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ABSTRACT

Orchid mycorrhizal fungi (OMF) is essential for orchid seed germination and survival due
to the tiny size and lack of endosperm of orchid seeds. Studying the fungal relationships in
orchids are important as they provide insights into understanding fungal biodiversity and
ecology. My first chapter is a study of the OMF associations in the Australian Cryptostylis
orchids, which are sexually-deceptive with several unusual features in relation to pollinator
sharing and a mix of evergreen and leafless species. This chapter investigates the diversity
of Tulasnella in Cryptostylis, finding that the five Australian Cryptostylis species associate
with nine Tulasnella operational taxonomic units (OTUs)/species and an additional three
Asiatic Cryptostylis associate with four Tulasnella OTUs. Interestingly, all the Tulasnella
fungi are closely related despite the geographical distance among the orchid hosts.
Furthermore, a small number of endophytic and ectomycorrhizal fungi also associate with
Cryptostylis species and is not restricted to the putative mycoheterotrophic species,
meaning the phenomena of also associating with ectomycorrhizal or endophytic fungi is not

related with the orchid’s trophic status and unusual in orchids.

My second chapter is exploring whether closely related orchids also have closely
related mycorrhizal fungi. To address this, we studied the mycorrhizal associations of
sexually-deceptive orchids in the subtribes Drakaeinae and Cryptostylidinae. Drakaeinae
(Arthrochilus, Caleana, Paracaleana, Chiloglottis, Drakaea, and Spiculaea) and
Cryptostylidinae orchids associate with 20 closely related fungal OTUs/species, with four
of them were shared between two orchid subtribes. Cophylogenetic analysis between
Drakaeinae orchids and Tulasnella fungi shows both phylogenies are congruent, but no
congruency between Cryptostylis and Tulasnella. The significant congruency between
Drakaeinae and Tulasnella symbionts suggests a pattern of phylogenetic niche
conservatism rather than coevolution since fungi can grow independently of orchids. Rapid
diversification in Chiloglottis and Drakaea but not in Cryptostylis may reveal the different

patterns of congruency in Drakaeinae and Cryptostylidinae.

While exploring Tulasnella from Cryptostylis as well as Drakaeinae, several
undescribed species of Tulasnella were discovered. In Chapter Three we use multiple
sequence locus phylogenetic analyses combined with morphological characteristics to
delimit and describe six new Tulasnella species associated with Australian sexually-
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deceptive orchids from the subtribes Cryptostylidinae and Drakaeinae. Five of the new
species, Tulasnella australiensis, T. occidentalis, T. punctata, T. densa and T. concentrica,
all associate with Cryptostylis (Cryptostylidinae) orchids whereas T. rosea associates with
Spiculaea ciliata (Drakaeinae). Despite the orchid hosts being distantly related they share
phylogenetically closely related Tulasnella species with similar macro and
micromorphological features, with one of the most distinctive features of having binucleate

hyphal compartments.

In Chapter Four, I describe a further two Tulasnella species from Rimacola elliptica
and Pyrorchis nigricans, both orchid hosts are members of subtribe Megastylidinae. These
two fungal species belong to a two distantly related Tulasnella clades, which are also
distantly related to those from Drakaeinae and Cryptostylidinae orchids as described in
Chapter Three. One new Tulasnella species from Megastylidinae is characterised by
multinucleate cell characteristics. This is the first report of a multinucleate Tulasnella, with
only binucleate species reported, therefore this multinucleate species may harbour
genetically diverse nuclei, making it more adaptable to e.g. environmental conditions, a
subject worth further exploration. By delimiting and formally describing these Tulasnella
species in Chapters Three and Four, it significantly contributes to the documentation of
Tulasnella diversity and provides names and delimitations to underpin further research on
the fungi and their relationships with orchids.



TABLE OF CONTENTS

DECIAATION ...ttt bbbttt bbb [
ACKNOWIBAGEMENTS ...ttt esre e e s reesteeneesneenneens I
ADSTTACT .. bbbt 0\
AULNOISIP ECIAIAtION ......cuvieeie et aeeneenneas vii
GENEral INTFOUUCTION. ...ttt bbbt 1
Chapter 1

Cryptostylis species (Orchidaceae) from a broad geographic and habitat range associate

with a phylogenetically narrow lineage of Tulasnellaceae fungi.......c...ccccceevvevviivivennenne 10
Chapter 2

Evolutionary shifts in host association among Australian orchids: Tulasnella fungi

associated with Drakaeinae and Cryptostylidinae orchids ...........cccocvevevieiiiie s, 67
Chapter 3

New species of Tulasnella associated with Australian terrestrial orchids in the

Cryptostylidinae and DrakaginNae ...........cccvevuerieriereiieseeiie e sre e enes 122
Chapter 4
New species of Tulasnella associated with Megastylidinae orchids from Australia ...... 183
Chapter 5
Orchid specificity at subtribe level: Thelymitrinae and Megastylidinae ...............cc....... 220
THESIS SYNINESIS ...ttt b et be e neene e 233

Vi



AUTHORSHIP DECLARATION FOR CO-AUTHORED CHAPTERS

This thesis contains work that has been prepared for publications.

Chapter 1: Cryptostylis species (Orchidaceae) from a broad geographic and habitat
range associate with a phylogenetically narrow lineage of Tulasnellaceae fungi

Arild R. Arifin (AR) performed the data collections and fieldwork, performed the research,
analysed and interpreted the data and drafted the chapter. Alyssa M. Weinstein (AW)
contributed to data collections, fieldwork and editing, Ryan D. Phillips (RDP) contributed
to conceptual development of the chapter and editorial comments. Celeste C. Linde (CCL)

contributed to research design, conceptual development and editorial comments.

Chapter 2: Evolutionary shifts in host association among Australian orchids:
Tulasnella fungi associated with Drakaeinae and Cryptostylidinae orchids

AR performed the data collection, fieldwork, conducted the research, analysed and
interpreted the data and drafted the chapter. RDP contributed to data collection, fieldwork
and editorial comments. CCL contributed to research design, conceptual development and

editorial comments.

Chapter 3: New species of Tulasnella associated with Australian terrestrial orchids
in the Cryptostylidinae and Drakaeinae

AR performed the research and data collection, analysed and interpreted the data and
drafted the chapter. Tom W. May (TM) contributed to conceptual development and editorial
comments. CCL contributed to research design, conceptual development and editorial
comments.

This chapter is published in Mycologia (2020): DOI: 10.1080/00275514.2020.1813473.

Chapter 4: New species of Tulasnella associated with Megastylidinae orchids from
Australia

AR performed the research and data collection, analysed and interpreted the data and
drafted the chapter. TM contributed to conceptual development and editorial comments.
CCL contributed to research design, conceptual development and editorial comments.

Vil



Chapter 5: Orchid specificity at subtribe level: Thelymitrinae and Megastylidinae

AR performed the research and data collection, analysed and interpreted the data and
drafted the chapter, RDP contributed to data collection and fieldwork. CCL contributed to

research design, conceptual development and editorial comments.

viii



GENERAL INTRODUCTION

GENERAL INTRODUCTION

Orchidaceae is one of the largest plant families in the world (World Checklist of Selected
Plant Families, 2019), and the mycorrhizal fungi form an inseparable part of the life cycle of
all the orchid species. Orchid mycorrhizal fungi may have a significant impact on orchid
ecology and at the individual level on plant establishment and survival. However, owing to
the hidden nature of this interaction and difficulties with fungal species determination,
progress in untangling the fungal-orchid interactions were relatively show before the advent
of DNA barcoding. Australian orchids represent a unique study system due to frequently
observed extreme specificity to a few very closely related fungal taxa, hardly seen in orchids
from other continents. Thus, these phenomena make Australian orchids and their fungal
partners worth of detailed studying and exploration.

Due to the microscopic size and lack of endosperm, orchid seeds need mutualistic
interactions with orchid mycorrhizal fungi (OMF) to continue their life cycle (Rasmussen,
1995; Rasmussen et al., 2015; Rasmussen & Rasmussen, 2009). At the early stages of
germination, orchids form a non-photosynthetic protocorm which requires colonization by
OMF to develop. When the orchids reach maturity, the mutualistic interaction supplies
nutrients and enables carbon exchange (Cameron et al., 2006; Dearnaley & Cameron, 2017;
Fochi et al., 2017; Sommer et al., 2012).

Autotrophic orchids mainly associate with three main groups of OMF;
Serendipitaceae, Tulasnellaceae and Ceratobasidiaceae (Warcup, 1981; Warcup & Talbot,
1967, 1971, 1980). The orchid-mycorrhizal fungi relationships show various degrees of
associations, from broad fungal lineages (highly generalist) to highly specialist per orchid
species. An example of a highly generalist orchid in Australia is Microtis which associate
with various OMF lineages from Serendipitaceae, Tulasnellaceae and Ceratobasidiaceae (De
Long et al., 2013). Some orchid genera show less generalist interactions with multiple fungal
operational taxonomic units (OTUs) / species per orchid species, such as in Dendrobium
(Chen et al., 2019; Xing et al., 2017), Dactylorhiza (Jacquemyn et al., 2012), Cypripedium
(Shefferson et al., 2005), Cryptostylis (Nguyen et al., 2019) and Orchis (Jacquemyn et al.,
2010; Jacquemyn et al., 2011). The orchid genera that are considered highly specific are
more common in several Australian orchid genera Caladenia (Phillips et al., 2016;
Whitehead et al., 2017; Wright et al., 2011) and one to two OTUs per genus in Chiloglottis

1



GENERAL INTRODUCTION

(Roche et al., 2010), Drakaea (Phillips et al., 2011), Caleana and Paracaleana (Linde et al.,
2014).

Orchids which lack or have a reduced chlorophyll content, can be considered as
mycoheterotrophic (Barrett & Davis, 2012; Barrett et al., 2014). Mycoheterotrophic orchids
use a different strategy to obtain carbon, through association with a completely different set
of mycorrhizal fungi to autotrophic orchids. In mycoheterotrophic orchids, which have fewer
photosynthesis-related genes compared to autotrophic orchid counterparts, ectomycorrhizal
fungi (ECM) are the main fungal associates (Dearnaley, 2006; Ogura-Tsujita et al., 2012;
Yagame et al., 2016). The ECM fungi can obtain carbon from surrounding autotrophic
plants, then forwarding the carbon to mycoheterotrophic plants nearby (Merckx, 2013;
Merckx et al., 2009). However, several green (autotrophic) orchids also gain carbon from
ECM.  Such chlorophyllous orchids therefore utilise carbon from both primary
photosynthesis and ECM fungi (Gebauer et al., 2016; Jacquemyn & Merckx, 2019).
Australia only has a few known leafless or potentially mycoheterotrophic orchids, one of
those is Cryptostylis hunteriana, which will be investigated for its OMF associations in
Chapter One.

The associations between orchids and OMF raises questions whether it can be
considered as a coevolutionary system because OMF can persist and survive independently
of the orchid. Coevolution is the reciprocal evolutionary change between individuals in two
populations (Janzen, 1980; Thompson, 2009). The evolutionary origins of orchids and their
OMF appear to overlap with both evolving approximately a100 Mya before present (Garnica
et al., 2016; Givnish et al., 2015; Li et al., 2019; Strullu-Derrien et al., 2018; Taylor &
Berbee, 2006), which may suggest a coevolutionary process. Coevolutionary relationships
not only occur in host-parasite interactions, when closely-related parasites associate with
closely-related hosts and show a congruency in both phylogenetic trees (Legendre et al.,
2002; Vermelij, 1994), but also can be found in mutualistic systems (Bascompte et al., 2003;
Rezende et al., 2007). However, because OMF do not necessarily need the orchids, any
evolutionary patterns in orchid and OMF interactions does not suggest a coevolutionary
event. Only a few studies suggested closely-related orchids associate with closely-related
fungi (Jacquemyn et al., 2011; Xing et al., 2017) with little known about their evolutionary
process. In this thesis, I will investigate whether Australian sexually deceptive the orchid

subtribes Drakaeinae, which show very high specificity for OMF associations (Linde et al.,



GENERAL INTRODUCTION

2014; Phillips et al., 2011; Roche et al., 2010) and Cryptostylidinae (Nguyen et al., 2019),

have an evolutionary relationship by using cophylogenetic analyses.

As the most common OMF in orchids worldwide (Oberwinkler et al., 2017; Yukawa
et al., 2009), Tulasnella (Tulasnellaceae, Cantharellales, Basidiomycota) consists of
approximately 100 described species around the world which was previously named
Epulorhiza (Moore, 1987). Tulasnella grows in various habitats and can be found as
saprotrophs (Cruz et al., 2011; Roberts, 1994), as a symbiont in orchids (Warcup, 1971,
1973, 1981) and liverworts (Kottke et al., 2008), and in some cases play a role as
ectomycorrhizal fungi (Bidartondo et al., 2003; Solis et al., 2017). Before the development
of molecular biology, fungal identification relied on morphological features such as
examining sexual spores and microscopic techniques to distinguish their hyphae and
basidiomata (Currah, 1997; Roberts, 1992, 1993). However, several fungi can be considered
cryptic species because they have few distinctive morphological features, making it
impossible to differentiate them morphologically (Bickford et al., 2007). Molecular biology
provided a breakthrough for fungal identification and characterization by using several
mitochondrial and nuclear DNA sequence markers (loci) (Schoch et al., 2012; Taylor et al.,
2000). While using multilocus markers to delimit cryptic fungal taxa is essential (Taylor et
al., 2000), a multilocus comparison of seven nuclear and mitochondrial loci in Tulasnella
showed that the internal transcribed spacer (ITS) region locus alone provide similar species
delimitation resolution compared to using all seven loci in a multilocus dataset (Linde et al.,
2017; Linde et al., 2014). However, even though molecular DNA phylogenetic studies
provide a high accuracy in delimiting fungal taxa, morphological studies should not be
abandoned completely when describing new fungi as it often provides some distinctive

information or features that support the molecular data.

