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types. Relationship between ecological preferences and germination ecology, and spatial
aspects of seed dispersal and seedling recruitment are discussed.
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Preface

This thesis deals with aspects of seedling recruitment and population establishment in orchids.
Regarding the nearly unlimited orchid seed multiplication (producing up to 4 million seeds
per a capsule) and the rareness of adult plants, the recruitment is expected to play a crucial
role in an orchid life-cycle indicating some constraints during development. However, the
germination ecology in orchids used to be difficult to study due to miniature size of the seeds.
The long time applied cultivation under laboratory conditions however have not fully resolved
this problem as seeds of many orchid species are difficult to germinate in vitro, and the
observations on the early developmental stages of these species presented rather anecdotal
findings in soil. The recent breakthrough method for controllable cultivation of dust-like seeds
under natural conditions developed by Hanne Rasmussen and Denis Whigham facilitated not
only examination of the germination course, but also evaluation of fine-scale patterns in
orchid recruitment. Having seeds with insufficient nutrient reserves, the inevitable
dependency upon fungal nutrition is another peculiar feature in the orchid establishment.
However, the identification of mycorrhizal partners based on morphology of in vitro
cultivated isolates or even only on light microscopic observations of fungal structures in roots
was often infeasible or insufficient. The wide application of molecular techniques in
ecological experiments and advances in methods of microscopic observation (such as electron
microscopy) helped substantially to overcome this problem. A combination of these above
mentioned techniques enabled significant advancement in our knowledge on principles of
population establishment, relationship with mycorrhizal partner or influence of environmental
conditions on seed germination.

Despite wide use of seed cultivation methods and large interest in studying orchid
recruitment, there are still many unresolved topics such as: to what extent do the abiotic
factors or distribution of mycorrhizal partners influence germination success and population
establishment? What is the small- and large-scale distribution of orchid mycorrhizal fungi? Is
there any influence of ecological factors on mycorrhizal specificity? At what stage of
ontogenetic development is the bottleneck of growth expressed? What is the pattern of
specificity to a mycorrhizal partner in related species? Do they share fungal partners? The
effort to find answers to these questions is challenging not only from evolutionary but also
from conservation point of view, as many orchid species belong to highly endangered species
and understanding their ecological requirements is crucial for conservation and management
of orchid habitats or ex situ propagation of threatened orchid species.

In the first part of this thesis, I tried to combine the in sifu seed cultivation approach and
molecular identification of symbiotic fungi to help resolve some of these intriguing topics. 1
focused on ecology of four Epipactis species. I tested their ability to germinate in distinct
habitats and identified the fungal symbionts involved. Further, I discuss the possible influence
of abiotic factors and landscape-level distribution of mycorrhizal partners on the orchid
establishment. In the second part, we discuss the fine-scale aspects of orchid recruitment.



Part L.

Do habitat preferences of adult plants determine germination
potential in orchids? A comparative study of four Epipactis species.

a manuscript by Tamara Malinova, based on cooperation with Jakub Té&Sitel, Jana Jersédkova,
Gabriela Rihova and Marc-André Selosse



Abstract

The orchids with windborne seeds have fast colonization potential, thus the presence or absence
of a species might be considered as a manifestation of ecological preferences of species. We
included four Epipactis species in an extensive seed sowing experiment, which demonstrated
broad germination potential even in species with distinct ecological requirements at multiple
sites where adult congeners grow. The rate of development in E. albensis and E. purpurata was
very low over 23 months of soil cultivation suggesting a delay in ontogenetic development.
Ecologically specialized E. atrorubens grew beyond initial germination stage at all study sites,
suggesting a potential bottleneck caused by abiotic factors during transition into maturity. As
expected, the ecological generalist E. helleborine germinated well in all forest types. A detailed
study of fungal symbionts in E. atrorubens and E. helleborine showed that both species
associated very similar spectrum of ectomycorrhizal fungal species over all developmental
stages, showing clear preference for strains from Pyronemataceae and Tuberaceae families over
considerable ecological and geographical range. The distribution of mycorrhizal partners thus
does not seem to limit population establishment in various habitats.

Introduction

The orchid family is characterized by mass production of miniature “dust-like” seeds
(Rasmussen 1995), which allows easy transportation by wind and decreases dispersal
limitation (Shefferson et al. 2008). Yet, orchid seeds contain minimal nutrient reserves
insufficient for growth, and the successful establishment is fully dependent on external supply
of energy by a mycorrhizal fungus (Smith & Read 2008). Thus, all orchids are obligate
mycoheterotrophs at least during their initial developmental stages, regardless later
photosynthetic dispositions of adults (Leake 1994). The orchid associated fungi represent
lineages with diverse trophic strategies, but the two main include saprophytic species from the
polyphyletic complex Rhizoctonia agg. (including Tulasnellaceae, Ceratobasidiaceae and
Sebacinaceae) and ectomycorrhizal (ECM) species from diverse families predominantly of
Basidiomycota, but also of Ascomycota (reviewed in Dearnaley 2007). Symbiosis with
rhizoctonian strains is typical for fully autotrophic species of open habitats (Rasmussen 2002).
Non-green fully mycoheterotrophic and some green mixotrophic (i.e. combining autotrophic
and heterotrophic nutrition) forest growing orchids associate with ECM fungi, forming a
tripartite symbiosis with surrounding trees via a shared mycorrhizal fungus (e.g. Taylor &
Bruns 1997, Selosse et al. 2004), with the trees being the ultimate energy source (McKendrick
et al. 2000).

Numerous terrestrial orchids are recognized for their specialization to particular habitats
such as wet meadows, calcareous dune slacks, nutrient poor fens, or distinct forest types
(Prochazka 1980, Delforge 2006). The ecology and availability of mycorrhizal partners was
proposed to strongly influence these habitat preferences and determine the range of
environmental factors for successful development (Rasmussen & Whigham 1998, Taylor et
al. 2002, McCormick et al. 2004). Nowadays, little is known about the actual distribution of



orchid mycorrhizal fungi within or among sites (Otero & Flanagan 2006). But in general, the
composition of saprophytic and ECM fungal community seems to be influenced by multiple
abiotic and biotic factors (Erland & Taylor 2002, Etema & Wardle 2002), such as soil litter
quality, soil type, nutrient level, climate and also tree species composition in the case of ECM
fungi (Ishida et a/. 2007 and references herein). Consequently, the orchid occurrence might be
constrained by distribution of fungi. Thus, the ability to associate with broader range of
mycorrhizal fungi increases the probability of finding a suitable mycobiont and colonization
of wider range of habitats (Bonnardeaux et al. 2007). However, narrow specialization to an
ECM partner is supposed to allow the mycoheterotrophic plant highly efficient exploitation of
a fungal host, due to higher physiological compatibility (Bruns et al. 2002). This ability to
effectively exploit surrounding trees for energy is likely to release the orchids from
competition for light with other plant species, and allows growth in shady habitats. Indeed,
there seems to be a trend of negative correlation between fungal host range and dependency
upon fungal nutrition (Taylor & Bruns 1997, Selosse et al. 2004, Julou ef al. 2005, Girlanda
et al. 2006, Bonnardeaux et al. 2007), although there are many exceptions from this pattern
(McCormick et al. 2004, Shefferson er al. 2007). Most of recent studies focused on
mycorrhizal associations of adult orchids; however a more detailed insight into mechanisms
of symbiosis establishment and its ecological consequences is largely missing.

Considering the mass seed production and relative scarcity of adult specimens, the
recruitment is likely to play a crucial role in orchid life-cycle. Several studies investigating the
small-scale influence (within populations of orchid species studied) of biotic and abiotic
factors on the germination success often revealed the importance of vicinity of adult
conspecifics, but also various effects of moisture, organic content, soil acidity or potassium
content (Batty et al. 2001, McKendrick et al. 2002, Diez 2007, Jacquemyn et al. 2007).
Fungal host range was shown to decrease with the ontogenetic development indicating that
multiple related fungal species may trigger initial germination, but only a subset of
compatible ones supports advanced growth (Bidartondo 2005, Bonnardeaux et al. 2007,
Bidartondo & Read 2008). In some cases, fungi supporting successful germination completely
differed from those detected in the adults showing a complete switch of fungal partners during
ontogeny (Xu & Mu 1990, McCormick et al. 2004). Thus, the necessity of certain fungal
partner might cause a bottleneck during ontogeny and further reduce suitability of sites for the
completion of plant’s life-cycle (Bidartondo & Read 2008). However, it remains largely
unknown, how species-specific ecological requirements pronounced by adults’ distribution
correlate with germination potential at landscape level. And to what extent is the germination
success influenced by abiotic factors or fungal associations.

The application of cultivation-independent molecular techniques brought much light
into determination of fungal symbionts of orchids, as it overcomes problems with cultivability
of ECM strains (Taylor et al. 2002, Bidartondo et al. 2004, McCormick et al. 2004), and
taxonomic identification of lineages of the anamorphic form-genus Rhizoctonia (Rasmussen
1995, Taylor et al. 2002). However, molecular identification reveals whole spectra of fungi



present without any information on functional status of the fungi detected. Hence, it is
advisable to combine molecular assessment with further evidences such as microscopic
observations or cultivation assays.

Genus Epipactis (Neottieae tribe) comprises numerous species with different ecological
requirements, and hence provides great opportunity for a comparative study. It encompasses
mostly forest-dwelling rhizomatous species with predominantly Eurasian and North American
distribution (Pridgeon et al. 2005). Identification of fungi associated with Epipactis by
molecular techniques (e.g. Bidartondo & Read 2008, Ogura-Tsujita & Yukawa 2008) together
with detailed microscopic observations (peloton formation — a typical structure in orchid
mycorrhiza — was confirmed by electron microscopy for ECM ascomycetes in Selosse et al.
2004; by light microscopy reported for basidiomycetes by Salmia 1988), and isotopic
measurements (Gebauer & Meyer 2003, Bidartondo et al. 2004) show that Epipactis species
are mixotrophic at maturity associating mainly ECM fungi (£. palustris is the only exception,
associating Rhizoctonia strains; Rasmussen 1995). The Epipactis species were reported to
associate with relatively broad range of fungi composed predominantly of ECM ascomycetes,
several ECM basidiomycetes, and few Rhizoctonia strains (Bidartondo e# al. 2004, Selosse et
al. 2004, Ogura-Tsuyjita & Yukawa 2008). Bidartondo & Read (2008) found E. atrorubens to
be dependent on ECM fungi also during early developmental stages. Thus, all ECM and
Rhizoctonia strains can be considered as potentially mycorrhizal in Epipactis studied,
although the functional status of the symbioses would have to be confirmed by cultivation
experiments.

We focused on four Epipactis species, of which three grow in distinct forest types with
specific soil conditions, while the forth one is an ecological generalist. E. albensis is a tiny
autogamous species derived from E. helleborine agg. This Central European endemic species
typically grows in extensive floodplain forests, streamside vegetation or poplar alleys in
immediate vicinity of Populus nigra or P. x canadensis (Rydlo 1989). E. purpurata is an
allogamous species reported to grow in humid shady submontane beech and hornbeam forests
on deep clayish neutral soils (Prochazka 1980). E. atrorubens is an allogamous species
confined to relatively dry and open forest types strictly on calcareous bedrock (Prochazka
1980, Presser 2002, Delforge 2006). E. helleborine is a common allogamous species with
wide ecological amplitude, growing in nutrient rich soils in forests, shrubs or partly disturbed
vegetation from lowland floodplain forests to mountain spruce forests (Prochazka 1980). E.
helleborine is able to grow in various forest types, including those typical of the other species.
The Ellenberg indicator (Ellenberg er al. 1992) values for the three studied species (.
albensis was not categorized) support these trends and provide further estimate of ecological
demands of the species (Table 1).

In this paper, we examined the relationship among ecological preferences, germination
pattern and mycorrhizal associations in the four Epipactis species. We performed analyses of
phytosociological relevés to confirm ecological preferences of the study species related to tree
layer composition and abiotic conditions. We used a well-established method for in situ



orchid seed cultivation developed by Rasmussen & Whigham (1993) to evaluate the species-
specific germination rate. Our main goal was to reveal the relationship between specific
ecology of adult plants and germination pattern of their seeds at different sites. For each
species, we compared the germination potential between its preferred forest type and habitats
typical of the other ecologically distinctive species. We also employed PCR-based molecular
techniques to reveal mycorrhizal context of observed germination pattern.

Table 1: Ellenberg indicator values for Epipactis spp. as indicated in Ellenberg et al. (1992) on
ordinal scale 1-10.

Light | Temperature | Continentality | Moisture | Soil reaction | Nutrients
E. atrorubens 6 - 3 3 8 2
E. helleborine | 3 5 3 5 7 5
E. purpurata 2 6 4 6 8 6

Materials and methods

Analyses of vegetation relevés

Forest type preferences of four Epipactis species were analyzed using phytosociological
relevés extracted from the extensive Czech Phytosociological Database (Chytry & Rafajova
2003). As Epipactis plants depend primarily on the ectomycorrhizal associations with trees,

we excluded herb and moss species from the analysis and concentrated on tree and shrub
cover in all vegetation layers. Plant species occurring only in one relevé were removed from
the dataset. In total, we analyzed 181 relevés: E. albensis (13), E. atrorubens (73), E.
helleborine (45) and E. purpurata (50). We used a linear discriminant analysis (LDA) to
delineate the differences in the plant species composition among groups of relevés defined by
the presence of individual Epipactis species.

