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Abstract

Background: Orchid species rely on mycorrhizal symbioses with fungi to complete their life cycle. Although there is
mounting evidence that orchids can associate with several fungi from different clades or families, less is known about the
actual geographic distribution of these fungi and how they are distributed across different orchid species within a genus.

Methodology/Principal Findings:We investigated among-population variation in mycorrhizal associations in five species of
the genus Dactylorhiza (D. fuchsii, D. incarnata, D. maculata, D. majalis and D. praetermissa) using culture-independent
detection and identification techniques enabling simultaneous detection of multiple fungi in a single individual. Mycorrhizal
specificity, determined as the number of fungal operational taxonomic units (OTUs), and phylogenetic diversity of fungi
were compared between species, whereas discriminant analysis was used to compare mycorrhizal spectra across
populations and species. Based on a 95% cut-off value in internal transcribed spacer (ITS) sequence similarity, a total of ten
OTUs was identified belonging to three different clades within the Tulasnellaceae. Most OTUs were found in two or more
Dactylorhiza species, and some of them were common and widespread, occurring in more than 50% of all sampled
populations. Each orchid species associated with at least five different OTUs, whereas most individuals also associated with
two or more fungal OTUs at the same time. Phylogenetic diversity, corrected for species richness, was not significantly
different between species, confirming the generality of the observed orchid mycorrhizal associations.

Conclusions/Significance: We found that the investigated species of the genus Dactylorhiza associated with a wide range
of fungal OTUs from the Tulasnellaceae, some of which were widespread and common. These findings challenge the idea
that orchid rarity is related to mycorrhizal specificity and fungal distribution.
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Introduction

The Orchidaceae is one of the most species-rich families within

the Angiosperms, with an estimated number of .25 000 species

[1]. Many orchid species have suffered dramatic declines in

distribution and abundance, and at present several species have

become rare or are threatened with extinction [2,3]. In most cases,

the decrease in abundance has been attributed to anthropogenic

influences, including grazing, severe landscape modification and

fragmentation, drainage or collection of wild species [2–4].

To maintain viable populations, most orchid species rely on

two critical interactions: pollination by animals (mostly insects)

and mycorrhizal symbioses with fungi [4–7]. Pollinators are

needed to provide successful pollination and seed set, whereas

mycorrhizal fungi provide the necessary resources needed to

promote seed germination and seedling establishment [7–9]. Any

disturbance of these two interactions is likely to affect the

population dynamics and long-term viability of orchid species,

but their relative importance remains poorly understood. It is

generally assumed that loss of mycorrhizal fungi has an

immediate impact on the population dynamics of orchid species,

particularly in short-lived species, whereas changes in pollinator

diversity and/or abundance are likely to become visible only in

the longer term [4].

The effects of anthropogenic disturbances on orchid viability

through altered mycorrhizal associations are likely to depend on

mycorrhizal specificity [7]. Additionally, these effects are also likely

to depend on the geographic distribution of the mycorrhizal fungi.

Orchid species that associate with a limited number of fungi or

fungi with a narrow distribution area can be hypothesized to be

more vulnerable to changes in mycorrhizal abundances than

orchid species that associate with a large suite of mycorrhizal fungi

or fungi with a very broad distribution [10–12]. Although

convincing evidence is still lacking, recent analyses of mycorrhizal

associations in the Australian genus Caladenia have shown that

mycorrhizal associations combined with other environmental

factors can have a strong influence on plant rarity [12]. On the

other hand, no relationship was found between orchid rarity and

mycorrhizal specificity in the genus Drakaea. However, because the

formation of mycorrhiza was restricted to specific microhabitats, it
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was shown that mycorrhizal associations limited the abundance of

Drakaea in some landscapes [13].

Despite the many studies that have investigated mycorrhizal

associations in orchids, little is still known about the actual

distribution of orchid mycorrhizal fungi [14], and few studies have

investigated mycorrhizal association patterns across multiple

populations within a single species. For example, it is not clear

whether individuals from different populations of a single species

associate with the same set of mycorrhizal fungi or whether this

may vary from one site to the next, perhaps depending on

environmental conditions. Several orchid species have been shown

to use phylogenetically closely related fungal species [15–17],

whereas in other species associations with several fungi are

common [7,18,19]. Moreover, associations have been shown to

vary within species among life cycle stages [20–23], and there is

some evidence that some species may be able to switch to different

fungi under adverse environmental conditions [24] or in different

parts of their distribution range [18,25,26].

