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 Background and Aims In orchid conservation, quantifying the specificity of 

mycorrhizal associations, and establishing which orchid species use the same fungal 

taxa, is important for sourcing suitable fungi for symbiotic propagation and selecting 

sites for conservation translocation. For Caladenia subgenus Calonema (Orchidaceae), 

which contains 58 threatened species, we ask: (1) How many taxa of Serendipita 

mycorrhizal fungi do threatened species of Caladenia associate with? (2) Do 

threatened Caladenia share orchid mycorrhizal fungi with common Caladenia? (3) 

How geographically widespread are mycorrhizal fungi associated with Caladenia?  

 Methods Fungi were isolated from 127 Caladenia species followed by DNA 

sequencing of the ITS sequence locus. We used a 4.1- 6 % sequence divergence cut-

off range to delimit Serendipita Operational Taxonomic Units (OTUs). We conducted 

trials testing the ability of fungal isolates to support germination and plant growth. A 

total of 597 Serendipita isolates from Caladenia, collected from across the Australian 

continent, were used to estimate the geographic range of OTUs.  

 Results Across the genus, Caladenia associated with 10 OTUs of Serendipita 

(Serendipitaceae) mycorrhizal fungi. Specificity was high, with 19 of the 23 

threatened Caladenia species sampled in detail associating solely with OTU A, which 

supported plants from germination to adulthood. The majority of populations of 

Caladenia associated with one OTU per site. Fungal sharing was extensive, with 62 of 

the 79 Caladenia sampled in subgenus Calonema associating with OTU A.  Most 

Serendipita OTUs were geographically widespread.  

 Conclusions Mycorrhizal fungi can be isolated from related common species to 

propagate threatened Caladenia. Because of high specificity of most Caladenia 

species, only small numbers of OTUs typically need to be considered for conservation 

translocation. When selecting translocation sites, the geographic range of the fungi is 
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not a limiting factor, and using related Caladenia species to infer the presence of 

suitable fungal OTUs may be feasible. 

 

Key words: Orchidaceae, Serendipita, Caladenia, endangered species, threatened, 

conservation, translocation, mycorrhiza, specificity, distribution. 
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INTRODUCTION 

The Orchidaceae is a diverse and geographically widespread family of plants (Dressler, 

1981), estimated to contain more than 25, 000 described species (World Checklist of Selected 

Plant Families, 2019).  In some geographic regions the Orchidaceae contains a high number 

of threatened taxa (León-Yánez et al., 2011; Qin et al., 2017; Wraith and Pickering, 2019), 

with these numbers expected to increase through the diversity of threats that orchids face 

(Reiter et al., 2016; Phillips et al., 2020). The large number of threatened orchid species has 

led to the initiation of dedicated orchid conservation programs in several parts of the world 

(see Reiter et al., 2016). Because many orchids species are now reduced to very low global 

population sizes, these conservation programs often include the establishment of ex-situ 

collections grown from seed and conservation translocations, which typically involve 

relocating part of an ex-situ collection to the wild to bolster an existing population or initiate a 

new one (Silcocks et al., 2019). However, a challenge for such programs is that orchids have 

an obligate association with mycorrhizal fungi in order to germinate in the wild (Leake, 1994; 

Rasmussen, 2002). As mature plants, they continue to rely on their mycorrhizal partners to 

some extent for carbon (Cameron et al., 2006), nitrogen (Gebauer and Meyer, 2003) and 

phosphorous (Cameron, 2007) uptake. Photosynthetic terrestrial orchids most commonly 

associate with members of the Serendipitaceae, Ceratobasidiaceae and Tulasnellaceae 

(Jacquemyn et al., 2017; Dearnaley et al., 2012), but a range of other non-mycorrhizal 

endophytes may occur within the root tissue (Yuan et al., 2009). 

 

 When considering the use of mycorrhizal fungi in orchid conservation, studies that 

demonstrate functionality of orchid mycorrhizal fungi (OMF) via in vitro germination of seed 

on pure cultures are most relevant (see those reviewed in Rasmussen et al., 2015; Mujica et 
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al., 2016; Phillips et al., 2016, Linde et al., 2017; Reiter et al., 2018b), as an association with 

OMF is expected to increase survival of adult plants and is necessary for seedling germination 

(Leake, 1994; McCormick et al., 2012). Comparatively few studies test for function of fungi 

present in orchid roots, but based on direct DNA sequencing from roots, many orchids appear 

to have generalised mycorrhizal relationships (e.g. Jacquemyn et al., 2010; 2012; Bailarot et 

al., 2012; Kinoshita et al., 2016; Phillips et al., 2020). Alternatively, there are a number of 

orchid species that exhibit high levels of specificity, being reliant on one or few Operational 

Taxonomic Units (OTUs) of fungi for germination and annual growth (e.g. McCormick et al., 

2004; Jacquemyn et al., 2010; Swarts et al., 2010; Phillips et al., 2011; Linde et al., 2014; 

Davis et al., 2015). For conservation translocation purposes, even among genera of orchids  

that associate with one family of mycorrhizal fungi (e.g. Caladenia; Whitehead et al., 2017; 

Oktalira et al., 2019), it is important to understand if an orchid species associates with one or 

more fungal OTUs at a given site or across its range, as this may need to be factored into 

symbiotic germinations of the species. 

 Congeneric orchid species tend to associate with mycorrhizal fungi from the same 

fungal genus, often with some level of sharing of fungi at the orchid species level (Shefferson 

et al., 2005; Jacquemyn et al., 2010, 2012; Phillips et al., 2011; Kinoshita et al., 2016; Mujica 

et al., 2016; Pelligrino et al., 2016; Ruibal et al., 2017; though see Schiebold et al., 2017 for 

exceptions). This trend is also evident in threatened orchids, where they often share at least 

some OMF with more common and widespread congeners (e.g. Jacquemyn et al., 2010; 

Phillips et al., 2011, 2016; Oktalira et al., 2019), though this is not always the case (Swarts et 

al., 2010). Understanding the extent of sharing of OMF between orchid species is useful for 

conservation programs for three key reasons. Firstly, common orchid species could provide a 

source of OMF for use in conservation programs requiring the symbiotic propagation of 

threatened species. Rather than damaging or removing parts of plants from threatened species, 
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isolating mycorrhizal fungi from common species may provide a suitable alternative if the 

fungal isolate can be shown to germinate seed of threatened species and sustain plants to 

maturity (Wright et al., 2010). Secondly, the presence of common orchids in potential 

conservation translocation sites that share OMF with threatened species could be used as an 

indicator that the OMF used by the target threatened orchid are also present. A third benefit to 

resolving cases of fungal sharing (where different species of orchid associate with the same 

OMF) is that knowledge of sharing helps to provide an estimate of the geographic range of 

OMF. While evidence suggests that many OMF are geographically widespread (Otero et al., 

2011; Bailorote et al., 2012; Pecaro et al., 2013; Linde et al., 2014; Davis et al., 2015), many 

are infrequently detected outside of orchids (Egidi et al., 2018) and thus their distribution 

remains poorly resolved.  