The Ellenberg indicator values (Ellenberg ez al. 1992) deliver a rating of environmental
preferences for listed species, and in some studies they were directly used as indices of
ecological preferences of mycoheterotrophic species (Gebauer & Meyer 2003, Bidartondo et
al. 2004). However, to get more accurate insight into species ecology, it is better to use a large
dataset, and infer the species ecology from the analysis of Ellenberg indicator values of
accompanying plant species. This approach allows not only determination of ecological
optima, but also estimation of the range of favorable conditions. The mean Ellenberg indicator
values for moisture, light, nutrients, soil reaction, temperature and continentality were
calculated for each relevé in the Epipactis dataset of the Czech phytosociological database.
Except bryophytes and species, which were not categorized by Ellenberg et al. (1992), we
involved all recorded plant species in the calculations but Epipactis spp. to prevent circular
reasoning. Relative ecological preferences of the Epipactis species studied were consequently
assessed by a canonical correspondence analysis (CCA). The Ellenberg indicator values
entered the model as predictors and the response consisted of four dummy-variables
indicating presence/absence of individual species. The depicted interspecific differences are
only relative and do not equal real ecological preferences.



Sowing experiment

We selected up to three sites with a population of each Epipactis species throughout the
Czech Republic (altogether seven sites) differing in the tree layer composition and soil
substrate (for general site description and presence of Epipactis species see Table 2, for
detailed description of the tree layer composition and soil characteristics see Table 3). We
selected three sites of E. helleborine which resemble biotic and abiotic conditions at sites of
its congeners in order to compare the recruitment success of Epipactis species at sites of seed
origin (suitable sites, further called as home sites) to that at sites which have similar tree layer
composition, but lack conspecific adults (putatively suitable sites). In this sense, both
localities Alb and H2 represent a stand typical for growth of E. albensis, i.e. a poplar alley in
the vicinity of an extensive flood-plain forest, but only the former is colonized by E. albensis,
the latter hosts E. helleborine. Similarly, the sites Atr and H3, or P1, P2 and HI1 represent
suitable and potentially suitable sites for growth of E. atrorubens, or E. purpurata
respectively. Consequently, we could compare the recruitment success at these (putatively)
suitable sites and unsuitable sites (habitats typical of other specialized species). Soil samples
from each study site (a mixture of 5 random replicates from 5 to 10cm soil depth) were
analysed by standard analytic methods for levels of potassium, calcium, available phosphorus,
and soil reaction (distilled water) in the certified laboratory at the Institute of Botany of the
Czech Academy of Science in Tieboii.

At each study site, matured seeds from several Epipactis specimens were harvested in
Aupgust and September 2004, and pooled together. The seeds were dried at room temperature
and subsequently stored at 4°C until construction of the seed packets and their burial in mid
October. Seed quality (i.e. proportion of seeds with well-developed embryo) was examined
under a dissecting microscope. For the seed packet construction, we followed the sowing
technique developed by Rasmussen & Whigham (1993). Approximately 300 well-developed
seeds of E. helleborine or E. purpurata, 250 seeds of E. atrorubens, and 120 seeds of E.
albensis were placed separately in a 1.5 x 3.5cm pocket (42um nylon mesh; Silk & Progress
Ltd) using a fine scoop, and enclosed into a plastic slide. The slides were marked by a
coloured wire and permanent marker, and attached to a nylon line. We sew the seeds in a
factorial design: at each locality, we buried 140 seed packets composed of 20 replicates of
each Epipactis population, 980 seed packets in total. Within the site, the seed packets were
placed into the soil in ten groups composed of 14 packets (2 packets per each Epipactis
population), and attached to a metal peg enabling later recovery using a metal detector. The
groups were placed randomly within a study site, but always near an adult Epipactis plant.
The slides were buried vertically into the top soil layer using a garden knife. According to our
preliminary observations (after 6, 9 and 10 months of soil incubation at sites H1, H3 and Atr),
germination course in all species proved to be rather slow; therefore, one third of all plastic
slides was retrieved after 12 month, and remaining slides after 23 months cultivation in the

soil.
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Evaluation of germination and root sampling

The recovered seed packets were kept moist at 4°C until processing within next few days.
Prior to the opening the slides were carefully washed by running water to remove soil dirt.
Each seed packet was examined under a dissecting microscope (45x magnification) and every
seed was than categorized as (1) ungerminated or parasitized, (2) germinated but non-
mycorrhizal, (3) small mycorrhizal seedling of oval shape, (4) pear-shaped seedling -
protocorm (larger than 0.5mm), (5) seedling with leaf primordium (larger than 1mm), and (6)
branched seedling (Fig. 1). All mycorrhizal seedlings were further examined under a high
magnification dissecting microscope, and their length was measured using tpsDig software
(Rohlf 2006). Seeds and non-mycorrhizal seedlings remaining on the nylon mesh were
scanned at 2400dpi (Epson Perfection 1650) for subsequent counting. The germination rate
after 23 months of cultivation was used for detailed statistical analysis.

We collected roots of two to four Epipactis adults at each study site (except for P2)
during August and September 2005 and June and July 2006. In addition, roots of one
specimen of Cephalanthera damasonium were collected at sites H1 and H2. The roots were
carefully rinsed under tap water and surface was carefully cleaned of soil particles using a fine
toothbrush. Subsequently, the roots were cut into lcm long pieces, and thin cross-sections
taken at each cutting were checked for mycorrhizal colonization under a dissecting
microscope (45 x magnifications). Eight to ten randomly selected infected cross-sections per
plant were pooled and analyzed for mycobiont identity together.

Both the mycorrhizal seedlings and root pieces were stored for transportation reasons in
55% ethanol up to 3 weeks, before recovering them for molecular analyses. Then, they were

cleaned from
Fig. 1: Growth categories in seedlings of E. helleborine: from left
(1) an ungerminated seed, (2) a germinated but non-mycorrhizal seedling,
(3) a small mycorrhizal seedling of oval shape (brown pelotons visible), using fine tweezers,
(4) a pear-shaped seedling larger than 0.5mm, (5) a seedling with leaf washed in distilled
primordium (larger than 1mm) and (6) branched seedling.

2 mm

external hyphae

water, and kept at
20°C  till DNA
extraction.




Molecular identification of fungal symbionts
We used standard molecular tools to analyze identity of fungi found in roots of adults

Epipactis plants and in 23 months old seedlings of E. helleborine and E. atrorubens. The
seedlings of the other two Epipactis species were not analyzed, as their numbers were
negligible. In order to limit the number of analyses, we created two protocorm pools per
Epipactis species at each site: (i) up to two small mycorrhizal seedlings (around 0.5mm in
length) and (ii) up to two larger seedlings (above 1mm) per packet if possible. In addition, one
to six particularly large seedlings per species at each site were analyzed separately. Seedlings
sourced from different populations of E. helleborine were handled separately. This size
approach allows recognizing potential changing, narrowing or switching in fungal endophytic
spectrum during plant ontogeny, and it avoids potential bias in dominant mycorrhizal fungi of
larger seedlings prevailing over less numerous fungi of small seedlings.

The fungal DNA was extracted from root pieces and seedlings using the DNeasy™
Plant Mini Kit (Qiagen, Courtaboeuf, France) according to the manufacturer’s advice and the
fungal internal transcribed spacer of ribosomal DNA (ITS) was amplified as in Selosse ef al.
(2002) using primers ITSIF and ITS4. Whenever a unique fragment occurred afier
amplification of a root pool or a large seedling, it was directly sequenced from both strands
using ITS1F and ITS4. PCR products were purified by ExoSAP-IT (USB corporation)
according to manufacturer’s advice, and sequencing reaction was performed on an ABI3130x1
sequencer (Applied Biosystems, Courtaboeuf), using the BigDye Terminator kit. Whenever
direct sequencing failed or multiple fragments occurred, PCR products were cloned using
pGEM-T Easy Vector systems kit (Promega, Charbonniéres), according to manufacturer’s
advice but dividing all amounts of chemicals by five. Ligates were transformed into super-
competent cells XL1-Blue (Stratagene, Amsterdam), in order to obtain at least twenty positive
clones per PCR. Clones were submitted to PCR using ITS1F and ITS4, as previously, and to
restriction fragment length polymorphism (RFLP) analyses using Hinfl + Haelll and Hhal +
Ndell (Promega). Four to 12pl of PCR product was mixed with 0.5ul of each enzyme, buffer
and BSA according to manufacturer’s advice, and incubated at 37°C for 1 to 4 h. RFLP
patterns were visualized on 3% agarose gels in 0.5x TAE buffer, and up to four clones per
unique RFLP pattern were sequenced. Whenever sequences from a given cloning were more
than 97% identical, a consensus was built. To check for the presence of Tulasnellaceae,
common orchid partners with highly derived ITS sequence, the specific primer pair ITS1 and
ITS4-Tul was used as in Selosse ef al. (2004). Sequences were edited and assembled using
ChromasPro, version 1.41 (Technelysium 2007). The presence of chimeric sequences
resulting from cloning procedure was examined using BioEdit ver.7.0.4.1 (Hall 1999). In
order to identify the putative taxonomical position and ecology of the fungus, the search for
similar sequences was conducted using Blast (Altschul er al. 1997) at the NCBI page
(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). To delimit putative species, we arbitrarily
grouped together sequences that were more than 97.0% identical over the whole ITS region.
Fungi potentially mycorrhizal in Epipactis species (i.e. ECM fungi and rhizoctonias) were



then used for statistical analysis. We used genus level of fungal identity in the statistical
analyses, as we were not able to create a phylogenetic tree due to highly variable and thus
unalignable ITS regions which would allow e.g. phylogenetic independent contrasts
(Felsenstein 1985).

Statistical analyses

We performed a mixed model ANOVA in order to evaluate overall germination rate. The
identificator of locality entered this analysis as a random effect predictor. The proportions
were arcsine transformed prior to the analyses to normalize their distributions. We used post-
hoc contrasts to compare the germination rate of seeds cultivated at home site vs. the other
sites; and seeds cultivated at their home site and a site with similar tree layer composition
against the other sites.

Fungal spectra found at the localities and in different Epipactis species were analyzed
by a canonical correspondence analysis (CCA). Partial CCA (pCCA) with locality
identificators as covariates was used to test whether fungal spectra differed between seedlings
of E. atrorubens and E. helleborine, and between adults and seedlings of E. helleborine at
three home sites.

We used Statistica for Windows, version 8.0 (StatSoft 2008) for ANOVAs and other
calculations, SigmaPlot for Windows, version 9.01 (Systat Software 2004) for graphical
visualization and Canoco for Windows, version 4.53 (ter Braak & Smilauer 2002) for the
multivariate statistics.

Results

Ecological preferences of adults

The LDA ordination of vegetation relevés (Fig. 2A) and the CCA analysis based on Ellenberg
indicator values (Fig. 2B) support the general view on ecology of four Epipactis species
studied (Table 1). Consistently with presumed ecological preferences, the analyses segregated
releveés with E. albensis on the basis of presence of Fraxinus angustifolia, Populus nigra, P. x
canadensis and Ulmus sp. which are typical for nutrient rich and moist alluvial forests. Sites
of E. atrorubens were delimited by the presence of Scotch pines (Pinus sylvestris). Their
position in the CCA ordination plot is negatively correlated with moisture and nutrients level,
but positively associated with light level. In contrast to predicted indicator values for this
species (Table 1) most relevés are additionally correlated with higher soil alkalinity compared
to the other species. The E. purpurata relevés are distinguished by hornbeam (Carpinus
betulus) and beech (Fagus sylvatica) in the LDA analysis, in the CCA ordination space they
occupy central part being correlated positively with nutrients, moisture and negatively with
light level, continentality and soil reaction. E. helleborine relevés occupy the central part of
both LDA and CCA ordination diagrams indicating no distinctive ecological preferences
relative to other Epipactis species. Despite putative differences in tree species composition,
some tree species occurred more or less frequently in relevés of all four Epipactis species, e.g.
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Tilia cordata, Carpinus betulus, Fraxinus excelsior, Quercus robur, Acer campesire or

Corylus avellana.
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Fig. 2: A. Ordination plot
of the linear discriminant
analysis (LDA; first two
canonical axes are shown)
of phytosociological
relevés with individual
Epipactis  species. Tree
species name abbre-
viations: AcerCam = Acer
campestre, AcerPla = A4.
platanoides, CarpBet =
Carpinus betulus, EuonEur
= FEuonymus europeus,
FaguSyl = Fagus sylvatica,
FraxAng = Fraxinus
angustifolius, FraxExc =
Fraxinus excelsior, PinuSyl
= Pinus sylvestris,
PopuCan = Populus x
canadensis, PopuSpe =
Populus sp. (P. nigra or P.
X canadensis), PrunSpe =
Prunus sp., UlmuSpe
Ulnus sp., VibuLan =

Viburnum lantana,
VibuOpu = Vibwrnum
opulus. A number behind
the tree species
abbreviation indicates

vegetation layer (3 = tree
layer, 2 = shrub layer, 1 =
herb layer). The first two
canonical axes explain
32.5% and 31.5% of total
variability.  Result  of
Monte-Carlo  permutation
test for all canonical axes:
F = 253, p < 0.001 (999
permutations). B. Ordi-
nation plot of the canonical
correspondence  analysis
(CCA; first two canonical
axes are shown) of mean
Ellenberg indicator values
for phytosociological
relevés with individual
Epipactis species. The first
two canonical axes explain
20.9% and 11.3% of total
variability. Result of Monte
-Carlo permutation test for
all canonical axes: F =
1583, p < 0.001 (999
permutations).