In this study, we investigated mycorrhizal associations in

multiple populations of five species of the orchid genus Dactylorhiza.

The mycorrhizal ecology of this genus is still poorly understood,

and only few studies have investigated mycorrhizal associations in

this genus [27,28]. The main goal of this study was to identify the

main pool of fungal species associating with the studied orchid

species. More specifically, we investigated how mycorrhizal

associations differed across different populations within a single

orchid species, and whether results were consistent across different

species. Moreover, by taking into account the phylogenetic

relationships of the identified fungi, this analysis allowed compar-

ison of the phylogenetic breadth among populations within species

and among different species. Finally, we also tested the hypothesis

that orchid rarity was affected by mycorrhizal specificity by

relating the frequency of occurrence of the different orchid species

to the number and phylogenetic diversity of fungal OTUs orchids

associated with.

Materials and Methods

Ethics Statement
All necessary permits were obtained for the described field

studies.

Study Species and Sampling
The genus Dactylorhiza consists of a large group of species that

are widely distributed across the boreal and temperate zones of

Europe, Asia, North America and Northern parts of Africa [29].

Its taxonomical status is quite complex due to high morpho-

logical variation of many taxa and the numerous intra- and

inter-genus hybrids. Most Dactylorhiza species are summergreen.

The leafy shoots appear in early spring and mostly last until

autumn. In contrast to species of the genus Orchis, tubers are

lobed or palmately divided. All species are mycorrhizal.

Mycorrhizal colonization is mainly observed in the slender

roots and sometimes in the extremities of the finger-like

extensions of the tuber [30].

In the summers of 2007 and 2008, root samples were collected

from a total of 126 individuals of five species of the genus

Dactylorhiza, including Dactylorhiza fuchsii, D. incarnata, D. majalis, D.

maculata, and D. praetermissa. The first three species are diploids

(2n=40), whereas D. maculata and D. praetermissa are tetraploids

(2n=80) [29]. Compared to most other orchid species in Belgium

[2], these species have a relatively broad distribution. D. maculata is

the most common species occupying 13.3% of 464 km grid

squares in Belgium, whereas D. incarnata is the rarest species (2.2%

of all grid squares). D. majalis, D. praetermissa and D. fuchsii occur in

10.8, 2.6, and 2.2% of all grid squares, respectively.

Samples were collected from 24 different sites that were

distributed across Belgium (Fig. S1). Sites consisted of dune

grasslands, wet meadows and open forests. In most populations,

five individuals per population were sampled, but in some cases it

was not possible to sample more than three individuals. The

average sampling size was 4.6 individuals per population. For each

individual, two root pieces were carefully excavated, placed in

plastic bags and brought to the laboratory at 4uC for further

analysis.

Molecular Assessment of the Mycorrhizal Community
The fungal partners of orchids can be accurately identified

directly from orchid protocorms, roots, tubers and rhizomes by

various methods [7]. Here, we used DNA array technologies

[31,32] to detect and identify the fungi association with the

sampled Dactylorhiza species. Prior to analysis, root fragments were

cut in pieces of about 1 cm and after microscopic inspection of

mycorrhizal colonization 0.5 g of mycorrhizal root pieces was used

for DNA extraction using the UltraClean Plant DNA Isolation Kit

as described by the manufacturer (Mo Bio Laboratories Inc.,

Solana Beach, CA, USA), and 10 times diluted afterwards. The

mycorrhizal community associated with the roots was assessed as

described previously [19,31,32]. First, clone libraries of fungal

internal transcribed spacer (ITS) regions were constructed and

sequenced for five randomly selected individuals per species. As

a result, a total of 25 clone libraries was analyzed (representing

,20% of the sampled individuals).