 Here we investigate OMF of Australian Caladenia orchids with the aim of better 

understanding how best to use mycorrhizal fungi for the propagation, site selection, and 

translocation of threatened species within this genus. Caladenia consists of 327 described 

species and subspecies all with an Australasian distribution (Backhouse et al., 2019). The 

genus contains 71 nationally threatened taxa, of which 58 belong to the subgenus Calonema 

(in Australia, taxa are considered threatened if they meet the categories for critically 

endangered, endangered or vulnerable under the IUCN guidelines; IUCN, 2019). All 

members of Caladenia and related genera that have been studied form mycorrhizal 

associations with members of the genus Serendipita in the Sebacinales (Swarts et al., 2010; 

Wright et al., 2010; Davis et al., 2015; Phillips et al., 2016; Whitehead et al., 2017). 

Caladenia associates with a phylogenetically narrow group of Serendipita lineages, with only 

eight OTUs identified from Caladenia thus far (Whitehead et al., 2017; Oktalira et al., 2019). 

While mycorrhizal specificity has been quantified in very few species of Caladenia, there is 

evidence for both generalised and highly specialised mycorrhizal associations (Swarts et al., 
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2010; Phillips et al., 2016; Whitehead et al., 2017; Oktalira et al., 2019). Here, we focus on 

threatened eastern Australian species of Caladenia in subgenus Calonema, a group 

characterised by numerous threatened species, some of which are the focus of large-scale 

conservation translocation programs (Reiter et al., 2017, 2019a; Reiter and Thomson, 2018; 

Waudby et al., 2018). We also undertake DNA sequencing of OMF from 127 Caladenia 

species from across southern Australia to determine the extent of fungal sharing between 

orchid species and resolve fungal geographic range. Specifically, we ask:  

(1) How specific are the Serendipita mycorrhizal associations of threatened species of 

Caladenia subgenus Calonema?  

(2) Do threatened Caladenia from subgenus Calonema share Serendipita OMF with 

common Caladenia?  

(3) How geographically widespread are the Serendipita mycorrhizal fungi associated 

with Caladenia?  

 

MATERIALS AND METHODS 

Study genus - Caladenia 

The genus Caladenia is distributed across Australia, New Zealand, Indonesia, Papua New 

Guinea, and New Caledonia, with the greatest diversity in regions of south-eastern and south-

western Australia where winter rainfall predominates (Phillips et al., 2009). Caladenia are 

found predominantly in areas of woodland and forest, but also subalpine areas, swamps, 

heathlands, and rocky outcrops (Hopper and Brown, 2001; Jones, 2006). Caladenia have a 

single leaf that emerges from a tuber after an annual period of summer-autumn dormancy. 

Species produce single or multiple flowers that range in size from those of C. bryceana (1 - 2 

cm) to that of C. excelsa (20 - 30 cm). Most Caladenia flower between July and December 
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(Australian Winter, Spring and Summer), but the largest diversity of species flowers in 

September to October (Australian Spring) (Jones, 2006).  

 Caladenia contains six subgenera (Hopper and Brown, 2001; Table 1). The majority 

(58) of threatened Caladenia are in the subgenus Calonema (Department of Environment, 

2019), with 39 threatened species in south-eastern Australia (Figure 1), 17 threatened species 

in south west Western Australia, and one species in north-eastern Australia (Department of 

Environment, 2019). While some rare Caladenia species have naturally small geographic 

ranges (Hopper and Brown, 2001; Backhouse, 2011), many species are likely to have become 

threatened through large-scale clearing of vegetation (Wraith and Pickering, 2019).  

 

Study fungal genus - Serendipita 

 Serendipita, is a species rich genus that belongs to the family Serendipitaceae of the 

Sebacinales (formerly Sebacinales group B) (Weiß et al., 2016), which lack macroscopic 

fruiting bodies and are culturable (Oberwinkler et al., 2014). Sebacinales fungi are ubiquitous 

endophytes of many land plants (Weiß et al., 2011) but are also well-known mycorrhizal 

fungi of mycotrophic and autotrophic orchids (Rasmussen et al., 2015). They have been 

recovered from roots of Ericaceae and were shown to form ericoid mycorrhizae within the 

cells, though the benefit of this has yet to be shown (Selosse et al., 2007). Some taxa in the 

Serendipitaceae are globally distributed (Selosse, 2007; Weiß et al., 2011; Setaro et al., 

2012), while some Australian taxa associating with orchids are geographically widespread 

within the Australian continent (Davis et al., 2015) and occur in a range of habitat types 

(Phillips et al., 2016). Historically, species of Serendipita isolated from orchids in Australia 

were identified as Sebacina vermifera (Warcup and Talbot, 1967; Warcup, 1988). However, 
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these are as yet undescribed species (see papers reviewed in Weiß et al., 2016) and do not 

match the original Sebacina vermifera type described by Oberwinkler (1964).  

