The number originallyemsf as a voucher number, to both ¢he
lamellosumholotype (field collected) and, additionally, atpmulture from which specimens
designated as ‘isotype’ (which cannot be corresitbg definition, an isotype has to be from the
original type-collection) were derived (Dalpéal, 1992). A later ROC established from this pot
culture was given the same number in the GINCObdata, but it containRh. irregularis.
DAOM212349 therefore must represent either analiytimixed culture, or a later contamination,
but certainly one identifier is used for fungi framwo distinct genera. To facilitate the correct
interpretation of AMF sequence data, third partyaations are currently implemented in a
PlutoF (Abarenkowet al, 2010) based metadatabase.

Conclusions

Systematics and molecular phylogenetics influenagenscientific disciplines than often is
realised. It is therefore important to correct rassifications of organisms as soon as possible
after discovery. This is particularly true for tleossed as model organisms, to allow correct

interpretation of studies on functional, genetid agological traits.

Besides providing a solid phylogenetic backbone, diataset presented here covers the most

likely future primary DNA barcode for fungi, namellye ITS region, and the 5 portion of the
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LSU for use as an extended barcode. Such dataasslkt the detection of species in the field
(Stockingeret al, 2010). However, the database must be furtherawga by filling the gaps in
relation to sequence and taxon coverage. The legtates to described species, but also to
environmental MOTUSs, for which affiliation to spesiis feasible by the use of the SSU-ITS-
LSU fragment. Using such data will facilitate momecurate molecular ecological and, for
example, biosafety analyses based on next genersgiguencing of fungal communities. For
AMF the lack of available well characterised biotad material from described species is a
problem, which partly lies in the nature of theamgms (many have so far proved impossible or
difficult to establish or maintain in culture). Bhproblem could be alleviated by contributing
more isolates (single spore cultures) to publictural collections. Maintenance of non-

commercial living culture collections seems, howehampered by inadequate funding.

AMF are integral components of nearly all terredteicosystems. To ascertain more about AMF-
plant preferences and the functional roles of AMFsalid systematic classification is
indispensable, the foundation for which may havenb&id with the dataset and analyses
described herein. More sequences with sufficiengtles would morover facilitate improved
understanding of biogeography and evolution of AMRd research in practical aspects, such as

biosafety assessments and AMF species tracealhilitgld applications.
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Figure Legends

Fig. 1 Maximum likelihood phylogenetic tree based on @tenated nuclear SSUfull-5.8S-LSU rDNA
strict consensus sequences (~2700 bp) oGlbeneromycotand other fungal lineages that were used as
outgroups. Branches receiving less than 60% bagtssupport (1000 bootstraps) were collapsed to
polytomies, long branches were shortened by 50%disated with the diagonal slashes. Terminal nodes
marked with (consensus #) represent strict consessguences of sequences with the accession humbers
listed in Supporting Information S3. Scale bar, bemof substitutions per site. The following cudtur
identifiers are not shown in the tree for spaceswsaa:Acaulosporabrasiliensis(consensus 5) is derived
from W4699/Att1211-0 and W5473/Att1210Biversisporaspurca(consensus 7) from W2396/Att246-4
and W4119/Att246-18, Diversispora aurantia (consensus 8) from W4728/Att1296-0Glomus
macrocarpum(consensus 22) from a field collected sporocarpZ88) and Att1495-0 (two independent
samplings W5581 and W5605Ambispora fennica (consensus 36) from W4752/Att200-23 and
W3569/Att200-11, anérchaeospora schencks derived from W3571/Att58-6 and W5673/Att212-4.

Fig. 2 Maximum likelihood phylogenetic tree based on @tenated nuclear SSU rDNA strict consensus
sequences (~1.8 kbParaglomuswas used as outgroup as it represents the modt dlasseromycotan
branch (see Fig. 1Branches receiving less than 60% bootstrap sugbof0 bootstraps) were collapsed
to polytomies. Terminal nodes marked with (consengl represent strict consensus sequences of
sequences with the accession numbers listed in dBtipgp Information S4. Scale bar, number of
substitutions per site. Sequeneds800 bp are indicated with *. The generic type @®avhen included

in the analysis, is shown in bold and underlined.

Figs 3, 4.Maximum likelihood phylogenetic tree based on wudlial SSU-ITS-LSU rDNA sequence
variants assembled with, when available, the cporeding SSU strict consensus sequence. Branches
receiving less than 60% bootstrap support (100Qstraps) were collapsed to polytomies, long brasche
were shortened by 50% as indicated with two diabgeleshes or by 75% indicated with three slashes.
Bootstrap values are given for branches among butwithin different cultures. Scale bar, number of
substitutions per site. Sequences submitted by Asirege & Morton, 2010 are marked widh, potential
contaminant or wrongly annotated sequences areatati withe, the respective sequence length of all
sequences shorter than 1 kb is shown within thentéebelsFig. 3 ParaglomeralesandArchaeosporales
Ascomycotaand Basidiomycotawere used as outgroup. Terminal nodes marked (gitimsensus #)
represent strict consensus sequences of sequeriteshe accession numbers listed in Supporting

Information S5.Fig. 4 Gigasporaceagincluding public database sequences of >700Amaulospora
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species were used as outgroup. Consensus 10ristacghsensus sequence of the sequences AY635832,
AY997088, DQ273792 and consensus 11 from sequexl&&l270-73.

Figs 5, 6. Maximum likelihood phylogenetic tree based on S$8-LSU rDNA sequence variants
assembled with, when available, the correspondi®y Strict consensus sequence. Branches receiving
less than 60% bootstrap support (1000 bootstragse wollapsed to polytomies, long branches were
shortened by 50% as indicated with two diagonastea or by 75% indicated with three slashes.
Bootstrap values are given for branches among butwithin different cultures. Scale bar, number of
substitutions per site. Sequences submitted by Asirege & Morton, 2010 are marked widh, potential
contaminant or wrongly annotated sequences aredteti withe, the respective sequence length of all
sequences shorter than 1 kb is nokgd. 5 Acaulosporacegenith Diversisporaas outgroup. Consensus 1
is a strict consensus sequence of sequences AJ25R8242499, FJ46180Fig. 6 Diversisporaceage
Acaulosporaspecies were used as outgroup. Consensus 2 igtacshsensus sequence of sequences
DQ350448-53 and consensus 3 of sequences AM4185643-4

Fig. 7-9. Maximum likelihood phylogenetic tree based on S$B-LSU rDNA sequence variants of the
Glomeralesassembled with, when available, the correspon8i8Yy strict consensus sequence. Branches
receiving less than 60% bootstrap support (100Qstaps) were collapsed to polytomies, long brasche
were shortened by 50% as indicated with two diabgeleshes or by 75% indicated with three slashes.
Bootstrap values are given for branches among butwithin different cultures. Scale bar, number of
substitutions per site. Sequences submitted by Asitage & Morton, 2010 are marked wid, potential
contaminant or wrongly annotated sequences aredteti withe, the respective sequence length of all
sequences shorter than 1 kb is shown within thentaabels.Fig. 7 Funneliformis and Glomus
Consensus 1 is a strict consensus sequence ofmneegudY635833, AY997053, DQ27379Bjg. 8
Rhizophagusand Sclerocystis consensus 2 is a strict consensus sequence oérssgs DQ322630,
AY997054, DQ273828 and consensus 3 of AY635831, %2, DQ273790Fig. 9 Claroideoglomus
consensus 4 is a strict consensus sequence of 91763008, AJ239125.
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100 Acaulospora cavernata BEG33 epitype (consensus 1)

100 - Acaulospora sp. WUM18 (consensus 2)

Acaulospora spinosa W3574 ex-type (consensus 3)

10 L Acaulospora laevis AU211 (consensus 4)

— Acaulospora brasiliensis (consensus 5)

— Acaulospora lacunosa BEG78 (consensus 6)

— sor Diversispora spurca ex-type (consensus 7)

94 Diversispora aurantia ex-type (consensus 8)

100 |lr Diversispora celata BEG231 ex-type (consensus 9)
Diversispora eburnea AZ420A (consensus 10)
Diversispora epigaeca BEG47 ex-type (consensus 11)

9| 100r Scutellospora heterogama BEG35 (consensus 12)

Scutellospora heterogama FL225 (consensus 13)

Gigaspora sp. W2992/field collected (consensus 14)

Gigaspora rosea DAOM194757 (consensus 15)

Scutellospora nodosa BEG4 ex-epitype (consensus 16)

Racocetra castanea BEG1 ex-type (consensus 172

66, Scutellospora spinosissima W3009/Att664-1 type (cons. 18)

Pacispora scintillans W4545/field collected (consensus 19)

Diversisporales

Acaulosporaceae

Diversisporaceae

Gigasporaceae

Pacisporaceae

Glomus sp. W3347/Att565-7 (consensus 20)

Glomus macrocarpum W5293 (consensus 21)

Glomus macrocarpum epitype (consensus 22)
Funneliformis mosseae UT101 (consensus 23)
Funneliformis mosseae BEG12 epitype (consensus 24)
Funneliformis coronatum W3582/Att108-7 (consensus 25)
Funneliformis sp. WUMS3 (consensus 26)

100 | 80”* Fynneliformis caledonium BEG20 (consensus 27)

100; Rhizophagus irregularis MUCL43195 (consensus 28)

85 . Rhizophagus irregularis DAOM197198 (consensus 29)

100

Glomerales

Glomeraceae

r102AWO0JIBWO|9

[ s3] 7 Rhizophagus irregularis AFTOL-ID845 (consensus 30)
— 64- Rhizophagus proliferus MUCL41827 (consensus 31)
Rhizophagus intraradices FL208 ex-type (consensus 32)
100 Slcler%cystils sinuosa MD126/ (consensu(s 33) )
99 100 Claroideoglomus sp. W3349/Att565-11 (consensus 34 -
4‘—_Claroideoglomus luteum SA101 (consensus 35) Claroideoglomeraceae
76 Ambispora fennica ex-type (consensus 36) Ambisporaceae
7‘% Geosiphon pyriformis GEO1 (consensus 37) Geosiphonaceae Archaeosporales
91 88 Archaeospora schenckii (consensus 38) Archaeosporaceae
Paraglomus occultum I1A702 (consensus 39) Paraglomeraceae Paraglomerales
100 Henningsomyces candidus AFTOL-ID468 - 1
— Rhodotorula hordea AFTOL-1D674 Basidiomycota Dik
(2 I Exophiala dermatitidis AFTOL-ID668 Ascomveota IKarya
I Schizosaccharomyces pombe AFTOL-ID1199 y

100 [ Phycomyces blakesleeanus AFTOL-1D184
L Rhizopus oryzae AFTOL-ID1241
71 ——— Endogone pisiformis AFTOL-ID539

Mortierella verticillata AFTOL-ID141

' Smittium culisetae AFTOL-ID29
Batrachochytrium dendrobatidis AFTOL-ID21

0.5

Mucoromycotina

99 | FF Coelomomyces stegomyiae AFTOL-ID18 .
Allomyces arbusculus AFTOL-ID300 Blastocladlomycota
99 [ Orphella haysii AFTOL-1D1062

Kickxellomycotina
| Chytridiomycota



100

76

79

100

Scutellospora heterogama WV858B (Z214013)
- Scutellospora heterogama UFPE19 (AJ852609)

81— Scutellospora heterogama BR154-5 (U36593) *

80

—— Scutellospora heterogama BEG35 (consensus 1) *
- Scutellospora heterogama W4733/Att1283-1 (consensus 2)
- Scutellospora heterogama FL225, AFTOL-ID138 (consensus 3)

— Scutellospora cerradensis MAFF520056 (consensus 4)
— Scutellospora reticulata CNPAB11 (consensus 5)
— Dentiscutata colliculosa (GQ376067)

Gigaspora rosea BEG9 (consensus 6) *

—— Gigaspora candida BEG17 epitype (consensus 7)
— Gigaspora rosea DAOM194757 (consensus 8)
93 |— Gigaspora albida FL927 (Z14009)

62 —— Gigaspora sp. W2992/field collected (consensus 9)

- Gigaspora gigantea WV932 (214010)

Gigaspora decipiens BEG45 ex-type (U96146) *

100

93

84

89
100

Gigaspora margarita BEG34 (consensus 10) *
73 Scutellospora pellucida WV873 (Z14012)
85I scutellospora pellucida CL750A (FR750215) *
Scutellospora nodosa BEG4 ex-epitype (consensus 11)
Scutellospora gilmorei FCPC1145 (consensus 12)
Racocetra gregaria CNPAB7 (consensus 13)
Racocetra weresubiae W2988/field collected (consensus 14)

Racocetra castanea BEG1 ex-type (consensus 15)

Racocetra fulgida W2993/field collected (consensus 16)

&|_— Scutellospora spinosissima \WW3009/Att664-1 type (consensus 17)

Scutellospora calospora BEG32 epitype (consensus 18)

——— Scutellospora dipurpurescens (AF074342) *
Scutellospora aurigloba WUM53 (consensus 19)

Scutellospora projecturata W3254/Att697-0 (AJ242729)

92y Pacispora franciscana W3850/Att961-1 (FR750224)

Pacispora franciscana W3251/Att599-7 (FR750375)
Pacispora scintillans W3793 (consensus 20)

Pacispora scintillans W3849/Att961-0 (consensus 21)

100

941

Pacispora scintillans W3862 (consensus 22)

Pacispora scintillans W4545 (consensus 23)

74
89

64

Diversispora celata BEG230 (consensus 24)
Diversispora celata BEG231 ex-type (consensus 25)
Diversispora celata BEG232 (consensus 26)

Diversispora eburnea AZ420A ex-type (consensus 27)
Diversispora sp. W4538/Att1226-0 (FR686935)
Diversispora sp. W3033/Att669-1 (FR686934)

Diversispora sp. W2423/Att382-16 (consensus 28)
L Otospora bareae JP-2006a/2007a from protologue (consensus 29) *

Diversispora aurantia W4728 (consensus 30)
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100

Diversispora spurca ex-type (consensus 31)

Diversispora epigaea W4671/Att1236-0 (FR686936)

m Diversispora sp. W4568/Att1231-0 (FR686937)
L

Diversispora epigaea BEG47 ex-type (consensus 32)

100 | Diversispora trimurales W4124/Att1152-1 (consensus 33)

Diversispora trimurales W3577/Att710-6 (FR686955)

84

9

0

Redeckera fulvum AC/Pohn99-001 (consensus 34)

86 Acaulospora sp. WUM46 (Y17633)
99 Acaulospora cavernata BEG33 epitype (consensus 35)
Acaulospora sp. WUM18 (consensus 36)

100

L|_— Acaulospora rugosa WV949 (Z14005)
Acaulospora longula W3302/Att698-3 (AJ306439)

100 r Acaulospora spinosa WV860 (Z214004)

Acaulospora spinosa W3574/Att165-9 ex-type (consensus 37)
r Acaulospora colombiana FL356 (Z214006)

100

100

100

L— Acaulospora sp. WV201 (Z214011)

r— Acaulospora lacunosa BEG78 (consensus 38)

L——— Acaulospora mellea Wuy104 (FJ009670)
8|7_|—_Acaulosgora laevis AU211 (consensus 39) *

88

97

100

Acaulospora laev is W3247/Att423-4 (consensus 40) *

Acaulospora capsicula W4681/Att1186-5 (FR750213)

90

Maulospora brasiliensis W4699/Att1211-0, W5473/Att1210-5 (consensus 41)

Acaulospora sp. W3424/Att729-0 (AJ306440)

88r Funneliformis mosseae DAOM212595 (U96143) *
71 Funneliformis mosseae DAOM221475 (U96145) *
63— Funneliformis mosseae BEG25 (consensus 42) *
Funneliformis mosseae BEG69 (U96141) *

Funneliformis mosseae DAOM198394 (U96142) *
- Funneliformis mosseae UT101 (consensus 43)
—— Funneliformis mosseae W3528/Att867-10 (AJ306438)
89 Funneliformis mosseae BEG12 epitype (consensus 44)
9 —\FuEe iformis mosseae FL156 (consensus 45)

Funneliformis geosporum BEG11 (consensus 46)
Funneliformis verruculosum W3295/Att298-6 (AJ301858)
- Funneliformis sp. WUMS3 (consensus 47)

— Funneliformis fragilistratum W3238/Att112-6 ex-type (AJ276085)

98

Funneliformis caledonium BEG20 (consensus 48)
- Funneliformis caledonium BEG15 (consensus 49)
86| Funneliformis coronatum W3582/Att108-7 ex-type (consensus 50)
Funneliformis coronatum COG1, W3153/Att143-5 (AJ276086)
100 | Funneliformis constrictum W3809/Att756-1 (FR750212)
Funneliformis africanum (consensus 51) *

100
99 Glomus macrocarpum W5293 (consensus 52)
Glomus macrocarpum W5288, W5581, W5605 epitype (consensus 53)

Glomus sp. W3347/Att565-7 (consensus 54)

Entrophospora nevadensis JP2009-2, EEZ164 from protologue (FN397100) *

72 Funneliformis sp. DAOM225952, W2538/Att599-0 (AF139733) *

72

Rhizophagus irregularis DAOM197198 (consensus 55)
87| Rhizophagus irregularis MUCL43195 (consensus 56)
Rhizophagus irregularis W4533/Att1225-1 (FR750223)

Rhizophagus sp. W3563/field collected (FR750373)

100 L Rhizophagus irregularis (consensus 57)
——— Rhizophagus vesiculiferus W2857/Att14-8 (FR750374 )

64 — Rhizophagus irregularis AFTOL-ID845 (consensus 58)

69 — Rhizophagus fasciculatus BEG53 (Y17640)

Rhizophagus intraradices FL208 ex-type (consensus 59)

Rhizophagus proliferus MUCL41827 ex-type (consensus 60)

72 Rhizophagus manihotis W3224/Att575-9 ex-type (Y17648)
| Rhizophagus clarus W3776/Att894-7 (consensus 61)
Rhizophagus manihotis FL879 (consensus 62)

90

63

Rhizophagus clarus BR147B (AJ276084)

ﬁ: Sclerocystis sinuosa MD126 (consensus 63)
S

clerocystis coremioides BIORIZE (AJ249715)

[ Glomus indicum (consensus 64) *

Glomus iranicum (consensus 65) *

68_|—_Claroideoglomus sp. W3234/Att13-7 (AJ301855)
Claroideoglomus etunicatum W3808/Att367-3 (FR750216)
Claroideoglomus etunicatum W3815/Att843-1 (FR750217)
— Claroideoglomus lamellosum W3816/Att844-2 (FR750221)

- Claroideoglomus etunicatum UT316 (consensus 66)

— Claroideoglomus lamellosum W3814/Att756-1 (FR750220)

95 | Claroideoglomus lamellosum W3158/Att244-7 (consensus 67)
Claroideoglomus sp. DAOM215235 (U96144) *

— Claroideoglomus lamellosum W3161/Att672-13 (AJ276083)

— Claroideoglomus claroideum BEG31 (consensus 68)
— CIarmHeoqiomus claroideum BEG14 (consensus 69)

— Claroideoglomus claroideum BEG23 (consensus 70)

— Claroideoglomus luteum SA101 (consensus 71)

Claroideoglomus sp. BR212 (U36592) *

&E Claroideoglomus sp. W3349/Att565-11 (consensus 72)
Claroideoglomus viscosum (?) BEG27 (Y17652)

94 Ambispora leptoticha FL130 (consensus 73) *
Ambispora leptoticha NC176 (consensus 74)
99 Ambispora leptoticha F3b, MAFF520055 (consensus 75)
Ambispora callosa OK1, MAFF520057 (consensus 76)
91 Ambispora callosa V1, MAFF520058 (consensus 77)

78 Ambispora leptoticha WL1 (AB220172) *

76

Ambispora fennica W4752/Att200-23, W3569/Att200-11 ex-type (consensus 78)
Ambispora granatensis JEP-2010 (consensus 79)

Geosiphon pyriformis GEO1 (consensus 80)

100

98, Archaeospora trappei AU219 (consensus 81) *

Archaeospora trappei NB112 (consensus 82)

Archaeospora schenckii W3571/Att58-6, W5673/Att212-4 (consensus 83)

L Archaeospora trappei W3179/Att186-1 (consensus 84)

0.04

100
L1007

100 ili *
‘ r Paraglomus brasilianum WV219 (consensus 85)

Paraglomus brasilianum BR105, W3086/Att260-4 ex-type (AJ301862)

Paraglomus occultum I1A702, AFTOL-ID844 (consensus 86)

Paraglomus occultum HA771 (AJO06799)

Scutellospora
(Dentiscutata, Fuscutata
and Quatunica sensu Oehl
et al., 2008)

Gigaspora

Scutellospora

(Cetraspora sensu
Oehl et al., 2008)

Racocetra

Scutellospora

Pacispora

Diversispora

Redeckera

Acaulospora

Funneliformis

Glomus

Rhizophagus

Sclerocystis

uncertain position

Claroideoglomus

Ambispora

Geosiphon

Archaeospora

Paraglomus



Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048645
Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048634
Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048641)
Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048635)
Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048654)
Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048644)
Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048630)
Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048633)
Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048639)

_[Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048647)
Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048638)
Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048631)

g5 lAm. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048650)

HAm. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048640)
Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048636)
-Am. leptoticha FL130 (consensus 1)

Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048653)
Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048651

Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048648

Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048642

_[Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048646)

Am. leptoticha NC176 (consensus 2)
Am. appendicula W5156/Att1235-2 (FN547532)

Am. appendicula W5156/Att1235-2 iFN5475303
Am. appendicula W5156/Att1235-2 (FN547525

Am. appendicula W5156/Att1235-2 (FN547528)
Am. appendicula W5156/Att1235-2 (FN547533)
N-Am. appendicula W5156/Att1235-2 (FN547534)
Am. appendicula W5156/Att1235-2 (FN547524)
Am. appendicula W5156/Att1235-2 (FN547526)
Am. appendicula W5156/Att1235-2 (FN547527)
_IAm. appendicula W5156/Att1235-2 (FN547531)
Am. appendicula W5156/Att1235-2 (FN547529)
Am. appendicula NC169-3 (AJ271712) 664 bp
Am. appendicula NC169-3 (AJ510234) 704 bp
_lAm. callosa OK1, MAFF520057, W4769/Att1323-7 (AB048670)
Am. callosa OK1, MAFF520057, W4769/Att1323-7 (AB048667)
_lAm. callosa OK1, MAFF520057, W4769/Att1323-7 (AB048669)
Am. callosa OK1, MAFF520057, W4769/Att1323-7 (AB048665)
—Am. callosa V1, MAFF520058, W4771/Att321-10 (AB048674)
-Am. callosa V1, MAFF520058, W4771/Att321-10 (AB048679)
-Am. callosa V1, MAFF520058, W4771/Att321-10 (AB048671)
-Am. callosa OK1, MAFF520057, W4769/Att1323-7 (AB048668)
-FAm. callosa HZ-6K, W4772/Att1322-4 (AB259846) 586 bp
FAm. callosa OK1, MAFF520057, W4769/Att1323-7 (AB048658)
Am. callosa OK-m, W4768/Att1321-4 (AB259840) 578 bp
Am. callosa OK1, MAFF520057, W4769/Att1323-7 (AB048663)
Am. callosa OK1, MAFF520057, W4769/Att1323-7 (AB048657)
Am. callosa OK1, MAFF520057, W4769/Att1323-7 ( ABO48666)
WAm. callosa OK1, MAFF520057, W4769/Att1323-7 (AB048659)
LAm. callosa OK1, MAFF520057, W4769/Att1323-7 (AB048656)
Am. callosa OK-m, W4768/Att1321-4 (AB259841) 575 bp
lAm. callosa V1, MAFF520058, W4771/Att321-10 (AB048673)
Am. callosa OK-m, W4768/Att1321-4 (AB259842) 580 bp
Am. callosa V1, MAFF520058, W4771/Att321-10 (AB048676
Am. callosa V1, MAFF520058, W4771/Att321-10 (AB048682
Am. callosa V1, MAFF520058, W4771/Att321-10 (AB048677)
UFAm. callosa V1, MAFF520058, W4771/Att321-10 gABO48680§

="

Am. callosa V1, MAFF520058, W4771/Att321-10 (AB048678
Am. callosa V1, MAFF520058, W4771/Att321-10 (AB048681
Am. callosa HZ-6K, W4772/Att1322-4 (AB259845) 578 bp
EAm. callosa V1, MAFF520058, W4771/Att321-10 (AB048672)
Am. callosa V1, MAFF520058, W4771/Att321-10 (AB048675)
-Am. callosa HZ-6K, W4772/Att1322-4 (AB259844) 570 bp
~Am. callosa OK-m, W4768/Att1321-4 (AB259843) 583 bp
—Am. gerdemannii AU215 (consensus 3)

{Am. fennica W4752/Att200-23 gFN547538§
Am

. fennica W4752/Att200-23 (FN547536
-Am. fennica W4752/Att200-23 (FN547539
tAm. fennica W4752/Att200-23 (FN547535
L Am. fennica W4752/Att200-23 (FN547541
-Am. fennica W4752/Att200-23 (FN547537
-Am. fennica W4752/Att200-23 (FN547542
-tAm. fennica W4752/Att200-23 (FN547545
LAm. fennica W4752/Att200-23 (FN547540)
LAm. fennica W4752/Att200-23 (AM268198)
tAm. fennica W4752/Att200-23 (FN547544)
FAm. fennica W4752/Att200-23 (AM268203)
-Am. fennica W4752/Att200-23 (FN547546)
oglliAm. fennica W3569/Att200-11 (AM268197)
Am. fennica W3569/Att200-11 (AM268201)
Am. fennica W3569/Att200-11 (AM268202)
Am. fennica W3569/Att200-11 (AM268199)
Am. fennica W4752/Att200-23 (FN547543)
Am. fennica W4752/Att200-23 (FR750157)
Am. fennica W3569/Att200-11 (AM268200)
Am. gerdemannii MT106 (FJ461885) 657 bp «
Am. granatensis JEP-2010 (FN820276) 594 bp
Am. granatensis JEP-2010 (FN820281) 598 bp
100 Am. granatensis JEP-2010 éFN820282; 594 bp
Am. granatensis JEP-2010 (FN820280) 589 bp
Am. granatensis JEP-2010 (FN820278) 594 bp
Am. granatensis JEP-2010 (FN820279) 587 bp
Am. granatensis JEP-2010 (FN820277) 589 bp
Ge. pyriformis GEO1, W3619 (FM876840)
Ge. pyriformis GEO1, W3619 3FM876843

Ge. pyriformis GEO1, W3619 (FM876842
Ge. pyriformis GEO1, W3619 (FM876841

IGe. pyriformis GEO1, AFTOL-ID574 (consensus 4)
Ge. pyriformis GEO1, W3619 (FM876844)
Ar. schenckii W5673/Att212-4 (FR750021
92 | Ar. schenckii W5673/Att212-4 (FR750022
100 Ar. schenckii W5673/Att212-4 (FR750023)
100
100

Ar. schenckii W5673/Att212-4 (FR750020)
Ar. schenckii CL401 (AM743189) 803 bp

Ar. trappei NB112 (consensus 5
Ar. trappei AU219 (consensus 6
Ar. trappei W5791/Att178-3 (FR750035)
95 [AT- trappei W5791/Att178-3 (FR750036)
Ar. trappei W5791/Att178-3 (FR750038)
Ar. trappei W5791/Att178-3 (FR750037)
Ar. trappei W5791/Att178-3 (FR750034)
P. brasilianum W5793/Att260-8 (FR750048)
. brasilianum W5793/Att260-8 (FR750050)
. brasilianum W5793/Att260-8 (FR750054)
. brasilianum W5793/Att260-8 (FR750053)
. brasilianum W5793/Att260-8 (FR750051)
. brasilianum W5793/Att260-8 (FR750046)
. brasilianum W5793/Att260-8 (FR750052)
. brasilianum W5793/Att260-8 (FR750047)
.}P. brasilianum WV224 (AF165921) 525 bp

TWTUUUUTUTDU

100}

P. brasilianum WV219 (consensus 7)

P. brasilianum WV224 (AF165920) 523 bp
-P. brasilianum WV224 (AF165922) 522 bp
tP. brasilianum W5793/Att260-8 (FR750049)
{P. brasilianum ITH43 5AF165918§ 528 bp

P. brasilianum ITH43 (AF165919) 527 bp
-P. occultum GR582 (U81987) 529 bp e
P. brasilianum WV215 (FJ461882) 657 bp «

P. laccatum environmental (FJ769330) 628 bp
99 P. laccatum W5141/Att960-11 (FR750083)
P. laccatum (AM295494)
67] LAr. schenckii CL401 (FJ461809) 657 bp <«
P. occultum CL383 (AF005065) 580 bp
P. occultum FL703 (AF005062) 575 bp
P. occultum CR402 (FJ461883) 657 bp «
P. occultum IA702, AFTOL-ID844 (consensus 8)

|~

95—L_|'P. occultum HA771 (consensus 9)

P. occultum CL383 (AF005481) 558 bp
P. occultum CL383 (AF005480) 558 bp
LParaglomus sp. NI116B (FJ461884) 657 bp «

‘ﬂ|—80hizosaccharomyces pombe AFTOL-ID1199

Exophiala dermatitidis AFTOL-ID668

‘&|—Henningsomyces candidus AFTOL-ID468 —_—

Rhodotorula hordea AFTOL-ID674 0.05

Am. leptoticha F3b, MAFF520055, W4770/Att315-11 (AB048632)

Gigaspora sp. W2992/field collected (FM876800

Gigaspora sp. W2992/field collected
L S

Gigaspora sp. W2992/field collected (FM876802
100

100 | Gigaspora sp. W2992/field collected (FM876803

; FM876801
. ga’\s/Pora sp. W2992/field collected (FM876799)
—__ Gi. rosea DAOM194757, W2856/Att1509-20 ;FN547595)
A/——1 Gi. rosea DAOM194757, W 2856/Att1509-20 (EN547575
Gi. rosea DAOM194757, W2856/At1509-20 (FN547587)
____  Gi. rosea DAOM194757, W2856/Att1509-20 (FN547592)
Gi. rosea DAOM194757, W2856/Att1509-20 (FN 47571;
63 _ Gi. rosea DAOM194757, W 2856/Att1509-20 ;FN54757 )
- Gi. rosea DAOM194757, W 2856/Att1509-20 (FR750177)
Gi. rosea DAOM194757, W 2856/Att1509-20 'g:R 50174)
Gi. rosea DAOM194757, \W2856/Att1509-20 gF 750183))

— Gi. rosea DAOM194757, W2856/Att1509-20 (FN547584
— Gi. rosea DAOM194757, W 2856/Att1509-20 (FR750178)
73 |— Gi. rosea DAOM194757, W 2856/Att1509-20 (FR750181

Gi. rosea DAOM194757, W 2856/Att1509-2! §:N5475 71

Gi. rosea DAOM194757, W2856/Att1509-20 (FN547594
Gi. rosea DAOM194757, W 2856/Att1509-20 (FN547574

— Gi. rosea DAOM194757, W2856/A111609-20 (FN647586)
—L Gi. rosea DAOM194757, W2856/Att1509-20 (FN547581)
L Gi. rosea DAOM194757, W 2856/Att1509-20 (FN547573)

Gl. rosea DAOML94757, W 2856/Att1509-20 (£NS47580)

Gi. rosea DAOM194757, W2856/Ati1509-20 (FN547596)

Gi. albida BR235 (FJ461861) 651 bp <

Gi. rosea DAOM194757, W2856/A1t1509-20 éFN547585i,

4|_Gi. rosea DAOM194757, W 2856/Att1509-20 (FN547582
_ Gi. rosea DAOM194757, W 2856/Att1509-20 (FR750175)
L Gi. rosea DAOM194757, W2856/Att1509-20 (FN547578)
i Gi, rosea BEGO (Y12075) 679 bp
98— Gi. rosea DAOM194757, W2856/Att1509-20 5(, N547593)
L Gi. rosea DAOM194757, W 2856/Att1509-20 (FN547576)
L Gi. rosea DAOM194757, W2856/Att1509-20 (FR750176
. Gi. rosea DAOM194757, W 2856/Att1509-20 (FN547588)
- Gi. rosea DAOM194757, W2856/Att1509-20 (FN547591)
Gi. rosea DAOM194757, W 2856/Att1509-20 (FN547579)
—— Gi. Tosea DAOM 19477, W2856/AILIS00-20 (FNS47589)
__ Gi. rosea DAOM194757, W 2856/A(t1509-20 (FN547572)
— Gi. rosea DAOM194757, W2856/Att1509-20 (FN547583
Gi. rosea DAOM194757, W2856/Att1509-20 (FR750180)

Gi. rosea DAOM194757, W2856/Att1509-20 (FR750184)
Gi. rosea DAOM194757, W 2856/Att1509-20 6;R750185?