Two-year germination course of Epipactis species
Germination in all four Epipactis species studied proved to be rather slow. At harvest after 6

months, we observed no germination at all, but some germinating and small mycorrhizal
seedlings were recorded after 9 months. Thus, the germination in E. helleborine and E.
atrorubens started in spring approximately after 7 to 8 months of soil cultivation. After 12
months of soil incubation, numerous seedlings of E. helleborine and E. atrorubens achieved
the stage of mycorrhizal pear-shaped protocorm (Fig. 3, Table 3B), while very few small
mycorrhizal seedlings (<0.5mm) and no germination were observed in E. albensis and E.
purpurata, respectively.

After 23 months of growth in soil, the differences in achieved germination stage among
species were even more pronounced (Fig. 3, Table 3B). The fastest growth was recorded in E.
atrorubens, with multiple seeds reaching stage (5) and (6) of seedlings larger than Imm
having leaf primordium or branching, respectively. The largest branched seedling of E.
atrorubens spanned slightly over lem in length. Growth rate of E. helleborine was of similar
intensity, but seedlings rarely reached size of those of E. atrorubens. In E. albensis, small
mycorrhizal seedlings in stage (3) were observed this time, nevertheless, no protocorms in
stage (4) larger than 0.5mm were recorded. In E. purpurata, germination onset was recorded
this time. We observed small mycorrhizal seedlings of stage (3), and some seedlings growing
further into stage (4) of a small pear-shaped protocorm.

Proportion of germinating seedlings changed markedly between the two years (Fig, 3),
as significant part of seeds did not germinate until 12 months. After 23 months the
germination rate often exceeded 50% of the total amount of E. atrorubens and E. helleborine
seeds sown per a site (compared to the maximum of 35% of germinated seeds after 12
months). Nevertheless, most seeds did not develop beyond the small non-mycorrhizal
seedling stage and less than 20% of all seeds sown became mycorrhizal and grew further
(with the exception of 35% of mycorrhizal seedlings of E. atrorubens at H1 site; Fig. 3, Table
3A). Germination rates in E. albensis and E. purpurata were rather low over the whole
experimental period.

We also found large spatial heterogeneity in the germination success within a site. In E.
atrorubens and E. helleborine, the difference in germination success sometimes ranged from
1 to 95% among packets of a single species. Nonetheless, at least some germination occurred
in cca 90% of E. atrorubens and E. helleborine packets, and in 50% and 25% of E. albensis
and E. purpurata packets, respectively, over all sites (for more detailed overview of
germination rate in four Epipactis species and across study sites see Appendix A).

Pronounced differences in germination rate among Epipactis species are supported by
significant ANOVA tests for overall germination rate, i.e. number of germinating seeds (F3 i3
= 17.82, P < 10™), number of mycorrhizal seedlings (F3,13 = 4.09, P < 0.05) and the highest
achieved developmental stage (F33 = 38.77, P < 10"5). We also observed intraspecific
variability in germination rate of seeds sourced from different populations of E. helleborine
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(F2,12 = 12.77, P < 0.001) and E. purpurata (F5 = 6.46, P < 0.05); and in the achieved

developmental stage in case of E. purpurata (F) = 13.29, P < 0.05).

Fig. 3: Distribution of developmental stages in four Epipactis species after 12 and 23 months of
soil incubation. Median and min-max values for localities are shown.
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Germination rate at different sites
After 23 months in soil, we detected seed germination at all study sites and in all Epipactis
species (Table 3A). Nevertheless, there were marked differences in germination support
among study sites; the ANOVA tests were significant for overall germination rate (Fg 5 =
2.97, P < 0.05), number of mycorrhizal seedlings (Fg,15 = 2.75, P < 0.05) and the highest
achieved developmental stage (Fg,13 = 4.53, P < 0.05). It is notable that at most localities there
was a high level of initial germination, but only at some of them higher levels of
mycorrhization and further seedling growth occurred (compare site H1 and site Atr).

We found slightly different germination patterns in the three ecologically specialized
species over putatively suitable and unsuitable sites. E. albensis germinated at all sites with
various forest types, despite adults growing exclusively in floodplain or similar forests,

13



however, small mycorrhizal seedlings occurred only at the sites with poplars (i.e. home site
Alb and the putatively suitable site H2) and in lime-hornbeam wood (at H1 and P2). E.
purpurata successfully germinated at all the study sites but multiple mycorrhizal seedlings
were found only at home sites (P1 and P2) where also some protocorms developed; and at site
with similar tree layer composition (H1). Two small mycorrhizal seedlings of stage (3)
< 0.5mm occurred also at site H3, which is a mixed forest. Calcicolous E. atrorubens
germinated well and reached stages (5) and (6) of larger mycorrhizal seedlings at all study
sites including poplar alleys (Alb and H2) or sites with low pH (P1 and P2). The ecological
generalist E. helleborine also germinated successfully everywhere. Seedlings of advanced
growth stages (5) and (6) were observed at all sites but the site Atr, where mycorrhizal
seedlings occurred very rarely and no protocorms developed. A comparison of differences in
both the species-specific germination rate and the number of mycorrhizal seedlings between
the home sites and the other sites was insignificant (F; 3= 0.66, P < 0.45; F; 35= 0.3, P <0.6);
as was the comparison between the home site and site with similar tree layer vs. the other sites
(F136=1.36,P <0.29; F 1 36=2.14, P < 0.19).

Fungal diversity in seedlings and adult plants
We succeeded to amplify fungal ITS in all adult plants and in 23 out of 26 seedling pools.

Cloning and direct sequencing revealed 148 unique fungal ITS sequences. Beside putatively
ECM lineages, the significant portion of ascomycetes and basidiomycetes detected belonged
to fungal strains with saprobic or parasitic trophic strategies (Table 4, Appendix B).
Sometimes we failed to find any ECM or rhizoctonian lineages in a seedling pool at all. When
grouped according to their sequence similarity, we detected 21 and 24 putatively ECM
lineages in the seedlings and roots of adult Epipactis plants, respectively. Most frequently
detected ECM strains in seedlings and adults of all four Epipactis species (except E.
purpurata) at all study sites belonged to ascomycetes in families Tuberaceae and
Pyronemataceae, including strains of Genea (incl. an unknown strain from Genea-Humaria
group), Geopora, Geopyxis-Stephensia lineage, Trichophaea (T. woolhopeia group, clade 7,
according to Perry ef al. 2007) and Wilcoxina. In addition we found one lineage of Helvella
(Helvellaceae) in E. helleborine and Hydnotria (Discinaceae) in E. purpurata. Rarely we
detected ECM basidiomycetes, which mostly belonged to Thelephoraceae,
Hymenogastraceae, Russulaceae (mainly in E. purpurata adults) or Tricholomataceae
families, one Ceratobasidium strain and two Sebacinaceae strains (both clade A and B; Weiss
et al. 2004). In addition, multiple zygomycetes (Mortierella spp.) and two chytridiomycetes
were detected. No other fungi were added using the Tulasnella specific primer ITS4Tul.
Contrary to rather wide spectrum of ECM lineages detected in Epipactis species, co-occurring
Cephalanthera damasonium adults associated exclusively with multiple strains of

Thelephoraceae and Hymenogastraceae.



Table 4: Fungi detected in orchid roots and seedlings at seven study sites. Putatively non-mycorrhizal
fungi are shown in italics. Mycorrhizal fungi occurring both in seedlings and adult Epipactis plants are
shown in bold. Species occurring in both adults and seedlings within one site are shown in bold and
underlined. Value in parenthesis shows the number of large seedlings in which a fungus was detected
if this is higher than one. Grey fields indicate that seedlings of this category were not available.
Epipactis species abbreviations: EAl = E. albensis, EAt = E. atrorubens, EH1-3 = E. helleborine
(seeds sourced from H1-3 site), EP = E. purpurata, CD1-2 = Cephalanthera damasonium (from sites
H1 and H2). Quotation marks indicate less clear genus status of a strain: “Genea” is an unidentified
strain from Genea-Humaria lineage, “Geopyxis” from Geopyxis-Stephensia clade. Trichophea
belongs to T. woolhopeia group, clade 7; according to phylogeny of Pyronemataceae in Perry et al.

2007.
Fungi in different sized seetllings
Site [Adults Fungi in adults Seedl.mg ’ .
species small (~0.5 mm) medium (~1 mm) large seedlings
Wilcoxina, "Geopyxis”, Thelephoraceae sp.2, Tuber sp.1, Geopora, . :
EAla Ceratobasidium, Penicillium sp.1, Bionectria, EAL Cladasporium sp.1, Neclriaceae Tnchophae: sAp.1 : C!jf’aspaﬁum
Afternaria sp.2, Debaryomyces sp. 1, Volutella, Arthopyréeniaceae o1, Aspergiivg
Tuber sp.9, "Geopyxis”, Thelephoraceae sp.2 + 5p.3, ;
Alb Penicillium sp.1, Capnadiates,Malasseziales, Tuber.ap:d, Goapors, Mesiniacede | oppy ap.1 + 8.8, Volutela,
EAlb i L sp.1, Pleasparaceae, A
Malassexia sp.1, Dipodascaceas sp.i, Plectasphaerella, Leptosphaeria,
. EH2 Plectosphaerelia, Truncatella, = )
Debaryomyces, Cryplocaccus, Candida i FPeniophora, Clitecybe, Mortiereila
Tuber sp.3 + 5p.9, Ceralobasidium, Dizporthal Chastphasdiaceds, £p.3, Chytridiomycete sp.2
il uber sp.3 + sp.9, Ceratabasidium, Diaporthates, WMortisrelia sp. 1+5p.2 p.3, Chytridiamycete sp.
Chytridiomycele sp.1
EAla Wilcoxina . Pyn.:nemaiarceag} i.zeapora',
EAL faﬂca:n_yc bl '13 nEsp:m;m Sebacina clade B
EAlb Tuber sp. sp.1, Necirizceae sp.3, Eudarhica,
Alr Dipodascaceae sp.d
EAlc Wilcoxina Cladosporium sp.1,
EH2 Malasseziales, Malassezia sp.3,
EAld Wilcoxina, Tuber sp.1 Dipadascaceae sp.1, Trichosparon
Trichophaea sp.1 + sp.2, . Trichopheea sp.1(3)
EH1 Tuber sp.5 EAL : i
a uber sp. Tetracladium sp.1 Trichopheea sp.1 + sp.2 + 5p2(3)
. Penicillium sp.2, Nectriaceae
B .5, Gi H: st A ’
G| TR M e <p.3, Helalinies sp., Exopbials, | C
Hi P . EH1 Trichopheea sp.1 Malasseziales, Malassezia sp.4, e
4 sp.7, Debaryomyces
rte | Genea H st 3 Thelephorec o~ Tremellales, Dipadascaceae sp.1,
Genea, Rymenogaster sp.J, Thelephoracese sp. Agaricastitbomycetidae
D1 Hymenogaster sp.2, Thelephoraceae sp.2, Martierelia EHD Trichophaea sp.1 + sp.2, Tuber
5p.5, Fusarium 5p.2, Dipodascaceae sp.2 spd, Mortierella sp.5
Wilcoxina,
ber sn.5, Mortierellz Telracladivm sp.1
p.5 EAt Tuber sn.3, s
Eriza Tubersp £p. 1+5p d+5p.6, Neclrigceae sp.1 AR RCRATRIEAD Martiarelia sp.1,
Malassezia sp.2
H2 Thelephoraceae sp4 + sp.6
EH2b Tuber sp.8, Nectriaceae sp.1 EH2 Necirigceae sp.3, Fusarium sp.2 Tetracladium sp.2
Hymenogaster sp 4, Thelephoraceae sp.4 + sp.5 + Tuber sp.5, Tetracladium sp.3,
2 sp.7, Tolracladium sp.2, Helotiales sp.4 BHS | prortieretia sp.7, Matassezia sp.3 ot ariplyzes) oaiaden iy
EH3a “Genea™ “Genea”, Trichopheea sp.1, “Genea™, Tricholoma, Sebacina
Eat Entolomataceae, Dipadascaceae |clade A, Cladasparivm sp.1+sp.2,
EH3b Tuber sp.5 + sp.7, Inocybe sp.1, ftersonifia Ascochyta, Dipodascaceae sp.1
H3 "Genea", Russula sp.1
L " 57 ) ] aky 147 L ¥
EH3c | "Genea", Tuber sp.2 + 5p.6, Helvella, Conjosparivm EH3 Neclriaceae sp.? no PCR amplification "Genea'(2}
. . " Nectriaceae sp.2,
EH3d "Genea” EH2 no PCR amplificetion Divadascaceae sp.1
Wilcoxina, Russula sp.1, Malassezia sp.2, . . i
T .
EPa |Dipodascaceae sp.2, Alernatia sp.1, Trichocladivm, EAt Trichophaea sp.2, Nectriaceae rlchophae'a P2, Genea, Tuber sp.10
¢ i sp.d Cladasporium sp.1
P Debaryomyces, Filabasidium
Telracladium sp.2, Nectriaceae Tuber ap.7, Nectriaceas sp.2, Genea, Tuber
EPh Hydnclrya, Russula sp.2, Helotiales sp.1 EH2 5p.2, Helotiales sp.2, Leptadontidium, Trichaderma, |sp.1(2), Neciriaceae
Leptodontidium Candida sp.2 sp.2, Leptodontidium
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Spectra of ECM fungal genera associated with seedlings of E. atrorubens and E.
helleborine were not significantly different within study sites (pCCA - localities as
covariates, Monte-Carlo permutation test with 999 permutations: F = 2.46, P < 0.07). Within
the sites, the seedlings of these two species often shared the same fungal strains (Table 4,
Appendix B). Nevertheless, the ECM fungal communities (at genus level) associated either
with E. atrorubens and E. helleborine seedlings or both seedlings and adults differed
significantly among the sites (Fig. 4). The ordination analyses showed that both seedlings and
adults growing at the localities with similar tree layer composition such as lime-hornbeam
forests (P1 and H1) or poplar alleys (Alb and H2) associated similar fungal communities.