 

Sampling design - specificity of orchids and fungal sharing 

 We took two approaches to investigate specificity and fungal sharing with the dataset 

on subgenus Calonema. The first was to quantify specificity of mycorrhizal associations of 

threatened Caladenia at the species level and test if common and threatened Caladenia 

species share mycorrhizal fungal OTUs. This dataset included 23 threatened Caladenia 

species and four common species. Here we sampled from a minimum of five plants for 

threatened species (range of 5- 35 plants sampled per species). Our samples consisted of 14 

threatened species with a range of 5-10 plants sampled (Table 3); C. amoena, C. anthracina, 

C. argocalla, C. atroclavia, C. audasii, C. colorata, C. cretacea, C. cruciformis, C. fulva, C. 

gladiolata, C. hastata, C. leucochila, C. rosella and C. saggicola, six threatened species with 

11- 15 plants sampled (Table 3); C. caudata, C. dienema, C. huegelii, C. robinsonii, C. 

versicolor and C. xanthochila, and three threatened species with 30-35 plants sampled; C. 

arenaria, C. formosa and C. procera. Four common species were included with a minimum 

sample size of 10 plants. The common species included were C. brownii and C. thinicola, 

with a range of 10-20 plants sampled, and C. tentaculata and C. pectinata, with a range of 20- 

40 plants sampled (Table 3). Where possible data from GenBank was added to our dataset to 

increase the number of plants where fungi had been sampled (Appendix 1, GenBank last 

accessed July 2019). Data from Genbank were only included if they were isolated from 

Caladenia and had been shown to support germination of orchids in the associated study. 

 The second approach to understanding specificity was to investigate mycorrhizal 

associations of threatened Caladenia species at the site level. Here, we used populations of 21 
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threatened species that had a minimum of five plants per site sampled (with a range of 5-24 

plants per species), all from the subgenus Calonema (Appendix 3). For this quantification we 

excluded sites with less than five plants sampled, which formed part of the species level 

dataset above.  To test for the possibility of sharing of fungi between threatened and common 

Caladenia species from the subgenus Calonema, we included five or more samples from 

seven common species from different sites as the threatened species (range of samples per site 

5-16; Appendix 3). Where possible data from GenBank was added to our dataset to increase 

the number of plants where fungi had been sampled (Appendix 1, GenBank last accessed July 

2019).  

 

Geographic ranges of Caladenia OMF associations  

 To provide a minimum estimate of the geographic range of OMF associating with 

Caladenia, we used samples from 127 Caladenia species across southern Australia, including 

all six subgenera. We also included a small number of samples from other members of the 

Caladeniinae that associate with Serendipita (Appendix 1). Because the emphasis was on 

increasing the geographic spread of samples, we focussed on increasing the number of species 

of Caladenia, rather than the number of replicates per species. In the present study, fungi 

were sampled from orchid individuals from 93 species of Caladenia across the southern part 

of the Australian continent, including sites in Tasmania, Victoria, NSW, Queensland, South 

Australia and Western Australia, with 356 plants sampled in total (Appendix 1). In addition, 

we included data from GenBank (Appendix 1) by conducting BLAST searches for each of the 

OTUs identified in this study. From GenBank we included 241 Serendipita sequences from 

65 orchid species, of which 23 species were also sampled from in this study, bringing the total 

number of orchid species in our dataset to 135 (a total of 597samples). For the quantification 
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of geographic range, we only included GenBank sequences that were a match to our OTUs 

based on sequence divergence within an OTU, and where we were able to obtain details of 

latitude and longitude. We recorded latitude and longitude for each of the Serendipita 

individuals isolated from orchids in this study, as well as those accessions included from 

GenBank where possible (Appendix 1, GenBank last accessed July 2019). Each Serendipita 

OTU was mapped using ArcGIS (Johnston et al., 2001) to plot their geographic range.  

To further resolve the geographic range for each Serendipita OTU, sequences were compared 

against all Serendipita and Sebacina sequences in the Biome of Australia Soil Environments 

(BASE) data (Bissett et al. 2016) to identify any sequence matches. The BASE dataset was 

derived from ITS sequence analyses of soil samples (2x 50 ml falcon tubes of soil, sieved 

from a 25 m2 plot) collected from plots over Australia. However, there were no matches with 

our Serendipita sequences from Caladenia, thus no sequences from the BASE dataset were 

included in our spatial dataset.  

 

Isolation of mycorrhizal fungi 

 For each of the study orchid species (Appendix 1), OMF were isolated from the collar, 

which is a swollen region between the base of the leaf and the tuber of the orchid. Collars 

were washed thoroughly to remove dirt, and then rinsed for 15 min under running water. 

Samples were bleached using 0.05 % NaOCl for three min, and then rinsed three times in 

sterile distilled water. Collars were sliced with glass knives in sterile dH20 to release pelotons. 

Individual pelotons were serially rinsed in droplets of sterile distilled dH20 (Rasmussen, 

1990) and plated onto Fungal Isolation Media (Clements et al., 1986) containing 0.05 g L-1 

streptomycin before being used for DNA extraction or germination trials.  
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Sample preparation, DNA isolation and sequencing 

 Fungi were subcultured into liquid low CN Melin-Norkans Medium (Wright et al., 

2010) in glass tubes and incubated for 1-3 months on a rotator at 60 RPM. Mycelium was 

harvested by discarding excess liquid and transferring the remaining contents to a 50 ml 

Corning™ Falcon tube (Corning, USA) before centrifuging the tubes for 5 min at 10,000 rpm. 

The resultant fungal pellets were dried by blotting them between sheets of sterile filter paper 

in a laminar flow cabinet. Dried pellets were stored in 95 % ethanol at 4 °C until required. For 

DNA extraction, each sample was washed in sterile dH20 and blotted dry before up to 100 mg 

of tissue was transferred to a 2 ml Safe-Lock tube (Eppendorf, Hamburg, Germany) 

containing two tungsten-carbide beads. The tubes were then snap frozen in liquid nitrogen 

before disruption using a TissueLyser II (Qiagen, Germany). DNA was extracted with either a 

Qiagen Plant Dneasy kit (Hilden, Germany) according to the manufacturer’s instructions, or 

with a Bioline Isolate II Kit (Bioline, London, UK).  

 Using a species delimitation approach with seven sequenced loci, Whitehead et al., 

(2017) found that the ITS region could be reliably used to delimit species of Serendipita with 

a 4.1 - 6 % sequence divergence between taxa, making it possible to assign isolates to species 

based on ITS data alone. Sequence data from the nuclear ribosomal ITS region was generated 

by polymerase chain reaction (PCR) amplification of genomic DNA using primers ITS1 

(White et al., (1990) and LR5-Seb (Tedersoo et al., 2008). Each 25 µl PCR reaction consisted 

of 0.5 U Phusion DNA polymerase, 5 µl of 5x GC Buffer (Thermo Fisher Scientific, 

Waltham, U.S.A.), 0.5 µl of 10 mM dNTPs, 1 µl of each 10 µM primer, 0.75 µl dimethyl 

sulfoxide, 2 µl template DNA and 14.5 µl sterile dH20. PCR cycling conditions were 30 sec at 

98 °C; 30 cycles of 10 sec at 98 °C, 30 sec at 59 °C, 30 sec at 72 °C; followed by 10 min at 72 

°C. Amplification success was assessed by electrophoresis on an agarose gel. In some cases, 

10 µl aliquots of the PCR products were purified enzymatically by adding a 5 µl mix of 5 U 
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ExoI, 0.5 U rSAP (New England Biolabs, Ipswich, U.S.A.) and sterile dH20, followed by 

incubation at 37° C for 15 min, then 80 °C for 15 min. Sequencing was undertaken by AGRF 

Melbourne using ITS1 and ITS4 of White et al., (1990) and the resultant trace files checked 

for base-call accuracy in Geneious V10.0.8 (Kearse et al., 2012). 

