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a b s t r a c t

The diversity of mycorrhizal fungi associated with an introduced weed-like South African

orchid (Disa bracteata) and a disturbance-intolerant, widespread, native West Australian

orchid (Pyrorchis nigricans) were compared by molecular identification of the fungi isolated

from single pelotons. Molecular identification revealed both orchids were associated with

fungi from diverse groups in the Rhizoctonia complex with worldwide distribution. Symbi-

otic germination assays confirmed the majority of fungi isolated from pelotons were

mycorrhizal and a factorial experiment uncovered complex webs of compatibility between

six terrestrial orchids and 12 fungi from Australia and South Africa. Two weed-like (distur-

bance-tolerant rapidly spreading) orchids d D. bracteata and the indigenous Australian

Microtis media, had the broadest webs of mycorrhizal fungi. In contrast, other native orchids

had relatively small webs of fungi (Diuris magnifica and Thelymitra crinita), or germinated

exclusively with their own fungus (Caladenia falcata and Pterostylis sanguinea). Orchids,

such as D. bracteata and M. media, which form relationships with diverse webs of fungi,

had apparent specificity that decreased with time, as some fungi had brief encounters

with orchids that supported protocorm formation but not subsequent seedling growth.

The interactions between orchid mycorrhizal fungi and their hosts are discussed.

ª 2006 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.
Introduction

Terrestrial orchids require the presence of a compatible fungal

partner for seed germination and continued growth
(Rasmussen 1995; Peterson et al. 1998). In this study, fungal

specificity is defined as the diversity of mycorrhizal fungi

compatible with an orchid and the shape of compatibility

links between orchids and fungi referred to as webs. The
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diversity of compatible fungi is expected to influence the com-

petition, survival and distribution of orchids (Rasmussen 1995;

Currah et al. 1997; Batty et al. 2002).

Most orchid mycorrhizal fungi belong to the form genus

Rhizoctonia, a diverse polyphyletic group of pathogens, endo-

phytes, saprophytes and mycorrhizal fungi (Warcup 1981;

Sivasithamparam 1993; Rasmussen 1995; Currah et al. 1997;

Roberts 1999). These fungi are difficult to classify due to the

scarcity of sexual sporulation (necessary to define teleomor-

phic genera) and the morphological similarity of anamorphic

genera in this artificial group (Roberts 1999; Currah et al.

1997). Consequently, molecular methods have become the

standard means of assigning orchid fungi to groups within

the Rhizoctonia alliance (Taylor et al. 2003; McCormick et al.

2004; Weiss et al. 2004; Shefferson et al. 2005). Most studies

found terrestrial orchids to have mycorrhizal associations

with a narrow diversity of fungi in the Rhizoctonia alliance,

but fungal diversity varies across habitats, or between seed-

lings and adult plants in other cases (Hadley 1970; Rasmussen

1995; Currah et al. 1997; Brundrett 2006).

The Southwest Floristic Region of Western Australia (WA)

is known as a centre of worldwide significance in terms of

plant biodiversity (Myers et al. 2000; Hopper & Gioia 2004).

Over 400 orchid species occur in this isolated region of Medi-

terranean-type climate, most of which are endemic (http://

florabase.calm.wa.gov.au). These are most diverse in higher

rainfall zones where land clearing, weeds and salinity have

resulted in substantial loss of suitable habitats. Although

a few of these orchids can be described as ‘weed-like’ due to

their ability to rapidly spread in a wide range of habitats, the

majority are restricted to particular habitats and there are 76

rare or poorly known orchids in this region (http://

florabase.calm.wa.gov.au).

This study aimed to investigate the ecological conse-

quences of orchid–fungus specificity by contrasting the

diversity of mycorrhizal fungi compatible with a weed-like

South African orchid Disa bracteata with a widespread, native

Australian orchid Pyrorchis nigricans and other WA orchids.

Orchid–fungus specificity was investigated using molecular

fungus identification in conjunction with symbiotic orchid

seed germination assays using seven orchid species. Another

objective of this study was to establish whether the mycorrhi-

zal associations of orchids influenced their capacity to grow in

disturbed habitats, by contrasting weed-like and non weed-

like orchids. The diversity of fungi compatible with different

orchids is compared in an attempt to gain a better under-

standing of the mycorrhizal compatibility and distribution of

different fungal groups within the Rhizoctonia complex.

Materials and methods

Fungal isolations were primarily from Disa bracteata and

Pyrorchis nigricans. D. bracteata has spread rapidly across

southern Australia since its introduction in 1994 to Albany,

WA (Erickson 1965). The orchid has the capacity to inhabit

a wide range of habitats but is particularly common in

disturbed areas such as roadside verges and rehabilitated

minesites (Hoffman & Brown 1992; Grant & Koch 2003). The

common native Western Australian orchid, P. nigricans, also
has an extensive distribution in Australia but is not present

in disturbed sites (Hoffman & Brown 1992; Collins et al.