This thesis deals with evolution of association between mycorrhizal fungi from
Tulasnellaceae and several orchid subtribes in the Diurideae. Furthermore, formal
descriptions of several new Tulasnella species, including detailed investigation of molecular
and morphological characteristics are provided. Chapter One explores the Tulasnella
associations in five Australian Cryptostylis, their specificity and OMF diversity, as well as
comparing fungal diversity between autotrophic and a partially mycoheterotrophic species.
To broaden the scope, | examine the OMF in three species of Asiatic Cryptostylis species.
Chapter Two focuses on whether we can detect phylogenetic congruency between orchids

and their OMF. The orchids from the subtribes Drakaeinae and Cryptostylidinae and their
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GENERAL INTRODUCTION

Tulasnella symbionts are examined. Cophylogenetic analyses were conducted to test if
closely related orchids associate with closely related Tulasnella fungi and show congruency
between phylogenies. Chapter Three and Four are formal species descriptions, where in total
eight new Tulasnella species obtained from orchids in my first two chapters are described.
In Chapter Three, six new Tulasnella from Cryptostylidinae and Drakaeinae are described
based on morphological and molecular techniques. All of these Tulasnella belong to
phylogenetic group 1V based on classification by Cruz et al. (2014) and are closely-related
to Tulasnella obtained from Chiloglottis and Drakaea orchids in Australia (Linde et al.,
2017). In Chapter Four, two new Tulasnella species, one from phylogenetic group 111 and
the other from a proposed new phylogenetic group V. These two new Tulasnella species
were obtained from Megastylidinae orchids, which are the first Tulasnella species described
from this subtribe of orchids in Australia. Chapter five is a preliminary investigation of OMF

diversity in Thelymitrinae and Megastylidinae; both are members of tribe Diurideae.
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Cryptostylis species (Orchidaceae) from a broad geographic and habitat
range associate with a phylogenetically narrow lineage of Tulasnellaceae

fungi
ABSTRACT

Here we explore the mycorrhizal diversity of Cryptostylis species (Orchidaceae) of
Australasian and Asiatic origin. While many Australian terrestrial orchids have highly
specialized mycorrhizal assocations, we tested the hypothesis that this geographically
widespread orchid genus associates with a diverse range of mycorrhizal fungi. We
investigated in detail the mycorrhizal associations of five Australian Cryptostylis species
and included limited sampling from three Asiatic Cryptostylis species. All Australian
Cryptostylis associated with three to seven Tulasnella operational taxonomic units (OTUSs),
except for C. hunteriana where only one Tulasnella OTU was detected. In total, eleven
Tulasnella OTUs associate with Australian Cryptostylis. The Asiatic Cryptostylis associated
with four different Tulasnella OTUs belonging to the same lineage as the Australian species,
suggesting phylogenetic niche conservatism. Associations with non-Tulasnella fungi were
infrequent. While five Tulasnella OTUs were used by multiple species of Australian
Cryptostylis, the most commonly used OTU differed between species. There was no overlap
in the OTUs used between the leafless C. hunteriana and three other Australian Cryptostylis
growing in the same region. The association with different fungi by Cryptostylis species co-
occuring at the same site suggests that in any given environmental condition, Cryptostylis

species may intrinsically favour different fungal OTUs.

Keywords: Cryptostylis — fungal sharing — fungi — orchid — mycorrhizae — Tulasnella —

DNA sequencing — specialization.
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INTRODUCTION

Orchids have dust-like seeds that lack an endosperm, and therefore are completely
dependent on mycorrhizal fungi for seed germination and subsequent seedling
establishment (Rasmussen et al., 2015; Rasmussen & Rasmussen, 2009). Terrestrial orchids
continue to rely on mycorrhizal fungi into adulthood, with the extent of this reliance varying
between species (Clements et al., 1987; Jacquemyn et al., 2011; McCormick et al., 2004;
Rasmussen, 1995). In photosynthetic orchids, this orchid-fungus relationship facilitates
bidirectional carbon exchange, with carbon transfer occurring from the plant to the fungus
(Alexander & Hadley, 1985) or vice versa (Cameron et al., 2006). Alternatively, nutrients,
especially phosphorous and nitrogen, are taken up by the fungus and transferred to the plant
(Cameron et al., 2006; Dearnaley & Cameron, 2017; Fochi et al., 2017).

Photosynthetic orchids are commonly associated with three main groups of orchid
mycorrhizal fungi (OMF); Serendipitaceae (formerly Sebacinales Group B) (Weil et al.,
2016), Tulasnellaceae (Warcup, 1973; Warcup & Talbot, 1971), and Ceratobasidiaceae
(Dearnaley, 2007; Warcup, 1981). Members of these fungal genera are typically
saprophytic and not dependent on the orchid for survival. Mycoheterotrophic orchids,
which do not capture their own carbon via photosynthesis, often associate with completely
different fungal families to photosynthetic orchids (Merckx, 2013; Smith & Read, 2008).

In orchid-mycorrhizal relationships, orchids vary between highly generalist (i.e.
many fungal lineages per orchid species) and highly specialist (i.e. few fungal lineages per
orchid species) in their fungal associations. Outside of Australia, terrestrial orchid species
typically associate with numerous fungal operational taxonomic units (OTUSs) (hereafter
referred to as OTUs even in cases where both OTUs and named species are involved) , but
with an apparent preference for one or two main fungal genera (Phillips et al., 2020). Within
the predominantly Australian orchid tribe Diurideae, there are some examples of
mycorrhizal generalists such as Microtis media — which associates with fungi
Piriformospora indica, Serendipita vermifera, Tulasnella calospora and Ceratobasidium
(De Long et al., 2013), and Caladenia flava — which associates with at least four Serendipita
OTUs (Phillips et al., 2016; Whitehead et al., 2017). However, most Diurideae orchid
species show a remarkably high specificity in their fungal associations (Phillips et al.,
2020). Specialization on one or a few fungal OTUs per orchid species appears to be typical
in members of the diurid genera Chiloglottis (Roche et al., 2010; Ruibal et al., 2017),
Drakaea (Linde et al., 2014; Phillips et al., 2011), Rhizanthella (Bougoure et al., 2009),
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Thelymitra (Reiter et al., 2018), Pheladenia (Davis et al., 2015), Diuris (Smith et al., 2010)
and Caladenia (Oktalira et al., 2019; Reiter et al., 2020; Whitehead et al., 2017). In general,
in the Diuridae only a few OTUs of fungi associate with a given orchid genus, with most of
the fungal OTUs shared between related orchid species (Otero et al., 2011; Phillips et al.,
2016; Phillips et al., 2011; Roche et al., 2010). However, in some genera, orchid species
associate with different fungal taxa, with the orchids incapable of seed germination using
fungi from different host species (Swarts et al. 2010). Nonetheless, based on these
observations, we expect most Australian Diurideae orchids to have specialized mycorrhizal
fungal associations but with extensive sharing of fungal OTUs among close relatives.

The genus Cryptostylis (tribe Diurideae, subtribe Cryptostylidinae) is unusual
among members of the Diuirideae in that instead of having a centre of diversity in temperate
parts of southern Australia, only five of the 23 recognised species (KEW Plant Checklist
2019) are native to Australia (Jones, 2006). Instead, most species occur in south-east Asia
and New Guinea, with a lesser diversity in the south Pacific (Pridgeon et al., 2001). Further,
most of the Cryptostylis species are exceptional among the Diurideae in that a leaf is
maintained year round (Jones, 2006), while one of the five Australian species, Cryptostylis
hunteriana Nicholls, is a leafless saprophyte (Bell, 2001; Pridgeon et al., 2001).

Mycorrhizal associations in Cryptostylis are of particular interest due to the unusual
life history and biogeography of Cryptostylis compared to other Diurideae orchids. Thus
far the only detailed study of mycorrhizal associations in Cryptostylis was in the Western
Australian species Cryptostylis ovata R.Br. (Nguyen et al., 2019). This study showed that
C. ovata associates with a small number of Tulasnella OTUs, with one OTU shared with
Chiloglottis (Linde et al., 2017; Roche et al., 2010), a member of the Drakaeinae orchids
(subtribe Diurideae). Another study formally described five Tulasnella species associated
with Australian Cryptostylis species (Arifin et al., 2020). In this study, we aim to explore
the mycorrhizal diversity in all five Australian Cryptostylis species, as well as three Asiatic
Cryptostylis species. Specifically, we will determine (i) the identity and diversity of fungi
associating with Australian and Asiatic Cryptostylis, and (ii) whether Australian

Cryptostylis species associate with different fungal OTUs.

MATERIALS AND METHODS

Study species
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Cryptostylis subulata (Labill.) Rchb.f., C. erecta R.Br., C. hunteriana Nicholls and C.
leptochila F.Muell. ex Benth occur sympatrically in eastern Australia, while C. ovata occurs
in allopatry in south-west Western Australia (Jones, 2006). Australian Cryptostylis grow in
a variety of habitats, but most commonly occur in eucalypt forests (Backhouse, 2019;
Brundrett, 2014; Jones, 2006). However, populations are also known from coastal sand
dunes, granite outcrops, and the margins of swamps (Pridgeon et al., 2001). A population
of C. ovata that we sampled in southwestern Australia includes some individuals growing
epiphytically on Allocasuarina decussata (Casuarinaceae) (Brundrett, 2014). While most
Australian Cryptostylis are common, the leafless C. hunteriana is considered vulnerable in
the state of NSW and endangered in Victoria (Bell, 2001), and is federally listed as
vulnerable. All Australian Cryptostylis orchids are all pollinated by sexual deception of the
same species of ichneumonid wasp, Lissopimpla excelsa (Coleman 1930a, 1928, 1929,
1930b), which contrasts with most sexually-deceptive orchids, where co-occuring species
typically use different pollinator species (Paulus & Gack, 1990; Peakall et al., 2010; Phillips
et al., 2017; Phillips et al., 2014).

In addition to the five Australian species, a further 18 species of Cryptostylis occur
in Asia and the south Pacific, spanning India, Sri Lanka, Taiwan, southeast Asia, Solomon
Islands, New Guinea, New Caledonia, Fiji, and Samoa (Pridgeon et al., 2001). The ecology
of Asiatic Cryptostylis is poorly known compared to the Australian counterparts, but Asiatic
species tend to grow in mountainous regions mostly at mid-elevations, from 800 - 2,700
metres a.s.l, typically in humus-rich areas including rainforests (O'Byrne & Schneider,
2015; Robinson et al., 2016).

Sampling of fungi from orchids

Root samples were collected from mature plants of all five Australian Cryptostylis species
(Figure 1) between October to March (Table 1). Root samples were collected from no more
than one individual per clump. All sampled root material was wrapped in damp paper towel
and kept in plastic bags at 5 °C until processing within five days. All Australian Cryptostylis
species were sampled from a minimum of five populations, with the exception of the rare
C. hunteriana, which was sampled from only three populations to minimise impact in
accordance with our permit conditions. Roots of C. ovata plants were collected in Western
Australia from nine populations. Cryptostylis subulata, C. leptochila, and C. erecta were
collected from populations (seven, five, and nine respectively) in New South Wales (NSW).
In addition, C. leptochila was collected from three populations in Victoria. Two to three
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species of Cryptostylis grew in sympatry in nine of the NSW populations (Table 1). We
aimed to collect five individual plants per population, however, the extremely dry weather
conditions during this study necessitated the collection of a lesser number of plants at some
populations. To ensure correct identification of species, we only sampled flowering
individuals of the sympatric eastern species, which cannot be confidently distinguished by
their leaf morphology alone. For each individual plant, a 5-mm-long peloton rich root
fragment was stored at -20 °C for DNA extraction and direct sequencing.

To assess the phylogenetic diversity of fungi from Asiatic Cryptostylis species, we
also collected roots from C. acutata J.J.Sm. (four plants, voucher specimen SAN 165625
deposited at the Forest Research Center Herbarium (SAN)) and C. filiformis Blume (one
plant, voucher specimen SAN 165626) from Sabah, Malaysia, and C. javanica J.J.Sm. (one
plant, voucher specimen SW Gale SG1380, lodged at Kadoorie Farm and Botanic Garden)
from Lantau Island, Hong Kong (Figure 2). Root samples were placed in silica gel
immediately after sampling to preserve the tissue for DNA extraction and direct sequencing.
We aimed to collect sufficient numbers of species and populations from Asiatic Cryptostylis
to make a fair comparison with Australian species. Unfortunately, due to limited available
information about their phenology and habitats, we only successfully sampled three Asiatic
Cryptostylis with limited numbers of plants and populations. To account for the possibility
that Australian Cryptostylis associate with unculturable fungi, we employed both fungal
culturing and direct sequencing. For the Asiatic samples, only direct sequencing was

undertaken as no in situ facilites were available for culturing.

Isolation of fungal cultures

Two types of growth media were used for the isolation of OMF from Cryptostylis: Fungal
Isolation Media (FIM) (Clements & Ellyard, 1979) and a modified Melin-Norkrans medium
(Wright et al., 2010) plus A-Z multivitamins (Centrum “Balanced Formula”, Wyeth
Consumer Healthcare, Baulkham Hills, NSW, Australia) (3MN + A-Z) following Ruibal et
al. (2017), both of which were supplemented with 50 mg mL* streptomycin sulfate. Root
pieces were washed under running tap water, then dissected in sterile water to locate
pelotons. In Cryptostylis, mycorrhizal colonization occurs at irregular intervals along the
root system (Ramsay et al., 1986). Pelotons or peloton rich tissues were serially rinsed in
three changes of sterile distilled water before plating onto FIM and/or 3MN + A-Z plates
and incubated at 22 °C in the dark. To obtain pure, single cultures, hyphal tips growing from

15



CHAPTER 1

pelotons were transferred onto new plates. We aimed to isolate 10-20 germinating pelotons
per plant, but in practice the succes rate was lower in several plants and populations.

To obtain sufficient mycelia for DNA extraction, cultures were grown in FIM or
3MN + A-Z liquid media. Following Linde et al. (2017), small blocks of agar from the
isolates were macerated and inoculated into the liquid media and incubated for 3 to 4 weeks
at 22 °C in the dark. After incubation, mycelia were harvested and lyophilized before being
stored at -20 °C. Fungal genomic DNA was extracted from the lyophilized mycelium using
Qiagen DNeasy Plant Mini Kit (Qiagen, Germany), following the manufacturer’s protocol.
If the fungal isolates did not grow on liquid media, genomic DNA was extracted directly
from fungi on agar plates. A QG buffer (Qiagen, Germany) was used to dissolve the agar
at 65 °C. The mycelia were then rinsed three times with sterile water, before DNA
extraction with the same method as above (Qiagen DNeasy Plant Mini Kit, Qiagen,
Germany).

For DNA sequencing, the internal transcribed spacer (ITS) region was amplified for
1-2 isolates from each plant with the following primers: ITS5/ITS 4, ITS1/ITS 4 (Gardes &
Bruns, 1993). Since the ITS region provides the same or higher level of resolution as a
combination of loci in Tulasnella (Linde et al. 2014), only amplification of the ITS locus
was attempted.