 

Phylogenetic analysis 

 In addition to the 356 fungal isolates collected in this study, we included 241 

Serendipita sequences available on GenBank (July 2019) from previous studies on Australian 

Caladenia and related genera (See references in Appendix 1). This included Warcup’s strain 

(DQ983816_MAFF305838) of undescribed Serendipita (previously attributed to Sebacina 

vermifera) isolated from Australian Caladenia (Huynh et al., 2009, Wright et al., 2010). A 

total of 597 ITS sequence accessions were included in our analysis. 

 The ITS sequences were aligned using Geneious V10.0.8 (Kearse et al., 2012) and 

manually checked. A phylogenetic tree was inferred by Maximum Likelihood analysis in 

IQTREE (Nguyen et al., 2014), using the best-fit substitution model (TNe+G4) automatically 

selected by ModelFinder according to the Bayesian Information Criterium (Kalyaanamoorthy 

et al., 2017). In this analysis, identical sequences were automatically excluded before tree 

inference and added back into the inferred tree. Branch supports were obtained with the built-

in ultrafast bootstrap algorithm (Hoang, 2018) from 10000 iterations. The tree was visualized 

in Figtree v 1.4.3 (Rambaut and Drummond, 2012) and rooted to Sebacina incrustans. 

Previously for Serendipita, the maximum species-level sequence divergence in ITS was 

estimated at 4.1- 6 % (Whitehead et al., 2017). We used this cut-off range to delimit the 

number of Serendipita taxa within our sampling.  
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 To determine if the composition of the Serendipita OTUs isolated differed between 

subgenera of Caladenia, and therefore if all subgenera could be considered together when 

considering fungal taxa for conservation, we compared between subgenera of Caladenia the 

proportion of isolates belonging to each OTU with a G-test and Williams’s correction using 

GenAlEx 6.5 (Peakall and Smouse, 2012). We removed OTUs represented by less than 10 

sequences from the analysis (OTU E, C, I and J). 

Seed collection 

 Multiple stems, each with a seed pod, were picked from each of the orchid species 

(Appendix 1, Table 1) between four and six weeks after pollination, just prior to dehiscence. 

Seed was subsequently collected from the dried capsules, cleaned, and then dried for a further 

2-4 weeks at 15 °C and 15% relative humidity before either storage at 4 °C or -20 °C.  

Germination testing of Serendipita OTUs 

 Three separate germination trials were conducted. Cultures of Serendipita isolated 

from Caladenia and allied genera were grown for 1- 2 months before germination trials. The 

first set of germination trials examined the ability of isolates from Caladenia to germinate the 

seed of the orchid from which they were isolated (Table 2). For each of the isolates in this 

study > 10 replicate petri-dishes were used per isolate to test for germination.  

 The second set of germination trials (Table 3, Appendix 3) focused solely on the rare 

species studied in detail in subgenus Calonema (Table 1, Figure 1). We tested OTUs A, B, C, 

D, G for their capacity to germinate seed in both threatened and common orchid species, with 

> 10 replicate petri-dishes tested for germination per species of orchid. Germination of orchid 

species was only attempted with Serendipita isolates that were isolated from the same orchid 

species.  Here we used fungal isolates belonging to OTU A- G (based on nomenclature of 

Whitehead et al., 2017 following phylogenetic analyses – see above) in germination trials 
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with 23 threatened Caladenia species and four common species (Table 3, Appendix 3), with 

17 of the 23 threatened species grown to flowering adults.  

 The third set of germination trials also focused on Caladenia species in subgenus 

Calonema, but here orchid species were included only if OTU A was isolated from them in 

this or other studies.  These germination trials were conducted with six randomly selected 

isolates, and the seed of 16 threatened Caladenia species and one common species (Caladenia 

tentaculata; Appendix 4). We used seed from common orchid species to test if the same OTU 

A isolate could germinate both common and threatened species and vice versa (Appendix 4). 

In addition, we also tested if isolates from one threatened species could germinate other 

threatened species, and thus could be used interchangeably for propagation purposes 

(Appendix 4). 

 Seeds were surface-sterilised with 0.5 % NaOCl (10 % Domestos®) for 3 min, drained 

by vacuum on to a 3 µm pore filter, rinsed with sterile water and plated onto sterile filter 

paper on plates of oatmeal agar (OMA) (Clements and Ellyard, 1979) with 2 g/L sucrose and 

0.1 g/L yeast extract. A 1 cm OMA agar block colonised with an isolated Serendipita fungus 

was placed on two ends of the filter paper. Plates were sealed with Parafilm® and incubated 

in the dark at 16- 22 °C for three months. Germination was scored based on the presence or 

absence of leaf primordia (Stage five of Warcup, 1981). To determine if a fungal isolate can 

support the germinated seedlings into adulthood, the plants of threatened eastern Australian 

species in the second and third sets of germination trials (Table 3 and Appendix 3) were 

subsequently flasked and grown on to flowering in a shade house (see methods of Reiter et 

al., 2018a). The above germination data were supplemented with published germination 

results for Caladenia, where sequences were available on GenBank to identify the fungal 

OTU used (See references in Appendix 1). 
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RESULTS 

Summary of the fungi detected 

The OMF associated with Caladenia were all members of the genus Serendipita and belonged 

to ten OTUs based on a 4.1 – 6 % sequence divergence threshold between species (Whitehead 

et al., 2017). In addition to the OTUs (A-H) identified by Whitehead et al. (2017) using the 

4.1- 6 % sequence divergence threshold, we detected two previously unidentified OTUs, here 

given the epithets I and J (Appendix 2, Figure 2, Table 2). In our dataset, the maximum 

sequence divergence within OTUs was: OTU A = 3.06 %, B = 5.01 %, C = 4.05 %, D = 5.26 

%, E = 0.65 %, F = 4.28 %, G = 1.28 %, H = 3.2 %, I = 0.03 % and J = 0.32 %. There was a 

trend for lower sequence divergence within an OTU when it was represented by a smaller 

number of samples or had been sampled over a smaller geographic range. The Warcup (1988) 

isolate from Caladenia tessellata, originally mis-ascribed to Sebacina vermifera, was 

identified as Serendipita OTU A in our analysis. 