1 Gi. rosea DAOM194757, W 2856/Att1509-20
Gi. rosea DAOM194757, W2856/Att1509-20 (FN547590)
- Gi. gigantea MA401C FJ4618632 651 l%p <

L_ Gi. rosea DAOM194757, W 2856/Att1509-20 (FR750182)
—— Gi. gigantea isolate 3 (AY900506) 657 bp e
Gi. gigantea isolate 2 %A 900505) 657 bp e

60

l— Gi. gigantea 1Solate 1 (AY900504) 657 bp'e
i. margarita BEG34 SFN547 638
Gi. margarita BEG34 (FN5475 9[2
Gi. margarita W5792/Att255€‘il-%§ %)R750045)

Gi. margarita BEG34 (FN 5
Gi. margarita BEG34 éFN5475628)
Gi. margarita W5792/Att256-18 (FR750040)

Gi. margarita BEG34 (FN547570
— Gi. margarita BEG34 (FN547561)
Gi. margarita BEG34 (FN547560
Gi. margarita BEG3 iFN5475 :})

Gi. margarita BEG34 (FN547566
Gi. margarita BEG34 (FN54756:
Gi. margarita BEG34 (FN547554,
Gi. margarita BEG34 _SFN547567)

Gi. margarita Gigr_narGO (AF396782) 701 bp
- i. margarita W5792/Att256-18 (FR750041)
— Gi. margarita BEG34 (FN547549)
Gi. margarita BEG34 éFN 47553}

86

—Gi. margarita BEG34 (FN547557
— Gi. margarita BEG34 (FN547555)
—— Gi. margarita BEG34 (FN547559
— Gi. margarita BEG34 (FN547552
— Gi. margarita W5792/Att256-18 g R750043Q)

— Gi. margarita W5792/Att256-18 (FR75004:
—— Gi. margarita BEG34 (FN547548)
[—— Gi. margarita BEG34 FN54755%)

Gi. margarita BEG34 (FN5475! 4}:
— Gi. margarita W5792/Att256-18 (FR750044)

Gi. margarita BEG34 (FN547565

Gi. margarita BEG34 (FN547551

Gi. margarita BEG34 (FN547556
—— Gi. margarita W5792/Att256-18 (FR750039)
L Gi. margarita Gigmar58 (AF396783) 701 b8

i. decipiens AU102 (FJ461862) 652 bp <«

— S. heterogama W4733/Att1283-1 (FR750159)
— S. heterogama W4733/Att1283-1 (FR750161
— S. heterogama W4733/Att1283-1 (FR750164

| S. heterogama W4733/Att1283-1 (FR75016!
S. heterogama CL157 §FJ46 871) 650 g <
LS. heterogama FL225, AFTOL-ID138 (consensus 10)
| S. heterogama W5611/Att1577-4 (FR750016§
S. heterogama W5611/Att1577-4 (FR75001.
_E heterogama W5611/Att1577-4 (FR750015
S. heterogama SN722 (FJ461877) 650 I:ap <
S. heterogama isolate 4 (AY 00502()) 656 bp
|:| S. heterogama isolate 5 éAY900503) 56 bg
S. heterogama isolate 3 (AY900501) 656 8
|—————— S. heterogama isolate 2 (AY900500) 656 bp
S. heterogama BEG35, W 3214/Att334-16 (FM876839)
S. heterogama BEG35, W3214/Att334-16 (FM876838
— S. heterogama BEG35, W 3214/Att334-16 (FM876837

77

S. heterogama W4733/Att1283-1 (FR750162
S. heterogama W4733/Att1283-1 (FR750158
S. heterogama W4733/Att1283-1 (FR75016
S. heterogama W4733/Att1283-1 (FR750163)
S. heterogama BR155 (FJ461872) 650 bg «
S. heterogama WV858B (FJ461873) 650 bp <«
S. heterogama WV858B (FJ461876) 650 bp «
S. heterogama WV858B (FJ46187 )7650 EP <
S. heterogama W5611/Att1577-4 (FR75001:
S. heterogama W5611/Att1577-4 (FR750014
S. heterogama W5611/Att1577-4 (FR750017
S. heterogama W5611/Att1577-4 (FR750012
LS. heterogama isolate 1 $AY900 99) 655 bp
S. heterogama W5611/Att1577-4 g:R 50019)
S. heterogama NY320 (FJ4618 8)] 650 bp <«
| —  S. heterogama WV858B (FJ461874) 650 bp <«
| S. heterogama W4733/Att1283-1 tm 0166

L__ S. heterogama W4733/Att1283-1 (FR75016
S. erythropa Sen (AM040352) 671 bp
l‘E S. erythropa Sen (AM040354) 684 bp
S. eréthropa Sen (AM040351) 670

82 S. cerradensis MAFF52005

b
}——— S. erythropa A453BéAMO403€7) 674 bp
LS. erythropa MA453B (AM040355) 672 bp
S. érythropa HA150B (FJ46186 J 650 bp <«
S. cerradensis MAFF520056 (AB048689
S. cerradensis MAFF520056 (AB04868:
S. cerradensis MAFF520056 (AB048690
AB048685

S. cerradensis MAFF520056 (AB048684
S. cerradensis MAFF520056 (AB 48686:2
S. cerradensis MAFF520056 (AB048683)

S. reticulata CNPAB11 (consensus

11

S. reticulata isolate 1 (AY900494) 656 bp
— S, reticulata isolate 2 (AY900495) 656 bp
L S. reticulata isolate 3 (AY900496) 656 bp
| — S. reticulata isolate 4 (AY900497) 656 b

LS. reticulata isolate 5 éAY900498 656 bp
— S. gilmorei W5342/Att590-16 (FN547620
— S. gilmorei W5342/Att590-16 (FN547604
— S. gilmorei W5342/Att590-16 (FN547611
S. gilmorei W5342/Att590-16 (FN547602
— S. gilmorei W5342/Att590-16 (FN547599
- S. gilmorei W5342/Att590-16 (FN547619
67 |- S. gilmorei W5342/Att590-16 (FN547615
I S. gilmorei W5342/Att590-16 (FN547605
I S. gilmorei W5342/Att590-16 (FN547614
S. gilmorei W5342/Att590-16 (FN547616
S. gilmorei W5342/Att590-16 (FN547613
S. gilmorei W5342/Att590-16 (FN547608
S. gilmorei W5342/Att590-16 (FN547610
-~ S. gilmorei W5342/Att590-16 (FN547598)
— S. gilmorei W5342/Att590-16 N547612)7
S. gilmorei W5342/Att590-16 (FN547609)
— s, giimoref WS342/Al1590-16 (FN847621)
S. gilmorei W5342/Att590-16 (FN547606)

S. gilmorei W5342/Att590-16 (FN547600
— S gilmorei W5342/Att590-16 (FN547601
— S. gilmorei W5342/Att590-16 ( N54761%)
—— S. gilmorei W5342/Att590-16 (FN547603)

{ S. gilmorei W5342/Att590-16 (g N547617

90 p—— S. gilmorei W5342/Att590-16 é:FN547622$

S. gilmorei W5342/Att590-16 (FN54760
99 S. pellucida (AY639313) 699 bf
S. pellucida (AY639323) 699 bp

81 S. pellucida (AY639261) 700 b

_|—_p S. pe Iuc(:ida (AY638)309|)E%1\5)\P

Scutellospora nodosa BEG4, W 3485/Att209-44 3FM8;683?;}
3

78 A Scutellospora nodosa BEG4, W3485/Att209-44 (FM876836
60 Scutellospora nodosa BEG4, W3485/Att209-44 (FM876834
Scutellospora nodosa BEG4, W 3485/Att209-44 (FM876835
S. pellucida NC155C (FJ461879) 650 bg <
R. fulgida W2993/field colected(ég775013 )

R. fulgida W2993/field collected 5013752
R. fulgida W2993/field collected Fq;R75014 )
R. fulgida W2993/field collected (FR750145)

R. fulgida W2993/field collected (FR750139
R. fulgida W2993/field collected (FR750147
—— R. fulgida W2993/field collected (RR750143)
—R. fulgl a W2993/field collected (FR750140)
R. fulgida W2993/field collected (IFR750142)
|— R. fulgida W 2993/field collected (FR750146)
R. fulgida W 2993/field collecte: IEFR750141)
R. fulgida W2993/field collected (FR750144
99 R. fulgida NC303A (FJ461870) 652 bg
R. fulgida ' W?2993/field collected (0 R7501 GL
R. verrucosa isolate 3 (AY900509) 656 bp e
R. verrucosa isolate 4 (AY900510) 656 bp e
R. verrucosa isolate 5 (AY900511) 656 bp e
—— R. verrucosa VA103A (FJ461881) 650 bp «

L — R. verrucosa isolate 2 (AY900508) 656 tg) .
bp e

—— R. verrucosa isolate 5AY9005 72_) 65
—— R. gregaria LPA48 (AJ510232) 668 bf

- R. persica MA461A (FJ461880) 650 bp <«
R. coralloidea SA260 ﬁ?.]4618662 650 te\p <
100 R. weresubiae W2988/field collected 'SF 750134)
——1 R weresubiae W2988/field collected (FR750135)
100 , Scutellospora spinosissima W 3009/Att664-1 EFR750149;

1
S. calospora HDAM-3 (EU252109
. calospora HDMA-3 (EU346867
S. calospora BEG32 (AJ510231) 707 bp
| S. calospora PL114 (FJ461865) 673 bp «
S. calospora AU212A (FJ4618642/674 b
S. dipurpurescens WV9

82 |
S

Scutellos_;)ora spinosissima W3009/Att664-1 (FR750150
42 bp
42 bp

bp 1
30 (FJ461868) 674 bp <«

r A. cavernata BEG33, W3293/Att209-37 (FM876790)

1 A. cavernata BEG33, W3293/Att209-37 (FM876791) 0.05



90

99

— A. brasiliensis W4699/Att1211-0

-A. brasiliensis W4699/Att1211-0 (FN825905)
- A. brasiliensis W4699/Att1211-0 (FN825909)
- A. brasiliensis W4699/Att1211-0 (FN825904)
A. brasiliensis W4699/Att1211-0 (FN825907)

FN825902

4 A. brasiliensis W5473/Att1210-5 (FN825911)
A. brasiliensis W5473/Att1210-5 (FN825910)

- A. brasiliensis W4699/Att1211-0 (FN825903)

- A. brasiliensis W4699/Att1211-0 (FN825906)

- A. brasiliensis W4699/Att1211-0 (FN825908)

— A. alpina ST2700 (AJ891103) 551 bp

— A. alpina OV2600 (AJ891106) 572 bp

_|-_A. alpina DS1908 (AJ891109) 571 bp
A. alpina ST2700 (AJ891104) 552 bp

‘LA' alpina ST2700 (AJ891102) 561 bp
A. alpina ST2700 (AJ891101) 562 bp

— A. alpina ST2700 (AJ891105) 552 bp

~ A. alpina OV2600 (AJ891108) 564 bp

A. alpina OV2600 (AJ891107) 547 bp

- A. colliculosa (GU326352) 662 bp

- A. colliculosa (GU326340) 662 bp

- A. colliculosa (GU326348) 662 bp

A. colliculosa (GU326349) 662 bp

A. colliculosa (GU326343) 662 bp

72[ A. brasiliensis W4699/Att1211-0 EFN8259013

93

96 - A. colliculosa (GU326339) 662 bp

100

- A. colliculosa (GU326351) 662 bp
- A. colliculosa (GU326346) 662 bp
- A. colliculosa (GU326350) 662 bp
A. colliculosa (GU326347) 662 bp
A. colliculosa (GU326345) 662 bp
A. colliculosa (GU326344) 662 bp
A. colliculosa (GU326341) 662 bp
A. colliculosa (GU326342) 662 bp
A. laevis BEG13 (FN547507)
A. laevis BEG26 (FN547518)
A. laevis BEG26 (FN547514)
A. laevis BEG26 (FN547513)
A. laevis W3247/Att423-4 (FN547517)
_[ A. laevis W3247/Att423-4 (FN547504)
A. laevis W3247/Att423-4 gFN547503g
— A. laevis W3247/Att423-4 (FN547502
_lA. laevis W3247/Att423-4 (FN547506)
A. laevis W3247/Att423-4 (FN547505)

78| A. laevis BEG13 (FN547510)

93

98

100

Z/LL

— [ A. laevis BEG13 (FN547509)

— A. laevis BEG13 (FN547511)
- A. laevis BEG26 (FN547515)
B A. laevis BEG13 (FN547512)
.[G. laevis BEG13 (FN547516)
A. laevis BEG26 (FN547519)
" A. laevis BEG13 (FN547508)
- A. laevis BEG13 (AJ510229) 705 bp
- A. laevis AU211 (consensus 1)
- A. entreriana W5469 (FR750172)
A. entreriana W5469 (FR750168)
H A. entreriana W5469 (FR750173)
A. entreriana W5469 (FR750171)
- A. entreriana W5469 (FR750169)
- A. entreriana W5469 (FR750170)
— A. colombiana BR100B (FJ461804) 657 bp <«
— A. colombiana W5795/Att1476-8 (FR750063)
~ A. colombiana C-18-3 (AJ239117) 523 bp
Acaulospora sp. CL283, FL709 (FJ461810) 658 bp «

100

100

83

777

— Acaulospora sp. BHRRA-2009a, VA105E (FJ461805) 657 bp <«
— A. mellea isolate 2 (AY900513) 663 bp e

— A. mellea isolate 1 (AY900512) 662 bp e

A. mellea isolate 3 (AY900514) 663 bp e

A. koskei WV786 (FJ461793) 658 bp «

A. lacunosa BEG78 (AJ891113)

96 [ A lacunosa BEG78 (AJ891110)

A. lacunosa BEG78 (AJ510230)
A. lacunosa BEG78 (AJ891111)
A. lacunosa BEG78 (AJ891112)

— A. lacunosa WV110 (FJ461800) 653 bp «
—— A. foveata CR315 (FJ461801) 645 bp <«

A. paulinae CW4 (AJ891118) 535 bp
A. paulinae CW4 (AJ891116) 548 bp
A. paulinae CW4 (AJ891115) 525 bp
A. paulinae CW4 (AJ891114) 549 bp
A. paulinae CW4 (AJ891117) 532 bp

A. paulinae CW4 (AJ891120) 535 bp
A. paulinae CW4 (AJ891121) 539 bp
A. paulinae CW4 (AJ891119) 536 bp
A. paulinae AU103A (FJ461796) 674 bp <«
Acaulospora sp. WUM18, W2941/Att869-3 §FM876792§
99/t Acaulospora sp. WUM18, W2941/Att869-3 (FM876793

A. denticulata CL139-3 (AJ239115) 497 bp
A. cavernata BEG33, W3293/Att209-37 (FM876791)
A. cavernata BEG33, W3293/Att209-37 (FM876788)
A. cavernata BEG33, W3293/Att209-37 (FM876789)
A. cavernata BEG33, W3293/Att209-37 (FM876790)
A. longula BEG8 (AJ510228) 709 bp
A. longula AcS (AM040292) 709 bp
A. longula AcS (AM040291) 687 bp
94 A. longula AcS (AM040294) 689 bp
A. longula AcS (AM040293) 689 bp
A. mellea CR316B (FJ461794) 675 bp «
A. dilatata WV204 (FJ461792) 674 bp <
A. delicata NY304 (FJ461791) 675 bp «

90 \

95

100

A. delicata ML103 (FJ461790) 675 bp <

66

&L— Acaulospora sp. CU141 (FJ461803) 674 bp <«
A. morrowiae CR404 (FJ461795) 674 bp «
A. spinosa W3574/Att-none (FR750152)

A. spinosa W3574/Att-none (FR750155)
60 [~ A. spinosa W3574/Att-none (FR750154)
A. spinosa W3574/Att-none (FR750153)
A. spinosa W3574/Att-none (FR750156)

A. spinosa W3574/Att-none (FR750151)

A. spinosa MN405B (FJ461798) 675 bp «

A. scrobiculata AU303 (FJ461797) 673 bp «
A. tuberculata VZ103E (FJ461799) 673 bp «
A. kentinensis TW111 (FN547522)

A. kentinensis TW111 (FM876821)

A. kentinensis TW111 (FN547521)

A. kentinensis TW111 (FM876823)

- A. kentinensis TW111 (FM876828)

- A. kentinensis TW111 (FM876826)

- A. kentinensis TW111 (FN547520)

A. kentinensis TW111 (FM876824)

A. kentinensis TW111 (FM876830)

- A. kentinensis TW111 (FM876822)

A. kentinensis TW111 (FM876827)

A. kentinensis TW111 (FN547523)

A. kentinensis TW111 (FM876829

A. kentinensis TW111 (FM876825

g [~ D. spurca W4119/Att246-18 (FN547644)
D. celata BEG231, FACE234, W4718+19/Att1278-2 (AM713404)

— A. kentinensis CU114A (FJ461808) 679 bp <«
Acaulospora sp. CL283, FL709 (FJ461811) 678 bp «

0.05

93

FD. celata BEG231, FACE234, W4718-19/Att1278-2 (AY639235
D. celata BEG231, FACE234, W4718-19/Att1278-2 (AM713404
D. celata BEG230, FACE83, W4758/Att1292-2 (AY639229
[ D. celata BEG230, FACE83, W4758/Att1292-2 (AY63922 2
- D. celata BEG230, FACE83, W4758/Att1292-2 (AY63923 g
T D. celata BEG232, FACE272, W4757/Att1291-2 (AY63923
[ D. celata BEG232, FACE272, W4757/Att1291-2 (AY639237
D. celata BEG230, FACE83, W4758/Att1292-2 (AY639227)
D. celata BEG232, FACE272, W4757/Att1291-2 (AY639240)
D. celata BEG231, FACE234, W4718-19/Att1278-2 (AM713417
D. celata BEG231, FACE234, W4718-19/Att1278-2 (AM713402
D. celata BEG231, FACE234 ,W4718-19/Att1278-2 (AM713403)
D. celata BEG232, FACE272, W4757/Att1291-2 (@Y639238)
D. celata BEG230, FACE83, W4758/Att1292-2 SA 639225
— D. celata BEG233, FACE410, W5306+07/Att1500-2 (DQ3 0448(}
)

62— D. celata BEG233, FACE410, W5306+07/Att1500-2 (DQ350452
— D. celata BEG233, FACE410, W5306+07/Att1500-2 SD 35045
— D. celata BEG233, FACE410, W5306+07/Att1500-2 (DQ350451)
—D. celata BEG232, FACE272, W4757/Att1291-2 (AY639241)
— D. celata BEG230, FACES3, W4758/Att1292-2§ Y639230)

[ D. celata BEG231, FACE234, W4718-19/Att1278-2 (AM713418
[ D. celata BEG231, FACE234, W4718-19/Att1278-2 (AM713419
— D. celata BEG233, FACE410, W5306+07/Att1500-2 (DQ350449)
[ D. celata BEG233, FACE410, W5306+07/Att1500-2 (DQ350453)
D. celata BEG230, FACE83, W4758/Att1292-2 (AY639231)

D. celata BEG231, FACE234, W4718-19/Att1278-2 (AY639233)
D. celata BEG231, FACE234, W4718-19/Att1278-2 26 Y639234)

D. celata BEG231, FACE234, W4718-19/Att1278-2 (AY639306)

D. celata BEG232, FACE272, W4757/Att1291-2 (AY639239)

D. celata BEG230, FACE83, W4758/Att1292-2 (AY639228)
_|D|ver3|spora sp. AZ237B (AF185681) 757 bp

Diversispora sp. AZ237B (AF185677) 567 bp

[— Diversispora sp. AZ237B %AF185679% 578 %p

— Diversispora sp. AZ237B (AF185678) 332 bp

— Diversispora sp. NB101 {\F185694§ 517 bp

100

— Diversispora sp. NB101 (AF185693) 577 bp
— Diversispora sp. NB101 (AF185682) 688 bp
Diversispora sp. NB101 28 bp

79

984
N

Diversispora sp. NB101 (AF185690) 516 bp
Diversispora sp. AZ237B (AF185680) 564 bp
D. eburnea AZ420A, W4729 (AM713408
D. eburnea AZ420A, W4729 (AM713407
D. eburnea AZ420A, W4729 (AM713410
D. eburnea UK121 (FJ461831) 708 bp «
D. eburnea AZ420A, W4729 (AM713413
D. eburnea AZ420A, W4729 (AM713416
D. eburnea AZ420A, W4729 (AM713411

- D. eburnea AZ420A, W4729 (EF067886)
| D. eburnea AZ420A, W4729 (AM713406g
D. eburnea AZ420A, W4729 (EF067888)

D. eburnea AZ420A, W4729 (AM713415

D. eburnea AZ420A, W4729 (AM713405

D. eburnea AZ420A, W4729 (AM713412

- D. eburnea AZ420A, W4729 (EF067887

" D. eburnea AZ420A, W4729 2AM713414

i i AF185691
Diversispora sp. NB101 (AF185695) 567 bp

D. eburnea AZ420A, W4729 (AM713409
. spurca ex-type W4119/Att246-18
. spurca ex-type W4119/Att246-18
. spurca ex-type W4119/Att246-18
. spurca ex-type W4119/Att246-18
. spurca ex-type W4119/Att246-18
. spurca ex-type W4119/Att246-18 (FN547643
. spurca ex-type W4119/Att246-18 (FN547644
. spurca ex-type W4119/Att246-18 (FN547653
D. spurca ex-type W4119/Att246-18 EFN547639;
D. spurca ex-type W4119/Att246-18 (FN547640

FN547647
FN547649
FN547648
FN547642
FN547646

vlvlvivivlvlvlv)

100

D. spurca ex-type W4119/Att246-18 (FN547654
D. spurca ex-type W4119/Att246-18 (FN547641
D. spurca ex-type W4119/Att246-18 (FN547650)
D. spurca ex-type W4119/Att246-18 (FN547638)
D. spurca ex-type W4119/Att246-18 (FN547645)
D. spurca WV109F£FJ461847%713 bﬁ <
D. spurca ex-type W4119/Att246-18 (FN547651
|FD. spurca ex-type W4119/Att246-18 (FN547637
D. sBurca ex-type W4119/Att246-18 %FN547652)
100 _—D. spurca HAS67 (FJ461848) 713 bp «
D. spurca SC157 (7J461849 710 bp «
— D. aurantia ex-type W4728/Att1296-0 (FN547661
— D. aurantia ex-type W4728/Att1296-0 (FN547665

100

— D. aurantia ex-type W4728/Att1296-0 (FN547664

— D. aurantia ex-type W4728/Att1296-0 (FN547663%

[ D. aurantia ex-type W4728/Att1296-0 (FN547659)
D. aurantia ex-type W4728/Att1296-0 (FN547660)

88 [~ D. aurantia ex-type W4728/Att1296-0 (FN547662)

D. aurantia ex-type W4728/Att1296-0 (FN547658
[— D. aurantia ex-type W4728/Att1296-0 (FN547657)
— D. aurantia ex-type W4728/Att1296-0 é N547656
— D. aurantia ex-type W4728/Att1296-0 (EF581 63;760 bp
— D. aurantia ex-type W4728/Att1296-0 (EF581862) 758 bp
—D. aurantia ex-type W4728/Att1296-0 (EF581860) 760 bp
—— D. aurantia holotype (AJ849468

—| D. aurantia ex-type W4728/Att1296- gN547655

¢LD- aurantia ex-type W4728/Att1296-0 (EF581864) 761 bp

D. aurantia ex-t Ig)e W4728/Att1296-0 (EF581861) 761 bp

100

— D. trimurales FL70 (5FJ461854) 709 bp «
D. trimurales BR608 (FJ461851) 702 bp «

— D. epigaea BEG47, W3180/Att475-22
. epigaea BEG47, W3180/Att475-22
[— D. epigaca BEG47, W3180/Att475-22
. epigaea BEG47, W3180/Att475-22
. epigaea BEG47, W3180/Att475-22
. epigaea BEG47, W3180/Att475-22
. epigaea BEG47, W3180/Att475-22
. epigaea BEG47, W3180/Att475-22
. epigaea BEG47, W3180/Att475-22
. epigaea BEG47, W3180/Att475-22
. epigaea BEG47, W3180/Att475-22
. epigaea BEG47, W3180/Att475-22
. epigaea BEG47, W3180/Att475-22
. epigaea BEG47, W3180/Att475-22
. epigaea BEG47, W3180/Att475-22
. epigaea BEG47, W3180/Att475-22
. epigaeca BEG47, W3180/Att475-22

100

99

ZLL.

. epigaea BEG47, W3180/Att475-22
. epigaea BEG47, W3180/Att475-22
. epigaea BEG47, W3180/Att475-22 (FN547681)
— D. epigaeca BEG47 (AY842568;
— D. epigaea BEG47, W5165/Att475-45 (FM876814)
L~ D. epigaea BEGA47 (AY842573%
D. epigaea BEG47, W5165/Att4 75-45 (FM876817)
[— D. epigaca BEG47 (AY842569)
— D. epigaca BEG47 (AY8425742
D. epigaea BEG47, W5165/Att475-45 (FM876816)
D. epigaea BEG47, W5165/Att475-45 (FN547635)
— D. epigaeca BEG47 (AY8425672)
— D. epigaea BEG47 (FJ461852) 707 bp <«
L~ D. epigaea BEG47 AM947665;
D. epigaea BEG47, W5165/Att475-45 (FM876819)
D. epigaea BEG47, W5165/Att475-45 (FM8768182)
D. epigaea BEG47, W5165/Att475-45 (FM876820)
D. epigaea BEG47, W5165/Att475-45 (FN547636)
— D. epigaea BEGA47, W5165/Att475-45 (FM876815)

Diversispora sp. W525

Diversispora sp. W5257 (FR686947

_ — Diversispora sp. W5257 (FR686945)
Diversispora sp. W5257 (FR686958
Diversispora sp. W5257 (FR686950
Diversispora sp. W5257 (FR686952

Diversispora sp. W5257 FR6869463
[|: Diversispora sp. W5257 (FR686948

;FR686949

— Diversispora sp. W5257 (FR686951

Re. fulvum CL-Mart05-049 (AM318546) 767 bp
90 Re. fulvum CL-Mart05-111 (AM418548) 762 bp
82 Re. fulvum CL-Mart05-049 (AM418545) 765 bp
Re. fulvum CL-Mart05-111 (AM418547) 754 bp

777

Redeckera sp. fulvum-like AC-Pohn99-001 (consensus 2)

— Re. pulvinatum CL-Mart05-035 (AM418549) 772 bp

100
96 — Re. pulvinatum CL-Mart05-035 (AM418550) 767 bp
98 Re. megalocarpum CL-Guad05-051 (AM418552) 778 bp

Re. megalocarpum CL-Guad05-051 (AM418551) 786 bp

D. trimurales KS101 (FJ461855) 713 bf <
G. tortuosum JA306A (FJ461850)705 bp «

100

r A. cavernata BEG33, W3293/Att209-37 (FM876791)

Ls——

100

‘A. cavernata BEG33, W3293/Att209-37 (FM876790)

—A. laevis W3247/Att423-4 (FN547503)

L A laevis W3247/Att423-4 (FN547502) 0.05



100

F. coronatum W3582/Att108-7 (FM876797)
F. coronatum W3582/Att108-7 (FM876798)

100

100

=
F.
F.

F.
E

ll_l_lll|||||_|_||
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F.

F.

F. coronatum W3582/Att108-7 (FM876796)
F. coronatum W3582/Att108-7 (FM876795)

F. caledonium BEG20, W3294/Att263-15 (FN547497)
F. caledonium BEG20, W3294/Att263-15 (FN547499)
F. caledonium BEG20, W3294/Att263-15 (FN547496)
97]; F. caledonium BEG20, W3294/Att263-15 (FN547495)
98
100

F. coronatum W3582/Att108-7 (FM876794)
100 [

F. caledonium BEG20, W3294/Att263-15 (FN547494)
F. caledonium BEG20, W3294/Att263-15 (FN547498)
Funneliformis sp. WUM3, W2939/Att15-5 (FN547481)
Funneliformis sp. WUM3, W2939/Att15-5 (FN547480)
Funneliformis sp. WUM3, W2939/Att15-5 (FN547479)
Funneliformis sp. WUM3, W2939/Att15-5 (FN547478)
Funneliformis sp. WUM3, W2939/Att15-5 (FN547477)
Funneliformis sp. WUM3, W2940/Att15-5 (FM876813)
F. mosseae BEG12, W5790/Att109-28 (FR750024)

F. mosseae BEG12, W5790/Att109-28 (FR750027)

F. mosseae BEG12, W5147/Att109-20 (FN547487)
F. mosseae BEG12, W5790/Att109-28 (FR750032)

F. mosseae BEG12, W5147/Att109-20 (FN547490)

. mosseae BEG12, W5790/Att109-28 (FR750029)
mosseae BEG12, W5790/Att109-28 (FR750033)
mosseae BEG12, W5790/Att109-28 (FR750028)
mosseae BEG12, W5147/Att109-20 (FN547486)

F. mosseae BEG12, W5147/Att109-20 (FN547476)
F. mosseae BEG12, W5147/Att109-20 (FN547483)

mosseae BEG12, W5147/Att109-20 (FN547493)

. mosseae BEG12, W5147/Att109-20 (FN547491)
. mosseae BEG12, W5147/Att109-20 (FN547475)
. mosseae BEG12, W5147/Att109-20 (FN547482)

mosseae BEG12, W5147/Att109-20 (FN547492)

. mosseae BEG12, W5147/Att109-20 (FN547489)

mosseae BEG12, W5147/Att109-20 (FN547484)

. mosseae BEG12, W5147/Att109-20 (FN547488)

mosseae BEG12, W5147/Att109-20 (FN547485)
mosseae BEG12, W5790/Att109-28 (FR750026)
mosseae BEG12, W5790/Att109-28 (FR750031)

. mosseae BEG12, W5790/Att109-28 (FR750030)
. mosseae BEG12, W5147/Att109-20 (FN547474)
. mosseae UT101, AFTOL-ID139 (consensus 1)

mosseae BEG25 (X96827)

89-1 F. mosseae BEG25 (X96826)

F.

mosseae BEG25 (X96828)

Glomus sp. W3347/Att565-7 (FR750202)

ZLL
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— G.
| G. macrocarpum W5581/Att1495-0 (FR750363)

100 1 Glomus sp. W3347/Att565-7 (FR750203)
Glomus sp. W3347/Att565-7 (FR750201)
. macrocarpum W5581/Att1495-0 (FR750370)
. macrocarpum W5581/Att1495-0 (FR750367)
. macrocarpum W5581/Att1495-0 (FR750369)
. macrocarpum W5581/Att1495-0 (FR750368)
. macrocarpum W5581/Att1495-0 (FR750365)
. macrocarpum W5581/Att1495-0 (FR750366)

. macrocarpum W5288/field collected (FR750530)

. macrocarpum W5293/field collected (FR750535)

. macrocarpum W5293/field collected (FR750537)

. macrocarpum W5293/field collected (FR750532)

. macrocarpum W5288/field collected (FR750529)

. macrocarpum W5288/field collected (FR750528)

_[- G. macrocarpum W5293/field collected (FR750540)
G. macrocarpum W5293/field collected (FR750544)

'l G. macrocarpum W5293/field collected (FR750531)
G. macrocarpum W5293/field collected (FR750536)

. macrocarpum W5293/field collected (FR750533)

. macrocarpum W5293/field collected (FR750542)

. macrocarpum W5293/field collected (FR750534)

. macrocarpum W5293/field collected (FR750541)

. macrocarpum W5293/field collected (FR750538)
. macrocarpum W5293/field collected (FR750539)
. macrocarpum W5288/field collected (FR750527)

. macrocarpum W5581/Att1495-0 (FR750364)
. macrocarpum W5288/field collected (FR750526)
macrocarpum W5293/field collected (FR750543)

G. macrocarpum W5581/Att1495-0 (FR750371)
Rh. intraradices FL208, W5166/Att4-38 (FM865604)

f ) :
L— Rh. intraradices FL208, W5166/Att4-38 (FM865606) 0.05

100 G. cerebriforme DAOM227022, MUCL43208 (FR750093

G. cerebriforme DAOM227022, MUCL43208 (FR750094

G. cerebriforme DAOM227022, MUCL43208 (FR750092
Rh. irregularis BEG195, W5272/Att1485-12 (FM865590
Rh. irregularis BEG195, W5272/Att1485-12 (FM865589
Rh. irregularis BEG195, W5272/Att1485-12 (FM865588)
Rh. irregularis BEG195, W5272/Att1485-12 (FM865593)

100 Rh. irregularis MUCL41833, DAOM233750 (FR750103)
Rh. irregularis MUCL41833, DAOM233750 (FR750101)
Rh. irregularis MUCL41833, DAOM233750 EFR750102§

G. cerebriforme DAOM227022, MUCL43208 %FR750095

Rh. irregularis MUCL41833, DAOM233750 (FR750104
Rh. irregularis MUCL41833, DAOM?233750 (FR750105
Rh. irregularis BEG195, W5272/Att1485-12 (FM865592)
Rh. irregularis BEG195, W5272/Att1485-12 (FM865594)
Rh. irregularis BEG195, W5272/Att1485-12 (FM865595)
u Rh. irregularis BEG195, W5272/Att1485-12 (FM865591)
—T Rh. irregularis DAOM197198, Att690-23 (FM992379
- Rh. irregularis DAOM197198, Att690-23 (FM992387
F Rh. irregularis DAOM197198, Att690-23 (FM992386
- Rh. irregularis DAOM197198, Att690-23 (FM992383
- Rh. irregularis DAOM197198, Att690-23 (FM992377)
Rh. irregularis DAOM197198, Att690-23 (FM992384)
Rh. irregularis DAOM197198, Att690-23 (FM992382)
_Er— Rh. irregularis DAOM197198, Att690-23 (FM992381)
Rh. irregularis MUCL46240 (FR750088)
Rh. irregularis A (FR750197) ¢
Rh. irregularis Ai R750195§ .