Direct sequencing of fungi from roots

For direct sequencing of fungi from roots, DNA isolation from lyophilized Australian
Cryptostylis root tissues, and the Asiatic samples dried in silica gel, were conducted using
DNeasy Plant Mini Kit (Qiagen, Germany). Because no Serendipita or Ceratobasidium was
cultured from either of the five species in this study or a previous study on C. ovata (Nguyen
etal., 2019), clone library construction was attempted using the Tulasnella specific primers
ITS4-Tul (Jacquemyn et al., 2012) or ITS4-Tul2 (Oja et al., 2015) to eliminate other fungi
as contaminants, or plant DNA being amplified. ITS4-Tul or ITS4-Tul2 were paired with
ITS1 or ITS5 (Taylor & McCormick, 2008); in this study we ultimately used ITS5 and
ITS4-Tul because this combination resulted in more consistent PCR success. Because
Tulasnella specific primers may not detect other genera of Basidiomycetes fungi, 12 root
samples of the leafless C. hunteriana and six each for the leafy Australian Cryptostylis
species were also amplified using the ITS1F/ITS 4and ITS 1F/ ITS 4B (Gardes & Bruns,
1993; White et al., 1990) primer combinations with five clones being sequenced for each

plant-primer combination.
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PCR amplification and sequencing

PCR conditions were as follows: 95 °C for 3 min, followed by 35 cycles of 95 °C for 30 s,
56 °C for 30 s and 72 °C for 55 s. The final cycle was followed by 72 °C in 7 min. The PCR
reaction mix contained 3-5 pL of fungal DNA as a template, 5 pL of 5X polymerization
buffer, 1 L of each ITS primer (10 mM), 12.85 pL of sterile H20, and 0.15 pL of MyTaq
Polymerase (Bioline, USA). Amplification products were visualized using electrophoresis
on 1.2 % agarose gels for 30 minutes at 110 V. PCR products obtained from Tulasnella-
specific primers were purified using Wizard® SV Gel and PCR Clean-Up system
(Promega, USA). Because one individual sample (plant) might associate with one or more
Tulasnella OTU, purified PCR products from root tissue were cloned using pCR4-TOPO
cloning vector (ThermoFisher, USA) and transformed using competent Escherichia coli
DH10B. Five to eight white colonies from each sample were picked and diluted in 100 pL
nuclease-free water as M13 PCR templates. We attempted to sequence fungi directly from
peloton-rich roots for all plants, unless no root material was left over after fungal isolation.
Colony PCR of clone libraries was performed using 2 puL template and M13F-M13R
primers in 20 pL reactions. Clone libraries were purified using EXO-CIP (New England
Biolabs, USA), and precipitated with ethanol following the BigDye Terminator v3.1
Sequencing Kit protocols (Applied Biosystems, Foster City, California, USA). Sequencing
was performed bidirectionally using M13 forward and reverse primers with ABI PRISM
BigDye Terminator v3.1 sequencing kit (Applied Biosystems) on an ABI-3130 automated

sequencer.

Phylogenetic analysis

Fungal ITS sequences were edited and aligned using SEQUENCHER 5.4.1 (Gene Codes
Corp.) and manually checked for any base ambiguities. BLAST searches using consensus
sequences were performed to find closely related accessions from GenBank
(http://www.ncbi.nim.nih.gov/BLAST). The top BLAST hits from GenBank were
downloaded (Table S1) and added to a multiple sequence alignment using ClustalW in
GENEIOUS 10.2.6 (Kearse et al., 2012) and adjusted manually. Tulasnella phylogenetic trees
were inferred with Bayesian inference analyses and constructed using MRBAYES 3.2.2
(Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003). Two parallel runs of four
chains each were run for 2 million generations and trees sampled every 200 generations
after a 25 % burn-in with a GTR+G substitution model. To verify that the burn-in was
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sufficient, likelihood profiles were examined. Convergence of runs was confirmed when
the average standard deviation was < 0.02 with effective sample sizes > 200. In addition,
a maximum likelihood analysis was conducted using RAXML as implemented in GENEIOUS
10.2.6 (Kearse et al., 2012) with 1,000 pseudoreplicates of nonparametric bootstrapping
(Stamatakis et al., 2008). Trees were viewed in FIGTREE 1.4.3 (Rambaut, 2016) and rooted
to Tulasnella eichleriana based on previous studies (Cruz et al., 2014; Linde et al., 2017).
Operational Taxonomic Units (OTUs) were identified using a combination of branch
support and a maximum sequence divergence threshold of 4 % (Linde et al., 2017; Linde
et al., 2014). Pairwise sequence divergence of the ITS sequences among lineages were
estimated in GENEIOUS 10.2.6 (Kearse et al., 2012).

Fungal diversity

The total number of Tulasnella OTUs obtained per population from fungal isolation and
direct sequencing combined was calculated. Using populations as replicates, a Kruskal-
Wallis test was conducted in R 3.5.1 (R Core Team, 2019) to test for differences in the
number of OTUs detected per orchid species. This test was only conducted for the
Australian Cryptostylis species.

Phylogenetic Diversity (PD) is defined as ‘the minimum total length of all the
phylogenetic branches required to span a given set of taxa on the phylogenetic tree’ (Faith,
1992). The PD of the Tulasnella associated with each Australian Cryptostylis species in
each population was calculated using the R package ‘PICANTE’ (Kembel et al., 2010).
Because PD values can be affected by the number of fungal sequences represented for each
OTU, to standardize for sampling effort we also calculated corrected PD values where only
one randomly chosen individual of each OTU per orchid population was included. A one-
way ANOVA was then used to determine whether the corrected and uncorrected PD values
differed significantly among species in R 3.5.1 (R Core Team 2019). Phylogenetic diversity
analyses was only conducted for fungi from Australian Cryptostylis species as sample sizes

for the Asiatic species were too low.

RESULTS

Diversity of orchid-mycorrhizal associations at the species level

In total, 185 fungal isolates (Table S2) representing 167 plants from five Cryptostylis

species in Australia were sequenced. In addition, 307 sequences were obtained from direct
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sequencing of Cryptostylis roots (264 from Australian plants, 43 from Asiatic plants). The
majority of isolates and clone sequences were identified as Tulasnella (Table S3), with a
small number of clone sequences identified as Ascomycota, endophytes or ectomycorrhizal
fungi (Table S4). Together with isolates from GenBank, based on a sequence divergence
threshold of a maximum of 4 %, 15 Tulasnella OTUs (some of which are described species)
were identified with high bootstrap and posterior probability support, including 11 OTUs
from Australian Cryptostylis species (Figure 3). The 11 Tulasnella OTUs identified from
Australian Cryptostylis included Tulasnella prima, T. warcupii, T. sphagneti, five recently
described Tulasnella species (Tulasnella australiensis, T. occidentalis, T. punctata, T.
densa, and T. concentrica) (Arifin et al., 2020), a taxonomically undescribed OTU (OTU
1) and two OTUs previously detected from C. ovata (Jarrahdale 1 and 2, Nguyen et al.
(2019)) (Figures 3 & 4, Figure S1), all of which belong to Tulasnella phylogenetic group
IV as assigned by Cruz et al. (2014). Sequences similar to those identified by Nguyen et al.
(2019) from C. ovata (Jarrahdale 1 (MK430451 — 2) and Jarrahdale 2 (MK430461 and
MK430468)) in Western Australia were not detected in the present study. However,
Nguyen et al. (2019) reported several Tulasnella isolates from C. ovata as a “Southern
group”, which we found clustered with T. prima, and a “Bertram” clade, which we found
clustered with T. occidentalis (Figure 3, Figure S1).

Ninety-three percent of plants (108) associated with only one OTU, six percent of
plants (7) associated with two OTUs, and one percent of plants (1 C. ovata) associated with
three Tulasnella OTUs (Figure S2). Cryptostylis erecta associated with three Tulasnella
species, of which T. australiensis was the most frequently detected (> 95 % of sequences,
Figure 4, Table S3). One isolate from C. erecta was identified as T. punctata, and three
clone sequences were identified as T. densa. Cryptostylis subulata, the species most
frequently co-occuring with C. erecta, also associated with three Tulasnella species, with
T. punctata being the most common fungal partner (65 % of sequences). The leafless C.
hunteriana only associated with a single Tulasnella species, T. densa. Cryptostylis
leptochila was the most generalist of the eastern Australian species, associating with four
Tulasnella species. T. concentrica was the most frequently detected fungal symbiont (56 %
of sequences), being found in eight C. leptochila populations from NSW and Victoria. Five
Tulasnella OTUs were isolated from C. ovata, mainly T. occidentalis (57 % of sequences)
and T. prima (29 % of sequences), but also OTU 1, T. warcupii and T. australiensis (Figure
4). Using direct cloning of root samples, two plants of C. ovata growing epiphytically on
Allocasuarina decussata were found to associate with OTU 1 (Figure 3). One fungal clone
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from C. erecta and one clone from C. ovata showed Serendipita as their closest BLASTn
result from GenBank (GenBank accession number KF061288 and JX138547, respectively).

The three studied Asiatic Cryptostylis species associated with four Tulasnella OTUs
(Figure S3). Cryptostylis filiformis and C. acutata were each recorded associating with one
Tulasnella OTU (OTU 3 and OTU 2, respectively), while C. javanica associated with two
Tulasnella OTUs (OTU 4 and OTU 5) (Figure S3). These were all closely related to

Tulasnella from Australian Cryptostylis species (Figure 3).

Diversity of orchid-mycorrhizal associations at the population level

A mean of 1.34 + 0.46 (SD) OTUs were found per population across the Cryptostylis
species, ranging from one to three; C. erecta (mean 1.5 £ 0.53, N = 8 populations), C.
subulata (mean 1.14 + 0.38, N = 7 populations), C. leptochila (mean 1.75 + 0.71, N = 8
populations), C. ovata (mean = 1.3 = 0.67, N = 10 populations), and C. hunteriana (mean
1+0.00, N = 3 populations) (Figure 5). The number of Tulasnella OTUs per population did
not differ significantly among species (Kruskal Wallis ¥~ = 6.84, P = 0.145). Uncorrected
PD values of fungal diversity for each Cryptostylis species ranged between 0.158 and 0.403
and did not differ significantly among orchid species at the population level (Figure 6A,
Table 2, PDobs, Kruskal Wallis ¥? = 4.79, P = 0.31, df = 4). The corrected Tulasnella PD
values also did not differ significantly among Australian Cryptostylis species (Figure 6B,
Table 2, PDnull, ANOVA P = 0.849).

Is there fungal sharing among Australian Cryptostylis?

All Australian Cryptostylis species, except C. hunteriana, share T. australiensis as a fungal
symbiont. Three other Tulasnella fungi were shared between Cryptostylis species: T.
warcupii and T. prima are shared between C. leptochilaand C. ovata, and T. densa is shared
between C. erecta and C. hunteriana (Figure 4, Table S3). However, in some cases, Co-
occurring Cryptostylis species used different Tulasnella species to one another (Table S5).
Three Cryptostylis species co-occurred at the Erowal Bay site, each using a single different
Tulasnella species; C. erecta: T. australiensis (N =5 plants ), C. subulata: T. punctata (N
= 5 plants) and C. hunteriana: T. densa (N = 6 plants). Similarly, at the Fitzroy Falls
population, the co-occurring C. erecta (N = 1 plant), C. leptochila (N = 4 plants) and C.
subulata (N = 6 plants) each associated with a different single Tulasnella species (T.

australiensis, T. concentrica, and T. punctata respectively).
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Cryptostylis non-Tulasnella endophytes

Some endophytes belonging to fungal genera not known to be mycorrhizal, as well as
ectomycorrhizal fungi, were detected from the cloned sequences. In all Australian
Cryptostylis except C. ovata and C. subulata, a variety of ectomycorrhizal (ECM) fungi
were detected such as Russula (C. hunteriana, C. leptochila, and C. erecta; closest
GenBank accession numbers KP012769, DQ398092 and GU222292 respectively),
Thelephoraceae (C. hunteriana, closest GenBank match KF679822), Cortinarius (C.
hunteriana - KT875188 and NR1563000 and C. leptochila - KT875181), and Phellodon sp.
(C. erecta). Not all plants analysed for the presence of Basidiomycota fungi contained ECM
fungi. Closest matches on GenBank suggest that ECM fungi in C. hunteriana were present
in only six clones from 12 plants analysed (i.e. six out of 120 clones), whereas in C.
leptochila and C. erecta, four clones (i.e. four out of 60 clones) from the six plants analysed
for each species contained ECM fungi (Table S4). Furthermore, some clone sequences with
closest GenBank matches to ericoid mycorrhizal and saprophytic fungi were also detected;
Oidiodendron sp. (C. hunteriana), Helotiales sp. (C. leptochila and C. subulata),
Phialocephala (C. hunteriana and C. subulata), Cladophialophora and Exophiala (C.
ovata) (see Table S4 for detail descriptions of closest GenBank matches).

DISCUSSION

Fungal diversity in Cryptostylis

This is the first comprehensive study of the fungal associations across the Australian species
of Cryptostylis. Previously, fungal associations were investigated for C. ovata only, initially
finding unidentified members of Tulasnella and Cladophialophora based on direct
sequencing of roots from five individuals (Sommer et al., 2012). Recently, Nguyen et al.
(2019) revealed four Tulasnella OTUs associated with Cryptostylis ovata from five
populations in Western Australia, with one of those fungi (T. prima) previously described
from Chiloglottis orchids (Linde et al., 2017). Here we find a similar, but larger diversity
of fungi in C. ovata. In our study, all five Australian species of Cryptostylis were found to
associate predominanty with Tulasnella. All Tulasnella OTUs that associate with
Cryptostylis are closely related and belong to Tulasnella phylogenetic group IV (Cruz et
al., 2014). In total, we found nine Tulasnella OTUs associated with Australian Cryptostylis
(excluding the two Jarrahdale OTUs reported by Nguyen et al. (2019) but not found in this
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study) and four Tulasnella OTUs associated with the three Asiatic study species. Some of
the Tulasnella fungi from Cryptostylis represent previously described species (T. prima, T.
sphagneti and T. warcupii (Linde et al., 2017) that are known to associate with orchids in
the subtribe Drakaeinae within the Diuridae (Linde et al., 2014; Ruibal et al., 2017).

This study is the first to identify OMF associated with Asiatic Cryptostylis, with
four Tulasnella OTUs identified across three Cryptostylis species (Figure S2). These
Tulasnella OTUs were related to, but differed from the Tulasnella species/OTUs identified
from Australian Cryptostylis species. However, the Tulasnella diversity associated with
Asiatic Cryptostylis is likely broader than reported here because of the low numbers of
plants analysed. Because the species of OMF that orchid species associate with can vary
between habitats (Jacquemyn et al., 2016; Reiter et al., 2018; Ruibal et al., 2017) and across
the orchid’s geographic range (Xing et al., 2019), it is not unexpected that the Asiatic
Cryptostylis species associate with a different suite of Tulasnella to Australian species.
Nevertheless, it is interesting to note that despite growing in different habitats and
biogeographic regions, these four OTUs belong to the same major Tulasnella phylogenetic

lineage as their Australian counterparts (Figure 3).

Fungal isolation versus direct sequencing

Both fungal isolation from culture and direct sequencing identified almost all of the
Tulasnella OTUs in Australian Cryptostylis orchids. However, T. warcupii (four clones)
and OTU 1 (six clones) were only detected by direct sequencing in this study (Table 3).
Failing to culture these Tulasnella species in this study may have more to do with their
growth rate (slow growing species could be outcompeted by fast growing species in culture)
rather than culturability, because T. warcupii has been successfully isolated from
Arthrochilus orchids in the past (Linde et al., 2017). Direct sequencing returned a much
larger range of fungi that are likely to occur as endophytes, but without functioning as
mycorrhizae (see other examples in orchids (Chen et al., 2011; Han et al., 2016; Stark et
al., 2009). In other orchids these endophytic fungi are not known to contribute to plant
germination and growth, nor do they cause detrimental effects to their host plant (Selosse
et al., 2009). Interestingly, in the present study two sequence clones identified as two
Serendipita OTUs were detected in both C. erecta and C. ovata, belonging to Serendipita
OTU D and OTU G respectively when compared to sequences from (Whitehead et al.,
2017) (data not shown). Serendipita is well known as a mycorrhizal fungus of many orchid
species (Bonnardeaux et al., 2007; Reiter et al., 2020; T¢&sitelova et al., 2015; Yagame et
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al., 2016), but germination studies are required to confirm whether it is mycorrhizal in
Cryptostylis.