How specialised are Caladenia OMF relationships? 

 For the three threatened species of Caladenia subgenus Calonema where we sampled 

fungi from 30 or more plants, two species associated with a single OTU (C. arenaria and C. 

formosa; OTU A), while one species associated with two OTUs (C. procera; OTU D and G). 

For the six threatened species from Caladenia subgenus Calonema where we sampled fungi 

from between 11 and 20 plants, four species associated with a single OTU (OTU A), while 

one species associated with two OTUs (C. xanthochila; OTU A and B; Table 3) and one 

species associated with three OTUs (C. dienema; OTU A, B and D). For the fourteen 

threatened species with 5- 10 plants sampled, all associated solely with OTU A except for C. 

cretacea, which also associated with OTU B. Of the four common species that we sampled 
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from 11-38 plants per species, two associated only with OTU A (C. brownii and C. thinicola), 

one associated with OTU A and G (C. pectinata), and C. tentaculata associated with OTU A, 

B and D. When specificity was quantified at the site level (for sites with >5 samples), all 

threatened and common Caladenia species except for three species associated with one fungal 

OTU. The three remaining species associated with two OTUs at the site level (Appendix 3).  

What is the extent of fungal sharing between Caladenia species? 

 Of the 27 species of Caladenia subgenus Calonema where 5- 38 individuals plants 

were sampled per species (with a minimum of five plants sampled for threatened species and 

10 plants sampled for common species), at least some individuals of all species associated 

with OTU A except for Caladenia procera (OTU D and G; Table 3). At sites where 5 or more 

plants were sampled, 24 of the 27 species were only recorded associating with OTU A 

(Appendix 3). In the total dataset (Table 2), at least some individuals from 60 of the 78 

species sampled of Caladenia subgenus Calonema associated with OTU A, of which 39 

species were shown using germination trials to form a mycorrhizal association with OTU A 

(Tables 2, 3 and Appendix 3, 4).  

 A strong phylogenetic pattern in the use of fungi by Caladenia was evident, with a 

significant difference between subgenera in the types of OTUs they associated with (G- test 

with Williams’s correction; df= 25, P< 0.001). While subgenus Calonema primarily 

associated with OTU A, and to a lesser extent OTUs B, C, D, G (one individual only with 

OTU H), the other subgenus of Spider-orchids (Phlebochilus) primarily associated with OTU 

H, with occasional individuals associating with OTU A (three individuals) and OTU B (one 

individual). In Caladenia subgenus Caladenia, seven OTUs were recorded, with OTUs B and 

F the most frequent. Caladenia subgenus Elevate was also found to associate with seven 

OTUs, with OTUs B, A and F the most frequently recorded.  For these subgenera, the species 
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sampled in the most detail, Caladenia campbellii (eight individuals) and Caladenia flava (21 

individuals), associated with four different OTUs. The other subgenera of Caladenia 

(Drakonorchis and Stegostyla) were not sampled in enough detail to draw conclusions on 

patterns in fungal use.  

Germination testing of Serendipita OTUs 

 In our first set of germination trials, selected isolates of OTUs A - H supported 

germination to stage 5 of the Caladenia species they were isolated from (Table 2, 3, 

Appendix 1; 3). OTUs I and J were not tested for their efficacy in germination and were only 

present in six samples in our total dataset. 

 The second set of germination trials included species from the subgenus Calonema 

where we had quantified the level of specificity of the mycorrhizal association. We tested for 

germination with the orchid species that the Serendipita was isolated from. OTUs A, B, D and 

G supported germination through to stage 5 (Table 2, 3 and Appendix 3, 4) in our experiment, 

or in the original studies (Appendix 1). Eighteen of the 27 Caladenia species (highlighted 

with a # in Table 3 or Appendix 3) were also grown through to adult plants. OTUs C and H 

were not included in this germination trial as they only associated with three species in 

subgenus Calonema in our total dataset, and they germinated the species they were isolated 

from in the first germination trial (Table 2).  

 The third set of germination trials tested the ability of isolates of OTU A to germinate 

species that they were not originally isolated from, i.e. whether isolates from one threatened 

species could germinate other threatened species or whether isolates from common species 

could germinate threatened species. Each of the six isolates was tested with the species it was 

isolated from as well as between one and six other species of Caladenia.  The six tested 

isolates of OTU A supported germination for all Caladenia species they were tested with 
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(Appendix 4). The seedlings generated in the germination trials were grown through to adult 

plants for all 17 species, demonstrating that OTU A can support these species as protocorms, 

juveniles and adults.  

What is the geographic range of Serendipita associated with Caladenia? 

 OTU A, which represented 56 % of all fungal samples in this study, was 

geographically widespread and found in the states of Victoria, Tasmania, South Australia, 

Western Australia, New South Wales and Queensland (Figure 2a). Though less frequently 

recorded, isolates representing five of the other OTUs (B, D, F, G, H) were also 

geographically widespread and recorded in both south-western and south-eastern Australia 

(Figure 2). OTUs I and J were only recorded in Tasmania, while OTUs C and E were only 

recorded in Western Australia (Figure 2). None of the Serendipita OTUs that associated with 

Caladenia in the current dataset was present in the BASE dataset. Therefore, there were no 

records available that were independent of the orchids we sampled or records already 

available from GenBank.  

 

DISCUSSION 

How specific are Caladenia OMF relationships? 