The number of ECM species was comparable among seedling growth categories, as we
always found one to three lineages per cloning and up to two lineages per direct sequencing of
mycorrhizal seedlings. We often detected same fungal lineages across all developmental
stages (Table 4), and the total number of ECM lineages in seedlings of an Epipactis species
per site never exceeded four.

ECM spectra in adult plants were sometimes broader and somewhat different from that
found in the seedlings (Table 4). While sharing genera like Genea, Tuber, Wilcoxina, Russula
or Thelephoraceae within and across the sites, other genera (Geopyxis-Stephensia, Hydnotria,
Helvella, Hymenogaster, Ceratobasidium etc.) were never found in the seedlings. Similarly,
Trichophaea, Geopora or Sebacina strains were commonly associated with seedlings, but
never with the adults. In a more detailed analysis comparing ECM fungal spectra in seedlings
and adults of E. helleborine at three home sites, we found no difference in fungi between
those two developmental stages (pCCA — localities as covariates, Monte-Carlo permutation
test with 999 permutations: F =2.59, P <0.27).

Fig. 4: Ordination plot of the canonical correspondence analysis (CCA, first two canonical axes are shown) of
fungal genera found within six study sites A. in seedlings of E. atrorubens and E. helleborine and B. in seedlings
and sympatric adults of different Epipactis species. Sites Alb and H2 represent a poplar alley, P1 hornbeam-lime

forest, H1 lime forest; Atr is a pine stand on limestone and H3 is a mixed wood on chalk. Monte-Carlo
permutation test (999 permutations), rare species downweighted, A: F=3.13, P <0.05; B: F=1.71, P < 0.05.
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Discussion
Germination pattern
Our study presents better insight into germination ecology of mixotrophic orchids. We did not

detect any common rule explaining relationships between ecological requirements of adult
plants and recruitment potential in the Epipactis species. The germination potential seemed
broad in general as we observed initial developmental stages of germination (i.e. small non-
mycorrhizal seedlings) in all species in all forest types. There was however striking difference
in further development among species. Seedlings E. helleborine and E. atrorubens developed
into advanced growth stages of large seedlings in all forest types (in contrast to low
germination rate observed by Bidartondo & Read 2008 at three forest sites), while E. albensis
and E. purpurata reached at most the stage of small protocorms only at some sites. This lower
rate of development is unlikely to be caused by the lack of favorable conditions, as at home
sites (a site with suitable soil conditions and appropriate fungi), the development was only
slightly better (Table 3). Possible reduction of seed quality caused by autogamous self-
pollination in E. albensis (Mered’a 2002) or by inbreeding depression (Charlesworth &
Charlesworth 1987) in populations of E. purpurata could offer another explanation. However,
initial germination stages observed indicate sufficient seed viability. Hence, the ontogenetic
development of both species seems to be just delayed in a comparison with E. atrorubens and
E. helleborine. In E. albensis, the stagnation in very first developmental stages might be
caused by slower ontogeny, while the observation in E. purpurata implies a one-year delay in
germination onset. Similar one-year latency was observed in fully mycoheterotrophic
Corallorhiza maculata (Taylor et al. 2002). Further, many seeds of E. helleborine and E.
atrorubens showed similar dormancy pattern, as proportion of all germinating seeds increased
markedly between the two years (Fig. 3), suggesting existence of seed bank or intraspecific
variability in seed characteristics (van der Kinderen 1995). Due to presumably delayed
development, germination course in E. albensis and E. purpurata could not be fully covered
by this study preventing us from conclusions on developmental progress in these two species.
In several studies, high correlation between seed germination rate and seedling
recruitment in orchid populations was observed (Diez 2007, Jacquemyn et al. 2007)
suggesting that the establishment of a population at unsuitable sites is bottlenecked at the
early stage of symbiotic protocorm formation. Germination pattern in E. helleborine
confirmed the broad ecological range of this species, forming protocorms in all forest types.
Surprisingly, ecologically specialized E. atrorubens grew beyond the early germination stages
into large seedlings even in habitats, where the adult plants never occur. Although the fungal
genera detected in Epipactis over distinct forest types significantly differed (Fig. 4), multiple
strain expected to be mycorrhizal in Epipactis occurred across several sites (Table 4) with
distinct ecological characteristics or tree species composition. Thus, the distribution of
mycorrhizal partners does not evidently limit population establishment. Similarly, the
suggested developmental bottleneck caused by higher mycorrhizal specificity at the
protocorm stage (Bidartondo & Read 2008) does not necessarily occur, because both E.
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atrorubens and E. helleborine associated very similar spectra of fungi over all developmental
stages. Hence, there might be a bottleneck based on abiotic factors preventing seedlings from
reaching maturity. In case of E. atrorubens, this bottleneck can be caused by light conditions
at individual stands. Analysis of Ellenberg indicator values of accompanying plant species
(Fig. 2B) demonstrated clear preference for higher light levels and dry, nutrient poor soils of
higher alkalinity. At these sites, the intensity of plant competition can be expected to be
lower, partly due to low levels of soluble and easily exchangeable phosphate (Zohlen & Tyler
2004). The ratio between energy acquisition by means of photosynthesis and
mycoheterotrophy varies substantially across mixotrophic species (Gebauer & Meyer 2003,
Bidartondo et al. 2004). The rate of nutrient acquisition ability from fungal associates is
assumed to depend on level of specificity to the mycorrhizal partner allowing higher
physiological compatibility (Bruns et a/. 2002). Consistently with putatively broad spectrum
of E. atrorubens associated fungi (reported in Bidartondo et al. 2004, Bidartondo & Read
2008), the isotopic measurements showed that E. atrorubens derives only 15 to 32% of
carbon from fungal association (Gebauer & Meyer 2003, Bidartondo et al. 2004). Moreover,
albinotic individuals (deriving 100% of fungal carbon) have never been reported in this
species, although they regularly occur in other Epipactis species (including the other three
species studied; Prochazka 1980, Salmia 1986, Rydlo 1989, Jakubska & Schmidt 2005).
Altogether, this indicates that E. atrorubens might be unable to utilize fungal nutrition as
efficiently as the other species being more dependent on its own photosynthetic activity, and
hence available light level. Nevertheless, some other mechanisms affecting efficiency of host
exploitation than the level of host specificity might exist, as indicated by e.g. relatively broad
range of fungi detected in E. albensis (but see discussion bellow).

Fungal associations
The PCR-based cultivation independent methods present a powerful tool for identification of

fungal symbionts but they also have several drawbacks that must be taken into account when
interpreting the data, High number of analyzed samples together with time-consuming cloning
procedure did not allow us for sampling of 50 clones, which is supposed to be sufficient for
detection of complete fungal spectrum in environmental soil samples (M.-A. Selosse, personal
communication). We sampled a minimum of 20 positive clones, which amount possibly does
not fully cover the fungal diversity in a sample (on the other hand we did not expect the
fungal diversity to be that high in seedlings cultivated in-situ as in environmental samples).
Nonetheless, this might be the reason for low fungal diversity in EAt seedlings at H1 or the
absolute absence of Trichophea in adult Epipactis specimens, although this might have been
caused also by undersampling of adults (Table 4). The concentration of fungal DNA in some
samples was very low; hence the cloning had to be repeated several times in order to receive
at least 20 positive PCR products. In such cases we often received many non-ECM species,
which might have occurred as surface contaminants, or endophytic/parasitic fungi (e.g. EAla,
EAlb, EPa; Table 4). This was also the case of multiple seedling pools from which we have

18



not received any ECM or Rhizoctonia strains at all. The reason for the absence of ECM strains
in seedlings or no PCR amplification at all (although mycorrhizal structures were clearly
visible) remains questionable. It could have been probably caused by long storage in ethanol
(similarly observed in Zimmer er al. 2007), or by too advanced digestion of fungal structures,
which decreases the typing success (personal observations). Another explanation could be the
presence of fungal species with accelerated evolution of the nuclear ribosomal operon, which
are hence not detectable by the standard universal fungal primers we used (this is the case of
Tulasnellaceae, which desire specific primers; Taylor & McCormick 2008).

Regarding the fungal spectra detected, we confirmed the predominantly non-
rhizoctonian identity of Epipactis mycorrhizal fungi, adding symbionts for two Epipactis
species which have not been previously investigated (E. albensis and E. purpurata). The most
of ECM fungi in all Epipactis species in both seedlings and adults belonged to ascomycetes of
the Pezizales order. Moreover, most of these fungi belong to genera reported in previous
studies on mycorrhizal partners in Epipactis spp. In all Epipactis species studied (except for
E. purpurata) and at all the study sites, we detected multiple strains of Tuber, which is a taxon
frequently detected also by other researchers (Bidartondo e al. 2004, Selosse et al. 2004,
Ogura-Tsujita & Yukawa 2008, Ouanphanivanh et al. 2008). Similar pattern was observed in
Wilcoxina strains, which we found in all forest types in all species but E. helleborine.
Wilcoxina species are known to commonly form ectendomycorrhizae with various pine
species (Smith & Read 2008 and references herein), which could explain its frequent
detection at Atr site (a Scotch pine stand). Consistently, the Wilcoxina strains were the
exclusive symbionts in Japanese populations of E. helleborine growing in pine plantations
(Ogura-Tsujita & Yukawa 2008), yet their sequences were only little similar to ours, We
found strains from Trichophaea woolhopeia group frequently in seedlings but not adults;
however a similar strain was reported from adults of E. atrorubens in Estonia (Shefferson et
al. 2008). It is not without interest, that although the Trichophaea strains were present at least
at four sites, they were found exclusively in E. atrorubens seedlings at three of them. Despite
the insignificant result of statistical analysis, it seems that when exposed to same fungal
communities E. atrorubens shows moderate preferences for Pyronemataceae strains
(perceivable also in Bidartondo & Read 2008), E. helleborine for Tuberaceae (similar trend
observed in Bidartondo ef al. 2004).

We also detected some pezizalean strains scarcely reported by others, such as Genea or
Geopora (Bidartondo & Read 2008, Ogura-Tsujita & Yukawa 2008, Shefferson et al. 2008).
Although the strains related to Genea arenaria detected at lime-hornbeam forest sites were
not similar to any Epipactis mycobiont known so far, the Genea-Humaria strain (from H3
site) was 98% similar to that detected in seedlings of E. atrorubens by Bidartondo & Read
(2008). Geopyxis species from E. helleborine has not been found in Epipactis yet, only in
adults of Cephalanthera damasonium (Julou et al. 2005); interestingly, the Geopyxis-
Stephensia strain (in this study detected in E. albensis) was predicted to occur in E.
helleborine by Ouanphanivanh et al. (2008). The additional ascomycetes, Helvella (from E.
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helleborine) and Hydnotrya (from E. purpurata) were both detected in E. helleborine in Japan
(Ogura-Tsujita & Yukawa 2008).

The occurrence of ECM basidiomycetes was much sparser, with exceptions of
Thelephoraceae (an important mycorrhizal family in C. damasonium; Julou et al. 2005, our
observations) in E. albensis adults and in seedlings and adults of E. helleborine at sites where
they co-occur with C. damasonium. The finding of two Russula species in both E. purpurata
specimens analyzed is interesting, as this genus is rarely reported from Epipactis (with an
exceptional occurrence in roots of E. helleborine in Japan; Ogura-Tsujita & Yukawa 2008).
The potential affinity of this Epipactis species to Russula desires a more detailed
investigation, as our observation is based on analysis of few roots of two specimens.
Nevertheless, the affinity to russuloid fungi may not be so surprising, as it was found in
multiple orchid species including Limodorum, another genus within the Neottieae tribe
(Girlanda er al. 2006). We detected also some rhizoctonian Ceratobasidium and Sebacina
strains (distantly related strains from the ECM clade A and the saprophytic clade B; Weiss et
al. 2004), which were both reported from Epipactis spp. by Bidartondo et al. (2004), but we
do not have further knowledge on their mycorrhizal status, as they may behave as
symptomless endophytes (Abadie ez al. 2006).

Beside the ECM strains, the cloning procedure revealed many fungal strains which are
not expected to be functional partners in Epipactis, although their nutritional relevance cannot
be fully excluded. Several species are likely to grow in Epipactis as endophytic fungi, i.e. they
grow in living tissues without producing symptoms, such as Leptodontium or Exophiala,
which have been reported as common orchid endophytes (Rasmussen 1995, Ogura-Tsujita &
Yukawa 2008). Tetracladium, an aquatic hyphomycete, is increasingly known to grow
endophytically in plant tissues (reviewed by Selosse et al. 2008). Helotiales were reported as
root biotrophs or mycorrhizal species (Vrilstad 2004). Some species might even behave as
weak parasites (e.g. members of Nectriaceae; Julou et al. 2005). The other species are likely
to be non-mycorrhizal, behaving as superficial saprobic contaminants (such as Aspergillus,
Fusarium, Mortierella and others) or soil saprobes, which probably occurred due to
insufficient surface cleaning from soil particles. These fungal species were sometimes
reported also by other studies focusing on mycorrhizal partners of Neottieae (e.g. Bidartondo
et al. 2004, Selosse et al. 2004, Julou et al. 2005, Abadie et al, 2006).