Clone libraries were constructed following PCR amplification

with ITS1-OF and ITS4-Tul [33]. In a preliminary phase of this

study, the performance of multiple primer pairs targeting different

taxonomical levels, including the universal primer pair ITS1/ITS4

[34], the broad-spectrum basidiomycete primers ITS1-OF/ITS4-

OF [33] and the Tulasnellaceae specific primers ITS1-OF/ITS4-

Tul, was evaluated on a number of Dactylorhiza samples by a PCR

screen and subsequent gel electrophoresis. ITS1-OF and ITS4-Tul

turned out to be the most efficient primers for these samples as this

primer pair gave the most consistent amplification with high

yields. In addition, in contrast to the other two primer pairs, no

amplification of plant sequences was observed using ITS1-OF and

ITS4-Tul. ITS4-Tul is known to work well for core species of the

genus Tulasnella, representing the major genus within orchid

mycorrhizas [28,33]. As such, this primer has been used widely to

study orchid mycorrhizas [16,20,35–39], and has also been used to

screen ectomycorrhizas for the presence and diversity of Tulasnella

species [40].

Out of each library, 96 clones were randomly picked and

sequenced using the M13 forward primer. Subsequently, DNA

sequences from the complete data set were aligned using the

MEGA4 software package [41] followed by manual editing.

Conserved sequence motifs were identified in the regions

flanking each ITS sequence and the sequences were cut to

these motifs. The sequences were further analyzed by the

software package Mothur [42] and grouped into operational

taxonomic units (OTUs), based on a conservative similarity

threshold of 95%. This cutoff value was chosen as ITS

sequences in Tulasnella are known to evolve rapidly [39] and,

consequently, higher similarity cutoffs may overestimate fungal

diversity. In order to identify the different OTUs, representative

sequences for each OTU were queried against GenBank using

BLAST. For each OTU five sequences have been deposited in

GenBank (Accession numbers JX024729-JX024738). Because

a subset of 25 individuals was used for clone library analyses,

Mycorrhizal Associations in Dactylorhiza
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this may lead to underestimation of fungal diversity as rare

fungi may be overlooked. To assess the magnitude of this effect,

total species diversity as well as completeness of the sampling

was assessed using rarefaction analyses [43].

Next, a DNA array was developed for the simultaneous

detection and identification of the different OTUs found by the

clone library analysis. For each OTU, six OTU-specific detector

oligonucleotides were designed as described previously [31,44]

(Table S1). In order to enhance the accuracy of identification,

oligonucleotides were derived from different regions in the ITS

sequence. In addition to these oligonucleotides, a nonspecific

oligonucleotide (Uni1) and a digoxigenin-labeled control oligonu-

cleotide (Dig1) [44] (Table S1) were used as a confirmation for

proper hybridization and detection, respectively. DNA array

production, hybridization, washing, detection, and data analysis

were performed as described previously [31,32]. Hybridization

was performed using digoxigenin-labeled amplicons generated

using ITS1-OF and ITS4-Tul from all investigated plant

individuals. All hybridizations were performed at least twice with

similar results.

Data Analysis
In order to assess the phylogenetic relationships among the

observed fungi, a phylogenetic tree was created. To this end, the

subtree A generated by [45], representing ITS sequences from

tulasnelloid fungi from different terrestrial and epiphytic orchids

belonging to other families of Orchidaceae and non-orchid species

from different continents and environments was enriched with

sequences from our own study. Sequences were aligned using the

program ClustalX2 [46] with default conditions for gap opening

and gap extension penalty, and adjusted manually. Phylogenetic

reconstruction was performed using the Bayesian Markov Chain

Monte Carlo (MCMC) inference (BI) method using the program

MrBayes v 3.1.2 [47]. The substitution model (GTR +G)

suggested as best-fit to the data under the corrected Akaike

information criterion (AIC) was estimated using the program

Kakusan 4 for Windows [48]. Two simultaneous, independent

runs were performed for over 5 000 000 generations starting from

random trees. Trees were sampled every 500 generations, resulting

in a total of 10 001 trees from which the first 2 500 (25%) were

discarded as the burn-in phase. A 50% majority rule consensus

tree (Fig. 1) was calculated based on the remaining sampled trees,

Figure 1. Bayesian majority consensus tree based on internal transcribed spacer (ITS) sequences of Tulasnellaceae fungi. The tree
was computed under the GTR+G substitution model (5 000 000 generations run) and includes representatives of European, American, and Australian
meadow and forest photosynthetic orchids, tropical terrestrial and epiphytic orchids, non-orchid species and fungal strains and fruitbodies. Tulasnella
tomaculum and Tulasnella eichleriana were used as outgroup taxa. Branch support: Bayesian posterior probabilities (BPP).
doi:10.1371/journal.pone.0042212.g001
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enabling the use of Bayesian Posterior Probabilities (BPP) as node

support.