Here we show that threatened Caladenia species in subgenus Calonema tend to be highly 

specific, usually associating with just a single Serendipita OTU. Further, at the species and 

site level, common and threatened members of this subgenus both tended to associate with a 

single fungal OTU, suggesting that highly specific interactions involving only one OTU may 

be a characteristic of most members of this subgenus. Some orchid species associate with 

different OMF species depending on the habitat or conditions in which they grow (Ruibal et 

al., 2017; Reiter et al., 2018b), however, we found little evidence in subgenus Calonema for 
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threatened Caladenia associating with different fungal OTUs between sites. Indeed, the four 

threatened species that were sampled at more than one site always used the same OTU. By 

following germination all the way through to maturity, we demonstrated both initial fungal 

compatibility and that the orchid can associate with the same fungal OTU for the entirety of 

its life cycle.  

 Extensive studies of northern hemisphere terrestrial orchids, mostly using direct 

sequencing from roots, have shown that most orchids in that region associate with multiple 

fungal OTUs (e.g. Girlanda et al., 2011; Jacquemyn et al., 2010, 2012; Bailarot et al., 2012 

though see McCormick et al., 2004; Phillips et al., 2020). By contrast, our results add to a 

growing body of evidence that high specificity seems to predominate among Australian 

members of the Diurideae (Phillips et al., 2020). For example, the use of one or few fungal 

species has also been demonstrated in species of Drakaea (Tulasnella secunda; Phillips et al., 

2011; Linde et al., 2014, Linde et al., 2017), Paracaleana (T. secunda; Linde et al., 2014, 

Linde et al. 2017), Chiloglottis (T. prima and T. sphagneti; Linde et al., 2017; Ruibal et al., 

2017), Thelymitra epipactoides (Tulasnella ‘asymmetrica’ and Tulasnella sp.; Reiter et al., 

2018b), Pheladenia deformis (designated in this study as Serendipita OTU D and H; Davis et 

al., 2015) and Rhizanthella gardneri (Ceratobasidium sp., Bougoure et al., 2009). However, it 

is interesting to note that at least some of the species in Caladenia subgenus Caladenia and 

Caladenia subgenus Elevate associate with multiple OTUs, suggesting that there may be 

variation in specificity between major clades within Caladenia.  

 For the majority of species in Caladenia subgenus Calonema fungal associations 

involve just a single OTU,  meaning that these orchids are reliant on a particular fungus for 

maintaining populations and establishing at a site. Such high specificity could potentially 

constrain the availability of suitable colonisation sites, though at least if orchids are grown 

symbiotically, they have the potential to inoculate the site with suitable fungi following 
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planting of the orchid (Reiter et al., 2016). However, specificity may have practical 

advantages for a conservation program, in that researchers need to focus on optimising the 

symbiotic culture and transfer of orchids into the field for only one or a few fungal OTUs. 

Alternatively, for generalist species, multiple fungi can contribute to supporting populations, 

but conservation programs may need to test which OTUs are optimal for any given site (e.g. 

Reiter et al., 2018b). In the present study, the only threatened species from Caladenia 

subgenus Calonema to use three or more OTUs was Caladenia dienema. While not our main 

focus, the use of four OTUs by species in subgenus Caladenia suggests that threatened 

species in other subgenera of Caladenia may be more generalised in their mycorrhizal 

associations (e.g. C. campbellii).  

Sharing of OTUs between common and threatened Caladenia 

 Closely related orchid species often exhibit at least some overlap in the OMF they 

associate with, which has previously been shown for at least some species of Caladenia 

(Phillips et al., 2016). However, the combination of high specificity and sharing in subgenus 

Calonema is important from a conservation perspective. For our target threatened species, 

fungal isolates for symbiotic propagation, for both ex situ conservation and conservation 

translocations, can now be sourced from other orchid species. Further, high specificity means 

that for many of the threatened Caladenia species in our study, the same fungal OTU can be 

collected from larger populations of the same species, thereby avoiding impacts on small 

populations with one or a few plants.  However, it should be noted that some Caladenia 

utilised two OTUs, including both common and threatened species, emphasising that for new 

study species of Caladenia it cannot be assumed a priori which species of OMF it associates 

with.  
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 The sharing of mycorrhizal fungi between common and threatened orchid species also 

opens the possibility of using common orchid species to identify potential translocation sites 

where mycorrhizal fungi are in sufficient density to support orchid germination.  While seed 

burial trials can be used to test for the presence of fungi at potential translocation sites (see 

Batty et al., 2001; Brundrett et al., 2003 for methods), seed survival rates are very low, 

potentially wasting precious seed reserves. However, if common orchid species can be used 

as indicators of the presence of target mycorrhizal fungi at a given site, this would remove the 

need for seed burial trials or direct DNA sequencing from soil (Egidi et al., 2018), an 

approach that may not be feasible for all conservation practitioners. Given that in terrestrial 

orchids germination rates and fungal availability are often higher near adult plants 

(McCormick et al., 2009; Waud et al., 2016; Rock-Blake et al., 2017), and that Caladenia 

often occur in diverse communities, choosing sites that already sustain Caladenia may be 

conducive for germination and survival of introduced plants. However, when using this 

approach with different species of Caladenia it would be necessary to evaluate the risks of 

hybridisation prior to identifying candidate conservation translocation sites (Reiter et al., 

2019b).  

 The phylogenetic pattern of OMF association in Caladenia, where subgenera of 

orchids appear to primarily associate with different OTUs, places a phylogenetic limit on the 

capacity to substitute fungi between Caladenia species. While many species of Caladenia 

subgenus Calonema share OTU A, most individuals in Caladenia subgenus Phlebochilus 

associate with OTU H. Members of subgenus Caladenia and subgenus Elevate appear to 

associate with a range of OTUs, meaning that they are likely to be ineffective as a source of a 

particular fungal OTU, or as an indicator of fungal availability for other subgenera.  
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Are potential conservation translocation sites limited by the geographic range of Caladenia 

OMF?  

 The first step when considering mycorrhizal fungi in translocation site selection is to 

begin to quantify the overall geographic range of the fungus. While there have been no 

systematic studies of the geographic range of OMF, the broad geographic range of many of 

the better sampled OTUs in this study suggests that typically the presence of OMF does not 

limit the geographic range of orchids (McCormick and Jacquemyn, 2014; Davis et al., 2015). 