2005). Seed and fungi from five relatively common and wide-

spread native orchids, Microtis media, Thelymitra crinita, Calade-

nia falcata, Diuris magnifica and Pterostylis sanguinea, each

belonging to a different subtribe in the Orchidoideae subfamily

of Orchidaceae (Freudenstein et al. 2004), were also used in

germination assays. Orchid names follow Hoffman & Brown

(1992), except Disa (Monadenia) bracteata. The taxonomic

groups to which orchids belong are shown in Fig 1, except

for P. nigricans, which is in the Drakaeinea subtribe of the

Diuridaea.

Orchids were collected during the growing season from the

locations in Fig 2 and Table 1. The Jarrahdale sites, from which

the majority of D. bracteata and P. nigricans were sampled, in-

cluded natural bushland, as well as mine rehabilitation sites

with or without recent disturbance by fire.

Fungal isolations

Fungi were isolated from single pelotons dissected out of

mycorrhizal organs of mature plants and rinsed in five

changes of sterile distilled water, before dispersal on the

agar surface. This method was used for the majority of isola-

tions, as it has been established to be a highly reliable method

for isolating mycorrhizal fungi from orchids (Rasmussen 1995;

Batty et al. 2002). Several fungi were also isolated from 1–2 mm

root segments surface sterilised in 3 % (w/w) hydrogen perox-

ide solution for 20 s before being plated onto nutrient agar.

Culture media used for fungal isolations contained (in grams

per litre): NH4NO3, 0.4; KH2PO4, 0.0136; MgCl.6H2O, 0.61;

NaCl, 0.058; CaSO4.2H2O, 0.861; FeEDTA(Na), 0.073. This media

has been modified to replicate the composition of Australian

soil nutrients in order to optimise growing conditions for Aus-

tralian soil fungi (Mursidawati 2004).

Fungus colonies of consistent appearance that grew from

a peloton were transferred onto fresh media. Hyphal tip

cultures from each isolate were placed on three Petri plates

using fungus isolation media and backup cultures were kept

in cryostorage. The majority of fungi growing from pelotons

were members of the Rhizoctonia complex, as established by

hyphal morphology in culture (Currah et al. 1997).

Symbiotic orchid seed germination

Seed from naturally pollinated plants of the selected orchids

were collected within 15 km of the centre of Perth. A factorial

symbiotic seed germination assay using seed of six orchids

and 12 fungus isolates plus uninoculated control plates was

conducted. A standard protocol for symbiotic germination of

Australian orchids was used (Warcup 1981; Ramsay et al.

1986; Batty et al. 2006; Hollick et al. 2005). Dried seed stored

at 5 �C was placed in packets folded from filter paper (What-

man no. 1, 7 cm diam) and sterilised in 1 % calcium hypochlo-

rite for 30 min before rinsing in sterile deionised water (Hollick

et al. 2005). The filter paper was cut into pieces containing

approximately equal amounts of seed as shown in Fig 3. A

3� 3 mm2 block of fungus culture was inoculated in the centre

of Petri plates of oat agar (2.5 g l�1 ground rolled oats, 8 g l�1

agar) surrounded by seed of the six orchids on filter paper

http://florabase.calm.wa.gov.au
http://florabase.calm.wa.gov.au
http://florabase.calm.wa.gov.au
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Fig 1 – Webs of mycorrhizal compatibility between orchids and fungi. Thick solid lines are fully compatible symbioses.

Dashed narrow lines are partially compatible mycorrhizal associations where seedlings later aborted. Orchids are organised

in taxonomic hierarchy (Chase et al. 2003) using a recent phylogenetic tree (Freudenstein et al. 2004). Mycorrhizal fungi

are labelled according to their host plant of origin within major taxonomic groups of the Rhizoctonia alliance. The

distance of the origin of fungal isolates from Perth is shown.
triangles (Fig 3). There were three replicates for each of the 12

fungal isolates tested and control plates containing uninocu-

lated orchid seeds.

Seed germination was recorded eight and 16 weeks after

sowing and assigned to standardised germination stages

(Ramsay et al. 1986). Randomly sampled protocorms were

stained and examined microscopically to confirm the pres-

ence of mycorrhizal fungi. Pyrorchis nigricans seed was also

included in germination assays, but repeated attempts using

different media and dormant breaking treatments failed to

produce consistent germination results for this species

(<5 %), presumably due to low seed vitality. Low seed viability

due to inbreeding depression has been found in other orchids

that primarily reproduce clonally (Peakall & Beattie 1996).