Interestingly, a number of ectomycorrhizal or saprotrophic fungi often associated with
mycoheterotrophic orchids (Jacquemyn & Merckx, 2019; Smith & Read, 2008) were
identified in a small number of cloned sequences of Cryptostylis, especially the leafless C.
hunteriana. A recent review indicated that the evolution from autotrophy towards
mycoheterotrophy is often accompanied by either losses or shifts in mycorrhizal partners
and thus that a full or partial loss of photosynthesis selects for different mycorrhizal
communities (Jacquemyn & Merckx, 2019). Cryptostyis hunteriana, which has a green
stem indicative of photosynthesis, may be at the very early stage of this evolution towards
mycoheterotrophy. However, stable isotope studies to confirm carbon transfer are required
to confirm a shift towards mycoheterotrophy or whether these orchids simply infrequently

associate with non-Tulasnella fungi.

Specificity of orchid-fungus associations in Cryptostylis

The number of Tulasnella OTUs associated with the five species of Australian Cryptostylis
in this study ranged between one (C. hunteriana) and five (C. ovata), with four of the
species associating with multiple Tulasnella OTUs. However, all Australian Cryptostylis
species analysed showed a similar phylogenetic diversity of OMF (Table 2). Generally, for
a given orchid species the dominant OTUs were similar between sites, but in C. subulata
there was evidence of different fungal associations among populations. Despite up to five
OTUs being detected in some Australian Cryptostylis species, most individual plants only
associated with a single OTU, a similar result to that reported in a study focusing on C.
ovata (Nguyen et al., 2019).

Some Australian Cryptostylis species (e.g. C. ovata and C. leptochila) associate with
more fungal lineages than has been observed to date in some other Australian sexually
deceptive orchid genera such as Chiloglottis (Roche et al., 2010), Drakaea (Phillips et al.,
2011), many members of Caladenia (Reiter et al., 2020), and Pterostylis (Otero et al.,
2011). Of the orchid genera studied to date, Drakaea is the most host-specific, with nine
species associating with Tulasnella secunda (Linde et al., 2017; Phillips et al., 2020).
Similarly, 18 species of Chiloglottis were found to associate with only two Tulasnella
species, T. prima and T. sphagneti (Linde et al., 2017; Roche et al., 2010). The similar
pattern of narrow specificity also occurs in other members of the Diurideae, such as
Caladenia (Reiter et al., 2020), Pheladenia (Davis et al. 2015), Thelymitra (Reiter et al.
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2018), and Rhizanthella (Bougoure et al., 2009), with each species typically associating
with one to two OTUs. In constrast, across the five species of Australian Cryptostylis, a
total of 11 Tulasnella OTUs were identified (9 in this study, two more from Nguyen et al.
(2019)), which is the greatest OTU to species ratio observed within an Australian sexually
deceptive genus.

While most Cryptostylis species have a lower degree of specificity for fungal
associations than many other Australian terrestrial orchids, their specificity remains high
relative to many species of European orchids (Phillips et al., 2020). For example,
Cryptostylis species associated with slightly fewer Tulasnella OTUs (range 1-7) than did
other European terrestrial orchids such as Dactylorhiza (5-9 OTUs) (Jacquemyn et al.,
2012), Orchis (2-15 OTUs) (Girlanda et al., 2011; Jacquemyn et al., 2011; Pellegrino et al.,
2016), Ophrys (4-13 OTUs) (Pellegrino et al., 2016) and Gymnadenia conopsea (28 OTUs)
(Tesitelova et al., 2013). Therefore, in comparison, Cryptostylis associates with a much
narrower breadth of fungi, although more OTUs may be detected with further sampling to
detect uncommon fungal associates. Although Ruibal et al. (2017) provided possible
explanations for this high specificity in Australian orchids such as phylogenetically
constrained heritable traits in the plants or orchids retaining an ancestral ecological niche,
further investigations are required to tease apart some of those suggestions.

Mycorrhizal associations and rarity of Cryptostylis hunteriana

While C. hunteriana has been adversely affected by habitat clearing across much of its
geographic range (Bell, 2001), even within the remaining habitat this species is much rarer
than other Australian Cryptostylis. Pollinator availability is unlikely to be contributing to
rarity as suggested in some other sexually deceptive orchids (Phillips et al., 2014), as its
pollinator L. excelsa is common, geographically widespread (Tomlinson & Phillips, 2012),
and persists in degraded habitats (Weinstein et al., 2016). Alternatively, the high degree of
fungal host specificity observed in C. hunteriana (only associating with T. densa) might
have contributed to its rarity. T. densa’s geographic range is likely much larger than that of
C. hunteriana, given the potentially long distance aerial dispersal ability of basidiomycota
fungi and the broad geographic range (500 km between C. hunteriana sampling sites in this
study) over which T. densa has already been observed. Indeed, most OMF that have been
studied in detail in Australia have broad geographic ranges and occur in a range of habitats
(Davis et al., 2015; Linde et al., 2014; Otero et al., 2011; Phillips et al., 2016; Reiter et al.,
2020), including some of the Tulasnella that associate with other Cryptostylis. However,
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orchid rarity could also be due to the fungus being uncommon in the landscape, leading to
fewer opportunities for fungal recruitment, or fewer sites with sufficient fungus
(McCormick et al., 2012). Other factors that could contribute to the rarity of C. hunteriana
include its poorly developed root system (personal observation, also see Bell, 2001) and
thereby restricted ability to spread vegetatively. The leaflessness of C. hunteriana may also
contribute to its rarity — a likely increased dependency on fungi for carbon may result in a
lower growth rate. Bushfires may further impact the persistance of C. hunteriana, both
through summer fires burning inflorescences and preventing recruitment (Bell, 2001), and
by fires reducing the amount of organic litter in the soil. A reduced amount of organic litter
may affect the OMF that C. hunteriana associates with by reducing their nutrient source,

which would in turn affect the nutrient uptake and survival of the orchid.

CONCLUSIONS

This study of the mycorrhizal associations in adult Australian and Asiatic Cryptostylis
showed that Australian Cryptostylis associate with 11 Tulasnella OTUs, while four were
identified in three Asiatic Cryptostylis species. Australian Cryptostylis has lower specificity
compared to other genera of Australian sexually deceptive orchids but still have higher
specificity compared to most European terrestrial orchids. All Cryptostylis sampled from a
large geographic range associated with closely related Tulasnella fungi as their main fungal
symbionts. The association with different fungi by species co-occuring at the same site
suggests that in any given environmental conditions, different Cryptostylis species may
intrinsically favour different fungal OTUs. Six new Tulasnella OTUs from Australian
Cryptostylis were detected and, given the effectiveness of ITS for discriminating between
fungal taxa in this group of Tulasnella (Linde et al., 2017), should be formally described.
Furthermore, studies employing Next-Generation Sequencing may reveal a further
abundance and diversity of OMF as well as further non-Tulasnella associations in
Cryptostylis. Carbon-isotopes studies also may indicate which fungal symbionts are
contributing most carbon to the orchids, which would aid in elucidating whether fungi from
Australian Cryptostylis orchids with and without leaves differ in their ability to contribute

carbon and nutrients to the plants.

25



CHAPTER 1

FUNDING

This work was supported by Australia Awards Scholarship from the Department of Foreign
Affairs and Trade (DFAT) for providing a scholarship to Arild Arifin, and the Australian
Orchid Foundation to Alyssa Weinstein (319-2017) and to Arild Arifin (324-2017).

ACKNOWLEDGEMENTS

We are also grateful for help during fieldwork and the provision of study sites: Rod Peakall,
Mark Clements, Michael Whitehead, Tobias Hayashi, and Fitria Oktalira. We are grateful
to Leon Smith for assistance with initial labwork. For assistance with statistical analyses,
the authors thank Teresa Neeman, Carlos Pavon Vazquez and Alexander Skeels. We
acknowledge NSW National Parks & Wildlife Service for permission to collect orchids
(Permit numbers SL100294 and SL102019), Western Australia Department of Parks and
Wildlife (Permit number SW017980), and Sabah Forestry Department (Permit number
JPHTN/TKKH(PSH) 100-14/18/2/JIL1D.36(38). We are indebted to the late Peter
O’Byrne, and to Stephan Gale and Monica Suleiman for their assistance in collecting the

Asiatic Cryptostylis samples.

LITERATURE CITED

Alexander C, & Hadley G. 1985. Carbon movement between host and mycorrhizal
endophyte during the development of the orchid Goodyera repens Br. New
Phytologist 101: 657-665.

Arifin AR, May TW, & Linde CC. 2020. New species of Tulasnella associated with
Australian terrestrial orchids in the Cryptostylidinae and Drakaeinae. Mycologia.

Backhouse GN. 2019. Bush Beauties: The Wild Orchids of Victoria, Australia. Melbourne.

Bell SAJ. 2001. Notes on population size and habitat of the vulnerable Cryptostylis
hunteriana (Orchidaceae) from the Central Coast of New South Wales.
Cunninghamia 7: 195-204.

Bonnardeaux Y, Brundrett M, Batty A, Dixon K, Koch J, & Sivasithamparam K. 2007.
Diversity of mycorrhizal fungi of terrestrial orchids: compatibility webs, brief
encounters, lasting relationships and alien invasions. Mycological Research 111:
51-61.

26



CHAPTER 1

Bougoure J, Ludwig M, Brundrett M, & Grierson P. 2009. Identity and specificity of the
fungi forming mycorrhizas with the rare mycoheterotrophic orchid Rhizanthella
gardneri. Mycological Research 113: 1097-1106.

Brundrett MC. 2014. Identification and ecology of Southwest Australian orchids. Perth,
Western Australia: Western Australia Naturalists' Club Inc.

Cameron DD, Leake JR, & Read DJ. 2006. Mutualistic mycorrhiza in orchids: evidence
from plant-fungus carbon and nitrogen transfers in the green-leaved terrestrial
orchid Goodyera repens. New Phytologist 171: 405-416.

Chen J, Hu KX, Hou XQ, & Guo SX. 2011. Endophytic fungi assemblages from 10
Dendrobium medicinal plants (Orchidaceae). World Journal of Microbiology and
Biotechnology 27: 1009-1016.

Clements MA, & Ellyard RK. 1979. The symbiotic germination of Australian terrestrial
orchids [Pterostylis, Diuris, Thelymitra inoculates with mycorrhizal fungi
Tulasnella and Ceratobasidium]. American Orchid Society Bulletin 48: 810-816.

Clements MA, Muir H, & Cribb PJ. 1987. A preliminary report on the symbiotic
germination of European terrestrial orchids. Kew Bulletin 41: 437-445.

Cruz D, Suarez JP, Kottke I, & Piepenbring M. 2014. Cryptic species revealed by molecular
phylogenetic analysis of sequences obtained from basidiomata of Tulasnella.
Mycologia 106: 708-722.

Davis BJ, Phillips RD, Wright M, Linde CC, & Dixon KW. 2015. Continent-wide
distribution in mycorrhizal fungi: implications for the biogeography of specialized
orchids. Annals of Botany 116: 413-421.

De Long JR, Swarts ND, Dixon KW, & Egerton-Warburton LM. 2013. Mycorrhizal
preference promotes habitat invasion by a native Australian orchid: Microtis media.
Annals of Botany 111: 409-418.

Dearnaley JD. 2007. Further advances in orchid mycorrhizal research. Mycorrhiza 17: 475-
486.

Dearnaley JD, & Cameron DD. 2017. Nitrogen transport in the orchid mycorrhizal
symbiosis — further evidence for a mutualistic association. New Phytologist 213:
10-12.

Faith DP. 1992. Conservation evaluation and phylogenetic diversity. Biological
Conservation 61: 1-10.

Fochi V, Chitarra W, Kohler A, Voyron S, Singan VR, Lindquist EA, Barry KW, Girlanda
M, Grigoriev IV, Martin F, Balestrini R, & Perotto S. 2017. Fungal and plant gene

27



CHAPTER 1

expression in the Tulasnella calospora-Serapias vomeracea symbiosis provides
clues about nitrogen pathways in orchid mycorrhizas. New Phytologist 213: 365—
379.

Gardes M, & Bruns TD. 1993. ITS primers with enhanced specificity for basidiomycetes -
application to the identification of mycorrhizae and rusts. Molecular Ecology 2:
113-118.

Girlanda M, Segreto R, Cafasso D, Liebel HT, Rodda M, Ercole E, Cozzolino S, Gebauer
G, & Perotto S. 2011. Photosynthetic Mediterranean meadow orchids feature partial
mycoheterotrophy and specific mycorrhizal associations. American Journal of
Botany 98: 1148-1163.

Han JY, Xiao H, & Gao J. 2016. Seasonal dynamics of mycorrhizal fungi in Paphiopedilum
spicerianum (Rchb. f) Pfitzer — A critically endangered orchid from China. Global
Ecology and Conservation 6: 327-338.

Huelsenbeck JP, & Ronquist F. 2001. MRBAYES: Bayesian inference of phylogenetic
trees. Bioinformatics 17: 754—755.

Jacquemyn H, Brys R, Cammue BP, Honnay O, & Lievens B. 2011. Mycorrhizal
associations and reproductive isolation in three closely related Orchis species.
Annals of Botany 107: 347-356.

Jacquemyn H, Brys R, Lievens B, & Wiegand T. 2012. Spatial variation in below-ground
seed germination and divergent mycorrhizal associations correlate with spatial
segregation of three co-occurring orchid species. Journal of Ecology 100: 1328—
1337.

Jacquemyn H, & Merckx VSFT. 2019. Mycorrhizal symbioses and the evolution of trophic
modes in plants. Journal of Ecology 107: 1567-1581.

Jacquemyn H, Waud M, Merckx VS, Brys R, Tyteca D, Hedren M, & Lievens B. 2016.
Habitat-driven variation in mycorrhizal communities in the terrestrial orchid genus
Dactylorhiza. Scientific Reports 6: 37182.

Jones DL. 2006. Complete Guide to Native Orchids of Australia: Including the Island
Territories (2 ed.): Reed New Holland.

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, Buxton S, Cooper
A, Markowitz S, Duran C, Thierer T, Ashton B, Meintjes P, & Drummond A. 2012.
Geneious Basic: an integrated and extendable desktop software platform for the

organization and analysis of sequence data. Bioinformatics 28: 1647-1649.