Rh. irregularis A (FR750192) ¢
Rh. irregularis A (FR750198) ¢
Rh. irregularis A (FR750194) ¢
Rh. irregularis A (FR750200) ¢
Rh. irregularis A (FR750199) ¢
Rh. irregularis A (FR750191) ¢
Rh. irregularis A (FR750193) ¢
Rh. irregularis A (FR750196) ¢
Rh. irregularis MUCL43205 2FR750116;
Rh. irregularis MUCL43205 (FR750113
Rh. irregularis MUCL43205 (FR750114
Rh. irregularis MUCL43205 (FR750106
94\ Rh. irregularis MUCL43205 (FR750109
Rh. irregularis MUCL43205 (FR750110)
N Rh. irregularis MUCL43205 (FR750112
Rh. irregularis MUCL43205 (FR750115
Rh. irregularis MUCL43205 (FR750117
Rh. irregularis MUCL43205 (FR750108
Rh. irregularis MUCL43205 (FR750107
Rh. irregularis MUCL43205 (FR750111)
— Rh. irregularis W4682/Att857 12 (FR750188)
" Rh. irregularis GINCO4695rac-11G2, AFTOL-ID845 (consensus 2)

Rh. irregularis DAOM197198, W5495/Att1192-27 (FM865615)
Rh. irregularis DAOM197198, W5495/Att1192-27 (FM865616)
Rh. irregularis DAOM197198, W5495/Att1192-27 (FM865614)
Rh. irregularis DAOM197198, W5533/Att1192-27 (FM865558)
- Rh. irregularis DAOM197198 (FR750066)
LT Rh. irregularis DAOM197198 (FR750068)
Rh. irregularis DAOM197198 (FR750064)

— Rh. irregularis DAOM197198 gFR7500698
L— Rh. irregularis DAOM197198 (FR750065)
H Rh. irregularis MUCL46240 (FR750090

Rh. irregularis MUCL46240 (FR750089
100 t Rh. irregularis DAOM197198, W5533/Att1192-27 (FM865551)

97 4

100\

100

737

C. claroideum

C. claroideum
C. claroideum
C. claroideum

W5794/Att1063-4 (FR750058)

C. claroideum W5794/Att1063-4 (FR750055)

W5794/Att1063-4 (FR750057)
W5155/Att1063-3 (FR750076)
W5155/Att1063-3 (FR750075)

—21"C. claroideum W5794/Att1063-4 (FR750061)

C. claroideum
1C. claroideum

W5794/Att1063-4 (FR750062)
W5794/Att1063-4 (FR750059)

C. claroideum W5155/Att1063-3 (FR750074)

C. luteum SA101-3, W3184/Att676-5 (FM876808)

C. luteum SA101-3, W3184/Att676-5 (FM876811)

C. luteum SA101-3, W3184/Att676-5 (FM876812)

C. luteum SA101-3, W3184/Att676-5 (FM876809)

C. luteum SA101-3, W3184/Att676-5 (FM876810)
C. claroideum W5794/Att1063-4 (FR750056)

)|C. claroideum W5794/Att1063-4 (FR750060)
Claroideoglomus sp. W5155/Att1063-3 (FR750077)

100

Claroideoglomus sp. W3349/Att565-11 (FM876807)
I:Claroideoglomus sp. W3349/Att565-11 (FM876805)

|

100

C. walkeri (AJ972467)
I'Claroideoglomus sp. W3349/Att565-11 (FM876804)
Claroideoglomus sp. W3349/Att565-11 (FM876806)
I_—C. drummondii (AJ972466)
C. drummondii (AJ972465)

L. drummondii (AJ972464)

C. etunicatum W5347/Att1505-8 (FN547627)
—C. etunicatum W5347/Att1505-8 (FN547632)
C. etunicatum W5347/Att1505-8 (FN547628)
C. etunicatum W5347/Att1505-8 (FN547625)
C. etunicatum W5347/Att1505-8 (FN547623)
_[C. etunicatum W5347/Att1505-8 (FN547634)
C. etunicatum W5347/Att1505-8 (FN547626)
C. etunicatum W5347/Att1505-8 (FN547631)
C. etunicatum W5347/Att1505-8 (FN547629)
C. etunicatum W5347/Att1505-8 (FN547630)
C. etunicatum W5347/Att1505-8 (FN547624)
F C. etunicatum UT316 (consensus 4)
C. etunicatum W5347/Att1505-8 (FN547633)
F. caledonium W3294/Att263-15, BEG20 (FN547494)

- Rh. irregularis DAOM197198, W5533/Att1192-27 (FM865552)
— Rh. irregularis DAOM197198 (FR750067)
[ Rh. irregularis W4682/Att857-12 (FR750187)
Rh. irregularis W4682/Att857-12 (FR750190
| Rh. irregularis W4682/Att857-12 (FR750186)
Rh. irregularis W4682/Att857-12 (FR750189)
— Rh. irregularis MUCL43195 (FR750080)
Rh. irregularis DAOM197198, AFTOL-ID48 (consensus3)
Rh. irregularis MUCL43195 (FR750081)
Rh. irregularis MUCL43195 (FR750078)
Rh. irregularis DAOM197198, W5495/Att1192-27 (FM865613)
— Rh. irregularis MUCL46240'§FR750091)
— Rh. irregularis MUCL43195 (FR750079)
— Rh. irregularis MUCL43195 (FR750082)
- Rh. irregularis (FJ009609) ¢
Rh. irregularis (FJ009606) ¢
— Rh. irregularis (FJ009607) ¢
Rh. irregularis (FJ009605) ¢
Rh. irregularis (FJ009611) ¢
Rh. irregularis (FJ009608) ¢
Rh. irregularis (FJ009610) ¢
- Rh. irregularis (FJ009612) ¢
— Rh. irregularis EFJ009618) O
— Rh. irregularis (FJ009614) ¢
— Rh. irregularis (FJ009616) ¢
90 — Rh. irregularis iFJOO%ng O
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Rh. irregularis (FJ009617) ¢

— Rh. irregularis (FJ009613) ¢

— Rh. irregularis DAOM197198, W5533/Att1192-2

— Rh. irreqularis DAOM197198, W5533/Att1192-27 (FM865550

— Rh. irregularis DAOM197198, W3182/Att1192-52 (FM865610

— Rh. irregularis DAOM197198, W5533/Att1192-27 (FM865555
E Rh. irregularis DAOM197198, W5495/Att1192-27 EFM865617;

ENEN

EFM865554

~N

Rh. irregularis DAOM197198, W5495/Att1192-27 (FM865611
Rh. irregularis DAOM197198. W3182/Att1192-52 (FM865609)
Rh. irregularis FTRS203 (FR750086

— Rh. irregularis FTRS203 (FR750087

L Rh. irregularis DAOM197198, W3182/Att1192-52 (FM865608)

- Rh. irregularis FTRS203 (FR750084)
Rh. irregularis FTRS203 gFR750085%

1 Rh._ irregularis DAOM197198 (FR750070)

100 | Rhizophagus sp. MUCL46100 éFR750071§
4| Rhizophagus sp. MUCL46100

FR750073
Rhizophagus sp. MUCL46100 (FR750072)
Rh. intraradices MUCL49410, W5070/Att1102-9 (FM865545)
66 Rh. intraradices MUCL49410, W5070/Att1102-9 (FM865548)
Rh. intraradices FL208, W5273/Att4-38 (FR750126
— Rh. intraradices FL208, W5273/Att4-38 (FR750127
- Rh. intraradices FL208, W5166/Att4-38 (FM865605
- Rh. intraradices FL208, W5166/Att4-38 (FM865585
Rh. intraradices FL208, W5166/Att4-38 (FM865575)
Rh. intraradices FL208, W5166/Att4-38 (FM865602
Rh. intraradices FL208, W5166/Att4-38 (FM865603
Rh. intraradices FL208, W5166/Att4-38 (FM865572
Rh. intraradices FL208, W5166/Att4-38 (FM865583)
Rh. intraradices FL208, W5166/Att4-38 FM865586;
Rh. intraradices FL208, W5166/Att4-38 (FM865582
— Rh. intraradices FL208, W5166/Att4-38 (FM865580)
[ Rh. intraradices FL208, W5166/Att4-38 (FM865559)
Rh. intraradices FL208, W5166/Att4-38 (FM865597)
Rh. intraradices FL208, W5166/Att4-38 (FM865573)
83 _[— Rh. intraradices FL208, W5166/Att4-38 (FM865578)
Rh. intraradices FL208, W5166/Att4-38 (FM865598)
Rh. intraradices FL208, W5166/Att4-38 (FM865577
~ Rh. intraradices FL208, W5166/Att4-38 (FM865600
96 Rh. intraradices FL208, W5166/Att4-38 (FM865565)
Rh. intraradices FL208, W5166/Att4-38 (FM865570
Rh. intraradices FL208, W5166/Att4-38 (FM86560
Rh. intraradices FL208, W5166/Att4-38 (FM865606
Rh. intraradices FL208, W5273/Att4-38 (FR750372)
Rh. intraradices FL208, W5166/Att4-38 éFM865601
Rh. intraradices FL208, W5166/Att4-38 (FM865562
L Rh. intraradices MUCL49410, W5070/Att1102-9 (FM865547)
| | Rh. intraradices FL208, W5166/Att4-38 (FM865604)

Rh. intraradices MUCL49410, W5070/Att1102-9 (FM865546)
Rh. intraradices FL208, W5166/Att4-38 (FM865599)
Rh. proliferus MUCL41827 (FM992398)
Rh. proliferus MUCL41827 (FN547500
Rh. proliferus MUCL41827 (FM992395
Rh. proliferus MUCL41827 (FM992396
Rh. proliferus MUCL41827 (FN547501
68 Rh. proliferus MUCL41827 (FM992390
N Rh. proliferus MUCL41827 (FM992391
Rh. proliferus MUCL41827 (FM992401
Rh. proliferus MUCL41827 (FM992402
Rh. proliferus MUCL41827 (FM992400
Rh. proliferus DAOM226389, MUCL41827 (AJ973393)
Rh. proliferus DAOM226389, MUCL41827 (GQ205077)
Rh. proliferus DAOM226389, MUCL41827 (GQ205078)
Rh. proliferus DAOM226389, MUCL41827 (GQ205079) 497 bp e
Rh. clarus W3776/Att894-7 (FM865539)
Rh. clarus W3776/Att894-7 (FM865540)
Rh. clarus W3776/Att894-7 (FM865538)
100 Rh. clarus W3776/Att894-7 (FM865541
Rh. clarus W3776/Att894-7 (FM865542
Rh. clarus W3776/Att894-7 (FM865536)
Rh. clarus W3776/Att894-7 (FM865543
Rh. clarus W3776/Att894-7 (FM865544

F. caledonium W3294/Att263-15, BEG20 (FN547495) 0.05

[ Claroideoglomus sp. W3349/Att565-11 (FM876804
/;;/ Claroideoglomus sp. W3349/Att565-11 (FM876807
68 A Claroideoglomus sp. W3349/Att565-11 (FM876805 0.05
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9. Discussion

9.1 General discussion

The aim of my thesis was to elaborate the molecpitgsiogeny of the ecologically and economically
important AMF, for a better understanding of theilution, diversity and applicability. These data
should moreover be used to develop molecular tgatcials for AMF recognition in molecular-ecological
studies. As suitable markers for phylogeneticaliglusive detection of AMF were still missing, a new
primer set for characterization of AMF with speeliegel resolution, was successfully designed astéte
(chapter 4).

Using the 1.5 kb SSU-ITS-LSU fragment as baseliatg,ddetailed DNA barcoding analyses could be
conducted, including the analysis of intraspecifariability and potential DNA barcoding regions for
species recognition of AMF (chapter 5). DNA barecadicould be helpful in biological research and
agronomic field analyses regarding AMF, e.g. adityueontrol of applied inoculum or for beforehand
characterization of the occurring AMF in the fieldis well known that AMF can improve plant tolace

to drought stress and pathogen resistance, but ma&chanisms are not yet understood. Using a suited
DNA barcoding region will allow detecting AMF-plaptreferences in different environments and thus
also help to uncover such yet unknown mechanisms.

Based on a ~2.7 kb (SSUfull-ITS-LSU) rDNA consensasjuence analysis, the sister-grouping of
glomeromycotan fungi t@ikarya (Schii3ler et al., 2001b; James et al., 2006), wisérg the SSU, ITS
and/or LSU rDNA regions, was confirmed and Beraglomeralesvere, for the first time, supported in
bootstrap analyses as the most ancient lineagkeiGliomeromycotachapter 8, Fig. 1). Furthermore
several debated revisions in the systematics of AblHd be clarified, supported or rejected basethen
more comprehensive database provided, e.g. th#teoGigasporaceagOehl et al., 2008; Morton &
Msiska, 2010a) and dintrophosporgSieverding & Oehl, 2006), as well as the transfdfuklosporato
AcaulosporaKaonongbua et al., 2010). Furthermore, the maponomic revision of Schu3ler & Walker
(2010) within theGlomeromycotavas partially based on the SSUfull-ITS-LSU data.

This ~2.7 kb SSUfull-ITS-LSU sequence baseline established and will become a base of a curated
dataset to make the improvements in molecular tieteand species recognition of AMF available for

ecosystem research and AMF application.
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9.2 The recent taxonomy ofGlomeromycota

The fundamental changes in the systematigSlomeromycotgSchifler et al., 2001b), due to the large
number of revised or modified revisions, indicdte needs for reliable molecular characterizatioth an
tracing tools. A revision oGigasporaceady Oehl et al. (2008) was rejected in most paytdlorton &
Msiska (2010a) lacking a sufficient taxon samplangd robust phylogenetic analyses for an adequate
revision. Further changes in the systematics of Aldife made, e.g. with the erectionlofrasporaand
Kuklospora(Sieverding & Oehl, 2006) solely based on morpggland recently revised (Kaonongbua et
al., 2010) founded on molecular evidenceKagklosporaspp. cluster polyphyletically iv\caulospora
Last but not least a major revision Gilomus Diversisporaceaeand the rejection ontraspora was
published by SchiuRler & Walker (2010), attemptiog base the systematic of AMF on a natural,
phylogenetic framework. The latter revision wasalsne to avoid the inflation of names announceal at
symposium at the ICOM6 conference in Brazil, whiebuld have led to a large number of new taxa in

the Glomeromycota

The results of the phylogenetic analyses of thekB.8SUfull-ITS-LSU, the SSU-ITS-LSU fragment and
the SSU rRNA gene (chapter 8, Figs 1-9) are comgrwéh, and partly were the base for, the revisidn
Schidler & Walker (2010). The data presented hks@ support the changes in tbéversisporaceage
namely the transfer of fouGlomus species toDiversispora (Schiller & Walker, 2010) based on
molecular evidence (Schi3ler et al., 2011 - chafjitend the new gend®edeckerawith the specieRe
fulvum Re pulvinatumand the generic type speciRe. megalocarpungscutellospora weresubiaeas re-
transferred toRacocetra based on the phylogenetic data shown in chapteras3,it clusters
monophyletically with this genus. The monospeciienusIntrasporg was rejected andhtraspora
schenckiitransferred teArchaeosporaas it is phylogenetically placed in betwerthaeosporeacultures
and thus congeneric, as demonstrated in chapt&@he.recently describeBntrophosporanevadensis
(Palenzuela et al., 2010), as well@t®spora bareaéPalenzuela et al., 2008) was shown to be congener
with Diversispora(Schifler et al., 2011 - chapter 7; chapter 8)thadbublished sequence data may be
derived from contaminations. Furthermore the phetaic relationship oAmbispora brasiliensigGoto

et al., 2008), which was described based only aresmpnorphology, could be clarified and molecular
evidence place the fungusAraulosporaasAc. brasiliensigKriger et al., 2011 - chapter 6).

It seems clear that further revisions within BBlomeromycotaehave to be done as e.g. for the genera
erected by Oehl et al. (2008), representiegitellosporaspecies sensu Morton & Msiska (2010a). These
genera are largely supported by the SSU and LSlysesashown here, but the results are still basea o
limited taxon sampling. A robust taxon sampling,side the molecular tools that allow species
recognition, should be the base for any major tartin changes.
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9.3 Evolution of Glomeromycota

A correct natural systematics of tlomeromycotashould reflect the evolution of this ancient funga
phylum, which is dated back to at least 460 Mya whdse members co-evolved with land plants since
their origin. Molecular clock estimates seem tatm only method to date back the origin of earlygal
lineages and th&lomeromycotaHowever, due to rare fossil records and variaftsstution rates in
different fungal lineages this method may produtefacts and divergence time estimates may be dhiase
(Berbee & Taylor, 2010). There are only few fogsitords for glomeromycotan fungi, such as fossil
spores resembling modern glomeromycotan sporesN#@0 Redecker et al., 2000; 400 Mya, Dotzler et
al., 2006; 2009) and the well preserved arbusdolsd in Aglaophyton(400 Mya; Remy et al., 1994).
These recently discovered fossils (Dotzler et 2006; 2009) could be very valuable for re-calilmgti

molecular estimates, especially the origin of@igasporaceae

The molecular clock estimates for the origin of ghemeromycotan lineages differ from 760 Mya torove
1000 Mya, indicating the limitations of the moleauklock methods and the lack of appropriate fossil
calibration points. It is very likely that AMF am@defore land plants (Brundrett, 2002) and are thus
hypothesized to have played an important role itoripation of the land by plants (Pirozynski &
Malloch, 1975), which is widely accepted nowaddyenctional evidence for this hypothesis was lacking
so far, but Humphrey et al. (2010) recently showegport for this scenario by demonstrating that
mycorrhizalMarchantia paleacea¢a thalloid liverwort) shows enhanced biomass patidn, uptake of
nitrogen and phosphorus, in contrary to the nonamizal plants, when grown at G@oncentrations
similar to them in the early Palaeozoic era. Befareh mycorrhiza-like symbioses with bryophytes, AM
may have been associated with other photoautraph@nisms (Selosse & Tacon, 1999; Heckman et al.,
2001) such as the unique endosymbiosi@@dsiphon pyriformigSchiRler, 2002) which forms symbiosis
with the cyanobacteriutNostoc punctiforméSchulRler et al., 2007).

Land plants were recently dated back using an ueleded relaxed-clock analysis including 33 fossil
calibration points to have been originated at 44&aMiddle Ordovician; Smith et al., 2010), butfact
Smith et al. (2010) discuss the split between binytgs and Lycopodiophyta and not the origin ofléred
plant lineage. This split is consistent with thelieat known microfossil records of land plants 184
Mya, Wellmann & Gray, 2000). Flowering plan&sngiospermagewere suggested to have originated 217
Mya (Late Triassic) approx. 20 My earlier than poesly estimated (140 Mya, Bell et al., 2005; 190
Mya, Magallon & Sanders, 2005). It seems likelyt tte origin of land plants and of AMF will be ddte
back further in time.
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9.4 Molecular phylogeny of Glomeromycota

The GlomeromycotdSchufler et al., 2001b) and their sister-groupirggsce andBasidiomycotgJames
et al., 2006; chapter 8), was questioned by Leeo&ing (2009). They demonstrated low supported sister
grouping toMortierella verticillata based on the phylogenetic analyses on 14 mitoclatlydencoded
proteins. The relationship with tiortierellaleswas also indicated by analyses of actin genes,1Ri?H
elongation factor 1l-alpha (EFe)l (Redecker & Raab, 2006) and an analysis basedl1@nnucleus-
encoded proteins (Liu et al., 2009). Tdreandp-tubulin gene phylogenies sugges@aytridiomycotaas
sister-group of glomeromycotan fungi (Corradi et ab04), while with increased taxon sampling and
exclusion of the third codon position of tifetubulin gene Msiska & Morton (2009) showed sister
relationship tazygomycotdor GlomeromycotaThe phylogenetic relationship Glomeromycotdo other
fungal phyla remains unclear and varies dependinthe marker used, but in contrast the monophyly of

glomeromycotan fungi is supported in all analyselependent of the marker region used.

Currently only few data is available for the praoteioding genes of AMF, mainly froRRhizophagus
irregularis and closely related species, and a more compriveesampling of taxa is needed. Therefore
only the rDNA as marker regions are discussed laareroviding the largest taxon sampling and sexpien

numbers have grown considerably in the last years.

Genus resolution with the SSU rDNA marker region

Despite the limited resolution power of the SSU MNvhich was also indicated in previous studies
(Bruns et al., 1991; Hofstetter et al., 2007), 88U rDNA is still widely used for characterizatioh
AMF in the field (Lee et al., 2008; Beck et al. 020 Opik et al., 2008, 2010; Turrini et al., 2008ng et

al., 2010; Ryszka et al., 2010). As the SSU rDN#vjifes the largest taxon sampling, Opik et al. @00
and Lumini et al. (2010) both conducted in-fieldroounity studies of AMF using a 454 sequencing
approach based on the conserved SSU and the edyativort 200-250 bp reads. Both defined phylotypes
with 97% sequence similarity, widely used for fudingth SSU sequences of bacteria, but clearly
corresponding to above species recognition for AMRus, this method may hide many AMF species,
making interpretations in ecological studies difftcand error-prone. We considered the SSU rDNA

region as unsuited for community analysis at spgeleieel and DNA barcoding.

New AMF specific primers and species resolutiorhwiite ITS and LSU rDNA region

As the SSU rDNA region is unsuited for species gadtion, we designed new AMF specific primers
(SSUMAf-LSUmAr, SSUmMCf-LSUmBT), which amplify a fiament of ~1.5-1.8 kb covering the 3’ SSU,
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the whole ITS and a part of the LSU rDNA regioneVtwere tested and amplify members of all main
lineages in theslomeromycotgchapter 4). In a field trial using the primers fomplification of AMF
DNA from plant roots we only observed two non-tdargequence from over 100 processed samples,
which wasRanunculugepensandRumex acetoselldue to the increasing number of sequence data for
AMF it seems clear that the primers have to benupéd in future, as we, e.g. recently observed some
mismatches forArchaeospora schenckand Archaeospora trappeiTo improve the efficiency of the
primers and to prevent bias in amplification toveartain groups of AMF the concentration of the
individual primers in the mixture could easily bdjwsted, in future attempts, and new versions of

individual primers may be designed, when necessary.

The ITS region was used as a kind of ‘de facto Didé#code’ since the early 1990s for fungi (Kdljatg e
al., 2005) and may provide species-level resolufidre ITS region was used for AMF to separate ggeci
e.g. in theAmbisporaceagWalker et al., 2007) and in combination with th8U rRNA gene for
DiversisporaceadGamper et al., 2009), but species recognitiothefl TS alone for very closely related
species e.g. foRhizophagusntraradices FL208 andRhizophagusrregularis DAOM197198 (the latter
usually wrongly named &Slomus intraradicessee Stockinger et al., 2009) is not always roliist to
high intraspecific variability. We considered tA&Iregion as useful to distinguish species, but aitme

limitations.

The LSU rDNA was also frequently used for idengfion of AMF in community analyses (van Tuinen et
al., 1998; Kjgller & Rosendahl, 2000; Turnau et 2001; Gollotte et al., 2004; Pivato et al., 2007;
Gamper et al., 2009), often covering the variabledd D2 region, sometimes both. The LSU-D2 region
could resolve AMF species (Kjgller & Rosendahl, @0@nd most of the frequently used LSU primer
pairs are designed to amplify the LSU-D2 in a reRER approach (Gollotte et al., 2004; Kjgller &
Rosendahl, 2000). Our results now demonstratedbd gesolution provided by the LSU-D2 alone, which
was almost the same as for the 800 bp LSU-fragwavering both, the D1 and D2 regions. In contrast,
the LSU-D1 alone could not separate over half efahalyzed AMF species (chapter 5).

Using the SSU-ITS-LSU fragment, amplified with tAMF specific primers, we could achieve species-
level resolution and clarify some inconsistencigthiw the systematics dBlomeromycotasee chapter

9.1). With the SSU-ITS-LSU fragment, which covelk earlier used regions, we could analyze all
available data and compare results of differendliey which was not possible before. The analysis i
chapter 5 was the first using the SSU-ITS-LSU fraginto characterize AMF, therefore no other
comparative data covering the complete 1.5 kb SB&HISU fragment were available yet, but we know

from personal communications that it is now usedéyeral research groups and soon more data will be
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published. Further sequence data were publishecdaalgzed here (chapter 8), for all main phylogienet
lineages ofGlomeromycotawhich confirmed and refined the former resultsisTindicates that the SSU-
ITS-LSU fragment carries appropriate informativgioas for robust phylogenetic analyses and molecula
detection of AMF at species-level. Furthermore gsihe SSU-ITS-LSU fragment as a phylogenetic
‘backbone’, species recognition was possible evéh shorter fragments included (Stockinger et al.,
2010 — chapter 5).

In combination with a fragment, covering almost fiiélength of the SSU, a robust phylogenetic gsial
based on 2.7 kb SSUfull-ITS-LSU sequences was adaduwhich might be used as future standard in
molecular characterization of glomeromycotan furadgo helping to fill up the gaps in the coverage
provided by public sequence databases.

9.5 DNA barcoding of Glomeromycota

For fungi, a standardized official DNA barcode igrently lacking. Our recommendation is to use the
complete 1.5 kb SSU-ITS-LSU fragment as baselinéfdF DNA barcoding, because shorter fragments
failed to separate closely related species robistgpter 5). However, species identification isyas
good as the reference sequence database (Begesdw 2210) and standards are needed, e.g. regardin
vouchers, geographical data, correct annotationeragailable sequence data, etc. Thus and becéuse o
the known problems in the international sequendabdaes (Bidartondo et al., 2008), curated database
such as the ‘user-friendly nordic ITS ectomycorahidatabase’ (UNITE, http://unite.ut.ee) and the
accompanied web-based workbench PlutoF (Abarenkowsl.e 2010; http://plutof.ut.ee) are needed.
Presently UNITE and PlutoF only provide upload aodhparison of the ITS region, but for UNITE the
LSU rDNA region will also be implemented in futuedso for Glomeromycota(UNITE/NordForsk
Network Meeting, Helsinki Finland, 2009). To suppsuch databases, descriptions of new AMF species
should be as accurate as possible (vouchers, dapatavering intraspecific sequence variability.)et
We here publish our curated sequence databasethp pzercome the current limitations of AMF spegie

recognition in ecological studies (chapter 8).
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10.Outlook

The currently 228 described AMF species are ondytiih of the iceberg and it is most likely that it

the next years many new species will be descrilveckgard to the high-throughput sequencing methods
even more undescribed species will be publishedréfbre it is important to have a standardized
molecular characterization, e.g. the one we inttedubased on a 2.7 kb SSUfull-ITS-LSU rDNA
fragment (chapter 8) also covering the most likljure DNA barcode for fungi and part of the
intraspecific variability. Such molecular charaization should be done for all available and
morphological characterized, defined AMF cultur@éniprove the data-baseline for community analyses.
For a reliable taxonomy and systematic of AMF, repscies should be described as accurate as pgssible
both, morphologically and molecularly. Lacking cuis and high-quality sequence data are the biggest
bottlenecks for glomeromycotan molecular-ecologieakarch.

Further improving the dataset for protein encodjeges for AMF is also important, as comparison of
phylogenetic analyses for multiple genes may stiteeyet unclear relationship of tiEomeromycotado
other fungal phyla. Partly due to such problems, limited fossil records and variable molecularcklo
estimates, the understanding how AMF have evoltifldssin its infancy. Molecular clock estimatesea
not always congruent and tend to result in eadaing (Bromham & Penny, 2003) than estimates based
on fossil records. Furthermore the fossil records getting rare with increasing geological age
(Heckmann et al., 2001) and thus the precision @toular clock estimates cannot be proven, which wa
called ‘the negative evidence dilemma’ by Berbeel&lor (2010). New fossil findings and refined
molecular clock methods will improve the precisiof the estimations about the origin of the
Glomeromycotalt is likely that their origin will be dated baék regard to the more conserved estimation
methods as it was recently done for the origiraafllplants (Smith et al., 2010).

The molecular tools presented (chapter 4, 5) cbaldsed for detection of AMF species applied fram a
inoculum mixture, e.g. in tree nurseries or agtimgl. Knowing which AMF persists in the field the
inoculum could be improved, making afforestationagricultural application more efficient. This cdul
be time and cost efficient with the recent GS-Flystem (~400 bp) or the upcoming upgrade of the
system (~800 bp).

Third generation sequencing technologies, sucth@®ACBIORS (Pacific Bioscience) combining the
high amount of sequences generated (second gemgratid the reduction of the bias introduced by PCR
with projected read lengths giilkb (www.pacificbioscience.com) will help to disesthe biodiversity of
AMF in an unknown range, further improving the kneglge about the important and potential plant
preferences of these indispensable fungi.
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mycorrhizal fungi’.
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Figure S3: For legend see next page.
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Figure S3: SSUMCf-LSUmBr (A), ITS region (B), LSU region (C), ITS2 fragment (D), LSU-D1
fragment (E), or LSU-D2 fragment (F) neighbour joining (NJ) analyses, 1000 bootstraps (BS), of
Glomus Group Ab from the core dataset. Glomus cf. clarum (»), Gl. intraradices (®), GI. proliferum (0O),
Glomus sp. ‘irregulare-like’ ().

Figure S4: SSUmMCf-LSUmBr (A), ITS region (B), LSU region (C), ITS2 fragment (D), LSU-D1
fragment (E), LSU-D2 fragment (F) NJ analyses (1000 BS) of Glomus Group Aa from the core dataset.
Glomus mosseae (m), Glomus sp. WUM3 (@), GI. coronatum (), GI. caledonium (»).
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Figure S5: SSUMCf-LSUmBr (A), ITS region (B), LSU region (C), ITS2 fragment (D), LSU-D1
fragment (E), LSU-D2 fragment (F) NJ analyses (1000 BS) of Acaulosporaceae from the core dataset.
Kuklospora kentinensis (#), Acaulospora sp. WUM18 («), Ac. scrobiculata (O), Ac. laevis (@
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Figure S6: SSUMCF-LSUmBr (A), ITS region (B), LSU region (C), ITS2 fragment (D), LSU-D1
fragment (E), LSU-D2 fragment (F) NJ analyses (1000 BS) of Glomus Group B from the core dataset.
Glomus sp. W3349 (), GI. luteum (O), Gl. etunicatum (®).
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Figure S7: SSUMCf-LSUmBr (A), ITS region (B), LSU region (C), ITS2 fragment (D), LSU-D1
fragment (E), LSU-D2 fragment (F) NJ analyses (1000 BS) of Diversisporaceae from the core dataset.
Glomus eburneum (v), Gl. aurantium (<), Gl. versiforme (O), Diversispora celata (<), Di. spurca (V).
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Figure S8: SSUMCf-LSUmBr (A), ITS region (B), LSU region (C), ITS2 fragment (D), LSU-D1 fragment
(E), LSU-D2 fragment (F) NJ analyses (1000 BS) of Gigasporaceae from core dataset. Scutellospora
spinosissima (m), Sc. heterogama (O), Gigaspora rosea (V), Sc. gilmorei (¢), Gi. margarita (®).
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Figure S9: ITS region (A) and ITS2 fragment (B) NJ analyses (1000 BS) of the Ambisporaceae.

Ambispora gerdemannii (v), Am. leptoticha (R), Am. callosa (<), Am. fennica (A),

Am. appendicula (¢), Ambispora sp. from Plantago (m), from Prunus (O), from Taxus (»).
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Figure S10: ITS region (A) and ITS2 fragment (B) NJ analyses (1000 BS) of the Diversisporaceae.
Glomus eburneum (v), Gl. aurantium (<), Gl. versiforme (0O), Diversispora celata («), Di. spurca (V),

Gl. megalocarpum (e®), Gl. fulvum (e), GI.
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Figure S11: LSU region (A), LSU-D1 fragment (B) and LSU-D2 fragment (C) NJ analyses (1000 BS)
of the Diversisporaceae. Glomus eburneum (V), Gl. aurantium (<), GI. versiforme (O), Di. celata (<),
Di. spurca (V).
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Supplementary Tables S1 — S7

Table S1: Sequences used to assemble the coretd&tamber of spores used for DNA extraction isvaiaf known (ss, single spore; ms, multi-
spore), as well as cloning numbers (in parenthéskswing the number of sequences) and the primsesl for the sequences published here (in

parentheses, following the accession numbersamplified by nested PCR).

DNA
Identifier, culture (Att)/voucher (W) used Speciemame No. of sequences extraction Acc Nos.
BEG12, Att109-20/W5147 Glomus mosseae 7 (pHS110), 8 (pHS101) 1xss FN547474-6,82-93 (BSHLSUmMBT [n])

WUMS3, Att15-5/W2939 Glomus sp. WUM3 5 (pMK23) ss FN547477-81 (SSUGIom1-NDL2P [
MUCL41827, -/- Glomus proliferum 2 (pHS113) ss FN547500-1(SSUmMCf-LSUmBr [n])
BEG13, -/W5258 Acaulospora laevis 7 (pHS054) ss FN547507-12, 16 (SSUMAf-LR4+2)

none, Att423-4/\W3077 Acaulospora cf. laevis 6 (pPHS032) ss FN547502-6,17 (SSUMAf-LR4+2)

BEG26, -/- Acaulospora cf. laevis 5 (pHS030) Ss FN547513-5,18,19 (SSUGIom1-NDL22[n])
INVAM TW111, Att1499-9/W5346 Kuklospora kentinensis 4 (pHS098) ss FN547520-3 (SSUMCT-LSUmBTr [n])

none, Att1235-2/W5156
none, Att200-23/W4752

Ambispora appendicula
Ambispora fennica

11 (pPMK096)
12 (pMK094)

ms (3 spores)
ss

FN547524-34 (SSUMAF-LSUNA
FN547535-46 (SSUMCF-LSUMBT [n])

BEG34, -/- Gigaspora margarita 24 (pHS108) S FN547547-70 (SSUMAf-LSUmAr)

DAOM194757, Att1509-20/W5384 Gigaspora rosea 6 (pHS106), 18 (pHS105), 3 1xss FN547571-97 (SSUMCf-LSUmBT [n])
(pHS104)

FCPC1145, Att590-16/W5342 Scutellospora gilmorei 21 (pHS107), 5 (pHS103) 1xss FN547598-622 (SSUBELIMBT [n])

none, Att1505-8/W5347 Glomus etunicatum 12 (pHS112) Ss FN547623-34 (SSUGIom1-NDL22 [n])

BEG20, Att263-15/W3294 Glomus caledonium 6 (pHS031) ss FN547494-9 (SSUGIom1-NDL22 [n])

BEG47, Att475-45/W5165 Glomus versiforme 2 (pHS034) SS FN547635-6 (SSUGIom1-NDL22 [n])

BEG47, Att475-22/W3180 Glomus versiforme 10 (pMK73), 6 (pMK72) 2 Xss FN547666-81 (SSUMAf4-R2)

none, Att1296-0/W4728 Glomus aurantium 11 (pHS109) ss FN547655-65 (SSUMCf-LSUmBT [n])

none, Att246-18/W4119 Diversispora spurca 18 (pHS100) ss FN547637-54 (SSUMCf-LSUmBT [n])

WUM18, Att869-3/- Acaulospora sp. WUM18 2 ss FM876792-3

BEG33, Att209-37/- Acaulospora scrobiculata 41 ss FM876788-91

BEG231, FACE#234 Diversispora celata 32 ms AM713402-4

INVAM AZ420A, Att1290-5/W4729 Glomus eburneum 122 ms AM713405-16

BEG28, Att108-7/- Glomus coronatum 5t ss FM876794-8

WUM3, Att15-5/W2940 Glomus sp. WUM3 1 ss FM876813



INVAM SA101, Att676-5/-
none, Att565-11/W3349
WUM11, Att862-7/W2928
none, Att894-7/-

Glomus luteum
Glomus sp. W3349
Acaulospora laevis
Glomus cf. darum

DAOM197198 related, -/W5533, W5495, W318Zlomus sp. ‘irregulare-like'

W5499; BEG195, -/W5272

INVAM FL208, -/W5413, W5166, W5507;

MUCL49410, -/W5070
none, -/W4545

INVAM TW111, Att1499-9/W5346

MUCL41827, -/-

none, -/W3009

BEG35, Att334-16/-
BEGA47, Att475-45/W5165

AFTOL-139, INVAM UT101/ BL0O22
AFTOL-845, 4695rac-11G2/ BL095
AFTOL-48, MUCL 43194/DAOM181602
AFTOL-138, INVAM FL225/ BL021
AFTOL-844, INVAM 1A702/ BL093

! Kriigeret al. 2009,> Gamperet al. 2009, Stockingeret al. 2009,* Jamest al. 2006

Glomus intraradices

Pacispora scintillans
Kuklospora kentinensis
Glomus proliferum
Scutellospora spinosissima
Scutellospora heterogama
Glomus versiforme

Glomus mosseae

Glomus sp. ‘irregulare-like'
Glomus sp. ‘irregulare-like'
Scutellospora heterogama
Paraglomus occultum

Ss FM876808-12
Ss FM876804-7
Ss FM876780-7
Ss FM865536-44

4 x ss, 1 x ms FM865550-8, FM865588-96, FM865608-17,
(3 spores) FM992377-87

4 xss FM865545-49, FM865559-87, FM865597-607
ss FM876831-2

ss FM876821-30

1xss,1xmsFM992388-402

Ss FM876834-6

Ss FM876837-9

Ss FM876814-20

unknown Consensus AY635833 + AY997053 + DQ273793
unknown Consensus DQ273828 + DQ322630 + AY997054
ms Consensus AY635831 + AY997052 + DQ273790
unknown Consensus AY635832 + AY997088 + DQ273792
unknown Consensus DQ322629 + DQ273827 + AY997069



Table S2: Sequences used for analysis oAthieisporaceae ITS region (see Figure S9).