DNA extraction and sequencing

Fungal isolates were grown in a 20 % solution of commercial

V8 juice (Campbell’s�), pH 5.5, adapted from Pope & Carter

(2001) for DNA extraction. Genomic DNA was extracted from

mycelia according to standard protocols adapted from Cenis

(1992). Oligonucleotide primers ITS1 (50-TCC-GTA-GGT-

GAACCT-GCG-G) and ITS4 (50-TCC TCC GCT TAT TGA TAT
GC) used by White et al. (1990) were used to amplify the ITS re-

gion of genomic DNA. The reactions were performed in an Ap-

plied Biosystem GeneAmp PCR system 9700 thermal cycler

and consisted of initial denaturing at 96 �C for 1 min, followed

by 35 cycles of denaturation at 96 �C for 1 min, annealing at

50 �C for 30 s and extension at 72 �C for 2 min. The PCR prod-

uct was purified using a QIAQuick� purification kit prior to se-

quencing which was carried out in an Applied Biosystem

GeneAmp� PCR system 9700 thermal cycler. Strands of se-

quences were manually edited and aligned with Sequencher�
3.0 (Gene Codes, Ann Arbor, MI) and consensus sequences

were constructed for DNA strands sequenced in both

directions.

Sequence and phylogenetic analyses

A Blast search (www.ncbi.nlm.nih.gov/BLAST) was conducted

on all the sequences to determine their closest known rela-

tives and to confirm the ITS region of the nuclear rDNA was

sequenced. Before tree generation, pre-alignment was under-

taken and sequences were trimmed. Sequences of closely

related taxa representing well-characterised isolates from

different clades of Rhizoctonia, obtained from GenBank, were

http://www.ncbi.nlm.nih.gov/BLAST
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Fig 2 – Distribution of Disa bracteata and Pterostylis nigricans orchids in Australia and sampling locations (yellow stars): P,

Perth and includes the sampling sites of Kings Park and Botanic Garden, Warwick and Bold Park E, Helms Arboretum site;

J, Jarrahdale; C, Collie; LG, Lake Grace; M, Melbourne. (Distribution map provided by Australian Virtual Herbarium: http://

www.anbg.gov.au/avh/.)
included in the alignment and analysis, in addition to some

from other Australian native orchids (Table 1). The multiple

sequence alignment was carried out using the T-coffee multi-

ple sequence alignment program Version 1.37 (Notredame

et al. 2000). The sequence alignment was manually edited

using MacClade 4.05. The matrix was analysed with PAUP

(Swofford, 2000) using parsimony methods with ericoid my-

corrhizal fungi obtained from P. nigricans (isolates P27 and

P28, Table 1) defined as the outgroup. A heuristic search was

performed using 100 random sequence addition with tree bi-

section–reconnection (TBR) branch swapping, saving 100 trees

per replicate. Branch reliability was based on BS analysis with

100 simple sequence replicates and TBR branch swapping.

Results and discussion

Germination trial

In this study, the symbiotic germination trials used 12 fungal

isolates from Disa bracteata and the West Australian native or-

chids, collected in WA, Victoria and South Africa (Fig 1). These

fungi were later assigned to three major clades in the Rhizocto-

nia alliance (two separate experiments were conducted in par-

allel). With the exception of an endophytic ascomycete

isolated from Thelymitra crinita, fungi sustained growth of

the orchid from which they were isolated and most were

also compatible with other orchids. Results of the germination

assay revealed complex ‘webs’ of interaction linking fungi to

compatible orchids. The shape of these fungal diversity

webs varied considerably (Fig 1), from broad webs where or-

chids were compatible with diverse fungal groups, to narrow

webs where orchids were compatible with one fungus or

a small group of fungi.

D. bracteata germinated with isolates obtained throughout

its 10,000 km geographic range confirming its compatibility

with geographically disjunct fungi (Fig 1). Many of these
same fungi were also compatible with the Australian orchids

Microtis media, Diuris magnifica and Thelymitra crinita. Indeed,

M. media and T. crinita were compatible with a South African

fungus isolated from Disa bracteata. Pope & Carter (2001) also

found that an Australian orchid (Pterostylis acuminata) had my-

corrhizal fungi with close relatives in South Africa.

The largest webs of fungal associates were recorded for

D. bracteata and M. media, but these did not overlap

completely. M. media was compatible with members of a sec-

ond fungus clade (Sebacina), while D. bracteata only germinated

with fungi from the Epulorhiza clade. Diuris magnifica and

T. crinita had intermediate fungal diversity with subsets of

Epulorhiza isolates. Disa bracteata also germinated with Epulo-

rhiza isolates sourced from Diuris and Prasophyllum.