28



CHAPTER 1

Kembel SW, Cowan PD, Helmus MR, Cornwell WK, Morlon H, Ackerly DD, Blomberg
SP, & Webb CO. 2010. Picante: R tools for integrating phylogenies and ecology.
Bioinformatics 26: 1463-1464.

Linde CC, May TW, Phillips RD, Ruibal M, Smith LM, & Peakall R. 2017. New species
of Tulasnella associated with terrestrial orchids in Australia. IMA Fungus 8: 27-47.

Linde CC, Phillips RD, Crisp MD, & Peakall R. 2014. Congruent species delineation of
Tulasnella using multiple loci and methods. New Phytologist 201: 6-12.

McCormick MK, Lee Taylor D, Juhaszova K, Burnett RK, Jr., Whigham DF, & O'Neill JP.
2012. Limitations on orchid recruitment: not a simple picture. Molecular Ecology
21:1511-1523.

McCormick MK, Whigham DF, & O'Neill J. 2004. Mycorrhizal diversity in photosynthetic
terrestrial orchids. New Phytologist 163: 425-438.

Merckx V. 2013. Mycoheterotrophy: The Biology of Plants Living and Fungi. Leiden, The
Netherlands: Springer Science.

Nguyen DQ, Li H, Tran TT, Sivasithamparam K, Jones MGK, & Wylie SJ. 2019. Four
Tulasnella taxa associated with populations of the Australian evergreen terrestrial
orchid Cryptostylis ovata. Fungal Biology 124: 24-33.

O'Byrne P, & Schneider R. 2015. Cryptostylis carinata, a new orchid record for the
Phillipines. Malesian Orchid Journal 15: 77-81.

Oja J, Kohout P, Tedersoo L, Kull T, & Koljalg U. 2015. Temporal patterns of orchid
mycorrhizal fungi in meadows and forests as revealed by 454 pyrosequencing. New
Phytologist 205: 1608-1618.

Oktalira FT, Whitehead MR, & Linde CC. 2019. Mycorrhizal specificity in widespread and
narrow-range distributed Caladenia orchid species. Fungal Ecology 42: 100869.

Otero JT, Thrall PH, Clements MA, Burdon JJ, & Miller JT. 2011. Codiversification of
orchids (Pterostylidinae) and their associated mycorrhizal fungi. Australian Journal
of Botany 59: 480-497.

Paulus HF, & Gack C. 1990. Pollination of Ophrys (Orchidaceae) in Cyprus. Plant
Systematics and Evolution 169: 177-207.

Peakall R, Ebert D, Poldy J, Barrow RA, Francke W, Bower CC, & Schiestl FP. 2010.
Pollinator specificity, floral odour chemistry and the phylogeny of Australian
sexually deceptive Chiloglottis orchids: implications for pollinator-driven
speciation. New Phytologist 188: 437-450.

29



CHAPTER 1

Pellegrino G, Luca A, & Bellusci F. 2016. Relationships between orchid and fungal
biodiversity: Mycorrhizal preferences in Mediterranean orchids. Plant Biosystems
150: 180-189.

Phillips RD, Barrett MD, Dalziell EL, Dixon KW, & Swarts ND. 2016. Geographical range
and host breadth of Sebacina orchid mycorrhizal fungi associating with Caladenia
in south-western Australia. Botanical Journal of the Linnean Society 182: 140-151.

Phillips RD, Barrett MD, Dixon KW, & Hopper SD. 2011. Do mycorrhizal symbioses cause
rarity in orchids? Journal of Ecology 99: 858—-869.

Phillips RD, Brown GR, Dixon KW, Hayes C, Linde CC, & Peakall R. 2017. Evolutionary
relationships among pollinators and repeated pollinator sharing in sexually
deceptive orchids. Journal of Evolutionary Biology 30: 1674-1691.

Phillips RD, Peakall R, Hutchinson MF, Linde CC, Xu T, Dixon KW, & Hopper SD. 2014.
Specialized ecological interactions and plant species rarity: The role of pollinators
and myecorrhizal fungi across multiple spatial scales. Biological Conservation 169:
285-295.

Phillips RD, Reiter N, & Peakall R. 2020. Orchid Conservation - from theory to practice.
Annals of Botany 126: 345-362.

Pridgeon AM, Cribb PJ, Chase MW, & Rasmussen FN. 2001. Genera orchidacearum (\Vol.
2): Oxford University Press.

R Core Team. 2019. R: A language and Environment for Statistical Computing, Vienna,
Austria.

Rambaut A. (2016). FigTree: Molecular evolution, phylogenetics and epidemiology.

Ramsay RR, Sivasithamparam K, & Dixon K. 1986. Patterns of infection and endophytes
associated with western Australian orchids. Lindleyana 1: 203-214.

Rasmussen HN. 1995. Terrestrial Orchids: From Seed to Mycotrophic Plant. UK:
Cambridge University Press.

Rasmussen HN, Dixon KW, Jersakova J, & Tesitelova T. 2015. Germination and seedling
establishment in orchids: a complex of requirements. Annals of Botany 116: 391—
402.

Rasmussen HN, & Rasmussen FN. 2009. Orchid mycorrhiza: implications of a
mycophagous life style. Oikos 118: 334-345.

Reiter N, Lawrie AC, & Linde CC. 2018. Matching symbiotic associations of an
endangered orchid to habitat to improve conservation outcomes. Annals of Botany
122: 947-959.

30



CHAPTER 1

Reiter N, Phillips RD, Swarts ND, Wright M, Holmes G, Sussmilch FC, Davis BJ,
Whitehead MR, & Linde CC. 2020. Specific mycorrhizal associations involving the
same fungal taxa in common and threatened Caladenia (Orchidaceae): implications
for conservation. Annals of Botany 126: 943-955.

Robinson AS, Gironella EP, & Cervancia JM. 2016. New orchid species of Sigmatodactylus
(Orchidoideae; Diurideae) and a new record of Cryptostylis carinata from central
Palawan, Philippines. Phytotaxa 252: 99-113.

Roche SA, Carter RJ, Peakall R, Smith LM, Whitehead MR, & Linde CC. 2010. A narrow
group of monophyletic Tulasnella (Tulasnellaceae) symbiont lineages are
associated with multiple species of Chiloglottis (Orchidaceae): Implications for
orchid diversity. American Journal of Botany 97: 1313-1327.

Ronquist F, & Huelsenbeck JP. 2003. MrBayes 3: Bayesian phylogenetic inference under
mixed models. Bioinformatics 19: 1572-1574.

Ruibal MP, Triponez Y, Smith LM, Peakall R, & Linde CC. 2017. Population structure of
an orchid mycorrhizal fungus with genus-wide specificity. Scientific Reports 7.

Selosse MA, Dubois MP, & Alvarez N. 2009. Do Sebacinales commonly associate with
plant roots as endophytes? Mycological Research 113: 1062—-10609.

Smith SE, & Read DJ. (2008). Ericoid, orchid, and, mycoheterotrophic mycorrhizas. In
Mycorrhizal Symbiosis (Third Edition ed., pp. 815). United Kingdom: Elsevier
Science & Technology.

Smith ZF, James EA, & McLean CB. 2010. Mycorrhizal specificity of Diuris
fragrantissima (Orchidaceae) and persistence in a reintroduced population.
Australian Journal of Botany 58: 97-106.

Sommer J, Pausch J, Brundrett MC, Dixon KW, Bidartondo MI, & Gebauer G. 2012.
Limited carbon and mineral nutrient gain from mycorrhizal fungi by adult
Australian orchids. American Journal of Botany 99: 1133-1145.

Stamatakis A, Hoover P, & Rougemont J. 2008. A rapid bootstrap algorithm for the
RAXML Web servers. Systematic Biology 57: 758-771.

Stark C, Babik W, & Durka W. 2009. Fungi from the roots of the common terrestrial orchid
Gymnadenia conopsea. Mycological Research 113: 952-959.

Taylor DL, & McCormick MK. 2008. Internal transcribed spacer primers and sequences
for improved characterization of basidiomycetous orchid mycorrhizas. New
Phytologist 177: 1020-1033.

31



CHAPTER 1

Tésitelova T, Jersakova J, Roy M, Kubatova B, Tesitel J, Urfus T, Travnicek P, & Suda J.
2013. Ploidy-specific symbiotic interactions: divergence of mycorrhizal fungi
between cytotypes of the Gymnadenia conopsea group (Orchidaceae). New
Phytologist 199: 1022-1033.

Tesitelova T, Kotilinek M, Jersakova J, Joly FX, Kosnar J, Tatarenko I, & Selosse MA.
2015. Two widespread green Neottia species (Orchidaceae) show mycorrhizal
preference for Sebacinales in various habitats and ontogenetic stages. Molecular
Ecology 24: 1122-1134.

Tomlinson S, & Phillips RD. 2012. Metabolic rate, evaporative water loss and field activity
in response to temperature in an ichneumonid wasp. Journal of Zoology 287: 81—
90.

Warcup JH. 1973. Symbiotic germination of some Australian terrestrial orchids. New
Phytologist 72: 387-392.

Warcup JH. 1981. The mycorrhizal relationships in Australian orchids. New Phytologist 87:
371-381.

Warcup JH, & Talbot PHB. 1971. Perfect states of Rhizoctonias associated with orchids I1.
New Phytologist 70: 35-40.

Weinstein AM, davis B, Menz MH, Dixon K, & Phillips RD. 2016. Behaviour of sexually
deceived ichneumonid wasps and its implications for pollination in Cryptostylis
(Orchidaceae). Biological Journal of the Linnean Society 119: 283-298.

Weill M, Waller F, Zuccaro A, & Selosse MA. 2016. Sebacinales—one thousand and one
interactions with land plants. New Phytologist 211: 20-40.

White TJ, Bruns TD, Lee S, & Taylor J. (1990). Amplification and direct sequencing of
fungal ribosomal RNA genes for phylogenetics. In PCR Protocols: A guide to
methods and applications (pp. 315-322): Academic Press, Inc.

Whitehead MR, Catullo RA, Ruibal M, Dixon KW, Peakall R, & Linde CC. 2017.
Evaluating multilocus Bayesian species delimitation for discovery of cryptic
mycorrhizal diversity. Fungal Ecology 26: 74-84.

Wright MM, Cross R, Cousens RD, May TW, & McLean CB. 2010. Taxonomic and
functional characterisation of fungi from the Sebacina vermifera complex from
common and rare orchids in the genus Caladenia. Mycorrhiza 20: 375-390.

Xing X, Gao Y, Zhao Z, Waud M, Duffy KJ, Selosse MA, Jakalski M, Liu N, Jacquemyn
H, Guo S, & Merckx V. 2019. Similarity in mycorrhizal communities associating

32



CHAPTER 1

with two widespread terrestrial orchids decays with distance. Journal of
Biogeography 47: 421-433.
Yagame T, Ogura-Tsujita Y, Kinoshita A, Iwase K, & Yukawa T. 2016. Fungal partner

shifts during the evolution of mycoheterotrophy in Neottia. American Journal of
Botany 103: 1630-1641.

33



CHAPTER 1

Table 1. Australian and Asiatic Cryptostylis species sampled in this study, collection locations, and number of plants where DNA sequencing of

orchid mycorrhizal fungi was undertaken.

No. of
Date
Cryptostylis species  State/Country Locality Latitude Longitude plants
sampled
sampled

Cryptostylis erecta New South Wales/Australia Fitzroy Falls -34.6474 150.4806 Apr-16 1

New South Wales/Australia Frenchs Forest -33.7476 151.2358 Jun-17 4

New South Wales/Australia Bulahdelah -32.4097 152.2149 Nov-17 8

New South Wales/Australia Nowra -34.9787 150.6751 Dec-17 7

New South Wales/Australia Erowal Bay -35.0934 150.6573 Jan-18 5

New South Wales/Australia Wogamia Nature Reserve -34.8665 150.5267 Jan-18 5

New South Wales/Australia Carls Mountain Rd -35.6758 150.2328 Jan-18 5

New South Wales/Australia Meroo National Park -35.4710 150.389 Dec-17 2

New South Wales/Australia Ulladulla -35.3655 150.4892 Dec-17 5
Cryptostylis subulata New South Wales/Australia French Forest -33.7476 151.2358 Jun-17 4

New South Wales/Australia Ulladulla -35.3655 150.4892 Dec-17 8

New South Wales/Australia Fitzroy Falls -34.6472 150.4805 Nov-17 6

New South Wales/Australia Karuah -32.5878 151.9212 Nov-17 2

New South Wales/Australia Nowra -34.9787 150.6752 Dec-17 6

New South Wales/Australia Erowal Bay -35.0934 150.6573 Jan-18 5
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Cryptostylis leptochila

Cryptostylis ovata

New South Wales/Australia

New South Wales/Australia
New South Wales/Australia

New South Wales/Australia
New South Wales/Australia
New South Wales/Australia
Victoria/Australia
Victoria/Australia

Victoria/Australia

Western Australia/Australia
Western Australia/Australia
Western Australia/Australia
Western Australia/Australia
Western Australia/Australia
Western Australia/Australia
Western Australia/Australia
Western Australia/Australia
Western Australia/Australia

Western Australia/Australia

Wogamia Nature Reserve

Bundanoon
Fitzroy Falls

Kangaloon

Penrose State Forest
Carls Mountain Rd
Cabbage Tree Creek
Cape Conran

Bunyip State Park

Boyanup

Rockingham

Frosty Rd

Boronia Reserve
Bridgetown Jarrah Park
Johnston Rd

Muja Conservation Park
Granite Peaks State Forest
Capel

Margaret River
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-34.8663

-34.6750
-34.6469
-34.5309

-34.6597
-35.6758
-37.7516
-37.7412
-37.9839

-33.4754
-33.4757
-34.3398
N/A

N/A

-32.9621
-33.5635
-34.7585
-32.5904
N/A

150.5244

150.2973
150.4807
150.5741

150.1954
150.2328
148.6548
148.7163
145.5891

115.7576
115.7578
116.4221
N/A

N/A

115.8327
116.4373
116.5008
115.5445
N/A

Jan-18

Oct-17
Nov-17

Feb-17
Jan-18
Jan-18
Mar-18
Mar-18

Mar-18

Sep-18
Dec-17
Oct-17
Oct-17
Oct-17
Oct-17
Oct-17
Nov-17
Dec-17

Dec-17
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Western Australia/Australia

Cryptostylis hunteriana New South Wales/Australia
New South Wales/Australia

New South Wales/Australia

Cryptostylis javanica Hong Kong
Cryptostylis filiformis Malaysia
Cryptostylis acutata Malaysia

Walpole*

Bulahdelah
Meroo National Park

Erowal Bay

Lantau Island

Alab Mountain

Alab Mountain

-34.9787

N/A
N/A
N/A

N/A

N/A

N/A

116.8946

N/A
N/A
N/A

N/A

N/A

N/A

Sep-18

Nov-17
Dec-17

Jan-18

Sep-17

Jun-17

Jun-17
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*Epiphytic population of Cryptostylis ovata.