Despite Epipactis spp. was reported as less specific to mycorrhizal partners
(Bidartondo & Read 2008), it seems that the seedlings and adults of both E. helleborine and
E. atrorubens associate predominantly with strains of Tuberaceae and Pyronemataceae over
large range of ecological conditions and geographical distances (compare Bidartondo et al.
2004, Bidartondo & Read 2008, Ogura-Tsujita & Yukawa 2008 and this study). Occasionally,
ECM basidiomycetes were detected, indicating ability to associate more distantly related
strains. Similar situation was recorded in E. microphylla; Selosse et al. (2004) revealed some
basidiomycetes by molecular methods, however the peloton formation was confirmed only for
ascomycetes. The authors suggested that the basidiomycetes likely colonized only restricted
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portions of roots or behaved only as rhizoplane colonizers, co-existing along with dominant
mycorrhiza-forming ascomycetes. These findings also resemble patten of mycorrhizal
specificity observed over large geographical range in fully mycoheterotrophic, and thus
supposedly highly specific, Epipogium aphyilum (Roy et al. in press). However, our pooling
approach in seedling analysis does not allow recognition between prevailing mycorrhizal
partners and non-dominant co-occurring species.

The association of Epipactis spp. with ECM ascomycetes is unique among orchid
genera investigated so far (Dearnaley 2007). Interestingly, many pezizalean ascomycetes have
been recently recognized by molecular tools as ectomycorrhizal fungi of various tree species
(De Roman et al. 2005, Tedersoo et al. 2006, Smith & Read 2008). However, the pezizalean
ectomycorrhizae seem to form only a minor part of ECM community on tree roots in mature
forests, as they were found only on about 5% of root tips with Pyronemataceae colonizing
half of them (Tedersoo et al. 2006). This relative scarcity of orchid mycorrhizal ascomycetes
is in strong contrast to orchid associating basidiomycetes (such as Thelephoraceae or
Russulaceae; Dearnaley 2007) which belong to frequent and abundant taxa in North temperate
forests (Horton & Bruns 2001). This rareness of mycorrhizal ascomycetes can be
hypothesized to have prevented the Epipactis spp. from specialization to narrow range of
mycobionts within the pezizalean clade, as the probability of finding a highly specific
mycorrhizal partner would be very low. Another adaptation to rarely occurring symbionts
could be the observed dormancy pattern, which (together with mass seed production) enables
effective spatio-temporal screening of the environment for the suitable host (Bruns et al.
2002), and enhances the probability for symbiosis establishment.

References

Abadie J-C, Piittsepp U, Gebauer G, Faccio A, Bonfante P, Selosse M-A. 2006. Cephaianthera
longifolia (Neottieae, Orchidaceae) is mixotrophic: a comparative study between green and
non-photosynthetic individuals. Can. J. Bot. 84: 1462-1477.

Altschul SF, Madden TL, Schaffer AA, Zhang JH, Zhang Z, Miller W, Lipman DJ. 1997. Gapped
BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic
Acids Res. 25: 3389-3402.

Batty AL, Dixon KW, Brundrett M, Sivasithamparam K. 2001. Constraints to symbiotic
germination of terrestrial orchid seed in a mediterranean bushland. New Phytol. 152: 511-
520.

Bidartondo MI. 2005. The evolutionary ecology of myco-heterotrophy. New Phytol. 167: 335-
332

Bidartondo MI, Burghardt B, Gebauer G, Bruns TD, Read TJ. 2004. Changing partners in the
dark: isotopic and molecular evidence of ectomycorrhizal liaisons between forest orchids
and trees. Proc. R. Soc. Lond. Ser. B 271: 1799-1806.

Bidartondo MI, Read DJ. 2008. Fungal specificity bottlenecks during orchid germination and
development. Mol. Ecol. 17: 3707-3716.

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

21



Bruns TD, Bidartondo MI, Taylor DL. 2002. Host specificity in ectomycorrhizal communities:
What do the exceptions tell us? Integr. Comp. Biol. 42: 352-359.

Charlesworth D, Charlesworth B. 1987. Inbreeding depression and its evolutionary consequences.
Annu. Rev. Ecol. Syst. 18: 237-268.

Chytry M, Rafajova M. 2003. Czech National Phytosociological Database: basic statistics of the
available vegetation-plot data. Preslia 75: 1-15.

De Roman M, Claveria V, De Miguel AM. 2005. A revision of the descriptions of
ectomycorrhizas published since 1961. Mycol. Res. 109: 1063-1104.

Dearnaley JDW. 2007. Further advances in orchid mycorrhizal research. Mycorrhiza 17: 475-486.
Delforge P. 2006. Orchids of Europe, North Africa and the Middle East. A&C Black, London.

Diez JM. 2007. Hierarchical patterns of symbiotic orchid germination linked to adult proximity
and environmental gradients. J. Ecol. 95: 159-170.

Ellenberg H, Weber HE, Diill R, Wirth V, Werner W, Pauliien D. 1992. Zeigerwerte von
Pflanzen in Mitteleuropa. Scripta Geobot. 18: 1-248.

Ettema CH, Wardle DA. 2002. Spatial soil ecology. TREE 17: 77-183.

Erland S, Taylor AFS. 2002. Diversity of ecto-mycorrhizal fungal communities in relation to the
abiotic environment. In; van der Heijden MGA, Sanders IR [eds.], Mycorrhizal Ecology p.
163-200. Springer-Verlag, Berlin.

Felsenstein J. 1985. Phylogenies and the comparative method. Am. Nat, 125: 1-15,

Gebauer G, Meyer M. 2003. "°N and "C natural abundance of autotrophic and mycoheterotrophic
orchids provides insight into nitrogen and carbon gain from fungal association. New Phytol.
160: 209-223.

Girlanda M, Selosse MA, Cafasso D, Brilli F, Delfine S, Fabbian R, Ghignone S, Pinelli P,
Sergeto R, Loreto F, Cozzolino S, Perotto S. 2006. Inefficient photosynthesis in the
Mediterranean orchid Limodorum abortivum is mirrored by specific association to
ectomycorrhizal Russulaceae. Mol. Ecol. 15: 491-504.

Hall TA. 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis
program for Windows 95/98/NT. Nucleic Acids Symp. Ser. 41: 95-98.

Horton TR, Bruns TD. 2001. The molecular revolution in ectomycorrhizal ecology: peeking into
the black-box. Mol. Ecol. 10: 1855-1871.

Ishida TA, Nara K, Hogetsu T. 2007. Host effects on ectomycorrhizal fungal communities: insight
from eight host species in mixed conifer-broadleaf forests. New Phytol. 174: 430-440,

Jacquemyn H, Brys R, Vandepitte K, Honnay O, Roldan-Ruiz I, Wiegand T. 2007. A spatially
explicit analysis of seedling recruitment in the terrestrial orchid Orchis purpurea. New
Phytol. 176: 448-459.

Jakubska A, Schmidt I. 2005. Chlorophyll-free form of Epipactis albensis Novikova et Rydlo
(Orchidaceae, Neottieae) in the ‘Skarpa Storczykow‘ nature reserve near Orsk (Lower
Silesia, Poland). Acta Bot. Siles. 2: 151-154.

Julou T, Burghardt B, Gebauer G, Berveiller D, Damesin C, Selosse MA. 2005. Mixotrophy in
orchids; insights from a comparative study of green individuals and nonphotosynthetic
individuals of Cephalanthera damasonium. New Phytol. 166: 639-653.

Leake JR. 1994. The biology of myco-heterotrophic (saprophytic) plants. New Phytol. 127: 171-
216.

22



Mereda P. jun. 2002. Stavba pohlavnych orgdnov druhov rodu Epipactis (Orchidaceae)
vyskytujiicich sa v Ceskej a Slovenskej republike. Zpravy CBS, Praha 37: 27-34.

McCormick MK, Whigham DF, O’Neill J. 2004. Mycorthizal diversity in photosynthetic
terrestrial orchids. New Phytol. 163: 425-438.

MeKendrick SL, Leake JR, Read DJ. 2000. Symbiotic germination and development of myco-
heterotrophic plants in nature: transfer of carbon from ectomycorrhizal Salix repens and
Betula pendula to the orchid Corallorhiza trifida through shared hyphal connections. New
Phytol. 145: 539-548.

McKendrick SL, Leake JR, Taylor DL, Read DJ. 2002. Symbiotic germination and development
of the myco-heterotrophic orchid Neottia nidus-avis in nature and its requirement for locally
distributed Sebacina spp. New Phytol. 154: 233-247.

Otero JT, Flanagan NS. 2006. Orchid diversity - beyond deception. TREE 21: 64-65.

Ogura-Tsujita Y, Yukawa T. 2008. Epipactis helleborine shows strong mycorrhizal preference
towards ectomycorrhizal fungi with contrasting geographic distributions in Japan.
Mycorrhiza 18: 331-338.

Ouanphanivanh N, Merényi Z, Orczin AK, Bratek Z, Szigeti Z, Illyés Z. 2008. Could orchids
indicate truffle habitats? Mycorrhizal association between orchids and truffles. Acta Biol.
Szeged. 52:229-232.

Perry BA, Hansen K, Pfister DH. 2007. A phylogenetic overview of the family Pyronemataceae
(Ascomycota, Pezizales). Mycol. Res. 111: 549-571.

Presser H. 2002. Die Orchideen Mitteleuropas und der Alpen. Nikol Verlagsgesellschaft mbH &
Co. KG, Hamburg.

Pridgeon AM, Cribb P, Chase MW, Rasmussen FN. 2005. Genera Orchidacearum:
Epidendroideae. Oxford University Press, New York.

Prochéazka F. 1980. Na3e orchideje. Krajské muzeum Pardubice.

Rasmussen HN. 1995. Terrestrial Orchids - From Seed to Mycotrophic Plant. Cambridge
University Press, Cambridge.

Rasmussen HN. 2002. Recent developments in the study of orchid mycorrhiza. Plant Soil 244:
149-163.

Rasmussen HN, Whigham DF. 1993. Seed ecology of dust seeds in situ: a new study technique
and its application in terrestrial orchids. Am. J. Bot. 80: 1374-1378.

Rasmussen HN, Whigham DF. 1998. Importance of woody debris in seed germination of
Tipularia discolor (Orchidaceae). Am. J. Bot. 85: 829-834.

Rohlf FJ. 2006. tpsDig, version 2.05. - Department of Ecology and Evolution, State University of
New York at Stony Brook, New York.

Roy M, Yagame T, Yamato M, Iwase K, Heinz CH, Faccio A, Bonfante P, Selosse MA.
Ectomycorrhizal Inocybe species associate with the mycoheterotrophic orchid Epipogium
aphyllum but not with its asexual propagules. Ann. Bot., in press.

Rydlo J. 1989. Poznamky k rozsifeni a ekologii n€kterych druhd rodu Epipactis. Muzeum a
souéasnost, Roztoky, fada piirodovédna 3: 5-33.

Salmia A. 1986. Chlorophyll-free form of Epipactis helleborine (Orchideaceae) in SE Finland.
Ann. Bot. Fennici 23: 49-57.

Salmia A. 1988. Endomycorrhizal fungus in chlorophyll-free and green forms of the terrestrial
orchid Epipactis helleborine. Karstenia 28: 3-18.

23



Selosse MA, Faccio A, Scappaticci G, Bonfante P. 2004. Chlorophyllous and achorophyllous
specimens of Epipactis microphylla (Neottieae, Orchidaceae) are associated with
ectomycorrhizal septomycetes, including truffles. Microb. Ecol. 47: 416-426.

Selosse MA, Vohnik M, Chauvet E. 2008. Out of the rivers: are some aquatic hyphomycetes plant
endophytes? New Phytol. 178: 3-7,

Selosse MA, Weiss M, Jany JL, Tillier A. 2002. Communities and populations of sebacinoid
basidiomycetes associated with the achlorophyllous orchid Neottia nidus-avis (L.) LCM
Rich. and neighbouring tree ectomycorrhizae. Mol, Ecol. 11:1831-1844,

Shefferson RP, Kull T, Tali K. 2008. Mycorrhizal interactions of orchids colonizing Estonian
mine tailings hills. Am. J. Bot. 95: 156-164,

Shefferson RP, Taylor DL, Weiss M, Garnica S, McCormick MK, Adams S, Gray HM,
McFarland JW, Kull T, Tali K, Yukawa T, Kawahara T, Miyoshi K, Lee Yung I. 2007. The
evolutionary history of mycorrhizal specificity among lady's slipper orchids. Evolution 61:
1380-1390.

Smith SE, Read DJ. 2008. Mycorrhizal Symbiosis, 3™ edition. Academic Press, London.
StatSoft Inc. 2008. STATISTICA (data analysis software system), version 8.0. www.statsoft.com.
Systat Software Inc. 2004. SigmaPlot for Windows 2003, version 9.01. www.systat.com.

Taylor DL, Bruns TD. 1997. Independent, specialized invasions of ectomycorrhizal mutualism by
two nonphotosynthetic orchids. PNAS 94: 4510-4515.

Taylor DL, Bruns TD, Leake JR, Read DJ. 2002. Mycorrhizal specificity and function in myco-
heterotrophic plants. In: van der Heijden MGA, Sanders IR [eds.], Mycorrhizal Ecology p.
375-414. Springer-Verlag, Berlin.

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

Technelysium Pty Ltd. 2007. ChromasPro, version 1.41. www.technelysium.com.au,

Tedersoo L, Hansen K, Perry BA, Kjoller R. 2006. Molecular and morphological diversity of
pezizalean ectomycorrhiza. New Phytol. 170: 581-596.

ter Braak CJF, Smilauer P. 2002. Canoco reference manual and CanoDraw for Windows User's
guide: Software for Canonical Comunity Ordination (version 4.5). Microcomputer Power,
Ithaka.

van der Kinderen G. 1995. A method for the study of field germinated seeds of terrestrial orchids.
Lindleyana 10: 68-73.

Vralstad T. 2004. Are ericoid and ectomycorrhizal fungi part of a common guild? New Phytol.
164: 7-10.