Accession
FN547524
FN547525
FN547526
FN547527
FN547528
FN547529
FN547530
FN547531
FN547532
FN547533
FN547534
AB048656
AB048657
AB048658
AB048659
AB048660
AB048661
AB048662
AB048663
AB048664
AB048665
AB048666
AB048667
AB048668
AB048669
AB048670
AB048671
AB048672
AB048673
AB048674
AB048675
AB048676
AB048677
AB048678
AB048679
AB048680
AB048681
AB048682
AB259840
AB259841
AB259842
AB259843
AB259844
AB259845
AB259846
AM268197
AM268198
AM268199

Species
Ambispora appendicula
Ambispora appendicula
Ambispora appendicula
Ambispora appendicula
Ambispora appendicula
Ambispora appendicula
Ambispora appendicula
Ambispora appendicula
Ambispora appendicula
Ambispora appendicula
Ambispora appendicula
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora callosa
Ambispora fennica
Ambispora fennica
Ambispora fennica

Culture/voucher
Att1235-2/W5156
Att1235-2/W5156
Att1235-2/W5156
Att1235-2/W5156
Att1235-2/W5156
Att1235-2/W5156
Att1235-2/W5156
Att1235-2/W5156
Att1235-2/W5156
Att1235-2/W5156
Att1235-2/W5156
MAFF520057/W4769
MAFF520057/W4769
MAFF520057/W4769
MAFF520057/W4769
MAFF520057/W4769
MAFF520057/W4769
MAFF520057/W4769
MAFF520057/W4769
MAFF520057/W4769
MAFF520057/W4769
MAFF520057/W4769
MAFF520057/W4769
MAFF520057/W4769
MAFF520057/W4769
MAFF520057/W4769
MAFF520058/W4771
MAFF520058/W4771
MAFF520058/W4771
MAFF520058/W4771
MAFF520058/W4771
MAFF520058/W4771
MAFF520058/W4771
MAFF520058/W4771
MAFF520058/W4771
MAFF520058/W4771
MAFF520058/W4771
MAFF520058/W4771
OK-m1/W4768
OK-m1/W4768
OK-m1/W4768
OK-m1/W4768
MAFF520073/W4752
MAFF520073/W4752
MAFF520073/W4752
Att200-11/W3569
Att200-23/W4752
Att200-11/W3569



AM268200
AM268201
AM268202
AM268203
FN547535
FN547536
FN547537
FN547538
FN547539
FN547540
FN547541
FN547542
FN547543
FN547544
FN547545
FN547546
AM743187
AB048630
AB048631
AB048632
AB048633
AB048634
AB048635
AB048636
AB048637
AB048638
AB048639
AB048640
AB048641
AB048642
AB048643
AB048644
AB048645
AB048646
AB048647
AB048648
AB048649
AB048650
AB048651
AB048652
AB048653
AB048654
AB048655
AJ567807

AY236277
AY174701
AY174702
AY174703
AY174707
AY174708
AY174710

Ambispora fennica
Ambispora fennica
Ambispora fennica
Ambispora fennica
Ambispora fennica
Ambispora fennica
Ambispora fennica
Ambispora fennica
Ambispora fennica
Ambispora fennica
Ambispora fennica
Ambispora fennica
Ambispora fennica
Ambispora fennica
Ambispora fennica
Ambispora fennica
Ambispora gerdemannii
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha
Ambispora leptoticha

Am. sp. fromPlantago lanceolata

Am.
Am.
Am.
Am.
Am.
Am.
Am.

sp.
sp.
sp.
sp.
sp.
sp.
sp.

fromPrunus africana
fromTaxus baccata
fromTaxus baccata
fromTaxus baccata
fromTaxus baccata
fromTaxus baccata
fromTaxus baccata

Att200-11/W3569
Att200-11/W3569
Att200-11/W3569
Att200-23/W4752
Att200-23/W4752
Att200-23/W4752
Att200-23/W4752
Att200-23/W4752
Att200-23/W4752
Att200-23/W4752
Att200-23/W4752
Att200-23/W4752
Att200-23/W4752
Att200-23/W4752
Att200-23/W4752
Att200-23/W4752
INVAM AU215
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
MAFF520055/W4770
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental



Table S3: Sequences used for analyses dDive sisporaceae ITS region (see Figure S10).

Accession

AM713402
AM713403
AM713404
FN547637
FN547638
FN547639
FN547640
FN547641
FN547642
FN547643
FN547644
FN547645
FN547646
FN547647
FN547648
FN547649
FN547650
FN547651
FN547652
FN547653
FN547654
AM418549
AM418550
AJ849468

FN547655
FN547656
FN547657
FN547658
FN547659
FN547660
FN547661
FN547662
FN547663
FN547664
FN547665
AM713405
AM713406
AM713407
AM713408
AM713409
AM713410
AM713411
AM713412
AM713413
AM713414
AM713415
AM713416
AM418544

Species
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
G. pulvinatum
G. pulvinatum
Glomus aurantium
Glomus aurantium
Glomus aurantium
Glomus aurantium
Glomus aurantium
Glomus aurantium
Glomus aurantium
Glomus aurantium
Glomus aurantium
Glomus aurantium
Glomus aurantium
Glomus aurantium
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus fulvum

Culture/voucher
FACE234; BEG231
FACE234; BEG231
FACE234; BEG231
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
environmental
environmental

Holotype. Btaszkowski J., 2444 (DPP)

Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728
AZ420A/W4729
AZ420A/WA4729
AZ420A/W4729
AZ420A/W4A729
AZ420A/W4729
AZ420A/W4AT729
AZ420A/W4729
AZ420A/W4A729
AZ420A/W4729
AZ420A/W4729
AZ420A/W4729
AZ420A/W4729
environmental



AMA418545
AM418546
AMA418547
AM418548
AM418551
AM418552
AF185677
AF185679
AF185680
AF185681
AF185682
AF185690
AF185693
AF185694
AJ504642
AJ504643
AJ504644
AJ516922
AJ516923
AJ516924
AJ516925
AJ516926
AJ516927
AJ516928
AJ516929
AJ516930
AJ516931
AJ516932
AJ516933
AJ516934
AJ516935
AJ517781
AM076636
AMO76637
AM076638
DQ400187
DQ400194
DQ400197
DQ400198
DQ400212
DQ400223
DQ400225
DQ400227
DQ400229
AF246141
AF246142
AF246143
AY842567
AY842568
AY842569
FM876814

Glomus fulvum
Glomus fulvum
Glomus fulvum
Glomus fulvum

Glomus megal ocar pum
Glomus megal ocar pum

Glomus sp.
Glomus sp.
Glomus sp.
Glomus sp.

Glomus sp.

Glomus sp.

Glomus sp.

Glomus sp.

Glomus sp. 'versiforme’
Glomus sp. 'versiforme’
Glomus sp. 'versiforme'
Glomus sp. 'versiforme’
Glomus sp. 'versiforme'
Glomus sp. 'versiforme'
Glomus sp. 'versiforme'
Glomus sp. 'versiforme’
Glomus sp. 'versiforme'
Glomus sp. 'versiforme’
Glomus sp. 'versiforme'
Glomus sp. 'versiforme’
Glomus sp. 'versiforme'
Glomus sp. 'versiforme’
Glomus sp. 'versiforme'
Glomus sp. 'versiforme’
Glomus sp. 'versiforme'
Glomus sp. 'versiforme’
Glomus sp. 'versiforme’
Glomus sp. 'versiforme’
Glomus sp. 'versiforme'
Glomus sp. 'versiforme’
Glomus sp. 'versiforme'
Glomus sp. 'versiforme’
Glomus sp. 'versiforme'
Glomus sp. 'versiforme’
Glomus sp. 'versiforme'
Glomus sp. 'versiforme’
Glomus sp. 'versiforme'
Glomus sp. 'versiforme’
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme

environmental
environmental
environmental
environmental
environmental
environmental
INVAM AZ237B
INVAM AZ237B
INVAM AZ237B
INVAM AZ237B
INVAM NB101
INVAM NB101
INVAM NB101
INVAM NB101
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
BEGA47
BEGA47
BEGA47
BEGA47
BEGA47
BEGA47
BEG47/W5165



FM876815
FM876816
FM876817
FM876818
FM876819
FM876820
FN547635
FN547636
FN547666
FN547667
FN547668
FN547669
FN547670
FN547671
FN547672
FN547673
FN547674
FN547675
FN547676
FN547677
FN547678
FN547679
FN547680
FN547681

Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme

BEG47/W5165
BEG47/W5165
BEG47/W5165
BEG47/W5165
BEG47/W5165
BEG47/W5165
BEG47/W5165
BEG47/W5165
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180



Table S4: Sequences used for analyses dDiver sisporaceae LSU region (see Figure S11).

Accession

AM713402
AM713403
AM713404
AM713405
AM713406
AM713407
AM713408
AM713409
AM713410
AM713411
AM713412
AM713413
AM713414
AM713415
AM713416
FN547635
FN547636
FM876814
FM876815
FM876816
FM876817
FM876818
FM876819
FM876820
FN547637
FN547638
FN547639
FN547640
FN547641
FN547642
FN547643
FN547644
FN547645
FN547646
FN547647
FN547648
FN547649
FN547650
FN547651
FN547652
FN547653
FN547654
FN547655
FN547656
FN547657
FN547658
FN547659

Species
Diversispora celata
Diversispora celata
Diversispora celata
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus eburneum
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Diversispora spurca
Glomus aurantium
Glomus aurantium
Glomus aurantium
Glomus aurantium
Glomus aurantium

Culture/voucher
BEG231 (FACE234)
BEG231 (FACE234)
BEG231 (FACE234)
AZ420A/WA4729
AZ420A/WA4729
AZ420A/WA4729
AZ420A/WA4T729
AZ420A/WA4729
AZ420A/\WA4T729
AZ420A/WA4729
AZ420A/WA4729
AZ420A/WA4729
AZ420A/WA4729
AZ420A/WA4729
AZ420A/WA4729
BEG47/W5165
BEG47/W5165
BEG47/W5165
BEG47/W5165
BEG47/W5165
BEG47/W5165
BEG47/W5165
BEG47/W5165
BEG47/W5165
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att246-18/W4119
Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728



FN547660
FN547661
FN547662
FN547663
FN547664
FN547665
FN547666
FN547667
FN547668
FN547669
FN547670
FN547671
FN547672
FN547673
FN547674
FN547675
FN547676
FN547677
FN547678
FN547679
FN547680
FN547681
AY842574
AY842573
EF067888
EF067887
EF067886
AM947665
AM947664
EU346868
AY639306
AY639235
AY639234
AY639233
AY639241
AY639240
AY639239
AY639238
AY639237
AY639236
DQ350448
DQ350449
DQ350450
DQ350451
DQ350452
DQ350453
AY639232
AY639231
AY639230
AY639229
AY639228

Glomus aurantium

Glomus aurantium

Glomus aurantium

Glomus aurantium

Glomus aurantium

Glomus aurantium

Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus versiforme
Glomus eburneum

Glomus eburneum

Glomus eburneum

Glomus versiforme
Glomus versiforme
Glomus versiforme
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora celata
Diversispora celata

Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
BEG47/W3180
INVAM AZ420A
INVAM AZ420A
INVAM AZ420A
BEG47

BEG47

HDAM-4

BEG231 (FACE234)
BEG231 (FACE234)
BEG231 (FACE234)
BEG231 (FACE234)
BEG232 (FACE272)
BEG232 (FACE272)
BEG232 (FACE272)
BEG232 (FACE272)
BEG232 (FACE272)
BEG232 (FACE272)
BEG233 (FACE410)
BEG233 (FACE410)
BEG233 (FACE410)
BEG233 (FACE410)
BEG233 (FACE410)
BEG233 (FACE410)
BEG230 (FACES3)
BEG230 (FACE83)
BEG230 (FACES3)
BEG230 (FACE83)
BEG230 (FACES3)



AY639227
AY639226
EF581864
EF581863
EF581862
EF581861
EF581860

Diversispora celata
Diversispora celata
Glomus aurantium
Glomus aurantium
Glomus aurantium
Glomus aurantium
Glomus aurantium
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BEG230 (FACES3)
BEG230 (FACES3)
Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728
Att1296-0/W4728



Table S5: Sequences used for analysis oGlleenus Group Aa ITS region (see Figure 3).

Accession
X96842
X96843
AY035642
AY035646
AY035647
AY035651
FN547494
FN547495
FN547496
FN547497
FN547498
FN547499
AJ890365
AJ890366
FM213083
FM213084
FM213085
FM213086
FM213087
FM213088
FM876794
FM876795
FM876796
FM876797
FM876798
X96844
X96845
X96846
X96838
X96839
X96840
X96841
AF231469
AJ319778
AJ319779
AJ319780
AJ319781
AJ319782
AJ319783
AJ319784
AJ319785
AJ319786
AJ319787
AJ319788
AJ319789
AJ319790
AJ319791

Species
Glomus cf. fasciculatum
Glomus cf. fasciculatum
Glomus caledonium
Glomus caledonium
Glomus caledonium
Glomus caledonium
Glomus caledonium
Glomus caledonium
Glomus caledonium
Glomus caledonium
Glomus caledonium
Glomus caledonium
Glomus coronatum
Glomus coronatum
Glomus coronatum
Glomus coronatum
Glomus coronatum
Glomus coronatum
Glomus coronatum
Glomus coronatum
Glomus coronatum
Glomus coronatum
Glomus coronatum
Glomus coronatum
Glomus coronatum
Glomus coronatum
Glomus coronatum
Glomus coronatum
Glomus dimorphicum
Glomus dimorphicum
Glomus dimor phicum
Glomus dimorphicum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum

Culture/voucher
BEG58
BEG58
JJ36
JJ40
JJ41
BEG161
BEG20/W3294
BEG20/W3294
BEG20/W3294
BEG20/W3294
BEG20/W3294
BEG20/W3294
IMA3
IMA3
environmental
environmental
environmental
environmental
environmental
environmental
BEG28 (Att108-7)
BEG28 (Att108-7)
BEG28 (Att108-7)
BEG28 (Att108-7)
BEG28 (Att108-7)
BEG28
BEG28
BEG28
BEG59
BEG59
BEG59
BEG59
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown



AJ319792
AJ319793
AJ319794
AJ319795
AJ319796
AJ319797
AJ319798
AJ319799
AJ319800
AJ319801
AJ319802
AJ319803
FJ009619
FJ009620
FJ009621
FJ009622
AF004689
AF004690
AF125195
AF161043
AF161044
AF161045
AF161046
AF161047
AF161048
AF161049
AF161050
AF161051
AF161052
AF161053
AF161054
AF161055
AF161056
AF161057
AF161058
AF161059
AF161060
AF161061
AF161062
AF161063
AF161064
AF166276
AJ849469
AJ919273
AJ919274
AJ919275
AJ919276
AJ919277
AJ919278
AMO076635
AM157131

Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum

Glomus monosporum
Glomus monosporum
Glomus monosporum

Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

INVAM 1T102

INVAM FR115

INVAM FR115
environmental (GMO1a)
environmental (GMO1b)
environmental (GMO1c)
environmental (GMO1d)
environmental (GMO1e)
environmental (GMO1f)
environmental (GMO1g)
environmental (GMO1h)
environmental (GMO1i)
environmental (GMO1))
environmental (GMO1l)
environmental (GMO1)
environmental (GMO2a)
environmental (GMO2b)
environmental (GMOZ2c)
environmental (GMO2e)
environmental (GMO3a)
environmental (GMO3Db)
environmental (GMO3c)
environmental (GM03d)
environmental (GMO03e)
environmental (GMO3f)
environmental (GMO2d)
unknown

INVAM AZ225C

INVAM AZ225C

INVAM NB114

INVAM IN101C

INVAM FL156

INVAM FL156
environmental

ISCB13

12



AM157132
AM157133
AM157134
AM157135
AM423114
AM423115
AM423116
AM423117
AM423118
AM423119
AY035650
AY035652

AY236331

AY236332

AY236333
AY236334
AY236335
AY236336
AY997053
DQ400127
DQ400128
DQ400129
DQ400130
DQ400131
DQ400132
DQ400134
DQ400136
DQ400137
DQ400138
DQ400139
DQ400141
DQ400142
DQ400144
DQ400146
DQ400149
DQ400151
DQ400158
DQ400160
EF989113

EF989114

EF989115

EF989116

EF989117

FN547474
FN547475

FN547476

FN547482

FN547483

FN547484
FN547485

FN547486

Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae

ISCB17
ISCB22
ISCB19
ISCB20
IMA1
IMA1
BEG25
BEG25
BEG25
BEG25
BEG160
BEG161
SP301
SP302
SP303
SP304
SP305
SP306

13

INVAM UT101 (AFTOL-ID 139)

environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
environmental
BEG12

BEG12

BEG12

BEG12

BEG12

BEG12

BEG12

BEG12



FN547487
FN547488
FN547489
FN547490
FN547491
FN547492
FN547493
U31996
u49264
U49265
X84232
X84233
X96826
X96827
X96828
X96829
X96830
X96831
X96832
X96833
X96834
X96835
X96836
X96837
FM876813
FNS47477
FN547478
FN547479
FN547480
FN547481

Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus sp. WUM3
Glomus sp. WUM3
Glomus sp. WUM3
Glomus sp. WUM3
Glomus sp. WUM3
Glomus sp. WUM3

BEG12

BEG12

BEG12

BEG12

BEG12

BEG12

BEG12

BEG 12

UKJII8

INVAM FL156
BEG12

BEG12

BEG25

BEG25

BEG25

BEG55

BEG54

BEG54

BEG54

BEG57

BEG57

BEG57

BEG61

BEG61
WUMB3/W2940
WUMB3/W2939
WUMB3/W2939
WUMB3/W2939
WUMB3/W2939
WUMB3/W2939

14



Table S6: Sequences used for analysis oGlleenus Group Aa LSU-D2 fragment (see Figure 3).

Accession

FN547474
FN547475
FN547476
FN547477
FN547478
FN547479
FN547480
FN547481
FN547482
FN547483
FN547484
FN547485
FN547486
FN547487
FN547488
FN547489
FN547490
FN547491
FM876813
FN547492
FN547493
FM876798
FM876796
FM876797
FM876794
FM876795
FN547494
FN547495
FN547496
FN547497
FN547498
FN547499
AF145741

AF145747

AF145735
AF145745
AF145740
AF145742
AF396789
AF396794
AF145736
AF396799
AJ510239

AF396788
AF396793
AF396798
AY639156

Species
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus sp.
Glomus sp.
Glomus sp.
Glomus sp.
Glomus sp.
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus sp.
Glomus mosseae
Glomus mosseae
Glomus coronatum
Glomus coronatum
Glomus coronatum
Glomus coronatum
Glomus coronatum
Glomus caledonium
Glomus caledonium
Glomus caledonium
Glomus caledonium
Glomus caledonium
Glomus caledonium
Glomus constrictum

Glomus fragilistratum

Glomus mosseae
Glomus caledonium
Glomus coronatum
Glomus geosporum
Glomus caledonium
Glomus caledonium
Glomus mosseae
Glomus caledonium
Glomus caledonium
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae

Culture/voucher
BEG12/W5147
BEG12/W5147
BEG12/W5147
WUM3/W2939
WUM3/W2939
WUM3/W2939
WUM3/W2939
WUM3/W2939
BEG12/W5147
BEG12/W5147
BEG12/W5147
BEG12/W5147
BEG12/W5147
BEG12/W5147
BEG12/W5147
BEG12/W5147
BEG12/W5147
BEG12/W5147
WUM3/W2940
BEG12/W5147
BEG12/W5147
BEG28 (Att108-7)
BEG28 (Att108-7)
BEG28 (Att108-7)
BEG28 (Att108-7)
BEG28 (Att108-7)
BEG20/W3294
BEG20/W3294
BEG20/W3294
BEG20/W3294
BEG20/W3294
BEG20/W3294
BEG130
BEGO05
BEG25
BEG20
BEG49
BEG90
RMC658
RWC658
BEGB85
SC 658
BEG86
243
243
243
8



AY639157
AY639158
AY639160
AY639162
AY639163
AY639164
AY639270
AY639159
AY639274
AY639281
AY639271
AY639278
AY639280
AY639161
AY639165
AY639166
AY639167
AY639168
AY639169
AY639170
AY639171
AY639172
AY639173
AY639174
AY639266
AY639267
AY639268
AY639269
AY639272
AY639273
AY639276
AY639277
DQ469128
AJ628059

AJ510241

DQ273793
AY639279
FJ790678

EU931286
EU931285
EU931284
EU931283
EU931282
EU931281
EU931280
EU931279
EU931278
EU931277
EU931276
EU931275
EU931274

Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae

8

8
environmental
environmental
environmental
101
environmental
environmental
environmental
209
environmental
102

16

Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae

BEG224 (FACE 130)
environmental

BEG224 (FACE 130)
BEG224 (FACE 130)
BEG224 (FACE 130)
BEG224 (FACE 130)
BEG224 (FACE 130)
BEG224 (FACE 130)

Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus caledonium
Glomus geosporum
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum

209

209

209

209

8

8

8

8
environmental
environmental
environmental
101

505

BEG86
BEG11

INVAM UT101 (AFTOL-ID 139)

BEG224 (FACE 130)

DDAM

BEG199
BEG199
BEG199
BEG199
BEG199
BEG199
BEG199
BEG199
BEG199
BEG199
BEG199
BEG199
BEG199



EU931273
EU931272
EU931271
EU931270
EU931269
EU931267
EU931266
EU931265
EU931264
EU931263
EU931262
EU931261
EU346866
EU234489
AM158954
AM158953
DQ469131
DQ469130
DQ469129
DQ469127
DQ469126
DQ469125
AJ459412
AJ628057
AJ628056
AJ628055
AJ628054
AJ628053
AJ628052
AJ628051
AJ628050
AJ628049
AF145746
AF145743
AF145738
AF145737
AJ271924
AJ510240
AF389014
AF389013
AF389012
AF389011
AF389010
AF389009
AF389008
GQ330818
GQ330817
GQ330815
GQ330814
GQ330813
GQ330811

Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus geosporum
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus caledonium
Glomus geosporum
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus caledonium
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae

BEG211
BEG211
BEG211
BEG211
BEG211
BEG211
BEG211
BEG211
BEG211
BEG211
BEG211
BEG211
HDAM-2
BEG116
BEG167
BEG167
505
505
505
505
505
505
environmental
BEG29
BOL3
BOL1
V150
V249
V293
VIl
V296
V296
BEG86
BEG106
BEG84
BEGS83
HM-CL1
BEG20
BEG68
BEG68
BEG68
BEG68
BEG68
BEG68
BEG68
AU34
AU33
AU8
AU2
WUM16
Narrabii

17



GQ330807
GQ330806
GQ330805
GQ330800
GQ330797
GQ330793
GQ330791
GQ330789
GQ330788
GQ330787
GQ330785
GQ330784
GQ330783
GQ330781
GQ330780
GQ330779
GQ330778
GQ330777
GQ330774
GQ330773
GQ330772
GQ330771
GQ330768
GQ330760
GQ330757
GQ330756
GQ330754
GQ330749
GQ330748
GQ330747
GQ330744
GQ330743
GQ330742

Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae
Glomus mosseae

18

Burll

INVAM JA205c¢
BEG229
BEG55

INVAM NB103c
INVM SF1171
INVAM CU134a
DKB01D4
DKK04D22
DKGm1
Sp813
Sp6314
Sp4318
Sp2735
Spl841
BEG128
BEG124
BEG85
Dk11107
Dk21107
Dk17107
BEG230
Dk23135
INVAM WY111
INVAM MT107
INVAM OR229
INVAM SC226
INVAM MN101
INVAM MI210
INVAM ON201
INVAM WI101
INVAM NV106
INVAM IN101
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Table S7: Barcode gap analyses with TaxonGap a8dban pairwise comparison of K2P
distances based on a manual or automated aligniMé&dtFT) of the large SSUMCf-LSUmMBr
fragment. Variation is given in % K2P distancese Thosest species and presence or absences
of a barcode gap were identical for the manualMA&FT alignments, respectively. Seq,
number of sequences; CS, closest species; BG,dmgap; Max. ISV, maximum intraspecific
variation; Min. ISV, minimum intraspecific variatip?, unknown.

manual MAFFT
alignment |alignment

Max. Min. Max. |Min.

Family Species SeS BG ISV ISV SV ISV
Glomus mosseae 16 Gl.coronatum Yes 2.52 2.66 2.58 3.78
Glomeraceae Gl. sp. WUM3 6 Gl.caledonium Yes 0.85 2.1 0.85 2.09
(Glomus Group  Gl. coronatum 5 Gl. mosseae Yes 0.5 2.66 1.01 3.78
Aa) Gl. caledonium 3 Gl.sp.WUM3 Yes 0.8 2.1 0.8 2.09
Gl. intraradices 47 Gl. proliferum No 10.774.29 11.7%.7
Glomeraceae Gl. proliferum 15 Gl.intraradices Yes 4.02 4.29 3.89 4.7
(Glomus Group  Gl. sp. 'irregulare-like’ 39 Gl. proliferum  Yes 6.43 7 6.29 6.94
Ab) Gl. clarum 9 Gl proliferum Yes 1.09 7.58 1.59 7.96

Ku. kentinensis &
Acaulospora laevis 26 Ac. scrobiculata Yes 3.42 13.03.99 13.16
Acaulospora sp.
WUM18 2 Ac. scrobiculata Yes 1.02 5.66 1.02 5.66
Ac. scrobiculata 4 Ac.sp.WUM18 Yes 0.47 5.66 0.47 5.66
Acaulosporaceae Kuklospora kentinensis 14 Ac. scrobiculata Yes 0.54 11.98.54 11.38
Ambispora appendicula 11 Am. fennica Yes 2.87 12.12.87 13.26

Ambisporaceae  Am. fennica 12 Am. appendicula Yes 1 12.11.14 13.26
Gigaspora margarita 24 Gi. rosea No 4.15 3.26 4.42 3.34
Gi. rosea 27 Gi.margarita No 6.17 3.26 6.53 3.34
. gilmorei 25 Sc.ospinosissma Yes 1.55 2.64 1.62 2.5
. spinosissima 3 &cogilmorel No 2.84 2.64 2.84 25
Gigasporaceae Sc. heterogama 4 Gi.margarita Yes 1.95 4.69 2.74 5.07
Glomeraceae Glomus sp. W3349 4 Gl. luteum Yes 0.77 11.50.71 12.27
(Glomus Group  Gl. etunicatum 12 Gl. luteum Yes 0.93 3.64 0.94 3.63
B) Gl. luteum 5 Gl. etunicatum Yes 0.64 3.64 0.96 3.63
Diversispora celata 3 Gl.eéburneum Yes 0.9 2.61 0.83 3.39
Gl. eburneum 12 Di. celata Yes 0.92 2.61 0.92 3.39
Gl. versiforme 25 Gl.eburneum  Yes 2.52 5.81 2.79 5.64
Diversispora spurca 18 Gl.aurantium Yes 1.59 2.73 1.66 2.87
Diversisporaceae Gl. aurantium 11 Di. spurca Yes 1.71 2.73 1.71 2.87
Paraglomeraceae Paraglomus occultum 1  Sc. gilmorel ? - 34.93 31.7

Pacisporaceae  Pacispora scintilans 2 St heterogama  Yes 0.62 22.50.55 20.55




Appendix

13.2 Supplementary data — chapter 6

The following table is supplementary material fbe tpublication Acaulospora brasiliensisomb. nov.

and Acaulosporaalpina (Glomeromycotafrom upland Scotland: morphology, molecular plggoy and

DNA based detection in roots’.

Table S1 Colour of spores observed in water with refledight at 3100 K. Colours are either unmatched

to a chart, or are matched with the Royal Botan&zd@n Edinburgh colour chart or are given in
Munsell notation (Anon 1969; Anon 1990).

Voucher Observed colour of spores

w4514 non matched: orange brown

W4699 ochraceous to ochre (9-11 RBG)

W4786 reddish yellow to yellowish red (5YR 7.8-848nsell)
W4796 non matched: pale yellow brown

W4833 pale sienna (pale 11 RBG)

W5125 sienna (11 RBG)

W5473 non matched: yellow brown

W5516 pale ochraceous to sienna (6-11 RBG)

W5748 non matched: pale yellow

W5751 very pale brown to yellow to brownish yelltawellowish brown (10YR 8/3-5/8 Munsell)
W5755 non matched: yellow to brownish yellow

W5759 non matched: pale yellow brown

W5762 non matched: yellow to yellow brown

W5765 non matched: pale yellow to yellow brown
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Appendix

13.3 Supplementary data — chapter 7

The following data are supplementary material ofé ghublication ‘Arbuscular mycorrhizal fungi:
biogeography and molecular systematics ofDheersisporaceagwith special reference iversispora

epigaea(formerly known asGlomus versiform8EG47’)'

Supplementary Figure 1.

Phylogenetic tree derived from the extended datasefysis of members of thBiversisporaceage
including all environmentaDiversisporaceaesequences available from the public databasesMRAX
maximum likelihood tree with bootstrap support shoat the branches. Branchings with bootstrap
support below 50% are shown as polytomies. Theesemps not included in the analysis in Fig. 2 all

cluster in theDiversisporaclade, except one (DQ357079 from Portugal).

Supplementary Figure 2.

The handwritten labels and notes of Nylund (23 N880 - Jan 1861), and annotations included in the
herbarium packet containing the holotypeGlbmus versiformgbasionymEndogone versiformjs its
translation, and the protologue and its transladfiBndogone versiformi@arsten 1884).
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Supplementary Figure 1

92

+[ Diversispora sp. environm. [DQ396726] (Ethiopia)
Diversispora sp. environm. [DQ396719] (Ethiopia)
[—————————— Diversispora sp. environm. [DQ396723] (Ethiopia)
Diversispora sp. environm. [DQ396724] (Ethiopia)
Diversispora sp. W2423/Att382-16 [consensus] (Great Britain, Scotland)
Diversispora sp. S2_FV_A2 [AM849266] (Estonia)
Diversispora sp. Z3_FV_F2 [AM849271] (Estonia)
Diversispora sp. environm. [DQ396766] (Ethiopia)
f=———————————Diversispora sp. W3033/Att669-1 [FR686934] (Iceland)
Mersispora sp. environm. [EU123390] (California, USA)
Diversispora sp. environm. [EU123465] (California, USA)
Diversispora sp. environm. [EU123392] (California, USA)
Diversispora sp. environm. [EU123391] (California, USA)
Diversispora sp. environm. [EU123394] (California, USA)
Diversispora sp. environm. [EU123387] (California, USA)
Diversispora sp. environm. [EU123386] (California, USA)
Diversispora sp. Z1_OA_G5 [AM849285] (Estonia)
Otospora bareai JP-2006a/2007a [AM400229,AM905318] (Spain)
Diversispora sp. P04 environm. [EU332718] (South Korea)
Diversispora sp. environm. ‘phylotype Glo36’ [AY129577] (Panama)
LLDivers/spora spurca ex-type [consensus] (Tuscon, USA)
Diversispora spurca WV109G [FJ461847] (West Virginia, USA)
Diversispora sp. Y1_HN_B8 [AM849307] (Estonia)
Diversispora aurantia \W4728 consensus [AJ849468,AM713432,EF581860,62-63,80-83,FN547655-65] (Israel)
LEDiversispora spurca SC157 [FJ461849] (South Carolina, USA)
Diversispora spurca HA567 [FJ461848] (Hawaii)
Diversispora aurantia W4728 consensus [EF581861,64] (Israel)
Diversispora trimurales FL707B [FJ461854] (Florida, USA)
Diversispora trimurales BR608 [FJ461851] (Brasil)

%

68

100

97

95

Diversispora celata BEG233 FACE410 [consensus] (Switzerland)
Diversispora celata BEG230 FACES83 [consensus] (Switzerland)
Diversispora celata BEG232 FACE272 [consensus] (Switzerland)
Diversispora celata BEG231 FACE234 [consensus] (Switzerland)
Diversispora sp. Y3_OA_J4 [AM849296] (Estonia)
Entrophospora nevadensis JP-2009-2 EEZ164 [FN397100] (Spain)
L' Diversispora sp. ‘NamAri’ AZ237B [consensus] (Arizona, USA)
Diversispora sp. ‘NamAri’ NB101 [consensus] (Namibia)
Diversispora sp. P10 environm. [EU332719] (South Korea)
Lr Diversispora eburnea UK121 [FJ461831] (Great Britain, Scotland)
Diversispora eburnea AZ420A W4729 [consensus] (Arizona, USA)
Diversispora sp. W4538/Att1226-0 [FR686935] (Great Britain, Scotland)
Lr Diversispora sp. environm. [AM076637] (Thuringia, Germany)
Diversispora sp. environm. [AM076638] (Thuringia, Germany)
Diversispora epigaea W4671/Att1236-0 [FR686936] (Thuringia, Germany)
Diversispora epigaea ex-type BEG47 [consensus] (Corvallis, USA)
Diversispora sp. environm. ‘phylotype Glo12’ [AF437656] (Great Britain, England)
Diversispora sp. environm. ‘phylotype Glo12’ [AF437657] (Great Britain, England)
Diversispora sp. epigaea-like W4568/Att1231-0 [FR686937] (Great Britain, Scotland)
Diversispora sp. environm. ‘phylotype Glo12’ [AJ716004] (Great Britain, England)
Diversispora sp. W5257 [consensus] (Great Britain, England)
Diversispora trimurales KS101 [FJ461855] (Kansas, USA)
2" Diversispora trimurales W3577/Att 710-6 [FR686955] (Poland)
Diversispora trimurales W4124/Att1152-1 [consensus] (Poland)
[— Diversispora sp. environm. Y3_OA_G2 [AM849295] (Estonia)
= Diversispora sp. environm. [DQ396731] (Ethiopia)
Diversispora sp. environm. [DQ396733] (Ethiopia)
= Diversispora sp. PFC140 environm. [DQ396727] (Ethiopia)
_LDiversispora sp. environm. [DQ396736] (Ethiopia)
89— Diversispora sp. environm. [DQ396728] (Ethiopia)
‘Glomus tortuosum’ JA306A [FJ461850] (Japan)
R a fulvum CL/Mart05-111 [AM418547] (Martinique)
[— Redeckera fulvum CL/Mart05-049 [AM418545] (Martinique)
Redeckera fulvum CL/Mart05-049 [AM418546] (Martinique)
— Redeckera fulvum CL/Mart05-111 [AM418548] (Martinique)

82
95

%4

7

®

Redeckera sp. P13 environm. [EU332707] (South Korea)

100 54

100

100

80
)

99

100

i'

100

7.

Redeckera sp. fulvum-like AC/Pohn99-001 [consensus] (Micronesia)
Redeckera pulvinatum CL/Mart05-035 [consensus] (Martinique)

Redeckera megalocarpum CL/Guad05-051 [consensus] (Guadeloupe)
‘uncultured Diversispora clone SJsp79'.[DQ357079] (Portugal)

4

Acaulospora lacunosa BEG78 [consensus]
Acaulospora laevis AU211 [consensus]
Acaulospora sp. WUM18 [consensus]
Acaulospora cavernata BEG33 [consensus]
Scutellospora heterogama BEG35 [consensus]
igaspora rosea DAOM194757 [consensus]
Racocetra castanea BEG1 [consensus]
Scutellospora nodosa BEG4 [consensus]
Pacispora scintillans environm. W4545/field-collected [consensus]
1 ‘Glomus trimurales' WA105 [FJ461859]
f&ulul— Claroideoglomus claroideum BEG14 [consensus]
‘Glomus trimurales' NB103A [FJ461857]

100
100

1 L
Funneliformis mosseae UT101 AFTOL-ID139 [consensus]

E ‘Glomus trimurales* MT112 [FJ461856]
‘Glomus trimurales BR603A [FJ461860]
Rhizophagus irreqularis AFTOL-ID845 [consensus]
‘Glomus trimurales‘ VA102A [FJ461858]

0.1




Supplementary Figure 2.
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The notes of Nylund (23 Nov 1860 - Jan 1861) are transcribed as “Peridium carneo, pallidum vel pallido-ochraceum, albo-
floccosum, tuberculiforme irregulare depressum, molle, ex elementis filamentaris ramosis contextum inarticulatis (crassit. circa
0.006 mm), sporae globulosae albae diam. 0.065-92 mm. In horto botanico in calidariis [as ‘calilidariis’] (frigidioribus),
subsepulta in terra plantarum, nov. 1860”. This is translated as “Peridium carnose, pale to pale-ochraceous, whitish floccose,
tubercular irregularly flattened, soft, composed of filamentous branching aseptate elements (about 0.006 mm [6 pum] thick), white,
globular spores with a diameter of 0.065-92 mm [65-92 pm]. In botanical garden in greenhouses (temperate), buried in the soil of
plants, Nov. 1860.”