For each population, mycorrhizal specificity was determined by

counting the number of fungal OTUs detected in each population.

Additionally, we also calculated phylogenic diversity (PD) as ‘the

minimum total length of all the phylogenetic branches required to

span a given set of taxa on the phylogenetic tree’ [49]. Larger PD

values can be expected to correspond to greater expected diversity.

However, because PD values depend on the number of fungal taxa

detected within a population, we also calculated PD values that

correct for differences in sample size. PD values were assessed for

each population using the R package PICANTE [50]. We used a one-

way ANOVA (or its non-parametric alternative in case assump-

tions of normality were violated) to investigate whether the

number of fungal OTUs and PD values differed significantly

between species. To investigate whether the number of fungal

OTUs observed per individual plant differed between species,

a mixed model ANOVA was used with species as fixed factor and

population as a random factor. We also tested the hypothesis that

orchid rarity was related to mycorrhizal specificity by relating the

number of grid cells occupied by each species to the total number

of OTUs and PD values using a Spearman rank correlation.

Finally, to visualize the variation in fungal associations between

populations within species and between species, a presence/

absence matrix of all OTUs was created and used in discriminant

analysis (DA). The analysis was performed using the discriminant

function in SPSS 16.0 (SPSS).

Results

In all plants investigated, signs of mycorrhizal colonization were

observed. In total, the clone library analysis resulted in 1334 ITS

sequences from tulasnelloid fungi. Based on a 95% cut-off value of

similarity between sequences, 10 different tulasnelloid OTUs were

distinguished (Table 1). BLAST analysis revealed relatively high

sequence homology percentages with GenBank sequences, ranging

from 94 to 100%. Out of the 10 observed OTUs, three OTUs

appeared to be closely related to taxonomically identified members

in the genus Tulasnella, including T. calospora (OTU8 and OTU10;

both 96% sequence homology) and T. irregularis (OTU4; 97%

homology). The sequences of the other seven OTUs showed

highest homology with those from unidentified Tulasnella species.

These originated from other plant species such as Aneura pinguis

and Riccardia multifida (Table 1). Rarefaction analysis showed that

the curve quickly reached an asymptote for the analyzed sequences

(Fig. S2). Therefore, we decided that no further clone library

analysis of the remaining root samples was necessary as a basis for

the DNA array development as it was unlikely that new OTUs

would be detected.

As expected, OTU sequences were scattered throughout the

phylogenetic tree among fungal partners that have been described

earlier in other terrestrial and epiphytic orchids (Fig. 1). The tree

was rooted with sequences of the sister group B (Tulasnella

tomaculum and Tulasnella eichleriana) [45]. Clusters comprising OTUs

found in this study can be divided into three clades, called ‘TUL

A’, ‘TUL B’ and ‘TUL C’. OTU1 and OTU4 turned out to be the

most distantly related to the rest of the OTUs, and were included

into two separate groups (TUL B and TUL C). The rest of OTU

sequences grouped together into one major clade (TUL A). OTU8

and OTU10 were positioned in the same clade as T. calospora and

OTU4 fell in the same clade as T. irregularis, which is comparable

to the BLAST results (Table 1). OTU6 was closely related to

a previously described fungal partner of D. incarnata.

Most OTUs were found in more than one Dactylorhiza species,

and some of them were common and widespread (e.g. OTU1 and

OTU9 were detected in 18 and 17 populations, respectively).

OTU3, on the other hand, was only observed in one population.