Weiss M, Selosse MA, Rexer KH, Urban A, Oberwinkler F. 2004. Sebacinales: a hitherto
overlooked cosm of heterobasidiomycetes with a broad mycorrhizal potential. Mycol. Res.
108: 1003-1010.

Xu JT, Mu C. 1990. The relation between growth of Gastrodia elata protocorms and fungi. Acta
Bot. Sin. 32: 26-31.

Zohlen A, Tyler G. 2004. Soluble inorganic tissue phosphorus and calcicole-calcifuge behaviour
of plants. Ann. Bot. 94: 427-432.

24



0F0 yoF¥ee 80F8¢ 0F0 (papnyoxa uoneUIULIDg OU YHMm S)axded) sjaxoed ur suuosojold Jo o
SO0FEC | 'CFVO5 | VEFOGY | ECTFHO PaLMY00 uoneUIULIRE 219yM sjoxoed ul spaes Fupeurniiag Jo 9,
CO0F90Q | I'2F8ES | VEFLIP L'L¥6C sya3joed [e Ul spass Suneuruagd Jo 9,
€EFLC | GLFGE6 | TEFB6Y | ESFISH Spaas suneuruLIag yIm syexoed Jo o
dd HH WH Ivd
so102ds Apm3g
[
LyFYey | LEF6LC [0V FGGL [TV FCLO | vy T89S [6€EF98Y | G2 F 2 ¢g | paLmnoo0 UONEUILIDS 21y S)a3oed Ul SPaas SUNBUILIas JO 9
by+90E| 8C*8lL | L'VFLS |EVFEEY |TYFCO | LEFQSE|0CFL VL syoxoed [[B Ul SPaas SuneuIuLIag Jo o/
9GFO0L| VSFVPPO | EGFEOE |GVFCEL| LPFEL8 [ 9VFIEL| 8V FE99 spaes JunjeuruLdg ym syodoed Jo o
d Id £H CH IH oy v
sayis Apmg

(v

‘ow.ndind g = J4 ‘2utiogajjay g = HY ‘Suaqriop g = 1YH ‘Sisuaqp i = [y SU0NRIAIGQE s9102ds syordidy *3g F ueaw onsunyjLe jussasidal
SaN[eA 31, 'UONEQNIUL [I0S JO SYIUOW 7 ISPe SIS [[e 19A0 (g) sa10ads syopdidsy moj ul pue () a)s ApnIs yoes je ajel uoneuIuuag [[e1oAQ) 1y xipuaddy




Wod (0 0)errEUDIE BAUADGERY0ZO (S)IH/H3 0T OEDOTJELIAUOIA]

WOd (0°0) eLEUAIE BIUAD) BCRINTOA (s)1d/HA (shd/va BV H/HA 61 B3l QEAIT)EWSUOIA]
(1L£1-20'p) HUIa1 BUIX0D]IA, 80L99TIV

I RE ($L1-30°7) "ds BuIX03[IM €1085¥4H (s)zHava 81 SE20R)EWAN0IA]
(0°0) numa1 BUIXOINIA 80L99TIV

Woa (0°0)ds euIxod|I M, £10854H (®)1d/d3 L1 2E20E)EWAN0IL ]
(0°0) Hwya1 BUXOOfIM BOLIITIY

WOd (0°0) (eusxod[IM ) WO paminaufy Z19549NT (E)aryave (Buvava 91 BUIX0I[IA\ 9BIOBIEWIAUOIAJ
(0°0) yatoq Jagn L, £9ZESLNT

WOd (0°0) (32qnL) NOF paImnaun 650107 T (s)1dpvd Gl or°'ds.Jagny, ECERHER ]
(0°0) wimyeInaeWw 1aquL ], L796960Y

Wod (0°0) "ds Joqn], 90LYESLY (e)qIv/Ive ¥1 6'ds raqny, SBAJRIAQN],
(0°0) wrye[naLwW Jagn |, 69ZESLNH

WOA (0°0) (32qn L) WOF paimynou) OszE68LY (s)av/Hd €l aeageIaqny,

WOoH (0°p) wmenow 12gn] 697ESLNT (8)ZH/HY 1 g'ds Jaqny, aeaselaqn]

WO {0°0) wmprusgnd 13gn], 5796961V (s)1d/HA 11 sEadEIaqnL

{0'0) winnagnd J2qn1, 796961V :

WOA (0°0) J2qnL paimjnouq) £57899N4 {e)eH/md 01 Lds Jaqng, aeadesaqny,
(0°0) wnsednuos Jaqn, £y81100d

WoH {0°0) 12qn[, pamynoun) 1$7899NT (e)¢H/HHA 6 g'ds Jaqny, omaowlaqny,
(0"0) wnsodnios Jaqny, 4811000

WOH (0°0) (32qn.L) DT parminaun) L91+94H {(e)tH/HA 8 aeaseIaqn]
(0°0) umsodniss 1aqn] 84811000

IRE] (0°0) (33qn1) WDF pammnoun) co[0r6AY (s)zH/mE L aeaselaqny
(0°0) wnsodruos Jaqn], g¥811000

Wod (0°0) (399N.L) WD PRITIMIUN STOFEAY (s)eHAVE 9 aeadeRqNy,
(0°0) wnsodniss Jaqn], 84311000

Wod (0°0) Joqn], pamyinaun) 80LZ0TNA (e)zH/HA (R T H/HA 9 gds saqny, seaseloqny
(¢Z1-20°9) wynt 12qn, ¢LpT9¢AT

Wod (£21-30) (39qn1) WD PRIIMINN 9917945 (s)1H/HE 4 p'ds 1aqu, SEAITIBqNL,

WO {0°0) wrynrsaqny, ¢/Lp79€Aq (E1v/iva € cds Jaquny, Seaselaqny,
(0°0) wrynt 1aqn, §Ly79€.19

WOod (0°0) (19qn1) WOT pImmaun £51HE9AV (®)¢H/Hd 7 7'ds Jaqng, Jeaselaqny,
(0°0) wnyn 3agny, 6L+79EAH

WOH (0°0) (3990.L) WDF pamnaun eCIFEOAY | (S)QIV/HA'(S)vavE (&) IH/HT ®IvAvE 1 I'ds Jaqny, aeadelaqny,

SI[EZIZag

VNILOJAWOZIZAd

VLOJANOISY

uhmo_ouo (anjea pajoadxa ISV T4 WIM) LSYTH AQ punoj saydjeu )saso) 921N0S UONE[OS] R sapads sapeIng adwaumi]

aapeing | ° ) P : 5320y q 7% > e !

"S9)IS OM] JB S}NPE WRILOSDWDY D3y UDIDYda)) PUR SIS 15210 UIAIS T S3UI[Paas pue s)npe “dds syopdidy ul pajaajap suiens [esun, ;g xipuaddy



d (0°0) ds epoeydso)doT ZEIGEEAY (syqrv/Hd 15 epaeidsoyday aeadenaeydsojday

W (0'0) stoLrea eonpepng [ [0LO9AV (s)nvavd 0s BIN[Epny 9BAIRLIMUI A

g {0°0) "ds wmeeyaouarky £6905.N3d (s)q1v/Hd 6t agadutodsoalg uuquonmou_m

d (851-20"p) EIOURIUOD BLBWANY G§LH997(] (e)a1v/Iva 8t 7ds sLBIN Y 2220R10dS03|d

d (0°0) EBIEIB)[E BURIIAY Z0SSSHI (8)1d/dd Ly 1"ds eLBUI)Y apadesodsoa[d

sajelodsoalg

d/S (0L1-20°7) eInyj2q euseydsojera ] 76009ZAV (e)qiv/ivd 9 sajetpoude)

d/s (00) saptotodsope[o umuodsope]) ZESTLTNA (s)eHAvE Sk 7"ds wnpodsopel) aeasejalpiae(

/S (0°0) ds wmuodsope) yL5/910F (s)nv/HA tt SEIVE[[IPIAR(T

4/S (0°0) "ds winuodsope|) pL5L91NT (s)1dpvd £ ATadE[[AIPIAE(]

45 (00) "ds wnpodsope|] F£5L91NT (s)nvava [24 aeade[|aIpire(g

/8 (0°0) 'ds wnuodsope) yL5L91NT (shivava It SBIDE[[IIPIAR(

] (0°0) wnuuadsesdeyds umuodsope]) §/665.0T (s)arvavd ov arase[jalplag

d/s (0°0) "ds wmuodsope[d $15.91NT (S)eHNVE 6€ 1"ds minLrodsope|) 9T3E[[IIPIAE

sajeipoude)

Wod (0°0) BouSE[a B]|A[SH SSPSEETY (e)eH/HA 8€ E[[PARH aeade[jeAleH

WDH (0°0) touse[m eATOUPAH ZTSI9TNY (8)1d/dd LE BANOUPAH QBADEUIOSI(
(§91-20'9) sunynemnb epnaepnasy £3£6990d

HZUM Ammﬁuuc.: Eonoomv uu.zdmsu__._p 687899N4 ﬁmtu{b{.m of onuunun:—o:onha—. umuomumEuﬂobnm
(€11-20°5) euEuoques sixAdoaD) 066967

WOT ($Z1-20"8) nwnuAq eisuaqdayg 7y e80T (e)arv/Iva 3 WSixddoan,, aeadejewauolf ]
(2h1-90°1) MunuAq esuaqdals gpzL e80T

Wod (0°0) muyar srxAdoany 166967 (e)1H/HA vE sixAdoan 9BA0EIEWATOIA]

WDH (0°0) BuLA120 B10d0dD) £ 1¥90TINT (s)luvava 13 9EI0BJBUIDN0IAJ

WoH (0°0) ewiazad miodoaD) £ [y90TIN: (s}arv/Ha 43 983JLIRWAN0IAJ

WoH (0°0) eutALad viodoar) £ 907N (s)qivavy 1€ viodoan 9E20BIEIAUDIA ]

WDH (0°0) eradotfjoosm eoeydoyon ], €80070A (8)1dAvE 0f JLIILJEWAUOIA]

Wod (0°0) eredoyjoom eaeydoyou SER0OZOA (S}IHAVH 14 SE2EJEWLIAUOIA]

Woa {0°0) erodoyjoom eeeydoypul 6£80020A (5)IH/HA ‘(5)IHAVH 87 7"ds eaeqdoyaLi], 9B30TJBWAN0IA ]
{0°0) eradeyjeoa eaeydoyouiy, 6800700

Wod (0°0) (sraamEmonoIAd) WOF paImuou) €Z91SEAV (S)EANVA(S)AIVAVE (S)IH/HA (SHHAVE LT ['ds BaqdoyaLL ], JeadejEWateIAd
($8-20'7) 1woupies eauan 1689070

WDa (0°0) eoURn paImynOUN O6TI99NH (sYeH/HT 9z 9L20EJEWRUOIA]
(£8-20'2) 10upIEd vOUAH 1589070

WO (0°0) eallany painyjnou) 06¢899NH (s)eH/HT ST SE3IBJELUAUOIA]
{#8-20°7) 1u1oupied eauan 158900

Woda (0°p) BOUIH paIny[naLn) 067899NT (s)eHAVH ¥z oEadEIELIDU0IAg
(£8-20°) 11eupIEs BaU2H 15890700

Woa (0°0) BauUan painynauf 067899Nd (s)eHAVE £7 9BADTIEWAUCIA]
{#8-20'T) I1aupIed eatan 1689070

Wod (0°0) BaUaD paany[naun) §67899NT (®)eH/HA Fid SEIJEIEWIUOIA]
(£01-20°9) eoLdRydSNuUaY BTN OLy6180H