Continued on the reverse with notes that are very difficult to transcribe. We transcribe the Latin as: “Peridii paries sat tenuis,
extus subtiliter albo-arachnoideus vel floccoso-tomentosus, sed tactu pallescit. Cavitas cum sporis primo incolor, dein fuscescit.
Sporae guttulis oleosis repletae; conceptacula sunt (minime sporis ut autunaverant auctores,) guttulas illas pro sporis sumentes
(quod esse erroneum probatum facillime cum spiritu vini concentrato, et idem alioquin iam mox sub microscopico concludere
licet a facie et [as ‘et et’] magnitudine maxime variabili globulorum (quibus agitur)!” The following translation is based on this
transcript, whereas it should be kept in mind that many words were difficult to read or misspelled: “Wall of the peridium
moderately thin, outer layer finer, white-interwoven or floccose-tomentose, but when touched becoming yellowish. Interior
containing the spores initially colorless, then darkening. Spores filled with oily guttules; being within a receptacle these guttules
(small spores by earlier authors) appearing to be spores (which is an artefact easily tested with concentrated ethanol, and the same
in general immediately then can be seen under the microscope concluding from appearance and greatly variable size of the
globules (which lead to that interpretation).

The protologue of Endogone versiformis (Karsten 1884) “Peridia tuberculiformia, irregularia, mollia, ex hyphis ramosis
inarticulatis, circa 6 mmm crassis contexta, carneo-pallida vel pallido-ochracea, albofloccosa, sicca subochraceae, usque ad 1
cm lata. Sporangia subsphaeroidea, albida, diam. 65—95 mmm. Sporae sporoidae. In horto botanico Helsingforsiensi in calidariis
(frigidioribus), subsepulta in terra plantarum m., Nov.-Jan.” is translated as “Peridium tubercular, irregular, soft, composed of
aseptate racemose hyphae, about 6 mmm [6 pm] thick, pale flesh coloured or pale ochraceous, white-woolly, dry pale yellowish,
up to 1 cm wide. Spores [as ‘sporangia’] sub-globose, white, diameter 65-95 mmm [65-95 um]. Spores spore-like. In the botanical
garden Helsinki in glasshouses (temperate), buried in the soil of plants, Nov. - Jan.”



Supplementary Table 1.

Strict consensus sequences used in the phylogenetic analyses.

Diversispora aurantia

AJ849468 (type culture); FN547655-65, AM713432,
EF581860,62,63,80-83 (W4728/Att1296-0 (ex-type soil trap culture)

Diversispora celata

AM713423-25, AY639225-32, EF581865-68 (W4758/Att1292-2,
BEG230 = FACES83); AM713426-28, AY639236-41, EF581873-76
(W4757/Att1291-2, BEG232 = FACE272); DQ350448-53 (W5306-
07/Att1500-2 = BEG233 = FACE410); AM713417-22, AM713402-
04, AY639233-35, AY639306, EF581869-72 (ex-type single spore
culture W4718-19/Att1278-2, BEG231 = FACE234)

Diversispora eburnea

AM713405-16,29-31, EF067886-88, EF581877-79 (AZ420A
W4729/Att1290-5, ex-type culture)

Diversispora epigaea

(all ex-type cultures, originally from
Oregon State University, USA, all in the
same culture-lineage as BEG47):

AJ132666 (BEG47 from BEG at INRA Dijon, France); AJ276088
(W3221/Att475-21 from C. Walker, Hampshire, England);
AM947665, AY842567-69,73,74, FJ461852, FM876814-20,
FN547635,36, (W5165/Att475-45 from P. Bonfante, Torino via C.
Walker, UK via B. Blal, Dijon, France via INRA, Dijon, France via
Rothamsted Experimental Station, UK); FN547666-81
(W3180/Att475-22); X86687, Y17651, FR686938-42 (HC/F-E01
from P. Bonfante, Torino, Italy via J. Trappe, Corvallis, USA)

Diversispora sp. W2423

AJ301863, AJ276076, Y 17644, AT301860, FR686943-44
(W2423/Att382-16)

Diversispora sp. ‘NamAri’

AF185677-81 (in sequence database as Glomus sp. AZ237B; in
INVAM culture collection as Glomus intraradices AZ237B);
AF185682,90,91, AF185693-95 (in sequence database as Glomus sp.
NB101; in INVAM culture collection as Glomus intraradices
NB101)

Diversispora sp. W5257

FR686945-52, FR686958 (W5257)

Diversispora spurca
(all ex-type cultures)

AJ276077 (W3239/Att246-4); AJ276078, Y17649,50, FR686953
(W2396/Att246-4); FN547637-54, FR686954 (W4119/Att246-18)

Diversispora trimurales

FR686956-57 (W4124/Att1152-1)

Redeckera fulvum

AM418543-44 (AC/Pohn99-001)

Redeckera megalocarpum
(from type material)

AM418551,52 (CL/Guad05-051)

Redeckera pulvinatum

AM418549,50 (CL/Mart05-035)

Otospora bareai
(thought to be from the type material)

AM400229, AM905318 (assembly of non-overlapping 5' and 3'
regions of SSU rRNA gene)

Acaulospora lacunosa BEG78

FR719957, AJ891110-13, AJ510230

Acaulospora laevis AU211

AJ250847, AJ242499, FJ461802

Acaulospora cavernata BEG33
(given as A4. scrobiculata at BEG)

AJ306442, FM876788-91

Acaulospora sp. WUM18
(equivalent to INVAM AU103A)

AJ306441, FM876792,93

Claroideoglomus claroideum BEG14
(=Glomus claroideum)

AJ301851,52, AJ276075, Y17636, AF235007

Rhizophagus irregularis
GINCO4695rac-11G2 (AFTOL-ID845)
(=Glomus irregulare)

DQ322630, AY997054, DQ273828

Funneliformis mosseae UT101
(AFTOL-ID139) (=Glomus mosseae)

AY635833, AY997053, DQ273793

Gigaspora rosea DAOM194757

X58726, AJ410746,47, FN547571-97

Pacispora scintillans W4545
(vouchD1, sample3)

FM&876831,32, AJ619952-55

Racocetra castanea BEG1
(ex-type culture)

AF038590, AJ002874, AJ313169-75, FJ461867, FN423706,07,
U31997,98, Y12076

Scutellospora heterogama BEG35

AJ306434, FM876837-39

Scutellospora nodosa BEG4

FM&876833-36, AJ306436




Supplementary Table 2.
Diversispora epigaea (=Glomus versiforme BEG47, =Glomus epigaeum) samples studied.

Voucher  Culture Attempt Collection Date Collector Locality

(W) (Att)

90 475-1. Pot culture with 13 December 1977 B. Daniels USA, Oregon, Benton Co., USDA- ARS,
Asparagus officinalis Horticultural Crops Research Unit,
established from a single Tropical Greenhouse. HOLOTYPE.
‘sporocarp’ Trappe 5174. OSC39475

100 475-1. As above 12 April 1979 B. Daniels As above

407 475-3. No culture or July 1978. Date B. Daniels As above
collection data known only to month

1518 475-7. From pot culture 24 January 1981 D. Egel USA, Ames, lowa, lowa State Univeristy
with Sorghum bicolor Forestry Greenhouse

526 475-6. No culture or 13 January 1982 J. Menge USA, California, University of
collection data except California, Riverside
‘Menge 0-1’

1640 475-14. Pot culture with 2 December1991 C. Grace UK, England, Hertfordshire, Harpenden,
Allium porrum Rothamsted Experiment Station

1641 475-17. No culture or 1990. Date known F. Sanders UK, England, Yorkshire, Leeds,
collection data only to year University of Leeds, Dept. of Plant

Sciences

1728 475-12. No culture or 19 March 1993 B. Breuinett Italy, Torino, University of Torino,
collection data Departimento di Biologia Vegetale

2336 475-18. Pot culture with 11 October 1995 A. Broome UK, Scotland, Midlothian, Roslin, Forest
Plantago. lanceolata Research, Northern Research Station

2842 475-20. No culture or 1 October 1996 P. Bonfante Italy, Torino, University of Torino,
collection data Departimento di Biologia Vegetale

3180 475-22. No culture or 15 October 1996 P. Bonfante Italy, Torino, University of Torino,
collection data Departimento di Biologia Vegetale

3206 475-21. Pot culture with P. 13 January 1999 C. Walker UK, England, Hampshire, Efford,
lanceolata Horticultural Research International

3221 475-21. Pot culture with P. 24 February 1999 C. Walker UK, England, Hampshire, Efford,
lanceolata Horticultural Research International

3537 475-30. Pot culture with P. 3 November 2000 M. Vestberg Finland, Vihtavuori, Laukaa Research &
lanceolata Elite Plant Laboratory

3581 475-21. Pot culture with P. 5 February 2001 C. Walker UK, England, Hampshire, Efford,
lanceolata Horticultural Research International

3864 475-21. Pot culture with P. 15 March2002 C. Walker UK, England, Hampshire, Efford,
lanceolata Horticultural Research International

4475 475-38. No culture or 12 June 2003 B. Blal France, Dijon, Biorize
collection data

4560 475-39. Pot culture with P. 9 December 2003 C. Walker Belgium, Louvain-la-Neuve, Catholic
lanceolata University of Louvain

4565 475-40. Pot culture with P. 15 December 2003 C. Walker UK, Scotland, Royal Botanic Garden
lanceolata Edinburgh

5164 475-40. Pot culture with P. 15 April 2006 C. Walker UK, England, Gloucester (moved from
lanceolata Edinburgh)

5065 475-44. Pot culture with P. 30 January 2007 G. Bending UK, England, Wellesbourne, University
lanceolata of Warwick

5066 475-44. Pot culture with P. 30 January 2007 G. Bending UK, England, Wellesbourne, University
lanceolata of Warwick

5117 475-45. Pot culture with 08 February 2007 M. Naumann Italy, Torino, University of Torino,




Trifolium repens

Departimento di Biologia Vegetale

5165 475-45. Pot culture with 7. 28 April 2007 M. Naumann  Italy, Torino, University of Torino,
repens Departimento di Biologia Vegetale

5167 475-45. Pot culture with 7. 28 April 2007 M. Naumann Italy, Torino, University of Torino,
repens Departimento di Biologia Vegetale

5170 475-46. Pot culture with P. 16 May 2007 M. Naumann Italy, Torino, University of Torino,
lanceolata Departimento di Biologia Vegetale

5260 475-45. Pot culture with 7. 1 June 2007 M. Naumann Italy, Torino, University of Torino,
repens Departimento di Biologia Vegetale

5358 475-45. Pot culture with 7. 25 July 2007 M. Naumann  Italy, Torino, University of Torino,
repens Departimento di Biologia Vegetale

5606 475-55. No culture or 1 February 2009 M. Harrison USA, New York, Ithaca, Boyce
collection data Thompson Institute for Plant Research

5707 475-59. Pot culture with P. 25 January 2010 C. Walker UK, England, Wellesbourne, University
lanceolata of Warwick

5708 475-60. Pot culture with P. 25 January 2010 C. Walker UK, England, Wellesbourne, University
lanceolata of Warwick

5728 475-56. Pot culture with P. 3 March 2010 A. Schiif3ler Germany, Martinsried, Ludwig-
lanceolata, Festuca ovina Maximilians-University Munich
agg. Lotus japonicus var.
gifu

5724 475-48. Pot culture with P. 9 March 2010 M. Kriiger Germany, Martinsried, Ludwig-
lanceolata Maximilians-University Munich

5725 475-49. Pot culture with P. 9 March 2010 M. Kriiger Germany, Martinsried, Ludwig-
lanceolata Maximilians-University Munich

5726 475-57. Pot culture with P. 9 March 2010 M. Kriiger Germany, Martinsried, Ludwig-
lanceolata Maximilians-University Munich

5727 475-47. Pot culture with P. 9 March 2010 A. Schiiffler Germany, Martinsried, Ludwig-
lanceolata Maximilians-University Munich

5786 475-61. Pot culture with P. 24 June 2010 C. Walker UK, England, Gloucester
lanceolata

5835 475-61. Pot culture with P. 23 September 2010 C. Walker UK, England, Gloucester
lanceolata

5848 475-66. Pot culture with P. 26 October 2010 C. Kriiger Germany, Martinsried, Ludwig-
lanceolata Maximilians-University Munich

5849 475-71. Pot culture with P. 26 October 2010 C. Kriiger Germany, Martinsried, Ludwig-

lanceolata

Maximilians-University Munich




Appendix

13.4 Supplementary data — chapter 8
The following data are supplementary material ef plublication ‘A 3 kb, three-rDNA-loci phylogenetic
framework for arbuscular mycorrhizal fungi - fromytum to species resolution’.

Supplementary Figure S1

Maximum likelihood phylogenetic tree based on thelear SSU-ITS-LSU rDNA ofGlomeraceag
except Rhizophagusand Sclerocystis including public database sequences of >500 Ripzophagus
species were used as outgroup. Branches receigggythan 60% bootstrap support (1000 bootstraps)
were collapsed to polytomies, long branches wetshed by 50% as indicated with two diagonal
slashes or by 75% indicated with three slashestdBap values are given for branches among but not
within different cultures. Scale bar, number of &ithtions per site. The annotation marked with
(consensus) was computed from a strict consenguesee of the accession numbers given in the tree.

Supplementary Figure S2

Maximum likelihood phylogenetic tree based on nacleSSU-ITS-LSU rDNA of the
Claroideoglomeraceageincluding public database sequences>460 bp, Funneliformiswas used as
outgroup. Branches receiving less than 60% boptsstgpport (1000 bootstraps) were collapsed to
polytomies, long branches were shortened by 50%hdisated with two diagonal slashes or by 75%
indicated with three slashes. Bootstrap valuesgaren for branches among but not within different

cultures. Scale bar, number of substitutions ger si

Supplementary Table S1

List of sequence identifiers derived from this amthted studies published by the authors, withrthei
current species affiliations and, for recently dmeoh names, synonyms, their source publicationuuilt
identifier, clone number type of culture, sampledisor DNA extraction, and geographic origin when
known. (#), if more than one number is shown, reipe clones had identical sequences; (*) all ceku
are pot cultures if not otherwise stated; ROC, mogan culture (monoxenic).
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Fig. S1
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F. mosseae DAOM240162 0205092 528 bp
—— F. mosseaec DAOM240162 G0205093 526 bp

F. monosporum FR115 (AF004690) 53
F. monosporum FR115 (AF125195) 534 bp .
F. mosseae ISCB13 (FN423691) 948 bp
F. mosseae ISCB14 (FN423693) 934 bp
| F. mosseae ISCB14 (FN423692) 927 bp
b F. caledonium HA692B (FJ461813) 719 bp «
b F. mosseae FR115 (FJ461844) 718 bp «
f— F. mosseae UT101, AFTOL-ID139 (AY635833, AY997053, DQ273793)
[ F. mosseae BEG25 (X96827)
[ £ mosseae BEG25 (X96826)
|— F. mosseae BEG25 (X96828)
F. mosseae BEG224, FACE 130 (AY639166) 768 bp

F. mosseae BEG224, FACE130 (AY639168) 768 bg
F. mosseae BEG224, E 170) 769 bp

F. mosseae isolate 209 (AY639171) 767 bp
E F. mosseae isolate 209 (AY639174) 767 bp
F. mosseae isolate 209 (AY639173) 767 bp

j—— F. mosseae isolate 8 (AY639158) 768 bg
l—— F. mosseae |so|ate8(AY639 57) 767 bp
b F. mosseae WY110 (FJ461845) 717 bp «
. F. mosseae |solate 8 (AY639267) 768 bp
b F. mosseae SM 243 (AF396798) 767 bp
}—F. mosseae RWM 243 (AF396793) 767 bp
b F. mosseae isolate 8 (AY639266) 767 bp
F. mosseae isolate 8 (AY639156) 767 bp
F. mosseae isolate 8 (AY639269) 769 bp
l— F. mosseae isolate 101 (AY639277) 768 b) ;J

F. mosseae isolate 101 (AY639164) 767 bp

97

99

94

94

l— F. mosseae BEG25 (AF145735) 927 bp
| F. mosseae BEG84 (AF145738) 771 bp
F. mosseae W5790/Att109-28 (FR750027)
F. mosseae W5790/Att109-28 (FR750025)
F. mosseae BEG12 (FN423695) 945
F. mosseae BEG12 (FN423694) 950 bp
F. mosseae IMA1 (AM423114) 539 bp
F. mosseae BEG12 (FN547487
F. mosseae W5790/Att109-28 (FR750032)
F. mosseae BEG12 (FN547490;
F. mosseae W5790/Att109-28 (FR750033)
F. mosseae W5790/Att109-28 (FR750028)
F. mosseae W5790/:tt10%-‘%8 FR750029)

. mosseae BEG12 (FN547492
F. mosseae IN101CéAJ919276§538 bp
F. mosseae ISCB18 (FN423688) 935 bp
l——— F. fasciculatum BEG58 (X96843) 576 bp e
F. mosseae W5790/Alt109 8(FR7 0024)
— F. mosseae BEG12 (FN547485)
| F. mosseae BEG12 FN547484

F. mosseae BEG12 (FN547488

F. mosseae BEG12 (FN547489

|— F. mosseae W5790/Att109-28 (FR750026

F. fasciculatum BEG58 (X96842) 572 bp »
b B114 (AJ919275) 538 bp

F. mosseae FL156 (AJ919277) 583 b

}—— F. mosseae FL156 (AJ919278) 581 b

b F. mosseae ISCB18 FN423689) 946 bp

[ F. mosseae IMA1 (AM423115) 542 bp

[— F. mosseae W5790/Att109-28 gR750030)

— (FR750031)

F. mosseae W5790/Att109-28
F. mosseae BEG12 (FN547474)
N F. coronatum UK216 (FJ461828) 718 bp <«
q— F. mosseae BEG85 (AF145736) 874 g
L. F. mosseae & caledoinum UK112A (FJ461814, as ‘G. caledonium’) 718 bp «
F. coronatum BEG28 (AF145739) 919 bp
F. coronatum IMA3 (AJ890365) 597 bp
4 | F. coronatum W3582/Att108-7 (FM876798)
F. coronatum W3582/Att108-7 (FM876794)
F. coronatum W3582/Att108-7 (FM876797)
F. coronatum W3582/Att108-7 (FM876795)

©

|— F. caledonium BEG20,

|— F. caledonium BEG20, W3294/Att

F. coronatum W3582/Att108-7 (FM876796)

97 F. coronatum ZTL (FN423687) 954 by

p
S __'F. coronatum ZTL (FN423686) 954 bp
. caledonium SC 656 (AF396799) 767 bp
68~ - caledonium BEGES (AJ910239) 750 br
F. caledonium RMC 658 (AF396789) 771 bp

63| F. caledonium RWC 658 (AF396794) 767 b

F. caledonium BEG20, W3294/Att263-15 (FN547497'
F. caledonium BEG20, W3294/Att263-15 (FN547499)
F. caledonium BEG20 FN423699) 970 bp
\W3294/Att263-1 (FN547496)
F. caledonium DAOM234210 GQZOUOB())) 548 b

- (FN423698) P
F. fragilistratum DN988 FJ461834 718 bp <

l— F. fragilistratum BEGO5 (Al 4 bp
|—F. caledonium BEG20, 3294/Aﬂ283 15(FN547495
[— . caledonium BEG20, W3294/Att

F. caledonium BEG20 (AF145745)

entlorim DAOMB40256 éeozosos4)553 bp
96 T maoram DAGN240550 Eeozoso 0)557
F. multiforum DAOM240256 (GQ20! OSQ 830 bp
F. multiforum DAOM240256 ((3020508

F. caledonium JJ45, isolate Nr.658 (AY035651) 596 bp

95 _EF caledonium DAOM234210 (GQ205088) 548 bp

F. caledonium DAOM234210 §G0205089) 547 b
63-15 (FN547498'
Funneliformis sp. WUM3, W2939/Att15-" 5(FN547481)
Funneliformis sp. WUM3, W2939/Att15-5 (FN547478)
Funneliformis sp. WUM3, W2939/Att15-5 (FN547480)
Funneliformis sp. WUM3, W2939/Att15-! 5(FN547479)
Funneliformis sp. WUM3, W2939/Att15-5 (F!| )
Funneliformis sp. WUM3, W2940/Att15- 5(FM876813)
F. constrictum BEG130 (AF145741) 945 bp
F. coronatum BEG49 (AF145740) 944 bp e
F. geosporum (FJ009621)
F geosporum (FJ009619)
85 geosporum (FJ009622)
[ geosporum (FJ00962 F)
98, geosporum BEG18 (FN423700) 972 bp
geosporum BEG18 (FN423701) 970 bp
61 F. geosporum BEG11 (AJ239122) 555 b

92 F. geosporum BEG106 (AF145743) 713
82 F. geosporum BEG90 (AF 14 742)812 bp
F. geosporum BEG11§AJ510241 ) 747 bg
G. macrocarpum MD124 (FJ461841) 720 bp «

F. constrictum NE202 (FJ461827) 719 bp «

80
w F. constrctum UT138 (FJ461826) 719 bo
xanlhlum (AJ849467)

100 — G. deserticola NC302A (FJ461829) 711bp «

100

1 G. deserticola BEG73 (AJ746249) 740 bp
G. viscosum BEG50 (FJ461853) 717 bp

Glomus sp. W3347/Att565-7 (FR750202.

Glomus sp W3347/Att565-7 (FR750201)

G. hoi BEG104, Att769-1 (AM743188) 848 bp
regatum yel\ow OR212 (FJ461812) 707 bp «

'—l. Glomus sp. W3347/Att565-7 FR750203;

93

G agg|
~ G. macrocarpum W5288/field collected (FR750! g
L G. macrocarpum W5288/field colleded (;R750 27)
|_ G. macrocarpum W5581/Att1495-0 (F

G. macrocarpum W5; 293/ﬁeld collecled FR7:0531)
G. macrocarpum W5293/field collected (FR'
G. macrocarpum W5293/field collected (FR7 :0541 )
G. macrocarpum W5293/field collected r— /bU 31)
G. macrocarpum W5293/field collecte: &
G. macrocarpum W5293/field collected éFR75054 )

G. macrocarpum W5293/field collected (FO

G. macrocarpum W5288/field collected
— G mGacrocarpum W5288/field collected (FR75!

——1
S—

—

G. macrocarpum W5581/Att1495-0 (|

L— G.

R. \ntraradlces FL208, W5166/Att4-38 (FM865606)
R.ir

FL208, W5166/Att4-38 (FM865604)

macrocarpum W5293/field collecged FR750i37)

— . G macrocarpum W5293/field collected (F 750532)
G. macrocarpum W5293/field collecte (, 750535)
G. macrocarpum W5581/Att14¢ FR750367

G. macrocarpum W5581/Att1495 0 (FR750369,
. G. macrocarpum W5581/Att1495-0 (FR750365,

G. macrocarpum W5581/Att1495-0 (FR750366)

G. macrocarpum W5288/field collected (FR750530)
G. macrocarpum W5293/field collected 3 R750538

G. macrocarpum W5293/field collected (FR750539
G. macrocarpum W5293/field collected (FR750541)
tt1 FR750363

macrocarpum W5293/field collected (FR750543)
G. luteum? & G. claroideum? IN214A (FJ461835, as ‘G. geosporum') 710 bp <«

0.05



Fig. S2

100

C. claroideum BEG150 (AM158949) 719 bp
64 C. claroideum BEG150 (AM158950) 719 bp
C. luteum SW202 (HM485774) 690 bp e
C. claroideum BEG150 (AM947663) 719 bp
C. claroideum BR106 (FJ461817) 708 bp «
C. claroideum BEG31 (AJ271929) 719 bp
C. claroideum DN987 (FJ461819) 710 bp «
C. claroideum V289 (AJ628062) 701 bp
C. claroideum V12 (AJ628063) 741 bp
C. claroideum V284 (AJ628061) 735 bp

66 C. claroideum RMF_133 (AF396785) 759 bp
4E C. claroideum SF_133 (AF396795) 759 bp

C. claroideum RWF_133 (AF396790) 759 bp
C. claroideum CH110A (FJ461818) 710 bp «
C. claroideum W5794/Att1063-4 (FR750060)
C. claroideum W5794/Att1063-4 (FR750056)
C. claroideum W5155/Att1063-3 (FR750077)
C. claroideum W5794/Att1063-4 (FR750057)
C. claroideum W5794/Att1063-4 (FR750055)
78} C. claroideum W5155/Att1063-3 (FR750075)
C. claroideum W5794/Att1063-4 (FR750058)
C. luteum JJ49, isolate Nr.770 (AY035655) 586 bp e
C. claroideum W5794/Att1063-4 (FR750061)
[— C. claroideum W5794/Att1063-4 (FR750062)
[— C. claroideum W5794/Att1063-4 (FR750059)
64 [— C. luteum JJ47, isolate Nr.132 (AY035653) 582 bp e

— C. claroideum W5155/Att1063-3 (FR750074)
[— C. claroideum BEG14 (AJ271928) 719 bp
|— C. claroideum WV 114 (FJ461815) 710 bp «
—— C. claroideum SW204 (FJ461816) 710 bp «
[—— C. claroideum HM-CL3 (AJ271927) 718 bp
- C. claroideum DN9874 (AF235009) 893 bp
'— C. claroideum OR210 (FJ461820) 710 bp «

C. claroideum BEG88 (AF145748) 889 bp
C. claroideum DAOM235359 (GQ205096) 535 bp
C. claroideum DAOM235359 (GQ205094) 536 bp
C. claroideum DAOM235359 (GQ205095) 536 bp

C. claroideum JJ43, isolate Nr.133 (AY035649) 587 bp
C. claroideum JJ42, isolate Nr.133 (AY035648) 596 bp
C. luteum SA101-3, W3184/Att676-0 (FM876808)
C. luteum SA101-3, W3184/Att676-0 (FM876812)

60 C. luteum SA101-3, W3184/Att676-0 (FM876809)
C. luteum SA112 (FJ461840) 710 bp «

C. luteum SA101-3, W3184/Att676-0 (FM876810)

C. luteum SA112 (HM485771) 740 bp

G. geosporum MD124 (AF197918) 538 bp e

67 I- C. claroideum JJ50, isolate Nr.133 (AY035656) 585 bp

99 | C. claroideum JJ51, isolate Nr.360 (AY035657) 584 bp

C. claroideum JJ52, isolate Nr.672 (AY035658) 582 bp
C. claroideum BEG96 (AY953105) 582 bp
C. claroideum BEG96 (AY953108) 468 bp
C. claroideum BEG96 (AY953111) 468 bp

63 L c. claroideum BEG96 (AY953104) 444 bp

I

C. claroideum BEG96 (AY953107) 468 bp
C. claroideum BEG96 (AY953110) 468 bp
C. claroideum BEG96 (AY953106) 468 bp
I-_ C. walkeri (AJ972467)

100 Claroideoglomus sp. W3349/Att565-11 (FM876804)

Claroideoglomus sp. W3349/Att565-11 (FM876807)
l— Claroideoglomus sp. W3349/ Att565-11 (FM876805)
Claroideoglomus sp. W3349/Att565-11 (FM876806)
C. drummondii (AJ972465)
o "¢ drummondi (AJ972466)

C. drummondii (AJ972464)

H G. microaggregatum UT126B (FJ461843) 697 bp «
— C. etunicatum CA-OT-126-3-2, W5347/Att1505-8 (FN547628)
[— C. etunicatum CA-OT-126-3-2, W5347/Att1505-8 (FN547627)
[~ C. etunicatum 3-5-4 (AY330582) 556 bp
|— C. etunicatum CA-OT-126-3-2, W5347/Att1505-8 (FN547632)
[— C. etunicatum CA-OT-126-3-2, W5347/Att1505-8 (FN547625)
— C. etunicatum CA-OT-126-3-2, W5347/Att1505-8 (FN547623)
[— C. etunicatum CA-OT-126-3-2, W5347/Att1505-8 (FN547633)
— C. etunicatum 3-5-4 (AY330597) 547 bp
[— C. etunicatum CA-OT-126-3-2, W5347/Att1505-8 (FN547629)
— C. etunicatum 5-5-4 (AY330588) 556 bp
[— C. etunicatum CA-OT-126-3-2, W5347/Att1505-8 (FN547624)
[— C. etunicatum UT316 (Y16739, Z14008, AJ239125)

[— C. etunicatum AZ201C-3 (HM485697) 740 bp
[— C. etunicatum AZ201C-1 (HM485695) 740 bp
[— C. etunicatum CU127-47 (HM485728) 740 bp
[— C. etunicatum CA-GT4-7 (HM485705) 740 bp
[— C. etunicatum BR220-2 (HM485701) 740 bp
— C. etunicatum CA-GT24-6 (HM485713) 721 bp
[— C. etunicatum CA-OT-126-34 (HM485723) 740 bp
[— C. etunicatum MD127-2 (HM485743) 720 bp
— C. etunicatum CA-OT-126-3-2, W5347/Att1505-8 (FN547631)
[— C. etunicatum CA-OT-126-3-2, W5347/Att1505-8 (FN547634)
= C. etunicatum NPI (AJ623309) 917 bp
- C. etunicatum W5347/Att1505-8 (FN547626)
- C. etunicatum BR215 (FJ461832) 710 bp «
= C. etunicatum NB119-18 (HM485750) 740 bp
- C. etunicatum AU401A-41 (HM485694) 740 bp
[— C. etunicatum AU401A-1 (HM485692) 740 bp
[— C. etunicatum KE118-13 (HM485734) 740 bp
C. etunicatum BR155C (FJ461833) 710 bp «

C. etunicatum 3-5-4 (AY330592) 541 bp

C. etunicatum FL705A-5 (HM485730) 717 bp

C. etunicatum KE118-37 (HM485735) 740 bp

C. etunicatum MX916B-2 (HM485748) 740 bp
- C. etunicatum AU401A-2 (HM485693) 740 bp

C. etunicatum BEG168 (AM158951) 719 bp
- C. etunicatum FL705A-4 (HM485729) 740 bp
C. etunicatum BEG92 (AF145749) 882 bp
r F. caledonium BEG20, W3294/Att263-15 (FN547494)

7

1 F. caledonium BEG20, W3294/Att263-15 (FN547495)

0.05



Supporting Table 1. Annotation of sequences from our laboratory, which were used in the analyses.