This means that undertaking conservation translocations outside an orchid’s geographic range 

is possible, a potentially important option given the small geographic range of some 

Caladenia species (e.g. Hopper and Brown, 2001) and the shifts in environmental suitability 

in southern Australia already occurring under climate change (Lenoir et al., 2008). While 

molecular methods at this stage have not detected OMF Serendipita away from orchid plants, 

the extensive sharing of fungal OTUs between species of Caladenia has allowed us to 

quantify the geographic range where both orchids and OMF overlap. The present study 

highlights that many species of Caladenia associate with fungi that are widespread across at 

least the southern half of the Australian continent. However, as we were reliant on detecting 

the fungi via orchids, we will almost certainly have underestimated the full geographic range 

of the fungi.  

 Interestingly, Serendipita OTUs from Caladenia were not present in the BASE dataset 

(Bissett et al., 2016) of soil samples. However, the sampling for the BASE dataset was not 

designed specifically to detect this type of fungi and could be influenced simply by being 

such a small sample from a large area (two mixed 50 ml falcon tubes of soil, sieved from 25 

m2 plots), lacking root samples specifically sampled to detect endophytes, or sampling during 

periods/seasons of fungal inactivity. Studies that have set out specifically to detect orchid 

mycorrhizal fungi away from the plant have had mixed results from detectable but highly 
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localised (Jacquemyn et al., 2016), to unable to detect the fungi at all outside the root 

rhizosphere (i.e. Diuris fragrantissima; Egidi et al., 2018).  In general, the ecology of 

Serendipita has received little attention, particularly in natural environments (Ray and 

Craven, 2016). Agricultural trials showed that Serendipita vermifera was unable to move 16 

cm through the soil to colonise nearby species during an 8-week experiment (Ray et al., 

2018). Given that orchid mycorrhizal fungi are thought to occupy niches along a continuum 

from soil saprotrophs to root endophytes (Selosse et al., 2018), and that there is growing 

evidence that some fungi associate with particular hosts (Lofgren et al., 2018; Martino et al., 

2018), it will be important to design sampling procedures specific to orchid mycorrhizal fungi 

as they may also specialise on particular hosts other than orchids. These procedures may need 

to include identifying the optimal season (as some fungi may be seasonally undetectable at 

low quantities in the soil) and the inclusion of host plant roots in the sampling design as is 

used for other root endophytes. 

 

CONCLUSIONS 

The genus Caladenia associates exclusively with OMF from the genus Serendipita (10 OTUs 

identified). We have shown that there is extensive sharing of fungi amongst Caladenia 

species and to a large extent within subgenera, in particular in subgenus Calonema. 

Furthermore, at the site level, in Caladenia subgenus Calonema species largely associate with 

one or few OTUs, with threatened and common species often associating with the same OTU. 

Practically this means only a small number of OTUs need to be considered for conservation 

translocation. Our DNA sequencing of fungal isolates, combined with germination trials, have 

shown that isolations of fungi from other species and sites is an option for propagation of 

threatened species. Further, our sampling shows that potential translocation sites are not 
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limited by large-scale geographic distribution of OMF. Ideally, future research would test the 

use of other Caladenia species as indictors of suitable translocation sites and microsites, 

through translocation into sites with and without indicator species and testing which 

environmental conditions and microhabitat determines survival of translocated plants. 

Additionally, for those species that associate with more than one OTU, growing plants on 

from germination trials through to adulthood, followed by translocation into the field, would 

enable assessment of the suitability of different OTUs for conservation translocation. 
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Figure captions 

Figure 1: Threatened Caladenia species in subgenus Calonema A) Caladenia fulva B) C. 

colorata C) C. formosa D) C. versicolor E) C. hastata. 

Figure 2:  Distribution maps of Serendipita mycorrhizae associated with Caladenia. OTUs 

refer to Operational Taxonomic Units (OTUs A-J). 
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Tables 

Table 1: Subgenera of Caladenia in Australia including Islands and Territories, number of 

described species and subspecies (Backhouse et al. 2019), the number of threatened species 

(Department of Environment, 2019), and the Australian geographic range of the subgenus. 

Subgenus 

N 

species/

sub 

species 

N species 

threatened 

N 

Threatened 

– SE Aus 

N 

Threatened 

- SW Aus 

N 

Threatened 

- NE Aus 

Geographic 

range of the 

subgenus 

Caladenia 32 7 6 0 0 SE, NE  

Calonema 196 58 39 18 1 SE, SW 

Drakonorchis 4 2 0 2 0 SW 

Elevatae 10 0 0 0 0 SW, SE 

Phlebochilus 67 4 0 4 0 SW, SE 

Stegostyla 18 0 0 0 0 SE 

Total 327 71 45 24 1  
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Table 2:  Subgenera of Caladenia and the Serendipita mycorrhizal fungi that they associate with. Serendipita Operational Taxonomic Units (A-

J) based on 4.1-6% sequence divergence from ITS sequences (Whitehead et al., 2017). Outgroups refer to closely related genera in the 

Caladeniinae. * Indicates species that associate with more than one Serendipita OTU. Number in pare  is the number of sequences for that 

species and OTU. # Indicates germination confirmed for one isolate in either this paper or Dearnaley 009), Swarts et al., (2010), Wright 

et al., (2010), Davis et al., (2015), Phillips et al., (2016). 

Subgenus Serendipita OTU  Orchid Species  

Caladenia 

A  C. campbellii (1) * 

B C. campbellii (2) *, C. carnea (2) *, C. catenata pusilla (3) 

D C. fuscata (1) 

E C. carnea (1) *  

F C. alata (1), C. atrochila (4), C. campbellii (3) * nea (1) * 

G C. carnea (1) * 

OTU 2 (J) C. campbellii (2) *, C. carnea (2) * 

D
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nloaded from
 https://academ

ic.oup.com
/aob/article-abstract/doi/10.1093/aob/m

caa116/5861622 by La Trobe U
niversity user on 27 June 2020
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Subgenus Serendipita OTU  Orchid Species  

Calonema A 

C. amoena (7)#, C. anthracina (5)#, C. applanata subsp. applanata (8),  

C. arenaria (35)#, C. argocalla (8)#, C. brownii . bryceana 

subsp. bryceana (1), C. atroclavia (5)#, C. auda  C. calcicola 

(2)#, C. caudata (11)*#, C. citrina (1), C. claves )#, C. clavigera 

(5), C. sp. aff. colorata (Glenelg River)(1)#, C. c  (6)#, C. 

concolor (3)#, C. cretacea (7)*#, C. cruciformis . dilatata (1), C. 

discoidea (3) #,  C. douglasiorum (1), C. dienem #, C. 