In contrast to the orchids compatible with diverse webs of

fungi, Caladenia falcata and Pterostylis sanguinea germinated ex-

clusively with their own fungus isolates from the Sebacina and

Ceratobasidium clades, respectively (Fig 1). This study only in-

cluded single fungi that were compatible with Caladenia or

Pterostylis species, but the narrow fungus specificity of orchids

in these genera is well known from other studies (Warcup

1981; Ramsay et al. 1986; Pope & Carter 2001; Huynh et al.

2004; Hollick et al. 2005).

Another key observation was that the four orchid species

with relatively diverse webs of compatible fungi (Disa brac-

teata, Diuris magnifica, M. media and T. crinita) formed short-

term relationships (brief encounters) whereby the orchid

seeds developed into protocorms (swollen embryos with

trichomes) with many isolates tested, but only a subset of

these fungi supported substantial orchid seedlings with

a leaf (Fig 1). In all cases protocorms contained mycorrhizal

fungi (microscopy results not presented) and germination

was much faster than in uninoculated controls. Only fully

compatible fungi resulted in orchid seedlings with a leaf (last-

ing relationships). The same orchids also germinated to the

protocorm stage on plates without fungi and had short-term

relationships with the endophyte from T. crinita (Phialophora

http://www.anbg.gov.au/avh/
http://www.anbg.gov.au/avh/
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Table 1 – Fungal isolates obtained from Pyrorchis nigricans (A), Disa bracteata (B) and Australian native orchids (C)

A. Pyrorchis nigricans isolates

Code Site Extraction BLAST e value,
percent identity

Close relative
from GenBank

P02 Eucalypt and banksia

woodland, Warwick, WA

Peloton 3e-105, 100% � Rhizoctonia sp. Eab-S4 (Pathogen)
GenBank code: AJ242884
Country of origin: Spain
Source: Salazar et al.
(unpublished)

P19 Eucalypt forest,

Jarrahdale, WA

Peloton 9e-96, 98%

P09 Eucalypt forest,

Jarrahdale, WA

Tissue

block

2e-100, 99%

P17 6e-103, 99%

P11 Eucalypt and banksia

woodland, Warwick, WA

Peloton 5e-107, 97% � Thanatephorus cucumeris
(anamorph: Rhizoctonia solani)
GenBank code: AY154318
Country of origin: Brazil
Source: Kuramae et al.
(unpublished)

P12 5e-107, 97%

P24 Eucalypt and banksia

woodland, Kings Park,WA

Peloton 2e-85, 97% � Tulasnella danica specimen voucher
KC 388 (orchid fungus)
GenBank code: AY373297
Country of origin: USA
Source: McCormick et al. 2004

P25 2e-85, 97%

P20 Eucalypt forest,

Jarrahdale, WA

Peloton 7e-72, 99%

P35 3e-90, 97%

P31 1e-89, 100%

P30 Eucalypt forest,

Jarrahdale, WA

Tissue block 1e-89, 100%

P33 Eucalypt and banksia

woodland, Warwick, WA

Peloton 1e-89, 100%

P27 Eucalypt forest,

Jarrahdale, WA

Tissue block 7e-125, 95% � Ericoid mycorrhizal sp. Sd9
GenBank code: AF269067
Country of origin: Italy
Source: Bergero et al. 2000

P28 7e-125, 95%

B. Disa bracteata isolates

Code Origin Extraction BLAST e value,
percent identity

Close relative
from GenBank

*SA1 Sand heathland

(Proteaceous/Ericaceous

heath), Betty’s Bay,

South Africa

Peloton 3e-130, 99% � Tulasnella sp. 224
GenBank code: AY373272
Country of origin: USA
Source: McCormick et al. 2004

SA2 3e-130, 99%

*D44 Urban bushland,

Warwick, WA

Peloton 1e-157, 96%

*D10 Urban bushland,

Melbourne, Victoria

Peloton 2e-124, 99% � Tulasnella sp. JT0307
GenBank code: DQ061111
Country of origin: Australia
Source: Otero (unpublished)

D51 2e-124, 99%

D60 Mined Jarrah forest,

Jarrahdale, WA

Peloton 3e-158, 98%

*D37 1e-160, 99%

*D32 1e-160, 99%

*D20 e¼0, 99%

*D29 Mined Jarrah forest,

Jarrahdale, WA

Tissue block 1e-160, 99%

*D30 e¼0, 99%

*D33 e¼0, 99%

*D03 Pine plantation,

Helms Arboretum, WA.

Peloton e¼0, 99%

*D34 Mined Jarrah forest,

Jarrahdale, WA

Peloton 2e-67, 95% � Epulorhiza sp. Am8 (orchid fungus)
GenBank code: AJ313448
Country of origin: Singapore
Source: Ma et al. 2003

*D35 2e-67, 95%

*D38 2e-67, 95%

(continued on next page)
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Table 1 (continued)

B. Disa bracteata isolates

*D46 Rural bushland, Collie,

WA.