At the species level, five different OTUs were found in roots of D.

fuchsii, six in D. incarnata, D. maculata and D. praetermissa, whereas

nine OTUs were detected in D. majalis (Fig. 2). There was no

significant (P.0.05) relationship between orchid rarity and the

number of OTUs orchids associated with. All OTUs were nearly

evenly spread across the studied orchid species. OTU9 was the

most frequent OTU, occurring in about 27% of all samples. The

OTUs with the lowest frequency were OTU2 and OTU3,

occurring in 3 and 2% of all samples, respectively (Fig. 2). Both

Table 1. List of fungal operational taxonomic units (OTUs)a identified using cloning and sequencing.

OTU
Representative
sequenceb Length (bp) Phylogenetic relationshipc

Closest match in GenBank (Accession no.)
Sequence
identity (%)

OTU1 JX024729 728 Uncultured Tulasnella clone 1124a (FJ788890) 94

OTU2 JX024730 757 Uncultured Tulasnella mycobiont of Aneura pinguis clone 9573A (EU909346) 96

OTU3 JX024731 743 Uncultured Tulasnella mycobiont of Aneura pinguis clone 9764
(EU909268)

99

OTU4 JX024732 705 Tulasnella irregularis isolate C3-DT-TC-2 (GU166423) 97

OTU5 JX024733 754 Uncultured Tulasnella mycobiont of Aneura pinguis clone 9570B
(EU909337)

100

OTU6 JX024734 782 Uncultured Tulasnella clone 18tu-10 (HM230650) 97

OTU7 JX024735 753 Uncultured Tulasnella mycobiont of Riccardia multifida clone 9592B (EU909305) 98

OTU8 JX024736 745 Tulasnella calospora strain MAFF P305801 (DQ388041) 96

OTU9 JX024737 759 Tulasnella sp. 141 (AY373264) 98

OTU10 JX024738 735 Tulasnella calospora strain MAFF P305801 (DQ388041) 96

aFungi were grouped into OTUs defined by 95% internal transcribed spacer (ITS) sequence similarity.
bGenBank accession number.
cBased on BLAST analysis (May 2011).
doi:10.1371/journal.pone.0042212.t001
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OTUs were detected only in one species. The most frequently

occurring OTU (OTU9) was found in roots of all species. For D.

fuchsii and D. incarnata it was the most common OTU (44% and

40% of occurrences, respectively). For D. maculata more than 32%

of fungi found belonged to OTU5. In none of the species was an

OTU found with a frequency .50% (Fig. 2), indicating that

fungal species were relatively evenly distributed among individuals

and populations.

The number of fungal OTUs that were detected within

a population varied between two and six (average: 3.04) (Table 2).

There was, however, no significant difference in the number of

OTUs detected in a population between the five species (Kruskal

Wallis x2 = 5.78, P=0.22) (Fig. 3a). PD values varied between 0.58

and 1.15 (Table 2), and were significantly different between species

(Kruskal-Wallis x2 = 14.08, P=0.002). However, when correcting

for differences in fungal richness, no significant differences

between species were observed (x2 = 8.70, P=0.07) (Fig. 3b).

Most plants also associated with more than one fungal partner at

the same time (Fig. 4). About 50% of all plants associated with two

different OTUs, and in nine individuals 5 or 6 different OTUs

Figure 2. Frequency distribution of the ten observed operational taxonomic units (OTUs) among five Dactylorhiza species (a-e) and
among all studied Dactylorhiza species together (f).
doi:10.1371/journal.pone.0042212.g002
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were observed on a single plant. Moreover, there was a significant

difference (F4,81.1 = 8.52, P,0.001) in the number of fungal

associates detected within a single individual between species.

On average, less than two fungal OTUs were observed in

individuals of D. maculata, whereas in D. majalis and D. praetermissa

on average .3 OTUs per individual were detected.

Results of the Discriminant Analysis (DA) showed that in D.

incarnata, D. majalis and D. praetermissa populations clustered

together, while clustering was less pronounced for populations of

D. fuchsii and D. maculata (Fig. 5). Populations of D. maculata were

clearly separated from the other species, whereas there was less

clear separation for the other species. However, along the second

axis populations of D. incarnata were clearly separated from the

remaining three species (D. majalis, D. praetermissa and D. fuchsii),

which showed no clear segregation along either of the two axes.