Bold localites indicate populations where two or more Australian Cryptostylis occur sympatrically.
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Table 2. The number of operational taxonomic units (OTUs) and phylogenetic diversity
(PD) from each population of Cryptostylis species. At some sites Cryptostylis species

occurred sympatrically.

Orchid species Population Number of OTUs Pdobs Pdnull
Cryptostylis erecta Fitzroy Falls 1 0.158 0.172
Bulahdelah 2 0.291 0.174
Nowra 2 0.291 0.174
Erowal Bay 1 0.158 0.173
Wogamia Nature Reserve 2 0.291 0.169
Carls Mountain Rd 1 0.158 0.175
Ulladulla 1 0.158 0.189
Cryptostylis subulata Frenchs Forest 1 0.225 0.174
Ulladulla 1 0.225 0.18
Fitzroy Falls 1 0.203 0.165
Karuah 1 0.225 0.175
Nowra 2 0.346 0.178
Erowal Bay 1 0.225 0.18
Wogamia Nature Reserve 1 0.203 0.172
Cryptostylis leptochila Bundanoon 2 0.302 0.166
Fitzroy Falls 1 0.158 0.175
Kangaloon 3 0.403 0.175
Penrose 2 0.217 0.167
Carls Mountain Rd 2 0.302 0.177
Cabbage Tree Creek 2 0.302 0.186
Cape Conran 1 0.181 0.177
Bunyip State Park 1 0.181 0.178
Cryptostylis ovata Boyanup 1 0.166 0.169
Rockingham 3 0.332 0.176
Frosty Rd 1 0.191 0.172
Bridgetown Jarrah Park 1 0.191 0.177
Johnston Rd 1 0.166 0.196
Muja Conservation Park 1 0.166 0.181
Granite Peaks State Forest 1 0.166 0.165
Capel 2 0.3 0.175
Margaret River 1 0.191 0.183
Walpole 1 0.242 0.176
Cryptostylis hunteriana Bulahdelah 1 0.17 0.18
Meroo National Park 1 0.17 0.182
Erowal Bay 1 0.17 0.175
Cryptostylis javanica Lantau Island 2 0.365 0.171
Cryptostylis filiformis Alab Mountain 1 0.182 0.179
Cryptostylis acutata Alab Mountain 1 0.193 0.168

37



CHAPTER 1

Table 3. Comparisons of Tulasnella OTUs recovered from isolates and as well as from the DNA sequencing approach (clones).

Total Tulasnella species/OTU(s) recovered

Isolates

Clones

Cryptostylis erecta
Cryptostylis subulata
Cryptostylis leptochila
Cryptostylis ovata

Cryptostylis hunteriana

2 ( T. australiensis, T. punctata)

3 (T. sphagneti, T. australiensis, T. punctata)

3 (T. prima, T. australiensis, T. concentrica)

2 (T. prima, T. occidentalis)

1 (T. densa)

2 (T. australiensis, T. densa)

3 (T. sphagneti, T. australiensis, T. punctata)

4 (T. prima, T. warcupii, T. australiensis, T. concentrica)

5 (T. prima, T. warcupii, T. australiensis, T. occidentalis, OTU 1)

1 (T. densa)
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Four species sympatric in eastern Australia Western Australia

C. erecta C. leptochila  C. hunteriana C. ovata

Three Asiatic Cryptostylis

C. filiformis C. acutata C. javanica

Photos courtesy of Alyssa Weinstein and Tobias Hayashi

Figure 1. Australian and Asiatic Cryptostylis species used in this study.
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Figure 2. Map of locations where Australian and Asiatic Cryptostylis were sampled.
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Figure 3. Rooted MrBayes phylogenetic tree for Tulasnella associated with Cryptostylis
orchids, obtained for the Internal Transcribed Spacer (ITS) region. OTU = Operational
Taxonomic Unit. The numbers above/under the branches are maximum likelihood bootstrap
values / Bayesian posterior probabilities. Only Bootstrap values > 70 and Bayesian posterior

probabilities > 0.7 are shown.
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Cryptostylis erecta

T. punctata T. densa

Nsequences=1]
Nplants =42

T. australiensis

Cryptostylis leptochila

T. warcupii

T. prima T. australiensis

Nsequences=135
Nplants =38

T. concentrica

Cryptostylis hunteriana

N sequences=40
Nplants =15

Figure 4. Frequency of the observed
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Cryptostylis subulata

T. australiensis

T. sphagneti

Nsequences=75
Nplants =36

T. punctata

Cryptostylis ovata

T warcupii T qustraliensis

T. prima

N sequences=§2
Nplants =36

T. occidentalis
OTU 1

All Australian Cryptostylis

T. warcupii

T. sphagneti

N sequences=450

T. prima Nplants =167

OTUl T. australiensis

T. concentrica

T. densa T. occidentalis

T. punctata

Tulasnella operational taxonomic units

(OTUs)/species among five Australian Cryptostylis, as well as in all Australian Cryptostylis
species combined. N sequences: the number of sequences obtained; N plants: the number

of Cryptostylis plants sampled in this study for a given species.
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2.5 1

N |

Number of Tulasnella OTUs

Cryptostylis Cryptostylis Cryptostylis Cryptostylis Cryptostylis
erecta subulata leptochila ovaia hunteriana

Figure 5. The average number of Tulasnella Operational Taxonomic Units (OTUs) per

population of five Australian Cryptostylis species (= SD).
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Figure 6. (A) Uncorrected Phylogenetic Diversity (Uncorrected PD = SD) per orchid
species and (B) corrected Phylogenetic Diversity (Corrected PD + SD) for species richness

in five Australian Cryptostylis species (CE: Cryptostylis erecta; CH: C. hunteriana; CL: C.
leptochila; CO: C. ovata; CS: C. subulata).
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SUPPLEMENTARY MATERIALS

Table S1. Reference sequences used in phylogenetic analysis of Tulasnella mycorrhizal fungi from Cryptostylis orchids.

CHAPTER 1

GenBank Fungal species Country of origin Host Species / substrate Seq. length References
Number
AY373292 Tulasnella eichleriana United States Unknown 780 bp McCormick et al. 2004
KC152389 Tulasnella eichleriana Germany Decayed wood 768 bp Cruz et al. 2014
KC152397 Tulasnella sp. ECU5 Ecuador Fallen branch 700 bp Cruz et al. 2014
KC152398 Tulasnella sp. ECU5 Ecuador Fallen branch 716 bp Cruzetal. 2014
JN015192 Tulasnella densa Australia Unknown 781 bp Howard & 2011,
unpublished
KC152401 Tulasnella sp. ECU6 Ecuador Fallen branch 699 bp Cruz et al. 2014
KC152402 Tulasnella sp. ECU6 Ecuador Fallen branch 774 bp Cruz et al. 2014
KY095117* Tulasnella sphagneti Australia Chiloglottis aff. valida 738 bp Linde et al. 2017
KY445922 Tulasnella sphagneti Australia Chiloglottis turfosa 728 bp Linde et al. 2017
KY445923 Tulasnella sphagneti Australia Chiloglottis turfosa 728 bp Linde et al. 2017
KY445924 Tulasnella sphagneti Australia Chiloglottis turfosa 728 bp Linde et al. 2017
KY445925 Tulasnella sphagneti Australia Chiloglottis sp. 728 bp Linde et al. 2017
KY445926 Tulasnella sphagneti Australia Chiloglottis sp. 728 bp Linde et al. 2017
KY445927 Tulasnella sphagneti Australia Chiloglottis sp. 728 bp Linde et al. 2017
KY445928 Tulasnella sphagneti Australia Chiloglottis sp. 728 bp Linde et al. 2017
KY445929 Tulasnella sphagneti Australia Chiloglottis sp. 728 bp Linde et al. 2017
KF476575* Tulasnella secunda Australia Drakaea elastica 736 bp Linde et al. 2014
KF476593 Tulasnella secunda Australia Drakaea elastica 736 bp Linde et al. 2014
KF476579 Tulasnella secunda Australia Drakaea confluens 738 bp Linde et al. 2014
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KF476592
KF476588
KF476591
KF476578
KF476590
HQ386778
KF476576
KF476583
KF476586
HQ386743
KF476577
KF476585
KF476580
KF476584
KF476574
KF476573
KF476568
KF476602
KF476594
KF476595
KF476596*
KF476599
KF476597
KF476598
KF476600
KF476601

Tulasnella secunda
Tulasnella secunda
Tulasnella secunda
Tulasnella secunda
Tulasnella secunda
Tulasnella secunda
Tulasnella secunda
Tulasnella secunda
Tulasnella secunda
Tulasnella secunda
Tulasnella secunda
Tulasnella secunda
Tulasnella secunda
Tulasnella secunda
Tulasnella secunda
Tulasnella secunda
Tulasnella secunda
Tulasnella australiensis
Tulasnella sp. CLM084
Tulasnella sp. CLM085
Tulasnella warcupii
Tulasnella warcupii
Tulasnella warcupii
Tulasnella warcupii
Tulasnella warcupii

Tulasnella warcupii

Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia

Australia

Drakaea confluens
Drakaea concolor
Drakaea gracilis
Drakaea gracilis
Drakaea livida
Drakaea livida
Drakaea livida
Drakaea glyptodon
Drakaea glyptodon
Drakaea glyptodon
Drakaea glyptodon
Drakaea isolata
Paracaleana triens
Paracaleana hortiorum
Paracaleana terminalis
Paracaleana lyonsii
Paracaleana minor
Arthrochilus oreophilus
Arthrochilus oreophilus
Arthrochilus oreophilus
Arthrochilus oreophilus
Arthrochilus oreophilus
Arthrochilus oreophilus
Arthrochilus oreophilus
Arthrochilus oreophilus

Arthrochilus oreophilus
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736 bp
736 bp
736 bp
736 bp
736 bp
852 bp
736 bp
736 bp
736 bp
804 bp
736 bp
736 bp
736 bp
736 bp
736 bp
735 bp
736 bp
735 bp
731 bp
731 bp
734 bp
732 bp
733 bp
733 bp
735 bp
735 bp

Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.

Linde et al.

2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
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KF476556*
HM196805
KF476543

HM196791
HM196783
HM196784
HM196788
HM196786
HM196779
HM196785
HM196782
HM196795
HM196787
HM196792
HM196804
HM196801
HM196810
HM196789
HM196796
HM196790
HM196809
HM196794
HM196806
HM196793
HM196807
HM196799

Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima

Tulasnella prima

Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia

Australia

Chiloglottis trilabra
Chiloglottis reflexa
Chiloglottis formicifera
Chiloglottis aff. jeanesii
Chiloglottis aff. jeanesii
Chiloglottis aff. jeanesii
Chiloglottis aff. jeanesii
Chiloglottis aff. jeanesii
Chiloglottis aff. jeanesii
Chiloglottis aff. jeanesii
Chiloglottis aff. jeanesii
Chiloglottis aff. jeanesii
Chiloglottis aff. jeanesii
Chiloglottis aff. jeanesii
Chiloglottis valida
Chiloglottis valida
Chiloglottis trapeziformis
Chiloglottis trapeziformis
Chiloglottis trapeziformis
Chiloglottis trapeziformis
Chiloglottis trapeziformis
Chiloglottis trapeziformis
Chiloglottis trapeziformis
Chiloglottis trapeziformis
Chiloglottis trapeziformis

Chiloglottis trapeziformis
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736 bp
862 bp
736 bp
863 bp
863 bp
863 bp
863 bp
864 bp
864 bp
863 bp
863 bp
862 bp
863 bp
863 bp
863 bp
862 bp
848 bp
863 bp
862 bp
862 bp
856 bp
863 bp
862 bp
863 bp
862 bp
862 bp

Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.
Linde et al.

Linde et al.

2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
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KF476552 Tulasnella prima Australia Chiloglottis diphylla 736 bp Linde et al. 2014

HM196803 Tulasnella prima Australia Chiloglottis diphylla 862 bp Linde et al. 2014

HM196798 Tulasnella prima Australia Chiloglottis seminuda 862 bp Linde et al. 2014

HM196797 Tulasnella prima Australia Chiloglottis seminuda 862 bp Linde et al. 2014

HM196800 Tulasnella prima Australia Chiloglottis seminuda 863 bp Linde et al. 2014

MK430521 Tulasnella prima (Southern group) Australia Cryptostylis ovata 563 bp Nguyen et al. 2019

MK430470 Tulasnella prima (Southern group) Australia Cryptostylis ovata 727 bp Nguyen et al. 2019

MK430473 Tulasnella prima (Southern group) Australia Cryptostylis ovata 705 bp Nguyen et al. 2019

AY373296 Tulasnella tomaculum United States Unknown 800 bp McCormick et al. 2004
KC152380 Tulasnella tomaculum United Kingdom Unknown 714 bp Cruz et al. 2014

MK430461 Tulasnella sp. CJ51 (Jarrahdale 2) Australia Cryptostylis ovata 639 bp Nguyen et al. 2019

MK430468 Tulasnella sp. CJ51 (Jarrahdale 2) Australia Cryptostylis ovata 574 bp Nguyen et al. 2019

MK430451 Tulasnella sp. CJ11 (Jarrahdale 1) Australia Cryptostylis ovata 710 bp Nguyen et al. 2019

MK430452 Tulasnella sp. CJ13 (Jarrahdale 1) Australia Cryptostylis ovata 730 bp Nguyen et al. 2019

MK430445 Tulasnella occidentalis (Bertram) Australia Cryptostylis ovata 731 bp Nguyen et al. 2019

MK430439 Tulasnella occidentalis (Bertram) Australia Cryptostylis ovata 696 bp Nguyen et al. 2019

MK626568 Tulasnella sp. JM 2019a Canada Rotten wood 775 bp Mack & Seifert 2019, unpublished
MK626687 Tulasnella sp. JM 2019a Canada Rotten wood 775 bp Mack & Seifert 2019, unpublished
MK626686 Tulasnella sp. JM 2019a Canada Rotten wood 775 bp Mack & Seifert 2019, unpublished
*holotype
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Table S2. Tulasnella isolates obtained from the five Australian Cryptostylis species in each

population. Fungal Operational Taxonomic Unit/species of each isolate was determined

with ITS sequencing and phylogenetic analyses.