Peloton 3e-37, 89% � Tulasnella pruinosa specimen
voucher DAOM 17641 (orchid fungus)
GenBank code: AY373295
Country of origin: USA
Source:McCormick et al. 2004

D47 3e-37, 89%

*D31 Mined Jarrah

forest, Jarrahdale, WA.

Tissue block 3e-127, 96% � Ericoid mycorrhizal sp. Sd9
GenBank code: AF269067
Country of origin: Italy
Source: Bergero et al. 2000

D52 Rural bushland,

Lake Grace, WA.

Peloton e¼0, 99% � Nectria mauritiicola (pathogen)
GenBank code: AJ557830
Country of origin: Russia
Source: Vasilenko et al.
(unpublished)

D41 Rural bushland,

Gidgegannup, WA.

Pelotone 2e-59, 98% � Leptodontidium orchidicola
GenBank code: AF214578
Country of origin: Canada
Source: Addy et al. 2000

C. Isolates from other West Australian orchids

Origin Host plant BLAST e value,
percent identity

Close relative
from GenBank

Eucalypt and banksia

woodland, Bold

Park, WA.

Thelymitra crinita 3e-175, 91% � Phialophora sp. GS6N4b
GenBank code: AY465455
Country of origin: USA
Source: Ganley & Newcombe 2006

Eucalypt and banksia

woodland, Bold

Park, WA.

Prasophyllum giganteum 1e-176, 98% � Tulasnella calospora (orchid fungus)
GenBank code: AY373298
Country of origin: USA
Source: McCormick et al. 2004

Diuris magnifica (corymbosa) 1e-176, 98%

Eucalypt and banksia

woodland, Kings

Park, WA.

Caladenia falcate 7e-178, 99% � Sebacina vermifera (orchid fungus)
GenBank code: AF202728
Country of origin: USA
Source: Taylor et al. (unpublished).

Microtis media 1e-178, 99%

Eucalypt & banksia

woodland, Bold

Park, WA.

Pterostylis sanguinea 2e-150, 97% � Vouchered mycorrhizae (Ceratobasidium)
GenBank code: DQ028808
Country of origin: Australia
Source: Otero (unpublished).

Pterostylis recurva 1e-117, 94%

Jarrah¼ Eucalyptus marginata

Isolates from the current study with very similar sequences are grouped together with a selected close relative (BLAST e value and percentage

identity given) from GenBank that has been well studied. GenBank accession numbers are pending for the new isolates. Mycorrhizal formation

by isolates preceded by an asterisk has been confirmed by germination assays.
sp.). Orchids with broad specificity also germinated slowly on

the asymbiotic plates, but orchids with narrow specificity did

not, providing further evidence that germination require-

ments differ between these two groups of orchids. Earlier

studies have achieved asymbiotic germination of orchid

seed when using complex media (Arditti et al. 1990).

Specificity has predominantly been determined through

isolation of fungi from orchid roots and/or in vitro germination

trials (Hadley 1970; Masuhara & Katsuya 1994; Perkins &

McGee 1995; Perkins et al. 1995). The implication of using these

techniques exclusively to describe orchid–fungi relationships

has not yet been verified, and associations that are examined

under in vitro conditions may not always represent the
symbiotic germination that occurs in natural situations

(Masuhara & Katsuya 1994; Rasmussen 1995; Peterson et al.

1998). However, our observations on orchid fungus compati-

bility are in agreement with earlier studies that also found or-

chid seeds germinate into protocorms in the presence of

certain fungi that did not sustain larger seedlings, or were

not obtained from adult plants of the same orchid species

(Warcup 1981; Ramsay et al. 1986; Masuhara & Katsuya 1994;

Esitken et al. 2005). We do not believe that that these observa-

tions can be explained by in vitro orchid–fungi specificity gen-

erally being broader than in situ specificity due to the impact of

artificial growing conditions, because the fungi forming last-

ing relationships in vitro belonged to the same particular

www.ncbi.nlm.nih.gov
www.ncbi.nlm.nih.gov
www.ncbi.nlm.nih.gov
www.ncbi.nlm.nih.gov
www.ncbi.nlm.nih.gov
www.ncbi.nlm.nih.gov
www.ncbi.nlm.nih.gov
www.ncbi.nlm.nih.gov
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groups within the Rhizoctonia alliance that were isolated from

orchids in situ. It is not known if orchids with broad specificity

also form short-term relationships with a wide diversity of

fungi in situ but perhaps this could be resolved by further re-

search. Unfortunately, it is very difficult to measure the diver-

sity and inoculum levels of orchid fungi in soils, so in vitro

experiments remain the most effective means of evaluating

compatibility between orchids and fungi.