Discussion

Mycorrhizal Partners
Using the primer set ITS1-OF/ITS4-Tul and a threshold

value of 95% ITS sequence similarity we found ten different

fungal OTUs associating with the five investigated Dactylorhiza

species, all of which were related to members of the

Tulasnellaceae. These results are consistent with previous

reports stating that representatives of the genus Tulasnella are

common associates found in the mycorrhizal flora of orchids

[20,36,38,39]. Tulasnella is a very common symbiont of

terrestrial orchids and sequences related to the ones observed

here have been observed in other European orchid genera,

including Anacamptis, Ophrys, Orchis and Serapias [19,45]. Al-

though the use of a single primer pair may have underestimated

total fungal diversity in these species, the performance of

multiple primer pairs targeting different taxonomical levels was

evaluated in a preliminary phase of this study. The results

showed that the primer combination ITS1-OF and ITS4-Tul

turned out to be the most efficient primer pair for these samples

as it gave the most consistent amplification with high yields. In

addition, no amplification of plant sequences was observed using

this primer pair. Rarefaction analysis further showed that with

a 95% threshold value the fungal community associating with

the investigated species was accurately described, as the

rarefaction curve clearly reached an asymptote.

Currently, knowledge about mycorrhizal associations in the

genus Dactylorhiza is fragmentary, and there are no other studies

that have systematically compared mycorrhizal associations

between different species in the genus. The few studies published

so far also found that species of the genus Dactylorhiza commonly

associate with fungal taxa related to Tulasnella. In D. majalis, ITS

sequences of symbionts found in roots fell into two main clades:

one of the genus Tulasnella and a second one of distantly related

Laccaria [27]. All 10 OTUs described here turned out to be

moderately distant from the fungal partners described for D. majalis

in Denmark [27]. OTU6 was strongly related to fungi that have

been described for D. incarnata investigated in Hungary. The results

are also consistent with observations in the related species

Gymnadenia conopsea, which also consistently associated with

representatives of the Tulasnellaceae or Ceratobasidiaceae [18].

Plants of Dactylorhiza baltica, on the other hand, associated

exclusively with Ceratobasidium albasitensis [28].

Multiple Fungal Associations
We showed that in 80% of all studied individuals orchids

associated with more than one fungal OTU at the same time and

in some individuals more than five different OTUs were detected

simultaneously (Fig. 4). These results correspond to findings in the

genus Orchis, in which multiple associations were also common

[31,32]. Multiple fungal associations were also found in several

orchid species that grow in the understory of forests [20,23] and in

tropical myco-heterotrophic orchid species, in which sometimes

more than five different fungal partners were observed on a single

orchid species [26,51]. On the other hand, adult plants never

contained more than one fungal partner in the woodland orchid

Goodyera pubescens [24]. Similarly, protocorms and adults of Liparis

liliifolia were unable to associate with multiple fungi [24]. This

raises the intriguing question whether different mycorrhizal

partners have a similar function towards the plant. One possibility

is that associating with multiple fungi may increase nutrient uptake

by the orchid, as different fungal lineages are likely to have access

to different nutrient resources [6,52]. Associating with several

fungal partners at the same time would also make switching from

fungal partners unnecessary, a phenomenon that has been

observed during stress conditions [24], and would thus decrease

the chance to loose a fungal partner when shifting from one fungal

OTU to another. However, it might also be possible that not all

detected fungi are functioning as true mycorrhiza, as the identity

of the fungi was determined by direct sequencing and their

functionality was not tested experimentally.

Table 2. The number of operational taxonomic units and
phylogenetic diversity (PD) values for each sampled
population of five Dactylorhiza species.