1DNA region | accession no. | clone no. species name (synonym, if recently changed) type-information attempt no. voucher other identifier(s) culture type or sample origin DNA extraction fron| reference geographical origin collector or originator
SsuU FN825898 FD22-1 rasiliensis At K 4699 soil trap single spore riger et al. Perthshire, Meall nan Tarmachar C Walker
SSU FN825899 FD22-6 pora brasiliensis Att1211- 4699 Soll trap single spore riger etal. UK, Perthshire, Meall nan Tarmachar C Walker
SsuU FN825900 MK113-1 rasiliensis At - 4699 soil trap single spore ruger et al. UK, Perthshire, Meall nan Tarmachar C Walker
SSU FN825901 MK109-1 pora brasiliensis Att1211- 4699 Soil trap single spore riger etal. UK, Perthshire, Meall nan Tarmachar C Walker
SSU-I FN825902 MK109-: rasiliensis At - 4699 soil trap single spore ruger et al. UK, Perthshire, Meall nan Tarmachar C Walker
SSU- FN825903 MK065- pora brasiliensis Att1211- 4699 Soil trap single spore riger etal. UK, Perthshire, Meall nan Tarmachar C Walker
SSU-I FN825904 MKOB5- rasiliensis At - 4699 soil trap single spore ruger et al. UK, Perthshire, Meall nan Tarmachar C Walker
SSU FN825905 MK065- pora brasiliensis Att1211- 4699 Soll trap single spore riger etal. UK, Perthshire, Meall nan Tarmachar C Walker
SSU-I FN825906 MK065- rasiliensis At - 4699 soil trap single spore ruger et al. UK, Perthshire, Meall nan Tarmachar C Walker
SSU FN825907 MK064- pora brasiliensis Att1211- 4699 Soll trap single spore riger etal. UK, Perthshire, Meall nan Tarmachar C Walker
SSU-I FN825908 MK064- rasiliensis At - 4699 soil trap single spore ruger et al. Perthshire, Meall nan Tarmachar C Walker
SSU FN825909 MK062- pora brasiliensis Att1211 4699 Soll trap single spore riger etal. UK, Perthshire, Meall nan Tarmachar C Walker
SSU-I FN825910 CK032-4 rasiliensis At - W5473 soil trap single spore ruger et al. UK, Perthshire, Meall nan Tarmachar C Walker
SSUITS L. FNB25911 CK0322 pora brasiliensis At1210- W5473 Soil trap single spore riger etal. UK, Perthshire, Meall nan Tarmachar C Walker
SSU-ITS-L! FN825912 CK032-1 rasiliensis At - W5473 soil trap single spore ruger et al. UK, Perthshire, Meal ‘armachar C Walker
SSU FR750213 FD002-1 (+3) capsicul Att1186- W4681 Single spore (= isolate single spore riiger etal. Australia, New South Wales, Sydney P McGee
SS AJ306442 D159-1-1 cavernat epitype Att209- W3293 BEG33 multispore single spore Bler et al. 2001 U ielder C Walker
SSUITSLSU | FM876788 MK006-1 cavernal: epitype Al209- W3293 BEG33 multispore single spore riger et al. 2009 U ielder C Walker
SSU-ITS-LSU FM876789 MKOO6-: cavernat epitype Att209- W3293 BEG33 multispore single spore rger et al. 2009 U ielder C Walker
SSU-ITSLSU | FM876790 MK006~ cavernal epitype Al209- W3293 BEG33 multispore single spore riger et al. 200 U ielder C Walker
SSU-ITS-LSU FM876791 MKO06- cavernat epitype Att209- W3293 BEG33 multispore single spore iger et al. 2009 U ielder C Wal
SSU-ITSH FR750063 CK086-4 colombiant extype Alt1476- W5795 CIAT C-10; INVAM CL356 Dot cullure (details unknown single spore s study C in
SSU-ITS-| 50168 MKO095- entrerian: ex-type Att1541-" W547¢ multispore single spore is study Ar Count ajay
SSUITSH FR750169 MK095 entrerian: ex-lype Att1541- W54 multispore single spore s study A County, Ubajay
SSU-ITS-| FR750170 MKO095- entrerian: ex-type Att1541-" W54 multispore single spore is study Ar Count ajay
SSUITSH FR750171 MK095+ entrerian: ex-lype Att1541- W54 multispore single spore s study A County, Ubajay
SSU-ITS-| FR750172 MKO095-" entrerian: ex-type Att1541-" W54 multispore single spore is study Ar Count ajay
SSUITSH FR750173 MK095+ enirerian ex-lype Att1541- W54 multispore single spore Stu Ar County, Ubajay
SSU-ITS-L! FM876821 HS098- entinensis Att1499-C W53 TV A pot culture (details unknown single spore rger et al. 2009 ai ai lu
SSU FMB876822 HS098- entinensic Alt1499- W53 TWiT1A Dot cullure (details unknown single spore riger et al. 200 al a u
SSU-I FM876823 HS098- entinensis Att1499-C W53 TV A pot culture (details unknown single spore rger et al. 2009 ai ai lu
SSU FMB76824 HS098-16 entinensic Alt1499- W53 TWiT1A Dot cullure (details unknown single spore riger et al. 200 al a u
SSU-I FM876825 HS098-20 entinensis Att1499-C W53 TV A pot culture (details unknown single spore rger et al. 2009 ai ai lu
SSU FMB76826 HS098-23 entinensic Alt1499- W53 TWiT1A Dot cullure (details unknown single spore riger et al. 200 al a u
SSU-I FM876827 HS098-24 entinensis Att1499-C W53 TV A pot culture (details unknown single spore rger et al. 2009 ai ai lu
SSU FMB876828 HS098-29 entinensic Alt1499 W53 TWiT1A Dot cullure (details unknown single spore riger et al. 200 al a u
SSU-I FM876829 HS098-56 entinensis Att1499-C W53 TV A pot culture (details unknown single spore rger et al. 2009 ai ai lu
SSU FMB76830 HS098-57 entinensic Alt1499- W53 TWiT1A Dot cullure (details unknown single spore er et al. 2008 al a u
SSU-I FN547520 HS098-38 entinensis Att1499-C W53 TV A pot culture (details unknown single spore tockinger et al. 201C ai ai lu
SSU FN547521 HS098-43 entinensic Alt1499 W53 TWiT1A Dot cullure (details unknown single spore ockinger et al. 201C | Tai a u
SSU-I FN547522 HS098-21 entinensis Att1499-C W53 TV A pot culture (details unknown single spore tockinger et al. 201C ai ai lu
SSUITS L. FN547523 HS098-35 entinensic Alt1499- W53 TWIiT1A Dot cullure (details unknown single spore ockinger et al. 201C | Taiwan, Tainam C-GWu
SsSuU FR719957 D195-1-2 lacunosé Att626-¢ W3289 BEG: multispore single spore lis study USA, New Hampshire atson
S5U 17633 WD95-1-4 jaevis Al896-—¢ W3107 WUM46 multispore single spore chufiler el al 2001 | Australia, Westemn Australia, Jarrahdalc D Jasper
SS FR750214 FD061 laevig Att423- W3247 multispore single spore s study utherlan pl C Walker
SSU FN547502 HS032-80 jaevic Altd23~ W32 multispore single spore ockinger el al. 20 UK. Sutherland. Elphin C Walker
SSU-I FN547503 HS032-82 laevis Att423- W32 multispore single spore tockinger et al. 20° utherlanc iphin C Walker
SSU FN547504 HS032-88 jaevis Altd23~ W32 multispore single spore ockinger et al. 20 UK. Sutherland. Elphin C Walker
SSU-I FN547505 HS032-81 laevis Att423- W32 multispore single spore tockinger et al. 20° U utherlanc iphin C Walker
SSU- FN547506 HS032-89 jaevis Altd23~ W32 multispore single spore ockinger et al. 20 UK. Sutherland. Elphin C Walker
SSU-I FN547517 HS032-69 laevis Att423- W32 multispore single spore tockinger et al. 20° U utherlanc iphin C r
SSU- FN54 HS030-1 jaevis none (material from BEG none BEG26 multispore single spore ockinger et al. 20 China sarsor
SSU-I FN54 HS030-22 laevis none (material from BEG none BEG26 multispore single spore tockinger et al. 20° China V.
SSU FN54 HS0302 jaevis none (material from BEG none BEG26 multispore single spore ockinger et al. 20 China V. earsor
SSU-I FN54 HS030-9 laevis none (material from BEG none BEG26 multispore single spore al. 20° China V.
SSU FN54 HS030-26 jaevis none (material from BEG none BEG26 multispore single spore al_20° China V. earsor
SSU-I FM876780 HS028- laevis Att862- W2928 WUM11, AU22 multispore single spore 2008 Australia, re of adgingar. Abbot
SSU FMB76781 FS028-10 jaevis A862- W2928 WUMT1, AU22 multispore single spore 2008 Australia, Shire of adgingar Abbol
SSU-I FM876782 HS028-12 laevis Att862- W2928 WUM11, AU22 multispore single spore 2008 Australia, re of adgingar. Abbot
SSU- FM876783 HS028-17 jaevis Al62- W2928 WUMT1, AU22 multispore single spore 2008 Australia, Shire of adgingar Abbol
SSU-I FM876784 HS028-22 laevis Att862- W2928 WUM11, AU22 multispore single spore 2008 Australia, re of adgingar. Abbot
SSU- FMB876785 HS028-25 jaevis Al62- W2928 WUMT1, AU22 multispore single spore 2008 Australia, Shire of adgingar Abbol
SSU-I FM876786 HS028-6 laevis Att862- W2928 WUM11, AU22 multispore single spore 2008 Australia, re of adgingar. Abbot
SSU FMB76787 HS028-1 jaevis Al62- W2928 WUMT1, AU22 multispore single spore 2008 ustralia, Shire o adgingar Abbol
SSU-I FN547507 HS054-36 laevis ex-epitype Att192- W5258 BE! multispore single spore al. 20° lew Zealand, unknown locatior losse
SSU FN547508 HS054-1 jaevis ex-epilype Att192- W5258 BEG multispore single spore al. 20 lew Zealand. unknown locatior losse
SSU-I FN547509 HS054-2 laevis ex-epitype Att192- W5258 BEG multispore single spore al. 20° lew Zealand, unknown locatior losse
SSU- FN547510 HS054-42 jaevis ex-epilype Att192- W5258 BEG multispore single spore al. 20 lew Zealand. unknown locatior losse
SSU-I FN547511 HS054-24 laevis ex-epitype Att192- W5258 BEG multispore single spore al. 20° lew Zealand, unknown locatior losse
SSUITS L. FN547512 HS054-35 jaevis ex-epilype Att192- W5258 BEG multispore single spore al 20 lew Zealand, unknown locatior losse
SSU-ITS-| FN547516 HS054-7 laevis ex-epitype Att192- W5258 BEG multispore single spore al. 20° lew Zealand, unknown locatior losse
SSU AJ306441 D157-23 sp AlB69- W294 WUM18 multispore single spore 2008 iv. of Western Australi bott
SSU-ITS-LSU FM876792 MKO005-1 Sp. Att869-: W294° WUM18 multispore single spore . 2009 of Western Australic Abbott
SSUITSLSU | FM876793 MK005-2 AlB69- W294 WUM18 multispore single spore 2008 dlands, Univ. of Western Australiz Abbott
SS FR75020: WD210-1-1 Spinose ex-type Att165- /357 multispore single spore USA, lowa, Boone C Walker
SSU U 50 MKO038- Spinos: extype Alt165- 357 multispore single spore USA, lowa, Boone C Walker
SSU-I V] FR750 MKO38- Spinose ex-type Att165- /357 multispore single spore USA, lowa, Boone C Walker
SSU- U [FR750 MK038- Spinos: extype Alt165- 357 multispore single spore USA, lowa, Boone C Walker
SSU-I V] FR750 MK038- Spinose ex-type Att165- /357 multispore single spore USA, lowa, Boone C Walker
SSU- U [FR750 MK038-~ Spinos: extype Alt165- 357 multispore single spore USA, lowa, Boone C Walker
SSU-ITS-| FR750156 MK038-44 Spinose ex-type Att165- /357 multispore single spore SA, ONE. C Walker
SSUITSH FN547524 MK096- Ambispora Alt1235- W5156 multispore mult spore (3] al 20 razil, Malo Grosso, between Barra do Gracas & Poxore pain
SSU-ITS-| N547525 MKO096-10 Ambispora Att1235-° W5156 multispore multi spore (3) al. 20° razi lato Grosso, between Barra do Gracas & Poxore pain
SSUITSH N547526 MK096-11 Ambispora Alt1235- W5156 multispore multi spore (3) al. 20 razi, Malo Grosso. between Barra do Gracas & Poxore pain
SSU-ITS-| FN547527 MKO096-12 Ambispora Att1235-° W5156 multispore multi spore (3) al. 20° razi lato Grosso, between Barra do Gracas & Poxore pain
SSUITSH FN547528 VK096 Ambispora Att1235- W5156 multispore multi spore (3) al. 20 razi, Malo Grosso. between Barra do Gracas & Poxore pain
SSU-ITS-| FN547529 MKO096- Ambispora Att1235-° W5156 multispore multi spore (3) al. 20° razi lato Grosso, between Barra do Gracas & Poxore pain
SSUITSH FN547530 MK096- Ambispora Alt1235- W5156 multispore multi spore (3) al. 20 razi, Malo Grosso. between Barra do Gracas & Poxore pain
SSU-ITS-| N547531 MKO096-" Ambispora Att1235-° W5156 multispore multi spore (3) al. 20° razi lato Grosso, between Barra do Gracas & Poxore pain
SSUITSH N547532 MK096+ Ambispora Alt1235- W5156 multispore multi spore (3) al. 20 razi, Malo Grosso. between Barra do Gracas & Poxore pain
SSU-ITS-| FN547533 MKO096- Ambispora Att1235-° W5156 multispore multi spore (3) al. 20° razi lato Grosso, between Barra do Gracas & Poxore pain
SSUITSH FN547534 VK096 Ambispora Att1235~ W5156 multispore ‘multi spore (3] al_20° azil, Mato Grosso, belween Barra do Gracas & Poxore ai
SsSuU AM268192 FD36-3- Ambispora fennice Att200- W3569 single spore (= isolate single spore 2007 inlan urikka, intaiva ‘estberg
SSU AM268193 FD9B-1 Ambispora fennice pe Al200- W3569 single spore (= isolate single spore 2007 Finland, Kurikka, Jylintaiva estberc
SsuU AM268195 FD35-6 Ambispora fennice Att200- W3570 Si late single spore 2007 Finlan urikka, intaiva ‘estberg
SSU AM268194 WD265-1-1 Ambispora fennice p Al200- W3847 s ate single spore 2007 Finland, Kurikka, Jylintaiva estberc
SsuU AM268196 FD120-2 Ambispora fennice ex-type Att200-2! 4752 si late single spore 2007 Finlan urikka, intaiva ‘estberg
SSU FN547535 MK094- Ambispora fennice ex-type Al200-23 752 single spore (= isolate single spore al. 20 Finland, Kurikka, Jyllintaiva estberg
SSU-I FN547536 MK094-10 Ambispora fennice ex-type Att200-23 752 si late single spore al. 20° Finlan urikka, intaiva ‘estberg
SSU- FN547537 MK094-11 Ambispora fennice ex-type Al200-23 752 i ate single spore al 20 Finland, Kurikka, Jyllintaiva estberc
SSU-I FN547538 MK094-12 Ambispora fennice ex-type Att200-23 752 si late single spore al. 20° Finlan urikka, intaiva ‘estberg
SSU- FN547539 MK094- Ambispora fennice ex-type Al200-23 752 single spore (= isolate single spore al 20 Finland, Kurikka, Jyllintaiva estberg
SSU-I FN54754( MK094-. Ambispora fennice ex-type Att200-23 752 si late single spore al. 20° Finlan urikka, intaiva ‘estberg
SSU FN54 VK094~ Ambispora fennice ex-type Al200-23 752 i ate single spore al. 20 Finland, Kurikka, Jyllintaiva estberc
SSU-I FN54754 MK094-! Ambispora fennice ex-type Att200-23 752 si late single spore al. 20° Finlan urikka, intaiva ‘estberg
SSU- FN54 MK094- Ambispora fennice ex-type Al200-23 752 g ate single spore al. 20 Finland, Kurikka, Jyllintaiva estberc
SSU-I FN54754 MK094- Ambispora fennice ex-type Att200-23 752 si late single spore al. 20° Finlan urikka, intaiva ‘estberg
SSU FN54 MK094-~ Ambispora fennice ex-type Al200-23 752 g ate single spore al. 20 Finland, Kurikka, Jyllintaiva estberc
SSU-I FN54754 MK094- Ambispora fennice ex-type Att200-23 752 si late single spore 0 al. 20° Finlan wurikka, intaiva ‘estberg
SSUITSLSU | FR75015 MKO74- Ambispora fennica ex-lype Al200-23 752 single spore (= isolate single spore s stud Finland, Kurikka, Jyllintaiva estberc
ITS AM268198 FD120-13 Ambispora fennice ex-type Att200-23 752 si late single spore alker et al. 2007 Finlan urikka, intaiva ‘estberg
AM268203 FD1206 Ambispora fennice xclype Al200-23 752 i ate single spore alker et al. 2007 Finland, Kurikka, Jyllintaiva estberc
AM268197 FI -10 Ambispora fennice Att200- W3569 Si late single spore alker et al. 2007 Finlan urikka, intaiva ‘estberg
AM268199 FD120-7 Ambispora fennice e Al200- W3569 single spore (= isolate single spore alker et al. 2007 Finland, Kurikka, Jylintaiva estberc
AM268200 FI -12 Ambispora fennice Att200- W3569 single spore late single spore alker et al. 2007 Finlan urikka, intaiva ‘estberg
AM268201 FD114-5 Ambispora fennice e Al200- W3569 single spore (= isolate single spore alker et al. 2007 Finland, Kurikka, Jylintaiva estberc
AM268202 FI -6 Ambispora fennice Att200- W3569 single spore late single spore alker et al. 200 | Finlan urikka, intaiva est
SSU AJ301861 D471 Ambispora leptotich AU733- W3442 NC176 single spore (= isolate single spore (acaulos Schuller et al. 2001 | USA, North Carolina, Durhar J Bever




SS| 73150 WD198 1 schenl ntraspora schencl Att58-¢ CIAT -C133-8 multispore single spore s study ia, E Sieverding

SSU-TSLSU | FR750020 CKO77-1 (27475] schenkil(Intraspora schend A2 12- multspore single spore s study na. Puna req AMenendez

SSU-ITS-LSU FR750021 CKO077-3 (+6) schenl ntraspora schencl Att212-¢ multispore single spore s study na, Puna regi A Menendez

SSU-TS-LSU__| FR750022 CKO776 schenki (Iniraspora schend Att2 T2 multspore single spore s study na. Puna reg AMenendez

SSU-ITS-LSU FR750023 CKO77-7 chen! ntraspora schencl Att212-¢ multispore single spore s study na, Puna regi A Menendez

SSU AM114274 WD103-3-10 rappe Ail186- sol trag single spore s study Austria, Tyrol P Schweiger

SS| Y17634 WD103-3-8 rappe Att186-1 soil trap single spore hiRler et al. 2001 istria, Tyrol, P Schweiger

SSU-TSH FR750034 CK082-10 rappe AH178- mullispore single spore y i C Walker

SSU-ITS-| FR750035 rappe At - multispore single spore C Walker

SSU-ITSH FR750036 4 rappe AWT78- mullspore single spore C Walker

SSU-ITS-| FR750037 (+8+9) rappe At - multispore single spore C Walker

SSU-ITSH FR750038 5 rappe AlT78- multspore single spore C Walker

SSuU AJ276080 claroideum (Glomus claroi none (material from BEG BEG23 multispore single spore ryndler

SSU 17642 claroideum (Glomus claroi none (material from BEG BEG23 multspore single spore ryndier

SSuU AJ276079 claroideum (Glomus claroi Att79-3 BEG: multispore single spore ‘estberg.

SSU V17641 claroideum (Glomus claroi AUTS- BEG multispore single spore estber

SSuU AJ276075 claroideum (Glomus claroi none (material from BEG BEG pot culture (details unknown single spore Rosendah

SSU V17636 claroideum (Glomus claroi none (material from BEG BEG pot cullure (details unknown single spore Rosendah

SSuU AJ301851 claroideum (Glomus claroi none (material from BEG BEG pot culture (details unknown single spore Rosendah

SSU AJ301852 claroideum (Glomus claroi none (ma BEG pot cullure (details unknown single spore Rosendah

SSU-I FR750055 claroideum (Glomus claroi Att1063- Sw2 Si isolate single spore N )ansa

SSU-TS-LSU__| FR750056 claroideum (Glomus clarol All1063-4 SW2 5 solate single spore n ansa

SSU-I FR750057 claroideum (Glomus claroi Att1063- Sw2 Si isolate single spore N )ansa

SSU-TS-LSU_| FR750058 claroideum (Glomus clarol All1063-4 SW2 5 solate single spore n ansa

SSU-| FR750059 claroideum (Glomus claroi Att1063- Sw2 Si isolate single spore N )ansa

SSU-TS-LSU__| FR750060 claroideum (Glomus clarol All1063-4 SW2 i solate single spore n ansa

SSU-I FR750061 claroideum (Glomus claroi Att1063- Sw2 Si isolate single spore N )ansa

SSU-TS-LSU__| FR750062 claroideum (Glomus claroi All1063-4 SW2 5 solate single spore n ansa

SSU-I FR750074 claroideum (Glomus claroi Att1063-: Sw2 Si isolate single spore N )ansa

SSU-TS-LSU__| FR75007" claroideum (Glomus clarol AIT063- SW2 5 solate single spore n ansa

SSU-I FR75007¢ claroideum (Glomus claroi Att1063-: Sw2 Si isolate single spore N )ansa

SSU-TS-LSU__| FR75007 claroideum (Glomus clar AIT063- SW2 5 solate single spore n ansa

SS| FR75021: etunicatum (Glomus etunicat Att367-3 Si isolate single spore C Walker

SSU FR75021 etunicatum (Glomus elunica Altg43-1 5 solate single spore R Rodriquez

SSuU 639 etunicatum (Glomus etunicat Att678-4 -8 P ils unknown single spore known

SSUA FN547623 etunicatum (Glomus elunica All1505- ~1263- 5 solate) RO single spore ockinger ot a fornia, Ber

SSU-| N547624 H - etunicatum (Glomus etunicat Att1505-¢ -126-3- Si isolate) RO single spore lockinger et al ria, Berk

SSU- N547625 HST12-4 etunicatum (Glomus elunica Alt1505- 126-3- s solate) RO single spore ockinger ot fornia, Ber

SSU-| FN547626 H - etunicatum (Glomus etunicat Att1505-¢ -126-3- Si isolate) RO single spore lockinger et al ria, Berk

SSU- FN547627 HST12- etunicatum (Glomus elunica Alt1505- 126-3- 5 solate) RO single spore ockinger ot fornia, Ber

SSU-| FN547628 H - etunicatum (Glomus etunicat Att1505-¢ -126-3- Si isolate) RO single spore lockinger et al ria, Berk

SSU- FN547629 HST12-38 etunicatum (Glomus elunica Alt1505- 126-3- s solate) RO single spore ockinger ot fornia, Ber

SSU-| N547630 H -23 etunicatum (Glomus etunicat Att1505-¢ -126-3- Si isolate) RO single spore lockinger et al ria, Berk

SSU- N547631 HST12:5 etunicatum (Glomus elunica Alt1505- 126-3- s solate) RO single spore ockinger ot a fornia, Ber

SSU-| FN547632 H -18 etunicatum (Glomus etunicat Att1505-¢ -126-3- Si isolate) RO single spore lockinger et al ria, Berk

SSU- FN547633 HST12:6 etunicatum (Glomus elunica Alt1505- 126-3- 5 solate) RO single spore ockinger et fornia, Ber

SSU-| FN547634 H -28 etunicatum (Glomus etunicat Att1505-¢ -126-3- Si isolate) RO single spore lockinger et al ria, Berk

ssU FR773151 WD99_5_1 c (Glomus ex-isotype’ Att244-7 e e multispore (approx. 25 spores) single spore this study Canada, Ontario, Wasaga Beach Provincial Park Y Dalpé
carries same no., but contains Rh. irregularis)

55U FR773152 WD99 5 2 (Glomus Scsolpe AGAAT DAOMZ12349 mullispore (approx. 25 spores Single spore s stud Canada, Onlario. Wasaga Beach Provinial Park Dalps

SSuU AJ276087 WD100-2-6 (Glomus ex-isotype Att244-1 DAOM212349 single spore (= isolate single spore chiBler et al. 2001 Canada, Ontario, Wasaga Beach Provincial Park Dalpé

SSU AJ276083 WD116-1-2 jamellosum (Glomus Alt672-1 single spore (= isolale single spore chifer etal. 2001 reipssor

SSuU AJ276089 WD141-1 luteum (Glomus luteum Att676- A101-: pot culture s unknown single spore chiBler et al. 2001 Car lukdar

SSU 17645 KLT2-1 uteum (Glomus luteum All676- ATOT- pot cullure (details unknown single spore chifler etal. 2001 [ C alukdar

SSU-| FM876808 MKO002- luteum (Glomus luteum Att676- A101-: pot culture s unknown single spore riiger et al. 2 Car “alukdar

SSU- FMB876809 VK020- uteum (Glomus luteum All676- ATOT- pot cullure (details unknown single spore riiger et al. c alukdar

SSU-| FM876810 MKO020-: luteum (Glomus luteum Att676- A101-: pot culture s unknown single spore ruger et al. Car “alukdar

SSU- FMB76611 VK020- uteum (Glomus luteum All676- ATOT- pot cullure (details unknown single spore riiger et al. c alukdan

SSU-ITS-L! FM876812 MKO020- luteum (Glomus luteum Att676- A101-: ot culture unknown single spore ruger et al. C “alukdar

SSU AJ301856 WD175-155 s All565- ndividual spore clustel single spore et al. 2001 | UK, Yorkshire, Yor

SSU-ITS-LSU FM876804 MKO007-1 sp Att565- individual si cluster single spore riiger et al. 2009 U shire, York

SSU-ITS-LSU__| FM876805 MKQ07-2 sp Al565- individual spore clustel single spore riiger et al- UK Yorkshire, Yor

SSU-ITS-LSU FM876806 MKO007-3 sp Att565- individual si cluster single spore riiger et al. U shire, York

SSU-ITS-LSU__| FM876807 MKQ07-4 sp All565- ndividual spore cluster single spore riiger et al- shire, Yor

SS| FR750220 WD252 1 6 Sp. Att757- single spore isolate single spore lis study Darmstadt, Tr C Walker &

SSU FR750221 WD279 1 3 5 Allgad single spore (= isolal single spore is study eracruz, Anfigue C Walker

SS| AM713432 FD102-5 aurantia (Glomus aurantium ex-type Att1296- pot culture (details unknown single spore amper et al. el-Aviv

SSU-TS-LSU__| FN547656 HS109-27 aurania (Glomus auranum exctype All1296- pot culture (details unknown single spore tockinger el el-Aviy

SSU-ITS-LS! FN547656 HS109-7 aurantia (Glomus aurantium ex-type Att1296- pot culture (details unknown single spore tockinger et el-Aviv

SSU-TS-LSU__| FN547657 HS109-22 aurantia (Glomus auranum exctype All1296- pot culture (details unknown single spore tockinger ef el-Aviy

SSU-ITS-LS! FN547658 HS109-29 aurantia (Glomus aurantium ex-type Att1296- pot culture (details unknown single spore tockinger et el-Aviv

SSU-ITS-LSU__| FN547659 HS109- aurantia (Glomus aurangum exctype All1296- pot culture (details unknown single spore tockinger ef el-Aviy

SSU-ITS-LS! FN547660 HS109-4 aurantia (Glomus aurantium ex-type Att1296- pot culture (details unknown single spore tockinger et el-Aviv

SSU-TS-LSU__| FN547661 HS109- aurantia (Glomus auranum exctype All1296- pot culture (details unknown single spore tockinger ef el-Aviy

SSU-ITS-LS! N547662 HS109-6 aurantia (Glomus aurantium ex-type Att1296- pot culture (details unknown single spore tockinger et el-Aviv

SSU-TS-LSU__| FN547663 HS109-15 aurantia (Glomus auranum exctype All1296- pot culture (details unknown single spore tockinger el el-Aviy

SSU-ITS-LS! N547664 HS109-25 aurantia (Glomus aurantium ex-type Att1296- pot culture (details unknown single spore tockinger et el-Aviv

SSU-ITS-LSU__| FN547665 HS109-4 aurantia (Glomus aurangum exctype All1296- pot cullure (details unknown single spo tockinger el oA

SSuU AM713423 FD155-° elate Att1292-; Si e multi spores amper et al. -schikon- amper

SSU AM713424 FD155- elate All1292- 5 o mult spores amper ot l. schikon- amper

SSuU AM713425 FD155-° elate Att1292-; Si e multi spores (250) amper et al. -schikon- amper

SSU AM713426 FD154- elate All1291- 5 o mult spores amper ot l. schikon- amper

SSuU AM713427 FD154-° elate At -2 Si e multi spores (250) amper et al. -schikon- amper

SSU AM713426 FO154- elate All1291- 5 o mult spores (250, | Gamper etal. schikon- amper

SSuU AM713420 HS004- elate ex-type At -2 si e multi spores (250) amper et al. -schikon- amper

SSU AM713421 HS004- elate ex-type At ¥ si e multi spores amper et al. schikon-| amper

SSuU AM713422 HS004- elate ex-type At -2 si e multi spores (250) amper et al. -schikon- amper

LSU AM713417 HS006- elate ex-type At ¥ si e multi spores amper et al. schikon-| amper

LSuU AM713418 HS006-¢ elate ex-type At -2 si e multi spores (250) amper et al. -schikon- amper

[ AMT13419 FIS006- celate exctype All1278- 5 o mult spores (250, | Gamper etal. schikon- amper

SSU-ITS-LSU AM713402 HS005- celate ex-type At -2 si e multi spores (250) amper et al. -schikon- amper

SSU-TS-LSU__| AM713403 FS005- elate exctype All1278- 5 o mult spores amper ot l. schikon- amper

SSU-ITS-LSU AM713404 HS005- late ex-type At -2 si e multi spores amper et al. N chikor amper

SSU AM713420 HS003-11 urnea (Glomus ebumeur exctype Al 1290- mu mult spores amper ot al. izona, Lewis uiz

SS| AM713430 HS003-12 urnea (Glomus eburneun ex-type Att1290-¢ mul multi spores amper et al. izona, Lewis tutz

SSU AM713431 HS003-10 umea (Glomus eburneur exctype Al 1290- m mult spores amper ot . izona, Lewis uiz

SSU-ITS-LS! AM713405 CK235-39 urnea (Glomus eburneun ex-type Att1290-¢ mi multi spores amper et al. izona, Lewis tutz

SSU-ITS-LSU__| AM713406 CK235-31 umea (Glomus eburneur exctype AH1290- m mult spores amper ot . izona, Lewis uiz

SSU-ITS-LS! AM713407 CK235-35 urnea (Glomus eburneun ex-type Att1290-¢ mi multi spores amper et al. izona, Lewis tutz

SSU-ITS-LSU__| AM713408 CK235-22 umea (Glomus eburneur exctype Al 1290- m mult spores amper ot . izona, Lewis uiz

SSU-ITS-LS! AM713409 CK235-41 urnea (Glomus eburneun ex-type Att1290-¢ mul multi spores amper et al. izona, Lewis tutz

SSU-TS-LSU__| AM7134 CK235-36 umea (Glomus eburneur exctype Al 1290- m mult spores amper ot al. izona, Lewis uiz

SSU-ITS-LS! AM7134 CK235-38 urnea (Glomus eburneun ex-type Att1290-¢ mi multi spores amper et al. izona, Lewis tutz

SSU-TS-LSU__| AM7134 CK235-4 umea (Glomus eburneur exctype Al 1290- m mult spores amper ot . izona, Lewis uiz

SSU-ITS-LS! AM7134 CK235-4 urnea (Glomus eburneun ex-type Att1290-¢ mi multi spores amper et al. izona, Lewis tutz

SSU-TS-LSU__| AM7134 CK2354 umea (Glomus eburneur exctype Al 1290- m mult spores amper ot . izona, Lewis uiz

SSU-ITS-LS! AM7134 CK235-4 urnea (Glomus eburneun ex-type Att1290-¢ mul multi spores amper et al. izona, Lewis tutz

SSU-ITS-LSU__| AM7134 CK2354 umea (Glomus eburneur exctype Al 1290- m mult spores amper ot . izona, Lewis uiz