We recommend that compatible fungi be designated as

those that support the orchid host to an advanced seedling

stage where the leaf exceeds the protocorm in length, to avoid

confusion between lasting relationships and brief encounters

which may not sustain seedlings in the long-term. We have

shown that seedlings of this size are capable of survival after

transplanting. Previous studies that defined orchid–fungus

compatibility by germination to an early protocorm stage

should be re-evaluated.

There was some evidence that mycorrhizal associations of

orchids with narrow fungal diversity were more efficient, as

a significantly higher proportion of germinated seeds for C. fal-

cata and P. sanguinea (90–98 %� 4 % - 95 % CI) was observed,

relative to Diuris magnifica and T. crinita (56–64%� 14%). How-

ever, germination of the weedy orchids Disa bracteata and

M. media was also relatively efficient (77–84%� 8%).

Fungal isolation and identification

Molecular identification established that almost all of the

fungi isolated from pelotons were members of the Rhizoctonia

complex, further confirming that there was a high overall suc-

cess rate for isolating mycorrhizal fungi using this method

(Table 1). Huynh et al. (2004) established that most fungi iso-

lated from pelotons from an Australian orchid when they

were growing or flowering were mycorrhizal fungi. Rhizoctonia

isolates were also obtained from surface-sterilised tissue

Fig 3 – Testing the specificity of orchid–fungus associations

by sterile culture assays using orchid seed and a mycor-

rhizal fungus. Only one orchid species is compatible with

this fungus (F) resulting in seedlings with a leaf (arrow)

and seed of other orchids did not germinate (asterisks).
blocks, but this method was found to be less reliable for isolat-

ing mycorrhizal fungi. Fungi isolated from tissue blocks were

discarded if they demonstrated rapid growth and sporulation,

characteristic of conidial fungi. In this study, a three-stage

confirmation process was used to identify orchid mycorrhizal

fungi: (1) direct isolation from mycorrhizal structures (pelo-

tons); (2) symbiotic germination assays using a well-estab-

lished culture protocol (oat agar media); and (3) molecular

confirmation that fungi belonged to groups within the Rhizoc-

tonia alliance known to contain orchid mycorrhizal fungi.

Consequently, there can be little doubt that the majority of

these fungi were mycorrhizal. It is recommended that orchid

mycorrhizal fungi be designated with caution when less

evidence is available.

Accurate identification of orchid mycorrhizal fungi using

molecular methods is necessary to reveal the diversity of fungi

compatible with orchids. However, symbiotic germination

remains the only practical method to confirm compatibility

between orchids and fungi. We have found that symbiotic ger-

mination tests in combination with accurate fungal identifica-

tion provided more information about the specificity of orchid

fungi relationships than either method alone would provide.

Non-Rhizoctonia fungi that were sequenced and identified

using GenBank (Table 1), included Verticillium, Leptodontium,

Dactylella (a nematode-destroying fungus) and Phialophora

dimporphospora (probably an ericoid mycorrhizal fungus).

Endophytic growth of mycorrhizal fungi in non-host plants

is common and seems to be especially common in orchids

(Bayman & Otero 2006; Brundrett 2006).

The wide divergence of rDNA ITS sequences of Rhizoctonia

alliance fungi made it very difficult to align their DNA, it was

still possible to use these sequences for phylogenetic analysis

(Fig 4). This analysis classified isolates into distinct groups,

most of which had high bootstrap support (Fig 4). These

groups of fungi include representatives of the three major

clades in the Rhizoctonia alliance found in other studies of or-

chid fungi; Epulorhiza, Sebacina and Ceratobasidium (e.g. Shan

et al. 2002; Taylor et al. 2003; Kristiansen et al. 2004; Weiss

et al. 2004; Shefferson et al. 2005). Many isolates were closely

related to well-studied pathogenic and orchid fungi in the Rhi-

zoctonia alliance, (Fig 4, Table 1). Earlier studies of Australian

orchids in the genera Caladenia, Pterostylis, Microtis and Thely-

mitra assigned mycorrhizal fungi to the same broad fungal

genera by morphological classification (Warcup 1981; Ramsay

et al. 1986; Milligan & Williams 1988).

The largest and most diverse group (Fig 4) consisted

of members of the anamorph genus Epulorhiza in the

Tulasnellales. All the D. bracteata isolates belonged to the

Epulorhiza group with one exception, which was a non-orchid

fungus. Isolates from the Australian orchids Prasophyllum

giganteum and Diuris magnifica also belonged to this group.