Species Population
Number
of OTUs PDobs PDnull

D. fuchsii Hobokense Polder 3 0.8220 0.4158

Ter Yde 1 2 0.6341 0.2787

Torfbroek 3 0.8284 0.4336

Baronville 3 0.8284 0.4457

Han-Sur-Lesse 4 1.1048 0.5513

D. incarnata Westhoek 3 0.8220 0.4144

Oude Landen 2 0.7581 0.2721

Ter Yde 2 4 0.8454 0.5561

Ekers Moeras 3 0.8197 0.4292

Vaarttaluds 3 0.7882 0.4347

D. maculata Papendel 1 2 0.6254 0.2982

Papendel 2 2 0.5991 0.3033

Tiendeberg 2 0.5762 0.3082

De Zegge 2 0.5942 0.3117

Vrieselhof 2 0.5942 0.2848

Vorsdonkbos 3 0.6580 0.4333

D. majalis Buitengoor 3 0.8070 0.4159

Aadgat 3 1.0515 0.4169

Leiemeeersen 3 0.8284 0.4317

Malendriesbeekvallei 6 1.1485 0.8143

Revogne 5 0.8841 0.7292

Snoekengracht 3 0.8197 0.4386

D. praetermissa De Fonteintjes 6 1.1485 0.8139

Gavers 2 0.7581 0.2943

Warandeduinen 2 0.7751 0.3040

doi:10.1371/journal.pone.0042212.t002
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Fungal Specificity and Rarity
All investigated Dactylorhiza species associated with several

common Tulasnella fungi from at least three different clades with

low sequence similarity (,80%). In each investigated population,

at least two different fungal OTUs were observed, and in two

populations six different OTUs were found. These results largely

correspond with data observed in the related genus Orchis. In this

genus, species also associated with a large number of widely

distributed fungal OTUs, and most OTUs were shared among

species [19,32]. Species of the Australian genera Chiloglottis and

Drakaea, on the other hand, associated with a very narrow (less

than 1% sequence dissimilarity) monophyletic Tulasnella clade

[13,53]. Although the exact reasons for this difference are not

known, high mycorrhizal specificity could be related to landscape

history [13]. Whereas Drakaea and Chiloglottis species occur in

relatively old and stable landscapes, allowing specialization on one

or a narrow clade of mycorrhiza(s) [13], the relatively young and

highly disturbed landscapes in Europe may have favored generalist

mycorrhizal associations.

Some fungal OTUs were widely distributed in the study

region and occurred in more than 50% of the sampled

populations. The occurrence of several fungal OTUs at multiple

sites in multiple habitats suggests that suitable mycorhizal fungi

are common within the study region and would not limit the

formation of new populations. However, it should be noted that

the diversity of fungi associating with mature orchids not

necessarily reflects the fungi that are able to support seed

germination [20–23]. In Platanthera leucophaea, for example, adults

associated with a relatively wide range of Ceratobasidium spp.,

only one of which was shown to support seed germination [22].

Similarly, in Tipularia discolor plants associated with a very wide

range of fungi, yet only two taxa supported seed germination

[23]. Nonetheless, recent seed introduction experiments have

shown that seeds of D. fuchsii and D. praetermissa germinated and

developed into a protocorm in areas where the species were

absent (De hert et al, unpublished manuscript), suggesting that

mycorrhizal fungi are not the driving factor determining rarity

in the investigated species. This is also in line with our

observation that the distribution of the investigated Dactylorhiza

species was not significantly related to the number of OTUs

they associated with.

Figure 3. Number of fungal operational taxonomic units (OTUs) per population and phylogenetic diversity (PD) corrected for
species richness in five Dactylorhiza species.
doi:10.1371/journal.pone.0042212.g003
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Conclusion
In conclusion, analysis of mycorrhizal associations in five

Dactylorhiza species sampled from a large number of populations

in Belgium indicated that the investigated species associated

with a wide range of Tulasnella fungi, some of which were

common and widespread. Future studies should focus on other

Dactylorhiza species that occur in other environmental conditions

to elucidate the nature and specificity of mycorrhizal associa-

tions in this genus and to investigate whether mycorrhizal

associations bear some phylogenetic imprint. Also, the mecha-

nism behind sharing of multiple fungal partners is poorly

understood. Because it is likely that different fungi play

a different role in acquiring resources, more detailed investiga-

tions of the physiological mechanisms underpinning nutrient

acquisition and sharing of fungal partners are needed [54–55].

Figure 4. Frequency distribution of the number of fungal operational taxonomic units (OTUs) per individual plant across five
Dactylorhiza species sampled in Belgium.
doi:10.1371/journal.pone.0042212.g004

Figure 5. Discriminant analysis (DA) plots comparing mycorrhizal spectra in five Dactylorhiza species sampled in 26 populations in
Belgium.
doi:10.1371/journal.pone.0042212.g005
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