WD (0°0) =oUaL) paImyNOUN OETIFINT (s'®)cH/HA |4 wBUID,, S2IIT|EWSUOIAJ




d | (0°p) stwow]es e[erydoxy ZEOEIZAY | ©mHE [ 6L sledoxy | seaoejoromodiay
saerikipjolaey)
S (0°0) wniqr sn|[iE1dsy (8075944 (Sqvava 8L SnIBIdsy SEAORUWOIOYILLL,
s (0°0) Hpofanbor wnpdIUa] 6Z6ELEAY ($)1H/HH LL ¢'ds wnypuag JBIVEUIOIOYILLL,
S (00) wmiydoj4100 UMI[IIdIUA] 9OGELEAY (Bavava 9L 1"ds wIniqamag 3BIDEWOIONILLY,
sajenoany
(0°0) 121114213 B[[S1D 680LS0
d/Nod (0°0) s3[enolRH paMnAUG) $7HZR10A (®)eH/aD SL pds sa[EnoPH
(0°0) U BOOIWNYOIT GTEIOLAY
d/WoA (0°0) (S3[EHOISH) WD P3ININOUN 6915919 (s)IH/HE [ £'ds sa[EnoH
(0°0) Wismaez vupseydsosniel) g26044
d/NDE (0°0) vunoswozizod parmynauf) 9€€€LZ0DA (S)1d/Hd £L 7'ds saEnopPH
{0°0) 'ds s3[enojRH 8L TN
d/NOHF (0°0) (sa1en019H) WOF pamynaup) ¢L6L6+0A (e)1d/da Tl 1"ds SI[ENORH
$3)224AU101J037)
(08-20°¢) setusiad) eissawniIeH 1901144
d/S (0°0) a1224wodse panifitaun) 10£00NT (&)arv/iva 1L safeypodelq
sajeqyIoderqy
d | (0°0) BimIsNBUE B[[o1LIUNI], OOELLETV | Eavaa | oL ] B[9yBouNL], | seadsuegdsiydury
sajeLIe[AY
d | (0°0) “ds efjasonydsoidald SILOEYTA | SaivHa | 69 | v[R1aeydsojald | STAORIOYIE([Ad
SI[BIOYIBI[AYJ
d | (0°0) "ds stsdoaeuipo)) 76€887Ad | (S)91v/HA | 89 [ aeaseLaeqdsojaey) | seaoemeeqdsoioey)
sejelaegdsojaey)
d (0°0) wiruodsAxo wnpiesny £61€EZLA (8)zH/HA (B 1H/aD L9
d (0°0) wnpuate] WNLIESN /L E0LA (®)IH/HE 99 7'ds wmnLresny
d {0°0) susfopa1 umuesn p£ZS6hA (e)IH/HT 59 1ds wniresny
8 {0°0) 31diBuo| euuapOYdUL H£008TNH (s)1d/HH 9 BULIIPOTILL], aeadpalaodiy
d {0°0) CIRHID IRIN[OA 99610V ()aly/Hd ‘(s)qivava £9 B[[PINJOA 9830BLIO3N
(0°0) wnuzisnuFew vodreooIpulA3566809V
d (0°0) aaoeInIaN pamMIMIUN) €6¥SLNT (8)1dnve 29 "ds azadELnIIN 2B0BLOIN
d (051-20'6) *ds BN €8L6LL0U (s)cH/HA 19 BN
d (0°0) “ds emooN 6816LL0d (s)eH/Hd *(S)IH/HA 0% 9BIVELIIAIN
d (0'0) "ds etmoaN THELIEDA (s)avavd 65 ¢-ds auaoeLyaaN ELERETHERING
d (00} BJOSIOIpRI BLYOSUOAN [EESLRY (s)EH/HA '(5)1d/HA 86 9E30EHI0AN
d (0°0) joataIpeI BINO3U0ON OEESLELY (s)eH/HA LS ¢'ds aeadELnaaN 9B3IORLOIN
d (0°0) "ds uodsesoIpunAD) 1zh69£0Y (e)zH/HA 95 9B30BLIOON
d (0°p) "ds uodtesoapunA) 1TH69EHY (s)zHAvE s SEIVBLIOIN
d {0°0) Ej03101pes BL2aU0DN 9EESLBIV ($)arv/Hd ‘(S)avavd s 1-ds agaduLOaN SRIVBLIOSN
d {0’ 0) BaNS[OI]20 BINOATOIE /Y6OETY (e)arv/mva €5 [IRTRETITTTY | ELEREJRREL G |
S9|Ea120dAH
S | (0°0) oeaoewarkdory £0578900 ] {(s)arvavd | 43 | aeaemmaIAdoyly | seaseruarddoyury
say00dmoapipioq




WDH (0°0) (eiIR1uatmo 1) DT PATUINOUN 978 1ZIH (e)1H/AD S01 aeaoeroqdaay,
(0°p) ds e[puawoy, 78RN
Woa (070) (eqoruatuo] ) WOF painynoup) 9881 719 (e)qIv/va 01 ¢ ds suadedoydaaiy ], aeaoeloydajay],
(p0)ds e[uawiof, 91 44949
WDH (0°0) (s[19IUamO 1) INOF PRANIMAUN LS TH#POIH () TH/HA £01 1"ds asaostoydagay,L, aeaseloqdajay ],
safeoydapay J,
S (0'0) “ds ewojog 56942600 (s}eHaAvH 701 JeddejeIojojuy 2B3dBjEWO|OIUY
Woa (0°0) (pwiojoyau ) WDOH prmmaun $£8ZZ80A (s)eHnva 001 BIOJOTLLY, Je20LIBWO[OY2M ],
WDH (0°0) enpIosty agAaou] RRRTEEINY (e)eH/HE 66 0ds agAdou] SE3JELIEUIIO0D)
(0°0) tipIsi[ing IsjsedouswA [$95TEIV
Wod (0°0) (sveoensedouswAH) NDT PRANIMNAUN §Z9ISEAY (=®)ZH/aD 26 $rds INSeSORWAH 2B30B1)SRFOUNUAH
WO (0°0) snasLIB 1a)segouduAy 9067V (e} H/H3 L6 ¢'ds 13)sedousmiy aeaoenseSousuAy
(0°0) snaoeAL|D 15)5EFOUSWAY THISTEIY
Woa (0°0) (amodensedouswAH) WOT PNt 9c[FEOAY (®)IH/aD 96 7'ds 19)sedoudtuiy 9B00ENSEZOUIAH
(0°0) SNAJLATO INSETOUSWAY THOCTELY
Woa (0°0) (9vaoeysedouswAH) O PAINNUN 9ETHEOAY (@) H/Ha 56 1°ds 193sudouaw Ay aeaoensedousWAY
sa[eoLIE sy
FNILODAWOOIYVOV
VILODANOITISYH
d (0°0) @A21q wnipeoRna], [€4E88NT (skeupva 88 1'ds uimnipepenay,
(0°0) wnoedo WNIPBAOYIL], 6HOTETINY
d/s (0°0) wnipe[ooyoLL], pRIUNOUN OL6¥SLAT (®)1d/dd ¥6 WnIpeOTRLLL
d (0°0) B[oa1pmaI0 wmipnuopolds €€ 19841V (s)1d/H= £6 wniphuopeyda
S (0°0) "ds wnodsoMmo) g6LTL60Y (®)eH/HY 6 wniodsormo)
d (0°0) SuuOJIIIXEW WNIPE[ILNAT 96689000 (s}eH/HE 16 £'ds wnIpepen3 |,
d (0°0) winjeory winipe[oeN3 ], 6LEO00L (S)1d/H3 06
d (0°0) suLlojfIxem WNIpE[RENR ] 96689000 (s)gH/HA | 91s£9€nd
d (0°0) sumopjIXeur WiIpejRERa L 96689000 (=)zH/aD | L15£9End ¢'ds wnipepeRR L
d (0'0) wmeomy wnipeRRIAL ZEPESRNT (s)IHAVH 68
d {0°0) 3A21q WipedRNAT [€4E88NT (s)zHAvE 83 1'ds umipepena),
SHLADANWONTINAA
d (191-20°7) "ds epipueD 17669200 (s)1d/HA L8 7'ds spipus)
d (p0) suisuappip epIpuE) SI8LTINY Eqviva 98 I"ds vpipue)
S (0°0) nuasuey s50AWOAIRGIQERSE YA (®)arv/ve S8 9BA0EIRAWIOILYIOLG
S (0°0) Huasuey saskwoAteqaq 6£0695NH (S)TH/HF "(2)1d/d3 '(e)q1v/vd ¥8 saadwoliegaq | owvaseivddworeydoeg
d (1£1-30'f) wnyowyoad sasfwojaeen 16£89900 (B)H/aD £8 aeaoeosEpodi(q
d (EF1-20°5) "ds wnya0aD Z0LLILAY (®)1d/da 4] 7'ds svaseasepodiq seageosepodiq
-a0°7) d Al ($)1H/HE "()EH/HA ds avadeasepodr avasuasepod)
d (S£1-20°7) ds saakwoyae[en 79098Z0A {S)aV/HE'(S)CHAVE CIVAVA®AY/IVE 13 I podiq podid
S2[BJIDAUI0IBIIIBS
PNILOJDIWOHVHOOVS
d (0°0) "ds 21442005V THOOZSAV | (S)EHAVH | 08 BJAYI0ISY |

supoaimozizag




(511-20°7) SHeIPOdWAS BIZOSSE[EIN LSOEPLAY

d {0'0) erzasse]e[y panauf] £ges 160 (e)q1v/1vd cel Sa[eIZasse[RIA]
SO BIZASSE[BIAL
VNILODAWOOVTILIS!]
J4/S (p¥1-30°6) HPIOdUI BIOIIUISUAY 61tV | (G)IH/HA | v21 [ sspyadimoqysoduesy |
FNILODAWOINIDODN
W/d/S (LZ1-20°C) B8 P[leWwa1 L £SHTHOIV (s)IH/HA £21 Sa[e[[atal],
S (0'0) 1mquse morodsoyali], 94£65 SN (s)lv/HA (4 ueI0dsoyy],
SI[E[PAL],
S (0°0) suexapdiad eijiuosIdl €ETTLOEY | (GHava | 1z | EIII0SIa)] |
m@_ﬁ_ﬁ_mﬂn—e_:sth
S (0} suuroyuo]y umipiseqo[td L0006 1Y (e)[d/dd 0zl wnipiseqofiq QUIIBIPISEQO[L
S (0°0) n8mzjany sn0200MdAL) [ TESHIIY (e)qrv/1ve 611 snaed03dAa)
SafeIpIseqoyig
i (0°0) suemoIfpd BIRNY 66£580 | Gamvava | sir | 3)22AW0dLIEY |
[FETEEE ORI LA
S (0°0) eoenurine eloydoruag $Z801ZAY | Gavaa | Ln | eioydomag | aeadeipejooUyaE]
saerodA[og
(0¥ 1-30'Z) BIaJIULIDA TUIIEQAS 9600750
o (0°0) so[EwangDg pamynaun LEZLZ 1T (s\nvavd 911 € ApT[d BUPEqas JBADEULIEGRS
{0°0) eaedids e vuIdLqdg £6E06VIV
WO (0°0) (seadeuIoEqag) WOF paanimouN) ZESI9IINY (s)eHAVH SI1 VY 2PE] BUDEGag 3E30BUIIE]AS
sI[euneEqIS
A (0°0) W[OS WINIPISEqOIRID) SZSELTNT
d (0°0) WinIpIseqojela’) pasmynauf) y56700Nd (e)q1v/1va P11 UINIPISE(0IEI) JEIJVIPISEQOIRIZ])
saje|a1eyjue’y
WO (0"0)eanze BNSENYNYII9DAY (&)1 d/dd €11 7'ds epussny 2BADBNSSIY
(0°0) sueonsdiu ejnssny 8Tr618NT
Wod (0°0) (emssny) WOH paimyinou) $088174d (s)eH/HE zIl seade[nssmy
{0°0) sueaLITIU B[NSSVY 87H618NT
WO (0°'0) (Bmssny) DT paminoup) F088 1749 (e)1d/dd 111 T'ds enssny QE3JR[NSSIY
SoensSsnyy
(0°0) SUSLY e[jojuotol0pnasyd jLLyLTIV
WOH (0°0) (e[I21uawoiopnas) WOH pamimoun) £0SE9SNA (®)TH/aD 011 L'ds aeaseioydajery, opaorIoydajat ],
(0°0) eajiAydodres eroyda[et L 0866881V
WDI (0°0) (s0yds[ay 1) WOF pammnouf) {95594 (s)zH/HA 601 9°ds aeadelofdapy], aeadeloydajary,
(0°0) "ds gjja1uato], Z8HESN
WO (0'0) (e23u2wWo] ) WOF painynaun §9L01Z1:1 (®)TH/AD 801 g-ds avasetoqdopy L aegadetoydajayy,
{0°0) ds gjjojuawio], Z8pE8N
Wod (0°0) BiuaWwO L, pamynauf) 6618990 (8)zH/HA “(8)TH/AD £01 "ds avaseogdopy ], seaoetonda[aL
{0°0) "ds e[lojuawWo ], Z8HERN
Woa (0°0) BjjojudWO ], pAIMNOUL) 6618990 (e)aIv/Ive 901 ¢"ds swadesoydapay ], seaoetoydajay L
(0'0) ds e[2IuRWO 108/ 4L6DA




"A8arens umow{un = j ‘oniseredoaur = [y ‘ondydordes = g ‘a1ydopus 10 ayisered juerd

= d ‘UiBLS URINOI0ZIYI = 3 ‘[RZIUI0oAwo0d = WD {se10ads paouanbas o 107 remums st A5a1els oy 18y 10adxe om) surens [efung reruis jsow a1 Jo Aeiens omgdoa], 3
‘PapPpE S1 21mN0 10 uatrioads wnieqIay

E wol Suruoed aouanbas 1535000 Ay ‘UdwIads paleyonoa e 0} SUC[aq 10U PIP YOJRI SISO[D IT) S5ED UJ "Paouap SI AWOUOXE} IOJ SAHBULIOJUT ISV 1S950[0 a1 A[uQ 3
[npe = e ‘Julpass =

‘wnuospupp pasylupipyds) = QO ‘vivandind ' = dq ‘auriogayay g = JH ‘susqiioyp " = Wi ‘sisuaqp syopdidy = 1y Y23e1s [muswdolpasp) ans / sewads pryaig .