Members of the two other major groups within Rhizoctonia,

Sebacina and Ceratobasidium, were isolated from Caladenia

falcata, Pterostylis spp. and M. media. These fungi were closely

related to pathogenic Ceratobasidium isolates and putative

ectomycorrhizal Sebacina isolates from the Northern Hemi-

sphere (Table 1).

Both D. bracteata and P. nigricans associated with a relatively

broad diversity of fungi belonging to the Epulorhiza clade

which clustered into four discrete groups in Fig 4. Indeed,
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P. nigricans appeared to be symbiotic with the widest diversity

of fungi, including isolates of Epulorhiza and Ceratobasidium.

Different fungi were isolated from P. nigricans plants collected

from locations only meters apart, which further confirms this

orchid’s ability to utilise a wide diversity of fungi. We were not

able to confirm that all of the fungi isolated from P. nigricans

were mycorrhizal due to very low rates of seed germination.

However, we are confident the majority of these fungi were

mycorrhizal as they were isolated from single pelotons with

sufficient replication to confirm that the dominant fungi

were obtained. Pyrorchis nigricans is one of Australia’s most

widespread native orchid species and it occupies an unusually

diverse range of habitats, including dense forests and open

heathlands (Jones 1988; Hoffman & Brown 1992), but it rarely

colonises disturbed habitats (Collins et al. 2005). The capability

of P. nigricans to utilise a diverse range of fungi that are wide-

spread may be linked to its capacity to grow in more diverse

habitats than most other orchids. This orchid typically repro-

duces vegetatively under natural conditions, giving rise to

clonal populations, and tends to only flower after a hot

summer fire (Jones 1988; Hoffman & Brown 1992). These

restrictions on seed production would also be an important

factor limiting its recruitment into disturbed habitats.

Even though D. bracteata and P. nigricans were chosen to

represent opposite ends of an ecological continuum

Fig 4 – Phylogenetic tree of the ITS sequences of fungi

isolated from Disa bracteata (D), Pyrorchis nigricans (P)

and other Australian native orchids, with sequences of

related fungi from GenBank. Numbers under branches

correspond to values. See Table 1 for more information

about fungi and bootstrap host plants.
(disturbance tolerant or intolerant), both had a wide diversity

of fungal partners. Differences in the fungal associates used

by the orchids in the Jarrahdale mine site sampling region

may also be attributed to variations in soil conditions and dis-

turbance, as P. nigricans plants only occurred in undisturbed

bushland areas while most D. bracteata plants were from adja-

cent rehabilitated mined areas.

The widespread distribution of fungi from terrestrial

orchids was made evident by the closely related, or in

some cases identical fungi (in relation to the ITS region

sequenced) sampled from widely separated geographic

locations (Table 1, Figs 2, 4). In particular, there were closely

related fungi associated with D. bracteata from locations up

to 10,000 km apart, extending from eastern Australia to

South Africa. These Epulorhiza isolates belonged to a clade

that appears to have a worldwide distribution, with close re-

latives known from Northern Hemisphere orchids (Table 1).

The cosmopolitan distribution of these fungi probably ex-

plains why D. bracteata spread rapidly after its arrival in

Australia 60 y ago. However, the rapid spread of this or-

chid is also facilitated by efficient seed set due to self-pol-

lination (Linder & Kurzweil 1999). Consequently, broad

webs of compatible mycorrhizal fungi may be as important

as other ecological attributes such as high fecundity for

weed-like orchids such as D. bracteata and M. media. D.

bracteata responds favourably to disturbance in South

Africa, but seems to be restricted to a narrower range of

habitats than in Australia (Linder & Kurzweil 1999).

Orchids with broad webs of fungi should encounter a com-

patible fungus after dispersal more often than other orchids,

and thus be more capable of distribution or migration to

new habitats, as was the case with D. bracteata d a South

African orchid rapidly invading Australia. Thus, we should

expect other weed-like orchids such as M. media to have broad

webs of compatible fungi and to also have the capacity to

spread rapidly if introduced to other continents. Indeed, the

closely related species M. unifolia and M. parvifolia also associ-

ate with Epulorhiza (Milligan & Williams 1988; Perkins et al.

1995). Both these species are widespread in eastern Australia

especially in frequent disturbed habitats and M. unifolia occurs

throughout Asia (Jones 1988).

It would be expected that disturbance-tolerant orchids re-

quire disturbance-tolerant fungi. Most fungi compatible with

D. bracteata and M. media belonged to Epulorhiza, suggesting

that this group of fungi may be more likely to occur in dis-

turbed habitats (Table 1). However, Australian orchids that

primarily occur in undisturbed habitats, such as Prasophyllum

and Diuris, also associated with Epulorhiza isolates overlapping

with those compatible with D. bracteata and M. media. These

results suggest that Epulorhiza isolates are common in both

undisturbed and disturbed habitats. The results of this study

suggest that D. bracteata may compete for niche space with

Australian orchids such as species of Diuris and Prasophyllum

that have overlapping webs of fungi. However, this alien in-

vader is unlikely to compete with orchids that utilise fungi

other than Epulorhiza (e.g. species of Caladenia and Pterostylis).