AJ132666 epigaea (Glomus epigaeurr ex-type none (material from BEG none BEG individual spore cluster single spore chiRler et al. 2001 Oregon State Universi Hetrick nee Daniels
AJ276088 epigaea (Glomus epigaeun ex-type Att475-21 W3221 BEG: individual spore cluste! single spore chiiler et al. 2001 Oregon State Universit Hetrick nee Daniels
X86687 epigaea (Glomus epigaeurr ex-type Att475-22 W3180 BEG individual spore clustel single spore ehrig et al. 1996 Oregon State Universi Hetrick nee Daniels
Y17651 epigaea (Glomus epigaeun ex-type Alt475-22 W3180 BEG: individual spore cluste! single spore chiiler et al. 2001 Oregon State Universit Hetrick nee Daniels
FMB76814 epigaea (Glomus epigaeurr ex-type AHA475- W5165 BEG individual spore cluster single spore riiger et al. 2009 Oregon State Universi Hetrick nee Daniels
FM8768 epigaea (Glomus epigaeun ex-type Att475- W5165 BEG: individual spore cluste! single spore riger et al. 200 Oregon State Universit Hetrick nee Daniels
FMB768 epigaea (Glomus epigaeurr ex-type AH475- W5165 BEG individual spore cluster single spore riiger et al. 2009 Oregon State Universi Hetrick nee Daniels
FM8768 epigaea (Glomus epigaeun ex-type Att475- W5165 BEG: individual spore cluste! single spore riger et al. 200 Oregon State Universit Hetrick nee Daniels
FMB768 epigaea (Glomus epigaeurr ex-type At475- W5165 BEG individual spore cluster single spore riiger et al. 2009 Oregon State Universi Hetrick nee Daniels
FM8768 epigaea (Glomus epigaeun ex-type Att475- W5165 BEG: individual spore cluste! single spore riger et al. 200 Oregon State Universit Hetrick nee Daniels
FMB876820 epigaea (Glomus epigaeurr ex-type At475- W5165 BEG individual spore cluster single spore er et al. 2009 Oregon State Universi Hetrick nee Daniels
FN547636 epigaea (Glomus epigaeun ex-type Att475- W5165 BEG: individual spore cluste! single spore ockinger et al Oregon State Universit Hetrick nee Daniels
FN547636 epigaea (Glomus epigaeurr ex-type AHA475- W5165 BEG individual spore cluster single spore ockinger et al Oregon State Universi Hetrick nee Daniels
FN547666 epigaea (Glomus epigaeun ex-type Alt475-22 W3180 BEG: individual spore cluste! single spore ockinger et al Oregon State Universit Hetrick nee Daniels
FN547667 epigaea (Glomus epigaeurr ex-type Att475-22 W3180 BEG individual spore cluster single spore ockinger et al Oregon State Universi Hetrick nee Daniels
FN547668 epigaea (Glomus epigaeun ex-type Alt475-22 W3180 BEG: individual spore cluste! single spore ockinger et al Oregon State Universit Hetrick nee Daniels
FN547669 epigaea (Glomus epigaeurr ex-type Att475-22 W3180 BEG individual spore cluster single spore ockinger et al Oregon State Universi Hetrick nee Daniels
FN547670 epigaea (Glomus epigaeun ex-type Alt475-22 W3180 BEG: individual spore cluste! single spore ockinger et al Oregon State Universit Hetrick nee Daniels
FN54767 epigaea (Glomus epigaeurr ex-type Att475-22 W3180 BEG individual spore cluster single spore ockinger et al Oregon State Universi Hetrick nee Daniels
FN54767: epigaea (Glomus epigaeun ex-type Alt475-22 W3180 BEG: individual spore cluste! single spore ockinger et al Oregon State Universit. Hetrick nee Daniels
FN54767: epigaea (Glomus epigaeurr ex-type Att475-22 W3180 BEG individual spore cluster single spore ockinger et al Oregon State Universi Hetrick nee Daniels
FN54767: epigaea (Glomus epigaeun ex-type Alt475-22 W3180 BEG: individual spore cluste! single spore ockinger et al Oregon State Universit Hetrick nee Daniels
FN54767: epigaea (Glomus epigaeurr ex-type Att475-22 W3180 BEG individual spore cluster single spore ockinger et al Oregon State Universi Hetrick nee Daniels
FN54767 epigaea (Glomus epigaeun ex-type Alt475-22 W3180 BEG: individual spore cluste! single spore ockinger et al Oregon State Universit Hetrick nee Daniels
FN54767. epigaea (Glomus epigaeurr ex-type Att475-22 W3180 BEG individual spore cluster single spore ockinger et al Oregon State Universi Hetrick nee Daniels
FN54767¢ epigaea (Glomus epigaeun ex-type Alt475-22 W3180 BEG: individual spore cluste! single spore ockinger et al Oregon State Universit Hetrick nee Daniels
FN54767¢ epigaea (Glomus epigaeurr ex-type Att475-22 W3180 BEG individual spore cluster single spore ockinger et al Oregon State Universi Hetrick nee Daniels
FN547680 epigaea (Glomus epigaeun ex-type Alt475-22 W3180 BEG: individual spore cluste! single spore ockinger et al Oregon State Universit Hetrick nee Daniels
FN547681 epigaea (Glomus epigaeurr ex-type Att475-22 W3180 BEG individual spore cluster single spore ckinger et al Oregon State Universi Hetrick nee Daniels
FR686938 epigaea (Glomus epigaeun ex-type Alt475-22 W3180 BEG: individual spore cluste! single spore chiBler et al. 2011 Oregon State Universit Hetrick nee Daniels
FR686942 epigaea (Glomus epigaeurr ex-type Alt475-22 W3180 BEG individual spore cluster single spore chiRler et al. 2011 Oregon State Universi Hetrick nee Daniels
AJ276076 KL6 sp Att382-16 W2423 m single spore chiBler et al. 2001 C Walker
AJ301860 KL6-9b1 sp Att382-16 W2423 m single spore etal. 2001 C Walker
AJ301863 KL6-6 sp Att382-16 W2423 m single spore chwarzott et al. 2001 C Walker
Y17644 ASGE-10 sp Att382— W2423 m single spore chiiBler et al. 2001 C Walker
AJ276077 WD115-1-9 Spurce ex-type Att246-4 W3239 single spore chiiler et al. 2001 Iniv. of Arizonz feiffer
AJ276078 L1-3a spurce ex-type Att246-4 W2396 single spore chiiBler et al. 2001 niv. of Arizone Peiffer
FR686953 L1-2 Spurce ex-type Att246- W2396 single spore chiBler et al. 2011 Iniv. of Arizonz Pfeiffer
Y17649 L1-1 spurce ex-type Att246- W2396 single spore chiiBler et al. 2001 niv. of Arizone Peiffer
Y17650 HG-17 Spurce ex-type Att246- W2396 single spore chiler et al. 2001 niv. of Arizonz Pfeiffer
FR686954 D296-1-6 spurce ex-type Att246- Z5 ate single spore Gler et al. 2011 niv. of Arizone Peiffer
1547637 HS100-26 Spurce ex-type Att246- late single spore ockinger et al Iniv. of Arizonz Pfeiffer
FN547638 HS100-26 spurce ex-type Att246- ate single spore ockinger et al niv. of Arizone Peiffer
FN547639 HS100-21 Spurce ex-type Att246- late single spore ockinger et al Iniv. of Arizonz Pfeiffer
FN54764( HS100-31 spurce ex-type Att246- ate single spore ockinger et al niv. of Arizone Peiffer
FN54 HS100- Spurce ex-type Att246- late single spore ockinger et al niv. of Arizonz Pfeiffer
FN54 HS100-34 spurce ex-type Att246- ate single spore ockinger et al niv. of Arizone Peiffer
FN54 HS100-¢ Spurce ex-type Att246- late single spore ockinger et al Iniv. of Arizonz Pfeiffer
FN54 HS100-40 spurce ex-type Att246- ate single spore ockinger et al niv. of Arizone Peiffer
FN54 HS100-28 Spurce ex-type Att246- late single spore ockinger et al niv. of Arizonz Pfeiffer
FN54 HS100-3 spurce ex-type Att246- ate single spore ockinger et al niv. of Arizone Peiffer
FN54 HS100-4 Spurce ex-type Att246- late single spore ockinger et al Iniv. of Arizonz Pfeiffer
FN54 HS100-18 spurce ex-type Att246- ate single spore ockinger et al niv. of Arizone Peiffer
FN54 HS100-19 spurcé ex-type Att246- late single spore ockinger et al Iniv. of Arizonz Pfeiffer
FN547650 HS100-33 spurce ex-type Att246- ate single spore ockinger et al niv. of Arizone Peiffer
FN547651 HS100-24 Spurce ex-type Att246- late single spore ockinger et al Iniv. of Arizonz Pfeiffer
FN547652 HS100-36 spurce ex-type Att246- ate single spore ockinger et al niv. of Arizone Peiffer
FN547653 HS100-38 Spurce ex-type Att246- late single spore ockinger et al Iniv. of Arizonz Pfeiffer
FN547654 HS100-39 spurce ex-type Att246- ate single spore ckinger et al niv. of Arizone Peiffer
FR686956 D294B-1-3 trimurales Att1152- single spore chiBler et al. 2011 J
FR686957 WD294-1-1 trimurales Aft1152- W4 ore single spore chiiBler et al. 2011
AJ301854 TR9-11 (Glomus none (material from BEG none BEG15 pot culture (details unknown single spore chiiRler et al. 2001 Jakobsen
17653 KL10-2 Fi (Glomus' none (material from BEG none BEGT5 pot culture (details unknown single spore chiiBler et al. 2001 akobsen
AJ301853 KL9-1 Fu (Glomus Att263-1 W329: BEG20 multispore single spore chwarzott et al. U loburr Hayman
Y17635 WD135-1 Fi (Glomus' Att263-1 W329 BEG20 multispore single spore GRler et al. 2 U oburr Hayman
FN547494 HS031-34 Fi (Glomus Att263- W329: BEG20 multispore single spore lockinger et al. 20 Y] loburr Hayman
FN547495 HS031-33 Fi (Glomus' Att263- W329 BEG20 multispore single spore ockinger et al. 20 Joburr Hayman
FN547496 HS031-38 Fi (Glomus Att263- W329: BEG20 multispore single spore lockinger et al. 20 Y] loburr Hayman
FN547497 HS031-41 Fi (Glomus' Att263- W329: BEG20 multispore single spore ockinger et al. 20 U Joburr Hayman
FN547498 HS031-45 Fi (Glomus Att263- W329: BEG20 multispore single spore lockinger et al. 20 Y] loburr Hayman
FN547499 HS031-57 Fi (Glomus' Att263- W329. BEG20 multispore single spore ockinger et al. 20 U foburr Hayman
FR750212 FD001-1 (+2) F i | (Glomus Att756- W3809 Darmstad Att6-7 single spore (= isolate single spore i stud Germany, Darmstadt, i C Walker & A. SchiiBler
17637 TR27B-10 Fu coronatum (Glomus coronatum none (material from BEG none BEG22 multispore single spore chiiBler et al. 2001 Australia, South Australia, Loxtor Gianinazzi-Pearsor
AJ276086 WD93-2-1 Fi coronatum (Glomus coronatum Att143-5 W3153 COG1____ single spore (= isolate single spore chiiRler et al. 2001 Australia, New South Wales, Sydney P McGee
FR773144 WD203 1 1 Fu coronatum (Glomus coronatum ex-type Att108-7 W3582 BEG28, UY285 multispore single spore is study aly. e iovannet
FR773145 WD203 1 4 Fi coronatum (Glomus coronatum ex-type Att108-7 W3582 BEG28, UY285 multispore. single spore is stud aly, olonice iovannet
FMB876794 MKO028- Fu coronatum (Glomus coronatum ex-type Att108- W3582 BEG28, UY285 multispore single spore riiger et al. 200 aly, Tuscany, Follonice iovannet
FM876795 MK028- Fi coronatum (Glomus coronatum ex-type Att108- W3582 BEG28, UY285 multispore single spore riiger et al. 2009 aly, Tuscany, Follonice iovannet
FMB876796 MK028-10 Fi coronatum (Glomus coronatum ex-type Att108- W3582 BEG28, UY285 multispore single spore riiger et al. 2009 aly, Tuscany, Follonice iovannet
FM876797 MK028-11 Fu coronatum (Glomus coronatum ex-type Att108- W3582 BEG28, UY285 multispore single spore riiger et al. 2009 aly, Tuscany, Follonice iovannet
L FMB876798 MK028-12 Fu coronatum (Glomus coronatum ex-type Att108- W3582 BEG28, UY285 multispore single spore riiger et al. 200 aly, Tuscany, Follonice iovannef
AJ276085 WD114-3-3 Fu il n (Glomus ex-type Att112-6 W3238 multispore single spore chiBler et al. 2001 Denmark, Skjern/Ringkebing, Hannin Jakobsen
AJ132664 TR12B-6a Fu (Glomus none (material from BEG none BEG single spore e single spore chiRler et al. 2001 UK, Kent, Ramsgate Dodd
AJ245637 KL11-1a Fi (Glomus none (material from BEG none BEG single spore e single spore chiiler et al. 2001 UK, Kent, Ramsgate Dodd
Y17643 TR12C-8 Fi m (Glomus none (material from BEG none BEG single spore e single spore chiiBler et al. 2001 K, Kent, Ramsgae Dodd
FR750227 WD319 2 2 Fi mosseae (Glomus mosseae epitype Att109-25 W45. BEG single spore te. single spore lis study England, Kent, East Malling losse (isolated by L.Whitfield
X FN547474 HS101-C1 Fi mosseae (Glomus mosseae epitype Att109-20 W51, BEG single spore. e single spore tockinger et al. UK, Kent, East Malling losse
-| FN547476 H -A1 Fi mosseae (Glomus mosseae epitype Att109-20 W51 BEG single spore te. single spore tockinger et al. UK, Kent, East Malling losse
X FN547476 HS110-38 Fi mosseae (Glomus mosseae epitype Att109-20 W51, BEG single spore. e single spore tockinger et al. UK, Kent, East Malling losse
-| FN547482 H -F1 Fu mosseae (Glomus mosseae epitype Att109-20 W51 BEG single spore te. single spore tockinger et al. UK, Kent, East Malling losse
X FN547483 HS110-22 Fi mosseae (Glomus mosseae epitype Att109-20 W51, BEG single spore. e single spore tockinger et al. UK, Kent, East Malling losse
-| FN547484 H -C2 Fi mosseae (Glomus mosseae epitype Att109-20 W51 BEG single spore te. single spore tockinger et al. UK, Kent, East Malling losse
X FN547485 HS110-39 Fi mosseae (Glomus mosseae epitype Att109-20 W51, BEG single spore. e single spore tockinger et al. UK, Kent, East Malling losse
-| FN547486 H -37 Fi mosseae (Glomus mosseae epitype Att109-20 W51 BEG single spore te. single spore tockinger et al. UK, Kent, East Malling losse
X FN547487 HS110-9 Fi mosseae (Glomus mosseae epitype Att109-20 W51, BEG single spore. e single spore tockinger et al. UK, Kent, East Malling losse
-| FN547488 H -B2 Fi mosseae (Glomus mosseae epitype Att109-20 W51 BEG single spore te. single spore tockinger et al. UK, Kent, East Malling losse
X FN547489 HS101-D2 Fi mosseae (Glomus mosseae epitype Att109-20 W51, BEG single spore. e single spore tockinger et al. UK, Kent, East Malling losse
-| FN547490 H -4 Fu mosseae (Glomus mosseae epitype Att109-20 W51 BEG single spore te. single spore tockinger et al. UK, Kent, East Malling losse
X FN547491 HS101-B1 Fi mosseae (Glomus mosseae epitype Att109-20 W51, BEG single spore. e single spore tockinger et al. UK, Kent, East Malling losse
-| FN547492 H -D1 Fu mosseae (Glomus mosseae epitype Att109-20 W51 BEG single spore te. single spore tockinger et al. UK, Kent, East Malling losse
X FN547493 HS110-15 Fi mosseae (Glomus mosseae epitype Att109-20 W514 BEG single spore. e single spore ckinger et al. UK, Kent, East Malling losse
-| FR750024 CK081-- Fu mosseae (Glomus mosseae epitype Att109-28 W5790 BEG single spore te. single spore is study. UK, Kent, East Malling loSS€E
| FR750025 CK0B1-10 Fi mosseae (Glomus mosseae epitype Att109-28 W5790 BEG single spore. e single spore is study UK, Kent, East Malling losse
-| FR750026 CK081-11 Fu mosseae (Glomus mosseae epitype Att109-28 W5790 BEG single spore te. single spore is study. UK, Kent, East Malling loSS€E
| FR750027 CKOB1-; Fi mosseae (Glomus mosseae epitype Att109-28 W5790 BEG single spore. e single spore is study UK, Kent, East Malling losse
-| FR750028 CK081- Fu mosseae (Glomus mosseae epitype Att109-28 W5790 BEG single spore te. single spore is study. UK, Kent, East Malling loSS€E
| FR750029 CKOB1-/ Fi mosseae (Glomus mosseae epitype Att109-28 W5790 BEG single spore. e single spore is study UK, Kent, East Malling losse
-| FR750030 CK081-€ Fu mosseae (Glomus mosseae epitype Att109-28 W5790 BEG single spore te. single spore is study. UK, Kent, East Malling loSS€E
| FR750031 CKOB-; Fi mosseae (Glomus mosseae epitype Att109-28 W5790 BEG single spore. e single spore is study UK, Kent, East Malling losse
-| FR750032 CK081-¢ Fu mosseae (Glomus mosseae epitype Att109-28 W5790 BEG single spore te. single spore is study. UK, Kent, East Malling lossE
X FR750033 CKOB1- Fi mosseae (Glomus mosseae epitype Att109-28 W5790 BEG single spore. te! single is study U nt, East Malling josse
AJ301864 F Sp. Att15-! W2940 WU multispore single spore (dark m etal. 2001 [ Australia, Merredir orter
AJ301865 Fi sp Att15- W2939 WUM: multispore single spore (pale m etal. 2001 | Australia, Merredir Porter
FM876813 MK010-01 F Sp. Att15-! W2940 WUM: multispore single spore iger et al. 2009 Australia, Merredir Porter
FN547477 MK023-4 Fi sp Att15- W2939 WUM: multispore single spore ockinger et al. 20 Australia, Merredir Porter
FN547478 MK023-7 Fi Sp. Att15-! W2939 WUM: multispore single spore lockinger et al. 20 Australia, Merredir Porter
FN547479 MK023-2 Fi sp Att15- W2939 WUM: multispore single spore ockinger et al. 20 Australia, Merredir Porter
FN547480 MK023-10 Fi Sp. Att15-! W2939 WUM: multispore single spore lockinger et al. 20 Australia, Merredir Porter
FN547481 MK023-8 Fi sp. Att15- W2939 WUM: multispore single spore ockinger et al. 20 Australia, Merredir Porter




Y15905 HGGeol-Be eosiphon pyriformis none Symbiosis' single spore chuBler et al. 2001 ermany, Bieber, A Schuller
Y17831 TR17-2 eosiphon pyriformis none symbiosis 'S single spore chuBler et al. 2001 ermany, Bieber, A SchuBler
AJ276074 HGGeol-Ce eosiphon pyriformis none Symbiosis' single spore chiRler et al. 2001 ermany, Bieber, A SchiiBler
AM183923 eosiphon pyriformis none symbiosis 'S single spore ames et al. 2006 ermany, Bieber, A SchuBler
X86686 eosiphon pyriformis none Symbiosis' ‘multi spore ehrig et al. 1996 ermany, Bieber, A SchiiBler
Y15904 eosiphon pyriformis none symbiosis 'S single spore chiBler et al. 2001 ermany, Bieber, A SchuBler
FMB76840 eosiphon pyriformis none Symbiosis' single spore riiger et al. 200 ermany, Bieber, A SchiiBler
FM876841 eosiphon pyriformis none symbiosis 'S single spore riiger et al. 2009 ermany, Bieber, A SchuBler
FMB876842 eosiphon pyriformis none Symbiosis' single spore riiger et al. 2009 ermany, Bieber, A SchiiBler
FM876843 eosiphon pyriformis none symbiosis 'S single spore riiger et al. 2009 ermany, Bieber, A SchuBler
[ FM876844 eosiphon pyriformis none Symbiosis' single spore riiger et al. 200 ermany, Bieber, A SchiiBler
AM268204 eosiphon pyriformis none symbiosis 'S single spore lames et al. 2006 ermany, Bieber, A SchuBler
AM183920 eosiphon pyriformi¢ none Symbiosis' single spore james et al. 2006 ermany, Bieber, chifler
AJ276091 igaspora candid¢ Att26-19 W3292 single spore (= isolate single spore chiiler et al. 2001 epublic of Chi iwal Chou
Y17646 igaspora margari none (material from BEG none single spore hiRler et al. 2001 Unknown, possibly New Zealanc ncertain, possi
FR750039 aspora margarite Att256- W5792 single spore is study. Unknown, possibly New Zealanc ncertain, possi
FR750040 igaspora margarite Att256- W5792 single spore is study Unknown, possibly New Zealanc incertain, possi
FR750041 aspora margarite Att256- W5792 single spore is study. Unknown, possibly New Zealanc ncertain, possi
FR750042 igaspora margaritc Att256- W5792 single spore is study Unknown, possibly New Zealanc incertain, possi
FR75004 aspora margarite Att256- W5792 single spore is study. Unknown, possibly New Zealanc ncertain, possi
FR75004: igaspora margaritc Att256- W5792 single spore is study Unl possibly New Zealanc incertain, possi
FR75004! aspora margarite Att256- W5792 single spore is study. Uni possibly New Zealanc ncertain, possi
FN54754; igaspora margari none (material from Univ. Torino__| none single spore tockinger et al Unl possibly New Zealanc incertain, possi
FN547541 jaspora margarite none (material from Univ. Torino | none single spore lockinger et al Unl ssibly New Zealanc incertain, possi
FN547549 igaspora margari none (material from Univ. Torino__| none single spore tockinger et al Unl possibly New Zealanc incertain, possi
FN547550 jJaspora margarite none (material from Univ. Torino none single spore tockinger et al Uni possibly New Zealanc ncertain, possi
FN547551 igaspora margari none (material from Univ. Torino__| none single spore tockinger et al Unl possibly New Zealanc incertain, possi
FN547552 jaspora margaritz none (material from Univ. Torino none single spore tockinger et al Uni ssibly New Zealanc Incertain, possi
FN547553 igaspora margari none (material from Univ. Torino__| none single spore tockinger et al Unl possibly New Zealanc incertain, possi
FN547554 jJaspora margaritz none (material from Univ. Torino none single spore tockinger et al Uni ssibly New Zealanc ncertain, possi
FN547555 igaspora margari none (material from Univ. Torino__| none single spore tockinger et al Unl possibly New Zealanc incertain, possi
FN547556 jaspora margaritz none (material from Univ. Torino none single spore tockinger et al Uni possibly New Zealanc ncertain, possi
FN547557 igaspora margari none (material from Univ. Torino__| none single spore tockinger et al Unl possibly New Zealanc incertain, possi
FN547558 jaspora margaritz none (material from Univ. Torino none single spore tockinger et al Uni ssibly New Zealanc Incertain, possi
FN547559 igaspora margari none (material from Univ. Torino__| none single spore tockinger et al Unl possibly New Zealanc incertain, possi
FN547560 jJaspora margarite none (material from Univ. Torino none single spore tockinger et al Uni ssibly New Zealanc ncertain, possi
FN547561 igaspora margari none (material from Univ. Torino__| none single spore tockinger et al Unl possibly New Zealanc incertain, possi
FN547562 jaspora margarite none (material from Univ. Torino | none single spore lockinger et al Unl possibly New Zealanc Incertain, possi
FN547563 igaspora margari none (material from Univ. Torino__| none single spore tockinger et al Unl possibly New Zealanc incertain, possi
FN547564 jJaspora margaritz none (material from Univ. Torino none single spore tockinger et al Uni ssibly New Zealanc ncertain, possi
FN547565 igaspora margari none (material from Univ. Torino__| none single spore tockinger et al Unl possibly New Zealanc incertain, possi
FN547566 jJaspora margaritz none (material from Univ. Torino none single spore tockinger et al Uni ssibly New Zealanc ncertain, possi
FN547567 igaspora margari none (material from Univ. Torino__| none single spore tockinger et al Unl possibly New Zealanc incertain, possi
FN547568 jaspora margarite none (material from Univ. Torino | none single spore lockinger et al Unl possibly New Zealanc incertain, possi
FN547569 igaspora margari none (material from Univ. Torino__| none single spore tockinger et al Unl possibly New Zealanc incertain, possi
FN547570 jJaspora margarite none (material from Univ. Torino none single spore tockinger et al Uni 0SSi w Zealanc ncertain, possi
1764 igaspora rose: none (material from BEG none single spore hiiler et al. 20 Unl ought to be from USA inknown colle
FN54757° igaspora rose: Att1509-- W538: 7 single spore ockinger et al Uni ought to be from USA nknown colle
FN54757; igaspora rosez Att1509- W538: 7 single spore ockinger et al Unl ought to be from USA inknown colle
FN54757 igaspora rose: Att1509-- W538:¢ 7 single spore ockinger et al Uni ought to be from USA nknown colle
FN54757: igaspora rosez Att1509- W538: 7 single spore ockinger et al Unl ought to be from USA inknown colle
FN54757¢ igaspora rose: Att1509-- W538: 7 single spore ockinger et al Uni ought to be from USA nknown colle
FN54757¢ igaspora rosez Att1509- W538: 7 single spore ockinger et al Unl ought to be from USA inknown collector
FN54757° igaspora rose: Att1509-- W538: 7 single spore ockinger et al Uni ought to be from USA nknown collecto
FN54757¢ igaspora rosez Att1509- W538: 7 single spore ockinger et al Unl ought to be from USA inknown collector
FN54757¢ igaspora rose: Att1509-- W538: 7 single spore ockinger et al Uni ought to be from USA nknown collecto
FN547580 igaspora rosez Att1509- W538: 7 single spore ockinger et al Unl ought to be from USA inknown collector
FN547581 igaspora rose: Att1509-- W538: 7 single spore ockinger et al Uni ought to be from USA nknown collecto
FN547582 1 igaspora rosez Att1509- W538: 7 single spore ockinger et al Unl ought to be from USA inknown collector
FN547583 1 igaspora rose: Att1509-- W538:¢ 7 single spore ockinger et al Uni ought to be from USA nknown collecto
FN547584 1 igaspora rosez Att1509- W538: 7 single spore ockinger et al Unl ought to be from USA inknown collector
FN547586 2 igaspora rose: Att1509-- W538: 7 single spore ockinger et al Uni ought to be from USA nknown collecto
FN547586 1 igaspora rosez Att1509- W538: 7 single spore ockinger et al Unl ought to be from USA inknown collector
FN547587 1 igaspora rose: Att1509-- W538: 7 single spore ockinger et al Uni ought to be from USA nknown collecto
FN547588 igaspora rosez Att1509- W538: 7 single spore ockinger et al Unl ought to be from USA inknown collector
FN547589 igaspora rose: Att1509-- W538: 7 single spore ockinger et al Uni ought to be from USA nknown collecto
FN547590 igaspora rosez Att1509- W538: 7 single spore ockinger et al Unl ought to be from USA inknown collector
FN547591 igaspora rose: Att1509-- W538:¢ 7 single spore ockinger et al Uni ought to be from USA nknown collecto
FN547592 igaspora rosez Att1509- W538: 7 single spore ockinger et al Unl ought to be from USA inknown collector
FN547593 igaspora rose: Att1509-- W538:¢ 7 single spore ockinger et al Uni ought to be from USA nknown collecto
FN547594 igaspora rosez Att1509- W538: 7 single spore ockinger et al Unl ought to be from USA inknown collector
FN547596 igaspora rose: Att1509-- W538: 7 single spore ockinger et al Uni ought to be from USA nknown collecto
FN547596 igaspora rosez Att1509- W538: 7 single spore ockinger et al Unl ought to be from USA inknown collector
FN547597 igaspora rose: Att1509-- W538: 7 single spore ockinger et al Uni ought to be from USA nknown collecto
FR750174 igaspora rosez Att1509- W2856 7 ‘multispore (2 spores! single spore s study Unl ought to be from USA inknown collector
FR75017 igaspora rose: Att1509- W2856 7 multispore (2 spores) RO single spore is study. Uni ought to be from USA nknown collector
FR75017¢ igaspora rosez Att1509- W2856 7 ‘multispore (2 spores’ single spore s study Unl ought to be from USA inknown collector
FR75017 igaspora rose: Att1509- W2856 7 multispore (2 spores) RO single spore is study. Uni ought to be from USA nknown collector
FR75017¢ igaspora rosez Att1509- W2856 7 ‘multispore (2 spores’ single spore s study Unl ought to be from USA inknown collector
FR75017 igaspora rose: Att1509- W2856 7 multispore (2 spores) RO single spore is study. Uni ought to be from USA nknown collector
FR750180 igaspora rosez Att1509- W2856 7 ‘multispore (2 spores’ single spore s study Unl ought to be from USA inknown collector
FR750181 igaspora rose: Att1509- W2856 7 multispore (2 spores) RO single spore is study. Uni ought to be from USA nknown collector
FR750182 igaspora rosez Att1509- W2856 7 ‘multispore (2 spores’ single spore s study Unl ought to be from USA inknown collector
FR750183 igaspora rose: Att1509- W2856 7 multispore (2 spores) RO single spore is study. Uni ought to be from USA nknown collector
FR750184 igaspora rosez Att1509- W2856 7 ‘multispore (2 spores’ single spore s study Unl ought to be from USA inknown collector
FR750185 igaspora rose: Att1509- W2856 7 ispore (2 spores) RO single spore stu Unkn oug| e from USA Inkn collector
AJ276090 WD143-12 igaspora sp. none; W2992 ield collected spores (sand dunes single spore GRler et Argent uenos Aires, Tres Arroya: Cabellc
FM876800 jJaspora sp. none W2992 ield collected spores (sand dunes single spore riger et al. Argent uenos Aires, Tres Arroya: Cabellc
FMB876801 igaspora sp. none W2992 ield collected spores (sand dunes’ single spore riiger et al- Argent uenos Aires, Tres Arroya: Cabellc
FM876802 jJaspora sp. none W2992 ield collected spores (sand dunes single spore riger et al. Argent uenos Aires, Tres Arroya: Cabellc
FMB876803 igaspora sp. none W2992 ield collected spores (sand dunes single spore riiger et al- Argent uenos Aires, Tres Arroya: Cabellc
FM876799 jJaspora sp. none W2992 ield collected spores (sand dunes single spore iger et al. Al uenos Aires, Tres Arroya: Cabellc
FR750376 lomus none W5293 ield collected spores (sporocarp single spore s study rshire, Painswick C Walker
50526 lomus none W5288 ield collected spores (sporocarp single spore is study. Y] C Walker
FR750527 lomus none W5288 ield collected spores (sporocarp single spore s study U C Walker
FR750528 lomus none W5288 ield collected spores (sporocarp single spore is study. Y] C Walker
FR750529 lomus none W5288 ield collected spores (sporocarp single spore s study U C Walker
FR750530 lomus none W5288 ield collected spores (sporocarp single spore is study. Y] C Walker
FR750531 lomus none W5293 ield collected spores (sporocarp single spore s study U Painswicl C Walker
FR750532 lomus none W5293 ield collected spores (sporocarp single spore is study. U Painswick C Walker
FR750533 lomus none W5293 ield collected spores (sporocarp single spore s study U Painswicl C Walker
FR750534 lomus none W5293 ield collected spores (sporocarp single spore is study. U Painswick C Walker
FR750535 lomus none W5293 ield collected spores (sporocarp single spore s study U Painswicl C Walker
FR750536 lomus none W5293 ield collected spores (sporocarp single spore is study. U Painswick C Walker
FR750537 lomus none W5293 ield collected spores (sporocarp single spore s study U Painswicl C Walker
FR750538 (+19+22)| Glomus none W5293 ield collected spores (sporocarp single spore is study. U Painswick C Walker
FR7505: lomus none W5293 ield collected spores (sporocarp single spore s study U Painswicl C Walker
FR7505: 0 (+21 lomus none W5293 ield collected spores (sporocarp single spore is study. U Painswick C Walker
FR7505: 0 lomus none W5293 ield collected spores (sporocarp single spore s study U Painswicl C Walker
FR7505: lomus none W5293 ield collected spores (sporocarp single spore is study U Painswick C Walker
FR7505: lomus none W5293 ield collected spores (sporocarp single spore s study U Painswicl C Walker
FR7505: lomus none. W5293 ield collected spores (sporocarp single spore is study. U rshire, Painswick C Walker
FR772325 lomus ex-epitype Att1495- W5605 ‘multispore (sporocarp fragment single spore s study U C Walker
FR750363 lomus epitype Att1495- W558° multispore (from sporocarp W5288 single spore is study U C Walker
FR750364 lomus epitype Att1495 W558 ‘multispore (from sporocarp W5288 single spore s study U C Walker
FR750366 lomus epitype Att1495- W558° multispore (from sporocarp W5288 single spore is study U C Walker
FR750366 lomus epitype Att1495 W558 ‘multispore (from sporocarp W5268 single spore s study U C Walker
FR750367 +3) lomus epitype Att1495- W558° multispore (from sporocarp W5288 single spore is study U C Walker
FR750368 lomus epitype Att1495- W558 ‘multispore (from sporocarp W5288 single spore s study U C Walker
FR750369 - lomus epitype Att1495- W558° multispore (from sporocarp W5288 single spore is study U C Walker
FR750370 K076-6 (+7+8+14)| Glomus’ epitype Att1495 W558 ‘multispore (from sporocarp W5288 single spore s study U C Walker
FR750371 CKO76- lomus epitype Att1495-( W558° multispore (from sporocarp W5288 single spore is study C Walker




AJ301857 individual spore cluster sing] etal. 2001_| UK, Yorkshire, Prefty Wood J
ITS-LSU FR750201 individual spore cluster sing| is study UK, Yorkshire, Pretty Wood J
ITS-LSU__| FR750202 individual spore cluster sing| is study UK, Yorkshire, Pretty Wood J
ITS-LSU FR750203 individual spore cluster singl lis study UK, Yorkshire, Pretty Wood J
17652 m BEG27 mul sing| hiler et al. 2001 Europe, from compost of unknown origir M Giovannef
FR750224 cant mul sing| is study. Poland, Pomerani, Lipk J
50225 can: ‘mul sing| is study Poland, Pomerani, Lipk! J
FR750226 cant mul sing| is study. Poland, Pomerani, Lipk J
FR75021 can: soil sing| is study Germany, Nig P
FR75037 cant soil singl Is stu Germany, P
AJ61994: lans mul sing| alker et al. 200: Poland, Pomerani, Lipl
AJB199¢ lans mull sing| alker et al. 200 Poland, Pomerani, Lipl
AJ6199 a lans mul sing| alker et al. 200: Poland, Pomerani, Lipl
AJB199¢ lans I sing| alker et al. 200 Poland, Pomerani, Lipl
AJ6199 jans el spores sing| alker et al. 200: riesheim, German C Wal . Schufler
AJB199¢ lans el spores sing| alker et al. 200 Griesheim, Germany C Wal A. SchuBler
AJ6199 jans el spores sing| alker et al. 200: riesheim, German C Wal A SchiiRler
AJB199¢ lans el spores sing| alker et al. 200 Griesheim, Germany C Wal A. SchiBler
AJ6199 jans el spores sing| alker et al. 200: U ast Lulworth C Wal
AJB199 lans el spores sing| alker et al. 200: Y] ast Lulworth C Wal
AJ619950 jans el spores sing| alker et al. 200: U ast Lulworth C Wal
AJB19951 lans el spores sing| alker et al. 200: L et, East Lulworth C Wal
AJ619952 jans el spores sing| alker et al. 200: i im, German, C Wal A Schiiller
AJE19953 lans el spores sing| alker et al. 200 ri im, German\ C Wal A. SchuBler
AJ619954 jans el spores sing| alker et al. 200: i im, German C Wal A SchiiRler
AJ619955 lans el spores sing| alker et al. 200 ri im, German\ C Wal A. SchuBler
LS| FMB876831 jans el spores sing| riiger et al. 200 i im, German C Wal A SchiiRler
S| FM876832 S pores sing| iger et al. 2009 ries m, Germany C Wal A. SchiBler
S| FR750046 janur sing] isolate sing| is study razil, Minus, Januaria pai
S| FR750047 ianum singl isolate sing| is study. razil, Minus, Januaria pai
S| FR750048 ianur sing| isolate sing| is study razil, Minus, Januaria pai
S| FR750049 ianum sing| isolate sing| is study. razil, Minus, Januaria pai
S| FR750050 ianur sing| isolate sing| is study razil, Minus, Januaria pai
S| FR750051 ianum sing| isolate sing| is study. razil, Minus, Januaria pai
S| FR750052 ianur sing| isolate sing| is study razil, Minus, Januaria pai
S| FR750053 ianum singl isolate sing| is study. razil, Minus, Januaria pai
S| FR750054 ianur sing| isolate sing| is study razil, Minus, Januaria ai
LSU FR750083 laccatum multi sing| Is stu | UK, from compost of unknown origir al
AJ276081 ‘occultum TA702-3 pot culture (details unknown sing| chiiBler et al. 2001 USA, Towa, Boone for C Walkel
AJ276082 ultum I1A702-3 ot culture (details unknown singl chiBler et al. 2001 wa, Boone for C Walke!
AJ306435 ulgida ulgide ield collecte sing| hiiler et al. 2001 na, Buenos Aires, Tres Arro Cal
U FR750 fulgida ulgide ield collecte sing| is study. ina, Buenos Aires, Tres Arro Cal
U FR750 ulgida ulgide ield collectet sing| s study ina, Buenos Aires, Tres Arro Cal
U FR750 fulgida ulgide ield collecte sing| is study. ina, Buenos Aires, Tres Arro Cal
U 50 ulgida ulgide ield collectet sing| s study ina, Buenos Aires, Tres Arro Cal
U FR750 fulgida ulgide ield collecte sing| is study. ina, Buenos Aires, Tres Arro Cal
U FR750 ulgida ulgide ield collectet sing| s study ina, Buenos Aires, Tres Arro Cal
U FR750 fulgida ulgide ield collecte sing| is study. ina, Buenos Aires, Tres Arro Cal
U FR750 ulgida ulgide ield collectet sing| s study ina, Buenos Aires, Tres Arro Cal
U FR750 fulgida ulgide ield collecte sing| is study. ina, Buenos Aires, Tres Arro Cal
U FR750 ulgida ulgide ield collectet sing| s study ina, Buenos Aires, Tres Arro Cal
U FR750 fulgida ulgide ield collecte sing| is study. ina, Buenos Aires, Tres Arro Cal
U FR750 ulgida ulgide ield collectet sing| s study ina, Buenos Aires, Tres Arro Cal
U FR750 fulgida ulgide ield collecte sing| is study ina, Buenos Aires, Tres Arro Cal
AJ306444 ield collectet sing| chiiBler et al. 2001 ina, Buenos Aires, Tres Arro; Cal
SU FR75013¢ ield collecte sing| is study ina, Buenos Aires, Tres Arroya: Cal
SU__[FR750135 ield collectet sing| is study ina, Buenos Aires, Tres Arroya: Cal
AJ276084 clarus (Glomus clarum BR147B-8 pot culture (d sing| chiiRler et al. 2001 D! no data in
FR773148 4 clarus (Glomus clarum single spore sing| is study anda reipssor
FR773149 3 clarus (Glomus clarum single spore sing| is study anda reipssor
FMB865536 clarus (Glomus clarum single spore sing| ockinger et al. 200¢ anda reipssor
FM865537 clarus (Glomus clarum single spore sing| lockinger et al. 200¢ anda reipssor
FMB65538 clarus (Glomus clarum single spore sing| ockinger et al. 200¢ anda reipssor
FM865539 clarus (Glomus clarum single spore sing| lockinger et al. 200¢ anda reipssor
FMB6554( clarus (Glomus clarum single spore sing| ockinger et al. 200¢ anda reipssor
FM8655: clarus (Glomus clarum single spore sing| lockinger et al. 200¢ anda reipssor
FMB655: clarus (Glomus clarum single spore sing| ockinger et al. 200¢ anda reipssor
FM8655: clarus (Glomus clarum single spore sing| lockinger et al. 200¢ anda reipssor
FMB655: larus (Glomus clarum single spore sing| ockinger et al. 200¢ anda reipssor
17640 i (Glomus n BEG53 single spore singl uBler 2001 Quebéc, La Pocatiere irlan
FR750205 (Glomus' Al FL208 (MUC one spore d olate sing| s study riando, emec
FR750206 (Glomus Al FL208 c one spore cl olate sing| is study. rlando, C lemec
FR750207 (Glomus' Al FL208 (MUC one spore d olate sing| s study riando, emec
FR750208 (Glomus Al FL208 c one spore cl olate sing| is study. rlando, C lemec
FR750209 (Glomus' Al FL208 (MUC one spore d olate sing| s study riando, emec
FR750210 (Glomus Al FL208 c one spore cl olate sing| is study. rlando, Clermont-Minneol: lemec
FR750211 (Glomus' Al FL208 (MUC 3 one spore d olate sing| s study riando, ¢ emec
FM865597 (Glomus At FL208 c | one spore cl olate sing| lockinger et al. 200¢ rlando, Cl lemec
FMB65598 (Glomus' Al 208 (MUC | one spore d olate sing| ockinger et al. 200¢ riando, CI lemec
FM865599 (Glomus At FL208 c | one spore cl olate sing| lockinger et al. 200¢ rlando, Cl lemec
FMB65600 (Glomus' Al FL208 (MUC | one spore d olate sing| ockinger et al. 200¢ riando, CI lemec
FM865601 (Glomus At FL208 c | one spore cl olate sing| lockinger et al. 200¢ rlando, Cl lemec
FMB65602 (Glomus' Al 208 (MUC | one spore d olate sing| ockinger et al. 200¢ riando, CI emec
FM865603 (Glomus At FL208 c | one spore cl olate sing| lockinger et al. 200¢ rlando, Cl lemec
FMB65604 (Glomus' Al FL208 (MUC | one spore d olate sing| ockinger et al. 200¢ riando, CI emec
FM865605 (Glomus At FL208 c | one spore cl olate sing| lockinger et al. 200¢ rlando, Cl lemec
FMB65606 (Glomus' Al 208 | one spore d olate sing| ockinger et al. 200¢ riando, CI emec
FM865607 (Glomus At FL208 (MUCI ) one spore cl late sing| lockinger et al. 200¢ rlando, Cl lemec
FMB865545 (Glomus' e Al MUCL494" ROC sing| ockinger et al. 200¢ riando, CI lemec
FM8655: (Glomus te. At MUCL C sing| lockinger et al. 200¢ rlando, Cl lemec
FMB655: (Glomus' e Al MUCL C sing| ockinger et al. 200¢ riando, CI emec
FM8655: (Glomus te. At MUCL OoC sing| lockinger et al. 200¢ rlando, Cl lemec
FMB655: (Glomus' e Al MUCL oC sing| ockinger et al. 200¢ riando, CI emec
FM865559 (Glomus At FL208 ragmen sing| lockinger et al. 200¢ rlando, Cl lemec
FMB65560 (Glomus' Al 208 ragmen sing| ockinger et al. 200¢ riando, CI emec
FM865561 (Glomus At FL208 root fragmen sing| lockinger et al. 200¢ rlando, Cl lemec
FMB65562 (Glomus' Al FL208 root fragmen sing| ockinger et al. 200¢ riando, CI emec
FM865563 (Glomus At FL208 root fragmen sing| lockinger et al. 200¢ rlando, Cl lemec
FMB65564 (Glomus' Al 208 root fragmen sing| ockinger et al. 200¢ riando, CI lemec
FM865565 (Glomus At FL208 root fragmen sing| lockinger et al. 200¢ rlando, Cl lemec
FMB65566 (Glomus' Al FL208 root fragmen sing| ockinger et al. 200¢ riando, CI emec
FM865567 (Glomus At FL208 root fragmen sing| lockinger et al. 200¢ rlando, Cl lemec
FMB65568 (Glomus' Al 208 root fragmen sing| ockinger et al. 200¢ riando, CI emec
FM865569 (Glomus At FL208 root fragmen sing| lockinger et al. 200¢ rlando, Cl lemec
FMB6557( (Glomus' Al FL208 root fragmen sing| ockinger et al. 200¢ riando, CI emec
FM86557 (Glomus At FL208 root fragmen sing| lockinger et al. 200¢ rlando, Cl lemec
FMB6557 (Glomus' Al 208 root fragmen sing| ockinger et al. 200¢ riando, CI emec
FM86557 (Glomus At FL208 root fragmen sing| lockinger et al. 200¢ rlando, Cl lemec
FMB6557- (Glomus' Al FL208 root fragmen sing| ockinger et al. 200¢ riando, CI lemec
FM86557 (Glomus At FL208 root fragmen sing| lockinger et al. 200¢ rlando, Cl lemec
FMB6557¢ (Glomus' Al 208 root fragmen sing| ockinger et al. 200¢ riando, CI emec
FM86557 (Glomus At FL208 root fragmen sing| lockinger et al. 200¢ rlando, Cl lemec
FMB6557¢ (Glomus' Al FL208 root fragmen sing| ockinger et al. 200¢ riando, CI emec
FM86557¢ (Glomus At FL208 root fragmen sing| ckinger et al. 200¢ rlando, Cl lemec
U FR75037; (Glomus' Al FL208 root fragmen sing| is study riando, emec
U FR75012¢ (Glomus Al FL208 root fragments sing| is study rlando, Clermont-Minneol: lemec
U FR75012; (Glomus' Al FL208 root fragments sing| is study riando, A emec