echidnachila (1)#, C. ensata (1), C. excelsa (3)#, uginea (1), C. 

formosa (31)#, C. sp. aff. fragrantissima (Bendi  C. fulva (9)#, 

C. gladiolata (5)#, C. graminifolia (1), C. hastat C. hirta subsp. 

rosea (3)#, C. huegelii (12)#, C. interjacens (1), ochila (5)#, C. 

longicauda subsp. borealis (1), C. longicauda su inens (1)*,  C. 

lowanensis (4)#, C. macrostylis (1), C. oenochil . orientalis (1)#, 

C. patersonii (5), C. aff. patersonii (Inverleigh)  pectinata 
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Subgenus Serendipita OTU  Orchid Species  

(17)*#, C. pilotensis (1)#, C. plicata (1), C. pumila (1)#, C. 

rhomboidiformis (2), C. robinsonii (11)#, C. ros #, C. saggicola 

(6)#, C. tensa (3)#, C. tentaculata (14)*#, C. thi 11)#, C. valida 

(1), C. versicolor (16)#, C. williamsiae (1), C. xa ila (13)*# 

B 

C. corynephora (1), C. cretacea (1) *#, C. diene  *, C. 

longicauda subsp. redacta (1), C. tentaculata (1  xanthochila 

(1)*# 

C 

C. cruscula (2) #, C. longicauda subsp. eminens . longicauda X 

falcata (1), C. radiata (1)  

D 

C. attingens subsp. attingens (10) #, C. caudata C. dienema (1)# 

*, C. procera (1) *, C. tentaculata (23) *# 

G 

C. arenicola (3)#, C. christineae (1), C. decora ( drummondii (1), 

C. exstans (2)#, C. gardneri (1), C. haringtoniae  lorea (1)#, C. 

nivalis (3), C. paludosa (8), C. pectinata (4)*, C a (31)*, C. 
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Subgenus Serendipita OTU  Orchid Species  

serotina (1), C. uliginosa subsp. candicans (2) 

H C. longicauda subsp. calcigena (1) #,  

Drakonorchis 

A C. drakeoides (4)  

D C. barbarossa (1) #  

Elevatae 

A C. latifolia (8) * 

B 

C. flava subsp. flava (9) *, C. flava subsp. macul  C. flava subsp. 

sylvestris (1) *, C. nana subsp. unita (1), C. rept sp. reptans(1)* 

D C. flava subsp. flava (2) *, C. reptans subsp. rep  * 

E C. flava subsp. flava (4) *#, C. marginata (1) * 

F 

C. flava subsp. flava (2) *, C. flava subsp. sylves *, C. latifolia 

(1) *, C. marginata (1) * 

H C. nana subsp. nana (1) 

OTU1 (I) C. latifolia (2) * 
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Subgenus Serendipita OTU  Orchid Species  

Phlebochilus 

A C. caesarea subsp. transiens (1), C. sigmoidea (  nobilis (1) * 

B C. caesarea subsp. maritima (1) 

H 

C. brevisura (1), C. cairnsiana (1), C. dimidia (6 utchiae (3), C. 

erythronema (1), C. filifera (1), C. footeana (2), alis (1), C. 

horistes (1), C. microchila (1), C. melanema (2), ticlavia (1), C. 

nobilis (3)*, C. paradoxa (2), C. pendens subsp.  (1), C. pluvialis 

(1)#, C. polychroma (1)#, C. pulchra (1), C. rem sp. remota (1), 

C. roei (1), C. sigmoidea (1) *#, C. sp. Wandoo straminochila, 

C. varians (1), C. voightii (2), C. xantha (1) 

Stegostyla 

A C. alpina (1) *, C. gracilis (2) * 

B C. alpina (2) *, C. gracilis (2) * 

F C. alpina (3) *#, C. angustata (2) 
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Subgenus Serendipita OTU  Orchid Species  

OTU 2 (J) C. alpina (1) *  

Outgroups  

A Ericksonella saccharata (4) *, Glossodia major 

B 

Cyanicula caerulea (1), Ericksonella saccharata Glossodia major 

(1) *  

D Ericksonella saccharata (1) *, Pheladenia defor *# 

E Elythranthera brunonis (2) *, Elythranthera ema  (2) * 

F 

Cyanicula sericea (1), Elythranthera brunonis ( thranthera 

emarginata (1)* 

H Cyanicula aperta (2), Pheladenia deformis (22) 
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Table 3: Serendipita OTUs from Caladenia in subgenus Calonema where orchids were sampled from one or more sites with at least five 

individuals per orchid species sampled for threatened species (range 5-35) and a minimum of 10 orchids sampled for common species (range 11-

38). For all species except those marked (*) tests have been undertaken that show the isolated fungus supports germination through to stage 5 

(Warcup, 1981). Species marked with a # were grown through to adult flowering plants. 

Species Nationally 

threatened 

OTU A OTU B OTU D OTU G Refe

C. amoena# Yes 7 0 0 0  

C. anthracina Yes 5 0 0 0  

C. arenaria# Yes 35 0 0 0  

C. argocalla# Yes 8 0 0 0  

C. brownii No 11 0 0 0  

C. atroclavia Yes 5 0 0 0  

C. audasii# Yes 5 0 0 0  

C. caudata Yes 11 0 0 0  

C. colorata# Yes 6 0 0 0  

C. cretacea# Yes 7 1 0 0  
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C. cruciformis#  Yes 6 0 0 0  

C. dienema* Yes 10 2 1 0  

C. formosa# Yes 31 0 0 0 Huynh et al., (2009); 

this s

C. fulva# Yes 9 0 0 0  

C. gladiolata# Yes 5 0 0 0  

C. hastata# Yes 5 0 0 0  

C. huegelii# Yes 12 0 0 0  

C. leucochila# Yes 5 0 0 0  

C. pectinata No 17 0 0 4 Whit t al., 

(201

C. procera Yes 0 0 1 31 Whit t al., 

(201

C. robinsonii# Yes 11 0 0 0  

C. rosella# Yes 5 0 0 0  

C. saggicola Yes 6 0 0 0  
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C. tentaculata# No 14 1 23 0 Wright et al., (2010); 

this study 

C. thinicola No 11 0 0 0  

C. versicolor# Yes 16  0 0  

C. xanthochila#  Yes 13 1 0 0  
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Figure 1 
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Figure 2 
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