GenBank ITS
No. ) Isolate Fungal species Orchid host Location sampled
accession
1 MT003766 CLM1647 Tulasnella australiensis Cryptostylis erecta Fitzroy Falls, NSW
2 MT003765 CLM1648 Tulasnella australiensis Cryptostylis erecta Fitzroy Falls, NSW
3 MT003764 CLM1649 Tulasnella australiensis Cryptostylis erecta Fitzroy Falls, NSW
4 MT003763 CLM1650 Tulasnella australiensis Cryptostylis erecta Fitzroy Falls, NSW
5 MT003762 CLM1651 Tulasnella australiensis Cryptostylis erecta Fitzroy Falls, NSW
6 MT003761 CLM1652 Tulasnella australiensis Cryptostylis erecta Fitzroy Falls, NSW
7 MT003760 CLM1656 Tulasnella australiensis Cryptostylis erecta Fitzroy Falls, NSW
8 MT003759 CLM1657 Tulasnella australiensis Cryptostylis erecta Fitzroy Falls, NSW
9 MT003758 CLM1660 Tulasnella australiensis Cryptostylis erecta Fitzroy Falls, NSW
10 MT003757 CLM1661 Tulasnella australiensis Cryptostylis erecta Fitzroy Falls, NSW
11 MTO003756 CLM1662 Tulasnella australiensis Cryptostylis erecta Fitzroy Falls, NSW
12 MTO003755  CLM1663 Tulasnella australiensis Cryptostylis erecta Fitzroy Falls, NSW
13 MTO003754  CLM1664 Tulasnella australiensis Cryptostylis erecta Fitzroy Falls, NSW
14 MTO003753 CLM1667 Tulasnella australiensis Cryptostylis erecta Fitzroy Falls, NSW
15 MT003752 CLM1668 Tulasnella australiensis Cryptostylis erecta Fitzroy Falls, NSW
16 MT003751 CLM1670 Tulasnella australiensis Cryptostylis leptochila Fitzroy Falls, NSW
17 MTO003750 CLM1685 Tulasnella australiensis Cryptostylis leptochila Fitzroy Falls, NSW
18 MTO003749  CLM1692 Tulasnella australiensis Cryptostylis leptochila Fitzroy Falls, NSW
19 MTO003748  CLM1693 Tulasnella australiensis Cryptostylis leptochila Fitzroy Falls, NSW
20 MT008104  CLM1901 Tulasnella punctata Cryptostylis subulata Ulladulla, NSW
21 MW145114 CLM1933 Tulasnella prima Cryptostylis leptochila Kangaloon, NSW
22 MW145115 CLM1934 Tulasnella prima Cryptostylis leptochila Kangaloon, NSW
23 MW145116 CLM1935 Tulasnella prima Cryptostylis leptochila Kangaloon, NSW
24 MW145117 CLM1936 Tulasnella prima Cryptostylis leptochila Kangaloon, NSW
25 MW145118 CLM1937 Tulasnella prima Cryptostylis leptochila Kangaloon, NSW
26 MTO008096  CLM1938 Tulasnella occidentalis Cryptostylis ovata Boyanup, WA
27 MTO008095 CLM1939 Tulasnella occidentalis Cryptostylis ovata Boyanup, WA
28 MT008094  CLM1940 Tulasnella occidentalis Cryptostylis ovata Boyanup, WA
29 MTO008093 CLM1941 Tulasnella occidentalis Cryptostylis ovata Boyanup, WA
30 MT008092 CLM1942 Tulasnella occidentalis Cryptostylis ovata Boyanup, WA
31 MTO008091 CLM1943 Tulasnella occidentalis Cryptostylis ovata Boyanup, WA
32 MT003731  CLM1944 Tulasnella australiensis Cryptostylis erecta Nowra, NSW
33 MTO003730  CLM1945 Tulasnella australiensis Cryptostylis erecta Nowra, NSW
34 MTO003729  CLM1946 Tulasnella australiensis Cryptostylis subulata Nowra, NSW
35 MTO003728  CLM1947 Tulasnella australiensis Cryptostylis subulata Nowra, NSW
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36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

MT214493
MTO003738
MTO003737
MT003734
MT003733
MTO003736
MT003732
MTO003715
MTO003714
MTO003713
MT003712
MT003711
MT003710
MT003709
MTO003708
MTO008124
MTO003727
MTO003726
MW145113
MT008123
MT008122
MT008121
MT008120
MTO008119
MT008118
MTO008117
MT008116
MT008115
MT008114
MTO008113
MT008112
MTO008111
MTO008110
MT008109
MT008108
MT008107
MT008106
MT008105
MTO036547
MTO036546

CLM1952
CLM1953
CLM1954
CLM1955
CLM1956
CLM1957
CLM1958
CLM2004
CLM2005
CLM2006
CLM2007
CLM2008
CLM2009
CLM2010
CLM2011
CLM2012
CLM2013
CLM2014
CLM2015
CLM2016
CLM2017
CLM2018
CLM2019
CLM2020
CLM2021
CLM2022
CLM2023
CLM2024
CLM2025
CLM2026
CLM2027
CLM2028
CLM2029
CLM2030
CLM2031
CLM2032
CLM2033
CLM2034
CLM2071
CLM2072

Tulasnella sphagneti
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella punctata
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella concentrica

Tulasnella concentrica
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Cryptostylis subulata
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis subulata
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata

Cryptostylis leptochila
Cryptostylis leptochila
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Fitzroy Falls, NSW
Nowra, NSW
Nowra, NSW
Nowra, NSW
Nowra, NSW
Nowra, NSW
Nowra, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Frenchs Forest, NSW
Bundanoon, NSW
Bundanoon, NSW



76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

MTO003747
MT008090
MT008089
MTO008088
MT008087
MTO008086
MT008085
MT008084
MT008083
MT008082
MT008081
MT008080
MT008079
MW145119
MW145120
MW145121
MW145122
MW145123
MW145124
MTO003746
MT003743
MT003742
MTO003735
MTO003767
MTO003745
MTO003744
MT003741
MT003740
MT003739
MT008077
MT008078
MT008076
MTO008075
MT036529
MT036528
MT036527
MT036526
MT036525
MT036524
MT036523

CLM2073
CLM2074
CLM2075
CLM2076
CLM2077
CLM2078
CLM2079
CLM2080
CLM2081
CLM2082
CLM2083
CLM2084
CLM2085
CLM2086
CLM2087
CLM2088
CLM2089
CLM2090
CLM2091
CLM2092
CLM2093
CLM2094
CLM2095
CLM2096
CLM2097
CLM2098
CLM2100
CLM2101
CLM2102
CLM2103
CLM2104
CLM2105
CLM2106
CLM2107
CLM2108
CLM2109
CLM2110
CLM2111
CLM2112
CLM2114

Tulasnella australiensis
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella densa
Tulasnella densa
Tulasnella densa
Tulasnella densa
Tulasnella densa
Tulasnella densa

Tulasnella densa
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Cryptostylis leptochila
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis hunteriana
Cryptostylis hunteriana
Cryptostylis hunteriana
Cryptostylis hunteriana
Cryptostylis hunteriana
Cryptostylis hunteriana

Cryptostylis hunteriana
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Bundanoon, NSW

Johnston Rd, WA

Johnston Rd, WA

Johnston Rd, WA

Johnston Rd, WA

Johnston Rd, WA

Johnston Rd, WA

Johnston Rd, WA

Muja Conservation Park, WA
Muja Conservation Park, WA
Muja Conservation Park, WA
Muja Conservation Park, WA
Muja Conservation Park, WA
Frosty Rd, WA

Frosty Rd, WA

Frosty Rd, WA

Frosty Rd, WA

Frosty Rd, WA

Frosty Rd, WA

Nowra, NSW

Nowra, NSW

Nowra, NSW

Nowra, NSW

Nowra, NSW

Nowra, NSW

Nowra, NSW

Nowra, NSW

Nowra, NSW

Nowra, NSW

Granite Peaks, WA

Granite Peaks, WA

Granite Peaks, WA

Granite Peaks, WA
Bulahdelah, NSW
Bulahdelah, NSW
Bulahdelah, NSW
Bulahdelah, NSW

Meroo National Park, NSW
Meroo National Park, NSW
Meroo National Park, NSW



116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155

MT036522
MT036521
MT036520
MT036519
MT003725
MT003724
MT003723
MT008103
MT008099
MT008098
MTO008097
MTO008069
MTO008068
MT036514
MT214494
MT214495
MT214496
MW145125
MW145126
MW145127
MT008074
MT008073
MT008072
MT008071
MT008070
MT036545
MW145128
MW145129
MW145130
MTO036544
MTO036518
MTO036517
MTO036516
MT036515
MT036552
MT036551
MT036550
MT036549
MT036548
MT036555

CLM2115
CLM2116
CLM2117
CLM2118
CLM2119
CLM2120
CLM2121
CLM2123
CLM2124
CLM2125
CLM2126
CLM2127
CLM2128
CLM2129
CLM2130
CLM2131
CLM2132
CLM2133
CLM2134
CLM2135
CLM2136
CLM2137
CLM2138
CLM2139
CLM2140
CLM2142
CLM2157
CLM2158
CLM2159
CLM2160
CLM2161
CLM2162
CLM2163
CLM2164
CLM2165
CLM2166
CLM2167
CLM2168
CLM2169
CLM2170

Tulasnella densa
Tulasnella densa
Tulasnella densa
Tulasnella densa
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella densa
Tulasnella sphagneti
Tulasnella sphagneti
Tulasnella sphagneti
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella occidentalis
Tulasnella concentrica
Tulasnella prima
Tulasnella prima
Tulasnella prima
Tulasnella concentrica
Tulasnella densa
Tulasnella densa
Tulasnella densa
Tulasnella densa
Tulasnella concentrica
Tulasnella concentrica
Tulasnella concentrica
Tulasnella concentrica
Tulasnella concentrica

Tulasnella concentrica
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Cryptostylis hunteriana
Cryptostylis hunteriana
Cryptostylis hunteriana
Cryptostylis hunteriana
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis hunteriana
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis ovata
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis hunteriana
Cryptostylis hunteriana
Cryptostylis hunteriana
Cryptostylis hunteriana
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
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Meroo National Park, NSW
Meroo National Park, NSW
Meroo National Park, NSW
Meroo National Park, NSW
Fitzroy Falls, NSW

Fitzroy Falls, NSW

Fitzroy Falls, NSW

Karuah, NSW

Karuah, NSW

Karuah, NSW

Karuah, NSW

Johnston Rd, WA

Muja Conservation Park, WA
Meroo National Park, NSW
Fitzroy Falls, NSW

Fitzroy Falls, NSW

Fitzroy Falls, NSW
Kangaloon, NSW

Kangaloon, NSW

Kangaloon, NSW
Rockingham, WA
Rockingham, WA
Rockingham, WA
Rockingham, WA
Rockingham, WA
Bundanoon, NSW

Penrose Nature Reserve, NSW
Penrose Nature Reserve, NSW
Penrose Nature Reserve, NSW
Penrose Nature Reserve, NSW
Erowal Bay, NSW

Erowal Bay, NSW

Erowal Bay, NSW

Erowal Bay, NSW

Carls Mountain Rd, NSW
Carls Mountain Rd, NSW
Carls Mountain Rd, NSW
Carls Mountain Rd, NSW
Carls Mountain Rd, NSW
Carls Mountain Rd, NSW



156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184

MTO036554
MT036553
MT036543
MT036542
MT008102
MT008101
MT008100
MTO003722
MTO003721
MT003720
MT003719
MTO003718
MTO003717
MTO003716
MTO003707
MTO003706
MTO003705
MT036541
MT036531
MT036530
MT036540
MT036539
MT036538
MT036537
MT036536
MT036535
MT036534
MT036533
MT036532

CLM2171
CLM2172
CLM2173
CLM2174
CLM2175
CLM2176
CLM2177
CLM2178
CLM2179
CLM2180
CLM2181
CLM2182
CLM2183
CLM2184
CLM2185
CLM2186
CLM2187
CLM2188
CLM2189
CLM2190
CLM2191
CLM2192
CLM2193
CLM2194
CLM2195
CLM2196
CLM2197
CLM2198
CLM2199

Tulasnella concentrica
Tulasnella concentrica
Tulasnella concentrica
Tulasnella concentrica
Tulasnella punctata
Tulasnella punctata
Tulasnella punctata
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella australiensis
Tulasnella concentrica
Tulasnella concentrica
Tulasnella concentrica
Tulasnella concentrica
Tulasnella concentrica
Tulasnella concentrica
Tulasnella concentrica
Tulasnella concentrica
Tulasnella concentrica
Tulasnella concentrica
Tulasnella concentrica

Tulasnella concentrica

Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis subulata
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis erecta
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
Cryptostylis leptochila
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Carls Mountain Rd, NSW
Carls Mountain Rd, NSW
Carls Mountain Rd, NSW
Carls Mountain Rd, NSW
Erowal Bay, NSW
Erowal Bay, NSW
Erowal Bay, NSW
Erowal Bay, NSW
Erowal Bay, NSW
Erowal Bay, NSW
Erowal Bay, NSW
Erowal Bay, NSW
Erowal Bay, NSW
Erowal Bay, NSW

Carls Mountain Rd, NSW
Carls Mountain Rd, NSW
Carls Mountain Rd, NSW
Cabbage Tree Creek, Vic
Cabbage Tree Creek, Vic
Cabbage Tree Creek, Vic
Cabbage Tree Creek, Vic
Cabbage Tree Creek, Vic
Cabbage Tree Creek, Vic
Cape Conran, Vic

Cape Conran, Vic

Bunyip State Park, Vic
Bunyip State Park, Vic
Bunyip State Park, Vic
Bunyip State Park, Vic
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Table S3. Distribution of Tulasnella isolates and clones in each population of Australian and Asiatic Cryptostylis, with total plants 167 Australian

Cryplosty s
species

Papulation

A plants

Number of isolates (Species/OTU)

Number of clones (Species:OTU)

" prima

T. warupii  T. sphagnetl

T T.
australiensls occldensatis PNl

T. densa

I
concenirica

oTvVu
Isolates

T. prima

T. wareupli  T. sphagneti

T r
ausiraliensis occidentalis

1. punciata

T. densa

I
concenirica

o1U 1

OTU 2

OTU 3 OTU 4 OTU 5

oTvU
Clones

O erecta

Fitzroy Falls
TFrenchs Forest
Bulahdelah
Nowra

Erowal Bay
Wogamia
Carls Mountain
Meroo
TUlladulla

ok e e g G =

15

11 1

18

S e~ e o wE =

17

Subtotal

=]

&

Frenchs Forest
Ulladulla
Titzroy Falls
Karuah
Nowra
Erowal Bay
Wogamia

P

ta

B =D e

o -

Subtotal

22

2
=]

. lgptockila

Bundanoon
Fitzroy Falls
Kangaloon
Penrose

Carls Mountain
Cabbage Tree
Cape Conran
Bunyip

T

— e e e o= =

o

o |w

Subtotal

-]

Boyanup
Rockingham

Frosty Rd

Boronia

Bridgetown Jarrah Park
Johnston Rd

Muja

Granite Peaks

Capel

Margaret River
Walpole

ot k3 W ta L 3w e B e

d

£

c e o=~ —o

Subtotal

s

29

o
I+

O hunderana

Bulahdelah
Meroo
Erowal Bay

@ g

Subtotal

&

=
=

o jzvanica

Lantau, HK

isolation not attempted

Subtotal

=

. filiforms

Alab Mountain, MY

isolation not atempted

Subtotal

. aoutata

Alab Mountain, MY

isolation not attempted

22

Subtotal

afalm) ===

22

and 6 Asiatic Cryptostylis sampled. Total Tulasnella sequences recovered: 492.
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Table S4. Closest GenBank matches of non-Tulasnella clones obtained with ITS primer pair combinations. Mycorrhizal status of fungi as suggested

from each study, is also indicated.