SSU FR750223 WD313 11 irrequlars (Glomus imequlare ATT225-1 Wa533 LW139 Single spore (= solate Single spore This study UK, Berkshire, [ Whittield
DAOM212349 (=MUCL43195) (note:
ssu FR750222 WD303_6_3 Rhizophagus iregularis (Glomus iregulare) none (material from GINCO) none. G (S0l D N D ROC spores from ROC | this study Canada, Ontario, Wasaga Beach Provincial Park GINCO (G Mitrow, Y Dalpé)
different cultures of different species; see Cl.
lamellosum entries)
SSU FR750228 WDG fam 3 rrequiaris (Glomus Irequlare Tione (materi none =MUCL43195 c Spores from ROC s study Canada, Ontario, Wasaga Beach Provincial Parl GINCO (G Mitrow, Y Daipt
SSU FR750078 HS037-10 rreqularis (Glomus irrequlare none (materl none =MUCL43195 c single spore s study Canada, Ontario, Wasaga Beach Provincial Part GINCO (G Mitrow. Y Dalpe
SSU FR750079 HS037-23 rreqularis (Glomus irrequlare none (materi none =MUCL43195 C single spore s study Canada, Ontario, Wasaga Beach Provincial Par} GINCO (G Mitrow, Y Dalp¢
SSU FR750080 HS037-4 rreqularis (Glomus irrequlare none (materl none =MUCL43195 oC single spore s study Canada, Ontario, Wasaga Beach Provincial Part GINCO (G Mitrow. Y Dalpe
SSU FR750081 HS037- rreqularis (Glomus irrequlare none (materi none =MUCL43195 oC single spore s study Canada, Ontario, Wasaga Beach Provincial Par} GINCO (G Mitrow, Y Dalp¢
SSU FR750082 HS037- rreqularis (Glomus irrequlare none (materl none =MUCL43195 oC single spore s study Canada, Ontario, Wasaga Beach Provincial Part GINCO (G Mitroy p
SSU FR750084 HS043-17 rreqularis (Glomus irrequlare ione (materi none C single spore s study Unknown Sent from LLN by’
SSU 50085 HS043-4 ireqularis (Glomus irregulare none (materl none oC single spore s study Unknown sent from LLN by
SSU FR750087 HS043- reqularis (Glomus irrequlare ione (materi none oC Single spore s study Unknown Sent from LLN by’
SSU FR750086 HS043. ireqularis (Glomus irregulare none (materl none oC single spore s study Unknown sent from
SSU FR750106 HS058-1 (723+44] reqularis (Glomus irrequlare ione (materi none C single spore s study Canada, Québec GINCO (Y Dalpé, S Sequin
SSU FR750107 HS058-10 (+40 ireqularis (Glomus irregulare none (materl none oC single spore s study Canada, Québec GINCO (Y Dalpé, S Sequin
SSU FR750108 HS056- reqularis (Glomus irrequlare ione (materi none oC single spore s study Canada, Québec GINCO (Y Dalpé, S Sequin
SSU FR750109 HS058- ireqularis (Glomus irregulare none (materl none oC single spore s study Canada, Québec GINCO (Y Dalpé, S Sequin
SSU FR750 HS056- reqularis (Glomus irrequlare ione (materi none C single spore s study Canada, Québec GINCO (Y Dalpé, S Sequin
SSU FR750 HS058- ireqularis (Glomus irregulare none (materl none oC single spore s study Canada, Québec GINCO (Y Dalpé, S Sequin
SSU FR750 HS056- reqularis (Glomus irrequlare ione (materi none oC single spore s study Canada, Québec GINCO (Y Dalpé, S Sequin
SSU FR750 HS058-27 ireqularis (Glomus irregulare none (materl none oC single spore s study Canada, Québec GINCO (Y Dalpé, S Sequin
SSU 50 HS058-30 reqularis (Glomus irrequlare ione (materi none C single spore s study Canada, Québec GINCO (Y Dalpé, S Sequin
SSU FR750 HS056-38 ireqularis (Glomus irregulare none (materl none oC single spore s study Canada, Québec GINCO (Y Dalpé, S Sequin
SSU FR750 HS058-6 (+29) reqularis (Glomus irrequlare ione (materi none oC single spore s study Canada, Quebec GINCO (Y Dalpé, S Sequin
SSU FR750 HS058-7 ireqularis (Glomus irregulare none (materl none oC single spore s study Canada, Québec GINCO (Y Dalpé, S Sequin
SSU FR750089 HS050-25 reqularis (Glomus irrequlare ione (materi none C single spore s study Canada, Québec GINCO (Y Dalpé, S Sequin
SSU FR750088 HS050-1 ireqularis (Glomus irregulare none (materl none oC single spore s study Canada, Québec GINCO (Y Dalpé, S Sequin
SSU FR750090 HS050-30 reqularis (Glomus irrequlare ione (materi none C single spore s study Canada, Québec GINCO (Y Dalpé, S Sequin
SSU FR750001 HS050-44 ireqularis (Glomus irregulare none (materl none c single spore s study Canada, Qui GINCO (Y Dalpé, S Sequin
SSU FR750101 HS057-14 (+10 reqularis (Glomus irrequlare ione (materi none i Spore?) from roo single spore s study pain, Canary Islands GINCO
SSU FR750102 HS057-17 ireqularis (Glomus irregulare none (materl none s spore?) from roc single spore s study pain, Canary Islands GINCO
SSU 50103 HS057-23 reqularis (Glomus irrequlare ione (materi none G spore?) from roc single spore s study pain, Canary Islands GINCO
SSU FR750104 HS057-24 ireqularis (Glomus irregulare none (materl none s spore?) from roc single spore s study pain, Canary Islands GINCO
SSU FR750105 HS057-39 reqularis (Glomus irrequlare ione (materi none G spore?) from roc single spore s study pain, Canary Island GINCO
SSU FR750191 MK108- ireqularis (Glomus irregulare none none so single spore s study oland, location unknowr
SSU FR750192 MK108-10 reqularis (Glomus irrequlare none none so single spore s study Poland. location unknowr
SSU FR750193 MK108- ireqularis (Glomus irregulare none none so single spore s study Poland, location unknowr
SSU FR750194 MK108- reqularis (Glomus irrequlare none none so single spore s study Poland. location unknowr
SSU FR750195 MK108- ireqularis (Glomus irregulare none none so single spore s study Poland, location unknowr
SSU FR750196 MK108- reqularis (Glomus irrequlare none none so single spore s study Poland. location unknowr
SSU FR750197 MK108- ireqularis (Glomus irregulare none none so single spore s study Poland, location unknowr
SSU FR750198 MK108- reqularis (Glomus irrequlare none none so single spore s study Poland. location unknowr
SSU 50199 MK108- ireqularis (Glomus irregulare none none so single spore s study Poland, location unknowr
SSU FR750200 MK108- reqularis (Glomus irrequlare none none s Single spore s study Poland, location unknowr
SSU FR750186 MK100- ireqularis (Glomus irregulare AUB57- 4682 WO i ale single spore s study Australia, Arayle ke
SSU FR750187 MK100-2 (+3+6] reqularis (Glomus irrequlare Al857- 4682 WOM i ate single spore s study Australia, Arqyle rke
SSU FR750188 MK100- ireqularis (Glomus irregulare AHB57- 4682 WO i ate single spore s study Australia, Arayle rke
SSU FR750189 MK100- reqularis (Glomus irrequlare Al857- 4682 WOM i ate single spore s study Australia, Arqyle rke
SSU FR750190 MK100- ireqularis (Glomus irregulare AHB57- 4682 WO sin ate single spore s study Australia, Arayle Clar
SSU FR750064 HS027- reqularis (Glomus irrequlare ione (material from GINCO none AO mu single spore s study Canada, Québec, Pont Rouge 0 V Furan
SSU FR750065 HS027-18 ireqularis (Glomus irregulare nione (material from GIN none AO multispore ROC single spore s study Canada, Québec, Pont Rouge 0 .V Furlan’
SSU FR750066 HS027- reqularis (Glomus irrequlare ione (material from GIN none AO multispore RO single spore s study Canada, Québec, Pont Rouge 0 V Furlan
SSU FR750067 HS027-21 ireqularis (Glomus irregulare nione (material from GIN none AO multispore ROC single spore s study Canada, Québec, Pont Rouge 0 .V Furlan’
SSU 50068 HS027-24 reqularis (Glomus irrequlare none (material from GINC none AO multispore RO single spore s study Canada, Québec, Pont Rouge 0 V Furlan
SSU FR750069 HS027-27 ireqularis (Glomus irregulare nione (material from GIN none AO multispore ROC single spore s study Canada, Québec, Pont Rouge 0 .V Furlan’
SSU-TS- FR750070 HS027- reqularis (Glomus irrequlare nione (material from GIN none AO multispore RO Single spore s study Canada, Québec, Pont Rouge 0 V Furlan
SSU-ITS- FM865550 HS050- ireqularis (Glomus irregulare Alt1192-4 W5533 AO ROC single spore iockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan’
SSU-TS- FM865551 HS059-12 reqularis (Glomus irrequlare Ati1192-4 W5533 AO C single spore tockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan
SSU-ITS- FM865552 HS059-20 ireqularis (Glomus irregulare Alt1192-4 W5533 AO 0oC single spore iockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan’
SSU-ITS- FM865553 HS059-23 reqularis (Glomus irregulare Ati1192-4 W5533 AO oC single spore tockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan
SSU-ITS- FM865554 HS059-2 ireqularis (Glomus irregulare Alt1192-4 W5533 AO 0oC single spore iockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan’
SSU-TS- FM865555 HS059-38 reqularis (Glomus irregulare Ati1192-4 W5533 AO C single spore tockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan
SSU-ITS- FMB65556 HS059-47 ireqularis (Glomus irregulare Alt1192-4 W5533 AO 0oC single spore iockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan’
SSU-TS- FM865557 HS059-7 reqularis (Glomus irregulare Ati1192-4 W5533 AO oC single spore tockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan
SSU-ITS- FM865558 HS050- ireqularis (Glomus irregulare Alt1192-4 W5533 AO 0oC single spore iockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan’
SSU-TS- FM865608 MK009- reqularis (Glomus irregulare Aft1192-53 W3182 AO C single spore tockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan
SSU-ITS- FMB65609 MKO009- ireqularis (Glomus irregulare At1192-53 W3182 AO 0oC single spore iockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan’
SSU-TS- FM8656 reqularis (Glomus irregulare Aft1192-53 W3182 AO oC single spore tockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan
SSU-ITS- FM8656 ireqularis (Glomus irregulare At1192-27 W5495 AO oC mult spores iockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan’
SSU-ITS- FM8656 reqularis (Glomus irregulare Aft1192- W5495 AO c mult spores tockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan
SSU-ITS- FM8656 ireqularis (Glomus irregulare A1192- W5495 AO oC mull spores iockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan’
SSU-TS- FM8656 reqularis (Glomus irregulare Aft1192- W5495 AO oC mult spores tockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan
SSU-ITS- FM8656 ireqularis (Glomus irregulare A1192- W5495 AO oC mull spores iockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan’
SSU-TS- FM8656 reqularis (Glomus irregulare Aft1192- W5495 AO c mult spores tockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan
SSU-ITS- FM8656 ireqularis (Glomus irregulare A1192- W5495 AO oC mull spores iockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan’
SSU-TS- FM9923 reqularis (Glomus irregulare Alt690-23 W5499 AO oot fragmen single spore tockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan
SSU-ITS- FM99237 HS111-20 ireqularis (Glomus irregulare Al690-23 W5499 AO oot fragmen single spore iockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan’
SSU-TS- FM09237" HS111-22 reqularis (Glomus irregulare Alt690-23 W5499 AO root fragmen single spore tockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan
SSU-ITS- FM992380 HS111-44 ireqularis (Glomus irregulare Al690-23 W5499 AO oot fragmen single spore iockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan’
SSU-ITS- FM992381 HS111-21 reqularis (Glomus irregulare Alt690-23 W5499 AO root fragmen single spore tockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan
SSU-ITS- FM992382 HST11-6 ireqularis (Glomus irregulare Al690-23 W5499 AO oot fragmen single spore iockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan’
SSU-TS- FM992383 HS111-48 reqularis (Glomus irregulare Alt690-23 W5499 AO root fragmen single spore tockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan
SSU-ITS- FM992384 HS111-16 ireqularis (Glomus irregulare Al690-23 W5499 AO oot fragmen single spore iockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan’
SSU-TS- FM92385 HST115 reqularis (Glomus irregulare Alt690-23 W5499 AO root fragmen single spore tockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan
SSU-ITS- FM992386 HS111-43 ireqularis (Glomus irregulare Al690-23 W5499 AO oot fragmen single spore iockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan’
SSU-ITS- FM092387 HS111-41 reqularis (Glomus irrequlare AL§90-23 W5499 AO root fragmen single spore tockinger et al. 200¢ | Canada, Québec, Pont Rouge 0 V Furlan’
SSU 176, D113-4-1 manihotis (Glomus manihofis extype Al575-9 W3224 mullispore single spore chuBler ot al. 2001 | Colombia, Cauca, Santander de Quilachat
SS FR773146 WD82 2 1 manihotis (Glomus manihotis Aft1597-1 W3095 Dot culture (detalls unknown single spore USA, Florida, White Springs D Sylvia
SSU FR773147 W82 2 2 manihotis (Glomus manihofis Alt1507-1 W3095 FLB79-6 Dot culture (details unknown single spore [ USA, Florida, White Springs D Sylvia
SS Y176 TR31-11 manihotis (Glomus manihotis none (material from INVA none FL879-3 Dot culture (details unknown single spore [ USA. Florida, White Spring: D Sylv
SSU-TS™ FN547500 HS113-5 prolferus (Glomus prolferum ex-type none (material fom GINCO none root fragmen single spore tockinger et al. 201C Cap: iséde
SSU-TS- FN547501 36 proliferus (Glomus prolferum ex-type none (material fom GINCO none oot fragmen single spore tockinger et al. 201C C iséde
SSU-ITS- FM992388 HST13-1 prolferus (Glomus prolferum ex-type none (material fom GINCO none oot fragmen single spore tockinger et al. 200 Cap: iséde
SSU-TS- FM092389 HS113-14 proliferus (Glomus prolferum ex-type none (material fom GINCO none oot fragmen single spore tockinger et al. 200 C isede
SSU-ITS- FM992390 HS113-17 prolferus (Glomus prolferum ex-type none (material fom GINCO none oot fragmen single spore tockinger et al. 200 Capastere-Bel-Eau. séde
SSU-TS- FM992391 HST132 proliferus (Glomus prolferum ex-type none (material fom GINCO none oot fragmen single spore tockinger et al. 200 C isede
SSU-ITS- FM992392 HS113-20 proliferus (Glomus prolferum ex-type none (material fom GINCO none oot fragmen single spore tockinger et al. 200 Cap: iséde
SSU-ITS- FM992393 HS113-21 proliferus (Glomus prolferum ex-type none (material fom GINCO none root fragmen single spore tockinger et al. 200 C iséde
SSU-ITS- FM992394 HS113-25 prolferus (Glomus prolferum ex-type none (material fom GINCO none oot fragmen single spore tockinger et al. 200 Cap: iséde
SSU-TS- FM992395 HS113-26 proliferus (Glomus prolferum ex-type none (material fom GINCO none root fragmen single spore tockinger et al. 200 C iséde
SSU-ITS- FM992396 HS113-27 prolferus (Glomus prolferum ex-type none (material fom GINCO none oot fragmen single spore iockinger et al. 200 Cap: iséde
SSU-TS- FM92397 HS113-29 proliferus (Glomus prolferum ex-type none (material fom GINCO none oot fragmen single spore tockinger et al. 200 C iséde
SSU-ITS- FM992398 HS113-33 prolferus (Glomus prolferum ex-type none (material fom GINCO none oot fragmen single spore tockinger et al. 200 Cap: iséde
SSU-TS- FM92399 HST134 proiferus (Glomus prolferum ex-type none (material fom GINCO none root fragmen single spore tockinger et al. 200 C iséde
SSU-ITS- FM992400 HS116-11C4 prolferus (Glomus prolferum ex-type none (material fom GINCO none oot fragmen mult spores (10, tockinger et al. 200 Cap: iséde
SSU-TS- FM92401 HST16-11C6 proiferus (Glomus prolferum ex-type none (material fom GINCO none root fragmen ‘mult spores (10} tockinger et al. 200 C iséde
SSU-ITS- FM992402 HS117-1ID prolferus (Glomus prolferum ex-type none (material fom GINCO none 1226389 oot fragmen multi spores (10, ockinger et al. 2006 Cap: séde
SS FR750373 D194-1-1 sp none W3563 field collected spores single spore s study Uganda. Kigeza, Kisor ettt
SSU U__[FR750092 HS055-34 sp. (Glomus cerebri but nione (material fom GINCO none DAONZ27022 (=MUCL43208 ROC single spore s study Canada, Québec, Lolbiniére O (Y Dalpé. S Sequin)
SSU U [ FR750093 HS055-39 sp. (Glomus cerebri but none (material fom GINCO none AOM227022 (EMUCL43208 C single spore s study Canada, Québec, Lotbiniére O (Y Dalpé. S Sequin)
SSU U [ FR750094 HS055-43 p. (Glomus cerebri but nione (material fom GINCO none 227022 (EMUCL43208 c single spore s study Canada, Québec, Lotbiniére O (Y Dalpé, S Sequin)
SSU U [ FR750095 HS055-47 sp. (Glomus cerebri but none (material fom GINCO none DAOM227022 (=MUCL43208 C single spore s study Canada, Québec, Lotbiniére O (Y Dalpé. S Sequin)
SSU U [ FR750071 HS033-11 sp. (Glomus sp. nione (material from GINCO none UCL46100 C (unknown f lsolate single spore s study Unknown ) (Strullu)
SS FR750072 HS033- sp. (Glomus sp. none (material from GINCO none UCL46100 (unknown if solate single spore s study Unknown ) (Strullu)
SSU-TSLSU | FR750073 HS033- sp_(Glomus sp nione (material from GINCO none UCL46100 C (unknown if solate single spore s study Unknown ) (Strullu)
SSU FR750374 D193-23 iferus (Glomus Att14-8 W2857 plant trap Single spore s study Canada, Quebec n
SSU AJ276092 WD66-! auriglob: AMB50-10 W3121 WUW53 multispore single spore chuller ot al_ 2001 | Australia, Western Australia, Cape ) dra F
SS AJ276093 WD66-26 aurigiob: Altg60-10 W3121 WUM53 multispore single spore chiBler ot al. 2001 | Ausiralia, Western Australia, Cape ) dra F




S5U AT30644: WD153-1-1 calospor: epitype. AM333-17 W3290 BEG32 mult Single spore ChiiRler et al. 2001 UK, Scofland, Midlothian C Walker
SSU AJ30644: 5 calospor: epitype At333-17 W3290 BEG32 mul single spore chiifler et al. 2001 UK, Scotland, Midlothian C Walker
SSU lospor: epitype. AMt333-17 W3290 BEG32 mult single spore chiiller et al. 2001 UK, Scotland, Midlothian C Walker
SsU gilmore At590-1 W3085 rom FCPC sing solate single spore chiifler et al. 2001 Oregon. Newpori Ho
qilmore Alt590-7 W3557 rom FCPC sing solate single spore is study regon, Newporl Ho
SSU gilmore A590-7 W3557 rom FCPC sing isolate single spore is study _ Oregon. Newpori Ho
SSU qilmore Att590- W534: rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU-| gilmore At590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU- qilmore Att590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU-| gilmore At590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU- qilmore Att590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU-| gilmore At590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU- qilmore Att590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU-| gilmore At590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU- qilmore Att590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU-| gilmore At590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU- qilmore Att590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU-| gilmore At590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU- qilmore Att590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU-| gilmore At590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU-| qilmore Att590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU-| gilmore At590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU| qilmore Att590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU-| gilmore At590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU- qilmore Att590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU-| gilmore At590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU-| qilmore Att590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU-| gilmore At590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU- qilmore Att590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
SSU-| gilmore At590- W53 rom FCPC sing isolate single spore ockinger et a USA, Oregon, Newpori Ho
X ore Att590- W53 rom FCPC sin, a single spore ckinger et al. 201C__| USA, Oregon. Newport H
SSU Att334- W32 BEG35 pol s unknown single spore chiifler et al_200 Unknown, probably USA inknown collector
TS-LSU Alt334- W32 BEG35 pol s unknown single spore riiger et al. 2009 Unknown, probably USA inknown collector
SSU-TS-LSU Att334- W32 BEG35 pol s unknown single spore riiger et al. 2009 Unknown, probably USA inknown collector
-ITS-LSU Alt334- W32 BEG35 pol s unknown single spore ger et al. 2009 [ Unknown, probably USA inknown collector
SSU Aft1283- W4733 oldsboro 2003-3¢ mul single spore s study USA, North Carolina, Goldsborc atson
TS Att1283- W4733 oro 2003-38 mul single spore s study USA, North Carolina, Goldsborc atson
SSU-ITSH Aft1283- W4733 oro 2003-38 mul single spore is study USA, North Carolina, Goldsborc atson
TS Alt1283- W4733 oro 2003-38 mul single spore s study USA, North Carolina, Goldsborc atson
SSU-ITSH Aft1283- W4733 oro 2003-38 mul single spore is study USA, North Carolina, Goldsborc atson
TS Att1283- W4733 oro 2003-3¢ mul single spore s study USA, North Carolina, Goldsborc atson
SSU-ITSH Aft1283- W4733 oro 2003-3¢ mul single spore is study USA, North Carolina, Goldsborc atson
TS Att1283- W4733 oro 2003-3¢ mul single spore s study USA, North Carolina, Goldsborc atson
SSU-ITSH Aft1283- W4733 oro 2003-3¢ mul single spore is study USA, North Carolina, Goldsborc atson
TS Alt1283- W4733 oro 2003-3¢ mul single spore s study USA, North Carolina, Goldsborc atson
SSU-ITSH Aft1283- W4733 oro 2003-3¢ m single spore is study USA, North Carolina, Goldsborc tson
TS CK066-1(+7+13] Att1577-4 W56 4 Dot culture (details unknown single spore s study USA, Florida AAdholeye
SSU-ITSH CK066-2(+9] Att1577-4 W56 pot culture (details unknown single spore is study USA, Florida AAdholeya
TS CK066-3(+4] AM1577-4 W56 Dot culture (details unknown single spore s study USA, Florida A Adholeye
SSU-ITSH CKO66- Att1577-4 W56 pot culture (details unknown single spore is study USA, Florida AAdholeya
TS CKOB6-6(+8+10+11] AM1577-4 W56 Dot culture (details unknown single spore s study USA, Florida A Adholeye
SSU-ITSH CK067-1(+2] Att1577-4 W56 pot culture (details unknown single spore is study USA, Florida AAdholeya
TS CKO67- AM577-4 W56 Dot culture (details unknown single spore s study USA, Florida A Adholeye
SSU-ITSH CK067-4 Att1577-4 W56 pot culture (details unknown single spore study ['USA, Florida AAdholeye
U WD188-2-3 nodost ex-epitype At209- W3485 single spore single spore GRler et al. 2001 U elder C Walker
SSU-TS-LSU MKO08- nodos: ex-epitype At209- W3485 single spore single spore riiger et al, 2009 UK, elder C Walker
SSU-TS-LSU MKO08- nodost ex-epitype At209- W3485 single spore single spore riiger et al. 2009 U elder C Walker
SSU-TS-LSU MKO08- nodos: ex-epitype Att209- W3485 single spore single spore riiger et al. 2009 U elder C Walker
SSU-TS-LSU MK00B- nodost ex-epitype Att209- W3485 BEG: single spore (= isolate single spore riiger et al. 2009 U elder C Walker
FD142-4 pellucida Aft1205- W4761 ‘CL750A (irom CIAT, Colombia] pot culture (defails unknown single spore is study Colombia, Timbio, Cauce ieverding
AJ306437 WD186-1-2 isotype Alt664-1 W3009 soilt single spore chiitler et al_2001 /enezuela, Bolvar, Iboribc Cuenca
SSU-TS-LSU__| FR750149 MK024-1(+2+4+5] isotype Alt664-1 W3009 soil trap single spore is study ‘enezuela, Bolvar, Iboribc Cuenca
-ITS-LSU__| FR750150 MK024-3(+6+8) isotype Alt664-1 W3009 soil trap single spore is study Venezuela, Bolivar, Iboribc Cuenca




Appendix

Supporting Information S3 - Consensus sequences asfor Fig. 1.

1: AJ306442, FM876788-912: AJ306441, FM876792-933: FR750204, FR750151-5@; AJ250847,
AJ242499, FJ4618025: FN825898-912;6: FR719957, AJ891110-13, AJ510230;, AJ276077-78,
FN547637-54, Y17649-50, FR686953,84,AJ849468, AM713432, EF581860,62,63,80-83, FN5&765
65; 90 AM713417-22, AM713402-04, AY639233-35, AY63930&F581869-72;10. AM713405-
16,29-31, EF067886-88, EF581877-79; 11 AJ132666, AJ276088, AM947665,
AY842567-69,73-74,FJ461852,FM876814-20,FN547635@81, FR686938, FR686942, X86687,
Y17651; 122 AJ306434, FM876837-3913. AY635832, AY997088, DQ27379214: AJ276090,
FM876799-80315: X58726, AJ410746-47, FN547571-97, FR750174385;FM876833-36, AJ306436;
17: AF038590, AJ002874, AJ313169-75, FJ461867, FNa@ady7, U31997-98, Y1207@;8: AJ306437,
FR750149-50;19: FM876831-32, AJ619952-5520: AJ301857, FR750201-0321 FR750531-44,
FR750376;22 FR750526-30, FR750363-71, FR77232%3 AY635833, AY997053, DQ2737934
FN423694,95, FN547474-76, FN547482-93, U31995,966139, X84232,33;25. FR773144+45,
FM876794-98;26. AJ301864-65, FM876813, FN547477-8A7. AF145745, AJ301853, FN423698-99,
FN547494-99, Y17635;28. FR750222, FR750228, FR750078-829: AY635831, AY997052,
DQ273790; 30: DQ322630, AY997054, DQ27382831L AF213462, AJ973393, FM992388-402,
FN547500-01, GQ205077-7932 AF185661-68, AM980860-63, FM865559-79, FM8655%7-6
FR750205-11;33: AJ437105-06, AJ133706, FJ46184%: AJ301856, FM876804-0735. AJ276089,
U36591, Y17645, FM876808-1236: FN547535-46, FR750157, AM268192-2037: AM183923,
AM183920, X86686, Y17831, Y15904-05, AJ276074, FE840-44;38. FR773150, FR750020-23%:
DQ322629, AY997069, DQ273827.

Supporting Information S4 - Consensus sequences asor Fig. 2.

1: AJ306434, FM876837-3%: FR774917, FR750158-63: AY635832, AY997088, DQ273792:.
AB041344-45, AB048683-90;5: AJ871270-73; 6: AJ132662-63, AJ504639, Y12075, Y17647,
AJ410748-50;7: AJ276091, AJ5392638: X58726, AJ410746-47, FN547571-97, FR750174-85;
AJ276090, FM876799-80310: Y17646, AF001053, AJ852011, FN547547-71t: FM876833-36,
AJ306436;12 AJ276094, FR773142-43, FN547598-623;, AJ871274-7514: AJ306444, FR750134-
35; 15 AF038590, AJ002874, AJ313169-75, FJ461867, FNa@adys, U31997-98, Y1207616:
AJ306435, FR750136-48,7: AJ306437, FR750149-5(0,8: AJ306443, AJ306445-46, AJ5102319:
AJ276092, AJ27609320: AJ619940-43;21: AJ619944-47;22: AJ619948-51,;23 FM876831-32,
AJ619952-55;24 AM713423-25, AY639225-32, EF581865-685. AM713417-22, AM713402-04,
AY639233-35, AY639306, EF581869-726: AM713426-28, AY639236-41, EF581873-7&T.
AM713405-16, AM713429-31, EF067886-88, EF581877-Z%8 AJ301863, AJ276076, Y17644,
AJ301860;29: AM400229, AM90531830: AJ849468, AM713432, EF581860,62-63,80-83, FN5%765
65; 31 AJ276077-78, FN547637-54, Y17649-50, FR686953686954; 322 AJ132666, AJ276088,
AM947665, AY842567-69,73-74, FJ461852, FM876814f20547635-36,66-81, FR686938, FR686942,
X86687, Y17651,;33 FR686956, FR68695734: AM418543-44;35. AJ306442, FM876788-9136:
AJ306441, FM876792-9337. FR750204, FR750151-5@8 FR719957, AJ891110-13, AJ51023%®:
AJ250847, AJ242499, FJ4618020 FR750214, FN547502-06, FN5475141. FN825898-912;42
U96140, X96826-28, AM423116-19, AF1457383 AY635833, AY997053, DQ2737934: FN423694-
95, FN547474-76, FN547482-93, FR750227, U3199549686139, X84232-33;45. AJ919277-78,
Z14007;46: AJ132664, Y17643, AJ24563%47: AJ301864-65, FM876813, FN547477-88B, AF145745,
AJ301853, FN423698-99, FN547494-99, Y176382 Y17653, AJ301854;50. FR773144-45,
FM876794-98;51: HM153415-19;52 FR750531-44, FR75037&3. FR750526-30, FR750363-71,
FR772325;54: AJ301857, FR750201-0355. AY635831, AY997052, DQ27379056. FR750222,
FR750228, FR750078-83;7: FJ009605-10, FJ009612-188: DQ322630, AY997054, DQ2738289:
AF185661-68, AM980860-63, FM865559-87, FM865597-60R750205-1160: AF213462, AJ973393,
FM992388-402, FN547500-01, GQ205077-89; FR773148-4962 FR773146-47, U36590, Y17638,
FJ46184263. AJ437105-06, AJ133706, FJ461843; GU059534-4365. HM153420-24,66. Y17639,
714008, AJ239125%7. FR773151, 52, AJ2760888. AJ276079, Y1764169 AJ301851-52, AJ276075,

169
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Y17636, AF235007;70: Y17642, AJ276080;71: AJ276089, U36591, Y17645, FM876808-122
AJ301856, FM876804-07;73 AJ006793, AJ012201;74: AJ301861, AJ006466, AJO06794-97,
AJ012109-10;75. AB047302-04, AB015052, AB048630-55:6: AB047305-07, AB048656-707T.
ABO047308-09, AB048671-82;78: FN547535-46, AM268192-93, AM268195-203, FR7501%B;
FN820272-74, FN820272-780: AM183923, AM183920, AM268204, X86686, Y17831, W&-05,
AJ276074, FM876840-4481. AJO06801, AJ24341982: AJ006800, AJ24342083. FR773150,
FR750020-23;84: Y17634, AM114274;85 AJ012203, AJ01211286: DQ322629, AY997069,
DQ273827.

Supporting Information S5 - Consensus sequences asor Fig. 3.

1. AJO06793, AJ012201;2: AJ301861, AJ006466, AJ006794-97, AJ012109-1); AJO12111,
AM743187, AJ5102334: AM183923, AM183920, AM268204: AJO06800, AJ243420: AJ006801,
AJ243419;7. AJ012203, AJ0121128: DQ322629, AY997069, DQ273828B; AJ006799, AJ012113.
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14.Contribution of the author

Kriger M, Stockinger H, Kruger C, SchiufZler A 2002 DNA-based species level detection of
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223.
Manuela Kriiger did all the testings, on cloned geaed field material, of the new primers developed
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