"TOTSSIIQNS [euInol a1 210J2q aseqelep [N O papmuqns aq [[im s20uanbag |

-saouanbas reqmuns o/ < Surjquuasse saroads aAneIng q

"9[qissod 219Ym Pa10Uap [2A3] AJTUIE] PUE 13pI0 fUONEOIISSE]D JTUOUOXE],

d/8 (Tr-20°8) eoaporoeyds wnipAydoziny 780L66AV (s)qIv/HA 9p1 7°0S 2J3DAWOIPLYAT]D
4/8 (95-a2¢' ) wniodsooemr uminAYdUAS S60L66AY [OLZE! [Tl 1°ds 91304 woIplAT
VLODANOIAMILAHD
(0°0) "ds B[[aIa10W 8SLLLENT
S {0°0) 9u33L[[2I0IIOY PAIMNOUL) 9661 LN (S} H/HH 24! 2B3TE[[2IAIOIN
(0'0) "ds B[P0 8SLLLENT
S (0°0) 2u33T] (21210 PAIMMAUY) 96615 LT (s)zH/HA EVI Lds Tjppa1antopy aLadL[[aIaION
S (0°0) emdje e[pa1an10 €0L8160T (s)THAVH Tl 9°ds BJ[243NI0A] EEEEETEIERI T
S (0°0) euidie e[RININOIN EFPOIEAY (®)1H/aD ¢l 9BIOB[[2IAIOIN
S (0°0) eurdje 2121010 091 LTIV (SYIH/HA orl g'ds ejpIa1I0 ] 9BIVE[2IAION
S (0°0) "ds ejjesamoly 67.88800 (s)ZHAVH 6E1 p*ds eIt t0y JBADT[[2IAIHOIN
S (0°0) "ds e[[o1atHOl §5LLLENT (s)arv/Hd 8t1 £'ds e[p1anIo 2BIIE[[UAUON
S (0°0) 'ds e[1232RI0N ZEFOERLY (s)av/HA LET 7'ds e[pentoy SEIDE[[21IOIN
S (0°0) Hiswed elIaIHo £ZLEG0OT (s)alv/Ha 9€1 9BIDT[2ILI0IN
S (0°0) nswed ejasa10[N £2L£600d (S)tHAVH GEl JBADE[[AIAIUON
S (0'0) "ds Tjja1ato[q 854.28NT (s)zHNVE YET 1'ds gjpRRIoR 22IIE[[IANPON
SI[e[[3121)I0TA]
FNILOJAWOYODIIW
VLODAIODAZ
d (0°0) s1e1podwAs eiZasse[el ObOSyLAY (s)1H/HA £E1 p°ds eizasse[e]A]
d (0°0) EloLsal vizasse[eW 95HS16NT (s)TH/HA ZEl
d (0°0) e10LNSaI eizasse[B 95S 60T (s)nv/HA 1€1 ¢'ds e1zasse[ey]
d (0°0) BIOLSAI LIZDSSRIZN 9E9EPL AV (s)ZHAVA 0E1
d (0°0) ®21SAL BIZOSSBIEIN QEQEPLAY (2)1d/dd 671 7'ds uizasse[ely
d (0°0) moLsal erzasse[R 9E0EhLAY (e)q1v/1vH 871 1'ds BIZasSE[E]
{(8¥1-20'1) steipodwiAs erzasse[ey LS9EPLAY
d (0°0) BIZasse[e paJmnaup €Zes16Nd (s)1H/HT LT1
(8¥1-90°1) stjeipoduIAs B[Zasse[eN LSIEVLAY
d (0°0) eIZasse[elN paimnoup] £7E5 (60 (s)nv/HA 9Z1




Part I.

Spatial aspects of seed dispersal and seedling
recruitment in orchids

Jersdkova J & Malinova T. 2007. Spatial aspects of seed dispersal and
seedling recruitment in orchids. New Phytologist 176: 237-241.
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Spatial aspects of seed
dispersal and seedling
recruitment in orchids

Growing interest in spatial plant ecology is resulting in new
approaches to the study of seed dispersal and seedling
recruitment; two important processes determining population
dynamics, genetic structure within and among plant
populations and the colonizarion of new areas (Vekemans
& Hardy, 2004). In general, seed dispersion patterns are
determined by the spartial pattern of reproductive adults,
their seed outputs and their seed shadows, while seedling
recruitment mainly depends on the probability of seed
arrival and the availability of a suitable microsite (Nathan &
Muller-Landau, 2000). In the orchid family, successful
germinarion and seedling establishment are crucial life his-
toty stages, as orchid seeds are unusual in being among the
smallest seeds of all lowering plants, with an undifferentiated
embryo that contains minimal reserves. Therefore, at
germination, orchids are fully dependent on an interaction
with a mycorrhizal fungus, which colonizes the seeds and
provides all nutrients essential for seedling development.
In the past decade, there have been several attempts to
investigate the process of orchid seed germination in a
spatial context (Perkins & McGee, 1995; McKendrick
etal, 2000; Batry eral, 2001; Feuetherdr eral, 2005;
Diez, 2007); however, these studies have told us little abour
the extent to which seed dispersal and germination are
associated with the spatial distribution of recruits. In this
issue of New Phytologise (pp. 448-459), Jacquemyn et al.
provide more insights into the within-population spatial
genetic structure and recruitment potential of an orchid
species, for which little is known regarding seed dispersal
patterns and the successful establishment of mycorrhiza-
dependent seedlings.

‘The Authors (2007). Journal compilation @ New Phytologiss (2007)  www.newphytologist.org New Phytwologis: (2007) 176: 237-241
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Such a fine-scale population genetic structure may
have serious consequences for the seed quality resulting
[from pollen transport between neighbouring plants in

outcrossing specz'e.r'

The nature of orchid seed dispersal

Orchid seeds are very small, extremely light and produced in
great numbers. The embryo occupies only a very small part
of the space inside the sced coat, the remainder of which is
filled with air. As a result, orchid seeds can remain airborne
for long periods and travel thousands of kilometres. Long-
distance dispersal events are well demonstrated by the
colonization of volcanic islands, where orchids were among
the first plants to grow after island formartion (Arditd &
Ghani, 2000).

Although orchids have fine dust-like seeds, most studies
investigating spatial genetic structure within terrestrial orchid
populations have found a significant partern, which in most
cases was explained by limited seed dispersal {(Machon ez al,
2003). Similarly, cthe parentage analysis in the study of
Jacquemyn ez al suggests that seed dispersal with subsequent
recruitment within two Orchis purpurea populations was
limited to median distances of 4 and 7 m. The typical seed
rain density in terreserial orchids thus decreases as a funcrion
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0.8 -

Proportion of captured seeds
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of distance from the parent planc (Fig. 1), where the long
tail represents only a small proportion of seeds, which is,
however, sufficient for colonizing new areas.

Such a fine-scale population genetic structure may have
serious consequences for the seed quality resulting from
pollen transport berween neighbouring plants in outcrossing
species, as is the case for most orchids. For example, in
Dactylorhiza praeterntissa, a nonrewarding orchid species in
terms of necrar production, pollination berween plants
growing less than 10 m apare yielded seeds with a lower
proportion of embryos and decreased germination rates com-
pared with pollination berween plants growing more than
20 m apart (Ferdy er af, 2001). This effect may be even mare
pronounced in orchids producing rewards, as pollinators tend
to fly shorter distances in rewarding patches, which leads to
increased inbreeding depression in progeny if neighbour-
ing plants are closely related (Vekemans & Hardy, 2004).
The orchid family is renowned for an unusually high occur-
rence of nonrewarding flowers compared with other plant
families (Jersékovd er af, 2006). The limited seed dispersal
thus could indirectly favour the evolution and stability of
deceptive pollination systems in orchids, where pollen dis-
persal distances are greater than in rewarding plants, to
compensate for the homogamy that would arise from
recruitment in the extreme vicinity (Jersdkovd et 2/, 2006).

What is a 'safe site’ for orchid recruitment?

The concept of a safe site’ describes the specific conditions that
allow a seedling of a particular species to emerge successfully
from the soil and to develop into an adult, reproductive plant
(Harper et al, 1965). For orchid seedlings, which are fully

P. aibida
O. morio
D. majalis (low)
D. majalis (high)

Fig. 1 Proportion of seeds captured by
sticky Petri dishes, which were positioned
at six distance classes, in six directions,
from adult plants of Pseudorchis albida,
Anacamptis morio and Dactylorhiza
majalis (in low and high vegetation). The
value for each distance class is based on

251 158 100 56 31 10 10 31 56

Distance from plant {cm})
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the sum for three directions. Data were
fitted by Gaussian curves (J. Jersakova,
unpublished data).
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Fig. 2 (a) The in situ seed germination technique employs a plastic
slide and nylon mesh with enclosed seeds. (b) Developmental
stages of Epipactis helleborine seedlings after 23 months in the soil.

dependent on nutrients supplied by a mycorrhizal fungus
until they reach the autotrophic stage, recruitment success will
be strongly influenced by the availability of a suitable fungal
strain. Our knowledge of spatial aspects of seed germination
was greatly improved when Rasmussen & Whigham (1993)
developed an inexpensive and simple method for in sétn seed
germination (Fig. 2a). This method enables seed cultivation
under nearly natural conditions and colonization by fungal
hyphae from the surrounding soil (Fig. 2b). Not only do
the seed packets retrieved allow assessment of germination,
but the mycorrhizal seedlings obtained can be used in
further molecular analyses and n vitro cultivation of fungal
symbionts. To date, orchids have been found to associate
with several groups of fungi, and differences in the ecology
and nuritional demands of these fungi may strongly
impact seed germination patterns.

Orchids of open habitats typically associate with sapro-
trophic basidiomycetes of several lineages, collectively named
Rhizoctonia after their asexual stage (Rasmussen, 2002).
When not in association with orchid roots, these soil-borne
fungi are considered to be saprophyrtic or parasitic on plants,
but little is known about their spartial distribution in the

© The Authors (2007). Journal compilation @ New Phyrologiss (2007) www.newphytologist.org

environment, their nutrient demands, and their fine-scale
propagation. The above-mentioned studies, which focused
on the spartial aspects of orchid seed germination, suggest
that mycorrhizal fungi have an aggregated distribution
within the habitats, Although in ordinary circumstances the
mycorrhizal fungj are likely ro be distributed independently
of the orchids (Feuerherdt ez al, 2005), higher abundances
of fungal symbionts are typically found close to adult plants
(Batty efal, 2001; Diez, 2007). For example, Perkins &
McGee (1995) found Rbizoctonia solani within 50 cm of
adule plants of the orchid Prerossylis acuminate. These ‘safe
sites’ probably provide suitable environmental conditions for
both fungus and orchid growth, as the seed germination rate
was found to be correlated with specific edaphic factors,
such as soil organic matter content, potassium content, soil
acidity and moisture (Batty ef 2f, 2001; Diez, 2007), which
probably play important roles in the growth and density of
saprophytic fungi (Ettema & Wardle, 2002).

Conversely, constraints on fungus availability might be
more pronounced in the germination of nonphotosynthetic
myco-heterotrophic orchids and some green forest orchids,
which were found to associate with ectomycorrhizal basidio-
mycetes and ascomycetes {Julou ez 2/, 2005). In such cases,
the fungus belongs to a tripartite symbiosis, in which the
orchid indirectly recovers carbohydrates from surrounding
trees via a shared mycorrhizal fungus. As the ectomycorrhizal
root tips of host trees are usually found in the close vicinity
of the root system of mycotrophic plants (Selosse er af, 2002),
the successful germination of orchids may not simply
depend on the presence of adult plants, but may be largely
determined by the occurrence of ectomycorrhizal root tips.
This view is supported by a nonsignificant effect of the
presence of adult Corallorhiza trifida plants on the percentage
of germinating seeds (McKendrick et af, 2000).

Making a significant step forward, Jacquemyn ezal
show that the probability of seed germination and further
establishment of protocorms is closely associated with the
spatial distribution of recruits. The authors investigated the
spatial patterns of seedling recruitment within two popula-
tions of O. purpurea, an orchid thac is likely to associate
with Rhizocronia-like fungi from the Tulasnellales fungal
subgroup (GenBank accession number AJ549121). The
germination rates were found to differ markedly berween
the two populations of O. purpurea. At the first site, seed
germination was confined to particular microsites, where
both adults and seedlings were found to be clustered. At the
second site, seed germination was not found to be restricted,
and hence not all seedlings overlapped with adult clusters.
The authors could, however, only speculate on whether the
restricted germination at the first site was caused by a lack of
appropriate fungus or by a lack of suitable soil substrate.
Future studies might focus on establishing the presence or
absence of the fungal symbiont in the soil using molecular
methods such as those employing specific PCR primers or

New Phytalagist (2007) 176; 237-241
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terminal restriction fragment length polymorphism, which
provide fingerprints of whole fungal communities (Dickie
et al, 2002).

How many will be lucky enough to grow
and reproduce?

Orchids produce an enormous quantity of seeds, but the
probability of one seed appearing above the ground as a
seedling is extremely low. Seedling recruitment is a fundamental
component in population dynamics maodels, but its value is
very difficult to determine for orchids, for which little is
known about the time elapsing between the heterotrophic
and autotrophic stages and the persistence of the orchid seed
bank. Seed baiting techniques can, however, help us to
estimate this value more precisely, as seed germination and
seedling recruitment rates seem to be highly correlated
(Diez, 2007).

Existing studies suggest that a relartively high proportion
of orchid seeds start to germinate (ranging from 30 to 89%
in suitable microsites; Rasmussen & Whigham, 1993;
McKendrick ez al, 2000), but only a small proportion of
protocorms will reach the advanced stages of plant develop-
ment (less than 1%; Barty eral, 2001). The insufficient
development and subsequent death of seedlings in the later
stages of development could stem from the face that initial
mycotrophic germination can be induced by a broader
spectrum of mycobionts than is required for the further
growth of a mycotroph, as reviewed by Bidartondo (2005)
for Ericaceae seeds withour food reserves. Convincing
evidence, however, is still lacking for orchids. One attempt
to calculate seedling recruitment was presented by Barry ef af
{2001), who used a seed sowing technique with Caledenia
arenicola. Batty etal found that, of the approximartely
34 500 seeds examined, less than 1% reached a stage at
which they were able to survive summer dormancy. These
data, combined with the mean number of seeds produced
per plant per year (1200 seeds), the probability of reaching
the seed bank (50%), the probability of finding a ‘safe
site’ {10%), and the duration of the seed bank (<1 yr),
were used to estimate the overall success of C. arenicoln
recruitment as approximately 0.4 seedlings per parent plant
per year.

Several relevant long-term studies of orchid population
ecology have now been published in which annual seedling
recruitment was recorded. However, these studies neglected
seed germination and protocorm survival, which are the
main steps towards adulthood. Many of these studies are still
running; in these and the new studies thart are being under-
taken, it would be valuable if demographic monitoring of
the plants could be combined with seed packet experiments,
which can be used as an efficient tool to determine how
germination rates translate 1o population-level recruitment
rates,
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