CHAPTER 1

Orchid Plant Clone Primers | GenBank Match
species code number | for Accession Identity of  closest | Substrate /| Country Sequence | Phylum/Order/Class Mycorrhizal status# References
cloning | number matching sequence host identity

Cryptostylis | CL046 Clonel | ITS1F- MF161310 | Athelia sp. isolate BHI- | Bark of dead | USA 94% Basidiomycota/Atheliales Saprotroph Haelewaters et
hunteriana ITS4 F636b arrowwood al. (2018)
Cryptostylis | CL046 Clone2 | ITS1F- KP012865 Phylloporus sp. GMB- | Unknown Australia 99% Basidiomycota/Boletales Myecorrhizal/Saprotroph | Bonito et al.
hunteriana ITS4B 2014 (2014)*
Cryptostylis | CL046 Clone 3 | ITS1F- KF679822 Thelephoraceae sp. | Pinus Pakistan 94% Basidiomycota/Thelephorales Ectomycorrhizal Hanif & Khalid
hunteriana ITS4 MH01 MHR291689 wallichiana (2013)*

(root)
Cryptostylis | CL140.1 | Clone4 | ITS1F- AF354081 Ceratobasidium sp. | Soybean USA 96% Basidiomycota/Cantharellales Plant pathogen Gonzalez et al.
hunteriana ITS4B CAG4 (2011)
Cryptostylis | CL140.1 | Clone5 | ITS1F- HQ667799 Uncultured Hexalectris USA 97% Basidiomycota/Cantharellales OMF Kennedy et al.
hunteriana ITS4 Ceratobasidiaceae clone | grandiflora (2011)

207 (root)

Cryptostylis | CL140.1 | Clone6 | ITS1F- DQ398091 Uncultured fungus isolate | Erythrorchis Australia 99% Basidiomycota/Cantharellales OMF Dearnaley
hunteriana ITS4 EC2.1 cassythoides (2006)

(root)
Cryptostylis | CL140.1 | Clone7 | ITS1F- NR_155992 | Vanrija longa CBS 5920 | Unknown Netherlands | 100% Basidiomycota/Trichosporonales | Yeast—non-mycorrhizal | Vu et al. (2016)
hunteriana ITS4
Cryptostylis | CL140.2 | Clone8 | ITS1F- MH268056 | Phialocephala sp. | Micrandra Peru 99% Ascomycota Endophytic Skaltsas et al.
hunteriana ITS4 AMB14_7A spruceana (2019)

(inner bark)
Cryptostylis | CL140.2 | Clone9 | ITS1F- KT875188 Cortinarius mycenarum Unknown Nz 96% Basidiomycota/Agaricales Ectomycorrhizal Johnston et al.
hunteriana ITS4B (2019)
Cryptostylis | CL140.2 | Clone ITS1F- NR_156300 | Cortinarius mycenarum | Unknown NZ 96% Basidiomycota/Agaricales Ectomycorrhizal Johnston et al.
hunteriana 10 ITS4 PDD 107715 (2019)
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Cryptostylis | CL140.4 | Clone ITS1F- EU677757 Root-associated ~ fungal | Leptospermum | Australia 100% Basidiomycota/Agaricales Ericoid/Ectomycorrhizal | Curlevski et al.
hunteriana 11 ITS4 sp. LP1-1 polygalifolium (2009)
Cryptostylis | CL140.4 | Clone ITS1F- KF359578 Oidiodendron sp. CC 04- | Eastern USA 98% Ascomycota Ericoid/Ectomycorrhizal | Baird et al.
hunteriana 12 ITS4 26 Hemlock (2014)
Cryptostylis | CL140.4 | Clone ITS1F- AY627814 | Root associated fungus | Epacris Australia 98% Ericoid mycorrhizal Bougoure and
hunteriana 13 ITS4 EP51 pulchella Cairney (2005)
(root)

Cryptostylis | CL140.4 | Clone ITS1F- HF912261 Coniophora prasinoides Softwood Germany 99% Basidiomycota/Boletales Saprotroph Huckfeldt &
hunteriana 14 ITS4 Schmidt (2013)*
Cryptostylis | CL148.1 | Clone ITS1F- KP012769 Russula sp. 7 GMB-2014 | Unknown Australia 87% Basidiomycota/Russulales Ectomycorrhizal Bonito et al.
hunteriana 15 ITS4B (2014)
Cryptostylis | CL148.1 | Clone ITS1F- KY102928 | Saitozyma podzolica | Soil Costa Rica 99% Basidiomycota/Tremellales Yeast — non-mycorrhizal | Vu et al. (2016)
hunteriana 16 ITS4B culture CBS:9351
Cryptostylis | CL049 Clonel | ITS1F- EU273558 Bionectria Unknown China 100% Ascomycota/Hypocreales Plant pathogen Jiang et al
leptochila ITS4 ochroleuca isolate XSD- (2007)*

B42
Cryptostylis | CL049 Clone2 | ITS1F- NR_121495 | llyonectria Cyclamen sp. | Netherlands | 99% Ascomycota/Hypocreales Plant pathogen Cabral et al.
leptochila ITS4 cyclaminicola CBS (bulb) (2011)

302.93
Cryptostylis | CL049 Clone 3 | ITS1F- NR_121495 | llyonectria Cyclamen sp. | Netherlands | 100% Ascomycota/Hypocreales Plant pathogen Cabral et al.
leptochila ITS4 cyclaminicola CBS (bulb) (2011)

302.93
Cryptostylis | CL049 Clone 4 | ITS1F- EU273558 Bionectria Unknown China 100% Ascomycota/Hypocreales Plant pathogen Jiang et al
leptochila ITS4 ochroleuca isolate XSD- 2007*

B42
Cryptostylis | CL049 Clone5 | ITS1F- KM678355 | Helotiales sp. Glum770 Erica South 99% Ascomycota/Helotiales Endophyte/Ericoid Bizabani  and
leptochila ITS4 glumiflora Africa Dames (2015)

(root)

Cryptostylis | CL136.1 | Clone6 | ITS1F- KT875181 Cortinarius elaiops | Unknown Nz 94% Basidiomycota/Agaricales Ectomycorrhizal Johnston et al.
leptochila ITS4B voucher PDD:107732 (2019)
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Cryptostylis | CL136.2 | Clone7 | ITS1F- KM678355 | Helotiales sp. Glum770 Erica South 99% Ascomycota/Helotiales Endophyte/Ericoid Bizabani  and
leptochila ITS4 glumiflora Africa mycorrhizal Dames (2015)
(root)
Cryptostylis | CL136.2 | Clone8 | ITS1F- KM678355 | Helotiales sp. Glum770 Erica South 99% Ascomycota/Helotiales Endophyte/Ericoid Bizabani  and
leptochila ITS4 glumiflora Africa mycorrhizal Dames (2015)
(root)
Cryptostylis | CL141.1 | Clone9 | ITS1F- MN128966 | Leotiomycetes sp. | Agathis NZ 99% Ascomycota/Helotiales Endophyte/Ericoid Bizabani  and
leptochila ITS4 ECRU210 australis (root) mycorrhizal Dames (2015)
Cryptostylis | CL141.1 | Clone ITS1F- DQ398092 | Uncultured fungus EC2.2 | Erythrorchis Australia 99% Basidiomycota/Russulales Ectomycorrhizal Dearnaley
leptochila 10 ITS4 (Russula) cassythoides (2006)
(root)
Cryptostylis | CL141.1 | Clone ITS1F- DQ398092 Uncultured fungus EC2.2 | Erythrorchis Australia 99% Basidiomycota/Russulales Ectomycorrhizal Dearnaley
leptochila 11 ITS4 (Russula) cassythoides (2006)
(root)
Cryptostylis | CL141.2 | Clone ITS1F- KU973892 | Trechisporales sp.isolate | Cork Oak Tunisia 95% Basidiomycota/Trechisporales Endophytic Ali (2016)*
leptochila 12 ITS4B AD3TN
Cryptostylis | CL141.2 | Clone ITS1F- DQ398092 | Uncultured fungus EC2.2 | Erythrorchis Australia 99% Basidiomycota/Russulales Ectomycorrhizal Dearnaley
leptochila 13 ITS4B (Russula) cassythoides (2006)
(root)
Cryptostylis | CL141.2 | Clone ITS1F- JF414168 Mucoromycotina sp. MIB | Treubia Nz 90% Zygomycota Endophytic Bidartondo et al.
leptochila 14 ITS4 8354 lacunosa (2011)
Cryptostylis | CL048 Clone2 | ITS1F- KT222442 Hyalorbilia Tilia (branch) Germany 81% Ascomycota/Orbiliales Saprotroph Weiss (2015)*
subulata ITS4 inflatula voucher ~ H.B.
9080
Cryptostylis | CL048 Clone 3 | ITS1F- JF273533 Leotiomycetes sp. EMF31 | Evergreen China 99% Ascomycota/Leotiomycetes Endophytic Ding et al
subulata ITS4 forest (soil (2011)*
sample)
Cryptostylis | CL048 Clone4 | ITS1F- KP814299 Athelia Leaf litter USA 95% Basidiomycota/Atheliales Saprotroph Rosenthal &
subulata ITS4 bombacina voucher Bruns (2015)*
UC2023122
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Cryptostylis | CL128.1 | Clone5 | ITS1F- KF359595 Herpotrichiellaceae sp. 1 | Eastern USA 92% Ascomycota/Chaetothyriales Saprotroph Baird et al.
subulata ITS4 CC 13-06 Hemlock (2014)
Cryptostylis | CL128.1 | Clone6 | ITS1F- MF101382 llyonectria sp. isolate | Cymbidium Korea 100% Ascomycota/Hypocreales Endophytic Lee & Choi
subulata ITS4 Cg07 goeringii (2017)*

(root)
Cryptostylis | CL128.1 | Clone7 | ITS1F- KF359595 Herpotrichiellaceae sp. 1 | Eastern USA 92% Ascomycota/Chaetothyriales Saprotroph Baird et al.
subulata ITS4 CC 13-06 Hemlock (2014)
Cryptostylis | CL128.2 | Clone8 | ITS1F- JQ272347 Verrucariales sp. RB- | Unknown USA 93% Ascomycota/Verrucariales Saprotroph Baird et al.
subulata ITS4 2011 (2014)
Cryptostylis | CL128.3 | Clone9 | ITS1F- JF414168 Mucoromycotina sp. MIB | Treubia Nz 91% Zygomycota Endophytic Bidartondo et al.
subulata ITS4 8354 lacunosa (2011)
Cryptostylis | CL128.3 | Clone ITS1F- MN128999 | Helotiales sp. 9-NN-2017 | Agathis Nz 95% Ascomycota/Helotiales Endophyte/Ericoid Bizabani  and
subulata 10 ITS4 australis (root) mycorrhizal Dames (2015)
Cryptostylis | CL128.4 | Clone ITS1F- MH268056 | Phialocephala sp. | Micrandra Peru 100% Ascomycota/ Endophytic Skaltsas et al.
subulata 11 ITS4 AMB14_7A spruceana (2019)

(root)
Cryptostylis | CL047 Clone 3 | ITS1F- KF061288 Serendipitasp. MAFF | Caladenia Australia 98% Basidiomycota/Sebacinales Endophyte Riess et al.
erecta ITS4 305833 catenata (2014)
Cryptostylis | CL047 Clone4 | ITS1F- KM678367 | Hyaloscyphaceae sp. D40 | Ericademissa | South 99% Ascomycota/Helotiales Endophyte/Ericoid Bizabani  and
erecta ITS4 Africa Dames (2015)
Cryptostylis | CL047 Clone7 | ITS1F- KJ508308 Leotiomycetes sp. | Brachythecium | USA 97% Ascomycota/Leotiomycetes Endophyte URen et al.
erecta ITS4 genotype 933 fendleri (2014)
Cryptostylis | CL047 Clone8 | ITS1F- NR_137772 | Penidiella Phaenocoma South 90% Ascomycota/Capnodiales Endophyte Crous and
erecta ITS4 aggregata CBS 128772 prolifera (leaf) | Africa Groenewald

(2011)

Cryptostylis | CL116.2 | Clone9 | ITS1F- KY774242 | Phellodon sp. isolate | Rainforest Soil | New 95% Basidiomycota/Thelephorales Ectomycorrhizal Carriconde et al.
erecta ITS4B CY13_154 1 Caledonia (2019)
Cryptostylis | CL116.2 | Clone ITS1F- AY702070 | Uncultured fungus clone | Dipodium Australia 94% Basidiomycota/Russulales Ectomycorrhizal Bougoure and
erecta 10 ITS4B 1 (Russula) variegatum Dearnaley

(root) (2005)
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Cryptostylis | CL127.2 | Clone ITS1F- GU222292 Russula sp. PDD 89034 Unknown Nz 95% Basidiomycota/Russulales Ectomycorrhizal Johnston et al.
erecta 11 ITS4B (2019)
Cryptostylis | CL127.2 | Clone ITS1F- GU222292 Russula sp. PDD 89034 Unknown Nz 96% Basidiomycota/Russulales Ectomycorrhizal Johnston et al.
erecta 12 ITS4B (2019)
Cryptostylis | CL044 Clonel | ITS5- HE605213 Exophiala moniliae Cave sediment | France 97% Ascomycota/Chaetothyriales Saprotroph Martin-Sanchez
ovata ITS4 etal. (2012)
Cryptostylis | CL044 Clone2 | ITS5- EU035403 Cladophialophora Phyllostachys | China 96% Ascomycota/Chaetothyriales Saprotroph Crous et al
ovata ITS4 chaetospira bambusoides (2007)
(wood)

Cryptostylis | CL044 Clone 3 | ITS5- JX138547 Sebacinaceae  sp.4MB- | Caladenia Australia 99% Basidiomycota/Sebacinales OMF Sommer et al.
ovata ITS4 2012 flava (2012)
Cryptostylis | CL132.1 | Clone4 | ITS1F- AB488490 Exophiala sp. NH1238 Bathroom Japan 95% Ascomycota/Chaetothyriales Saprotroph Hamada and
ovata ITS4 Abe (2010)
Cryptostylis | CL132.1 | Clone5 | ITS1F- AB488490 Exophiala sp. NH1238 Bathroom Japan 98% Ascomycota/Chaetothyriales Saprotroph Hamada and
ovata ITS4 Abe (2010)
Cryptostylis | CL135.2 | Clone6 | ITS1F- JQ272383 Herpotrichiellaceae  sp. | Unknown USA 95% Ascomycota/Chaetothyriales Saprotroph Baird et al.
ovata ITS4 RB-2011 (2014)
Cryptostylis | CL135.2 | Clone7 | ITS1F- JQ272383 Herpotrichiellaceae  sp. | Unknown USA 95% Ascomycota/Chaetothy