There is currently great concern surrounding the aggressive

spread of D. bracteata (Backhouse 2000; Fleming 2002), but it

is not yet clear whether the orchid will have any major im-

pacts on the ecology of native Australian orchids.
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Recognition processes are an essential part of most symbi-

otic associations (Radutoiu et al. 2003), but the occurrence of

short-term relationships suggests that orchids with broad

webs of fungi lack these recognition processes. Thus, seed of

these orchids seem to germinate in the presence of any fungus

with sufficient endophytic competence, but many of the

resulting protocorms abort because of physiological imbal-

ances with these fungi. Recognition processes seem to be

more complex in orchids with narrow fungus diversity, which

only germinate in the presence of a suitable fungus. Orchid

cells containing coils of hyphae are considered to maintain

a delicate metabolic balance to control ‘untamed’ fungi differ-

ing from other mycorrhizal fungi as these fungi have not

evolved to take part in mutualistic associations with plants

(Brundrett 2002, 2004). This risky fungus recruitment process

may explain the seed strategy of orchids where millions of

dust-like seed are efficiently dispersed but few survive

(Benzing & Atwood 1984; Brundrett 2002). Orchids have

switched to myco-heterotrophy (where fungi replace photo-

synthesis) far more often than other plants (Molvray et al.

2000; Brundrett 2002; Taylor et al. 2003), perhaps because of

the flexible nature of their fungal recruitment strategies

which allow them to exploit new lineages of fungi.

It is becoming increasing apparent that many terrestrial or-

chids have highly specific mycorrhizal association, which is

a fundamental difference from plants in other families where

individual plants associate with a wide diversity of fungi

(Brundrett 2002, 2004). These associations have profound con-

sequences as the development of orchids will be intrinsically

linked to the productivity of a particular fungus. It is reason-

able to expect that orchids that are compatible with a limited

range of fungi would be more predisposed to being endan-

gered, as there would be lower probability of seeds encounter-

ing a compatible fungus after dispersal compared to orchids

that have broader webs of fungi. However, these orchids

may also benefit from high specificity, perhaps due to more

efficient mycorrhizal associations and seed germination. Pre-

sumably, the overall advantages of narrow compatibility webs

outweigh the disadvantages, or this strategy would not be so

common in terrestrial orchids. Orchids with narrow webs of

compatible fungi are common in Australia (e.g. the large

genera Caladenia and Pterostylis). However, these genera also

include many rare taxa, perhaps due to limitations in finding

compatible fungi in highly complex landscapes. Orchids in

these genera also tend to have specific pollinators (Stoutamire

1983; Adams & Lawson 1993).

The primary roles of fungi in the Rhizoctonia alliance with

secondary roles in mycorrhizal or pathogenic associations

are still not well understood, as these fungi are more wide-

spread than their hosts due to their endophytic and sapro-

phytic competencies (Roberts 1999; Sen et al. 1999; Brundrett

2002; Rasmussen 2002). These polyphyletic fungi are function-

ally diverse. Some members of the Sebacina clade are consid-

ered to be ectomycorrhizal (Selosse et al. 2004; Weiss et al.

2004), the Ceratobasidiales clade includes many pathogens

(Gonzales et al. 2001) and the Epulorhiza clade includes the

most isolates so far only known from orchids. Knowledge of

the functional diversity of fungi within and between these

groups is a cornerstone for orchid conservation, as it will

help us to explain the habitat requirements and recruitment
patterns of orchids (Batty et al. 2002). This knowledge is also

required to control the activities of Rhizoctonia alliance fungi,

which are soil-borne plant pathogens.

The complex relationships between the phylogenies of or-

chids and their mycorrhizal fungi (Figs 1, 4), suggests that

both the narrow and broad mycorrhizal specificities of orchids

have multiple origins and it is not clear which strategy is more

primitive. Accurate DNA-based identification of orchid fungi

is beginning to reveal correlations between mycorrhizal fungus

specificity and the ecology of orchids (Kristiansen et al. 2004;

McCormick etal.2004; Selosseetal. 2004; Esitken etal. 2005; Shef-

ferson et al. 2005). Our results demonstrated that fundamentally

different categories of terrestrial orchids exist that vary in the

size of their webs of compatible fungi d a key biological prop-

erty regulating their capacity for recruitment. We are just begin-

ning to understand how the nature of mycorrhizal associations

contributes to the uniqueness of these amazing plants.
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