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Abstract

Since the early colonization of land, plants depend to various extents on mycorrhizal fungi to
meet their nutrient demands. In most mycorrhizal symbioses, plants provide sugars derived from
photosynthesis to the fungi, whereas the fungi provide essential minerals to the plant. However,
in some plants the flow of carbon has reversed and the fungi provide carbon to the plants. These
plants are called mycoheterotrophs. However, it remains unclear how and under which
circumstances trophic modes change and whether transitions in trophic modes are associated
with changes in mycorrhizal communities.

Here, we review the available literature on mycorrhizal associations and trophic modes in plants.
We first outline how trophic modes can be determined and how they differ across plants. We
then investigate the evolutionary context under which mycoheterotrophy originated. We also
examine the mycorrhizal communities associating with autotrophic, partially mycoheterotrophic
and fully mycoheterotrophic plants within different plant families and investigate whether
commonalities can be observed.

Our overview shows that mycoheterotrophy has originated more than 40 times through
evolutionary time and can be found in a wide range of plant groups, including liverworts,
lycophytes, ferns, monocots and dicots. Partial mycoheterotrophy appears to be much more
common than previously anticipated and represents an almost continuous gradient between
autotrophy and full mycoheterotrophy.

Comparison of the mycorrhizal communities associating with autotrophic, partial and full
mycoheterotrophic plants indicates that, although they share some commonalities, shifts from
autotrophy to full mycoheterotrophy are accompanied by either losses or shifts in mycorrhizal
partners, suggesting that full or partial loss of photosynthesis selects for different mycorrhizal
communities.

Synthesis: Partial mycoheterotrophy appears to be much more common than previously thought

and represents an almost continuous gradient from autotrophy to full mycoheterotrophy.



Evolution to full mycoheterotrophy is challenging as it requires specific adaptations and often a
switch to other mycorrhizal partners. More detailed analyses of the functionality of different
mycorrhizal systems co-occurring in the roots of a single plant and the costs of mycorrhizal

switching are needed to understand the precise mechanisms leading to full mycoheterotrophy.

Keywords: autotrophy, mycorrhiza, partial mycoheterotrophy, stable isotopes
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Introduction

Mycorrhizal symbiosis, an association between soil fungi and plant roots, has been hypothesized to
be one of the critical evolutionary innovations essential for the successful colonization of land by
early land plants, subsequently leading to their radiation, and providing the foundation for the
majority of the extant terrestrial ecosystems (Delaux, 2017; Feijen et al., 2018; Field et al., 2015;
Martin et al., 2017). Based on the morphology of the interaction and the identity of the partners,
four major types of mycorrhiza have been recognized (arbuscular mycorrhiza, ectomycorrhiza,
ericoid mycorrhiza and orchid mycorrhiza), and together they include over 90% of extant land plant
species and up to 10% of fungal species (Brundrett & Tedersoo, 2018; van der Heijden et al., 2015).
The mycorrhizal symbiosis is mostly a mutualism, in which root-associated fungi facilitate plants with
the acquisition of essential nutrients from the soil, and in return, plants generally transfer
photosynthetically fixed carbon to their fungal partners (Bonfante & Genre, 2010; Merckx, 2013; van

der Heijden et al., 2015).

Some plant lineages, however, evolved the ability to obtain carbon from fungi, a nutritional
mode known as mycoheterotrophy (Leake, 1994). Among these, initial mycoheterotrophs depend on
mycorrhizal fungi during germination and early development (e.g. many species of orchids) or during
their gametophyte phase (several species of ferns and lycophytes) and become putatively
autotrophic as adults or sporophytes respectively. Partial mycoheterotrophs retain the ability to
obtain carbon from fungi throughout their life cycle in combination with photosynthesis. The extent
of their dependency on fungal carbon may vary according to ecological factors (Preiss et al., 2010).
Finally, full mycoheterotrophs are non-photosynthetic throughout their entire life cycle and solely
depend on fungal carbon. Although most fully mycoheterotrophic plants are fairly small and rather
inconspicuous (Fig. 1a-e), some of them can be up to 12 m tall, as illustrated by the liana Erythrorchis
altissima from Southeast Asia (Ogura-Tsujita et al., 2018) (Fig. 1f). Because these mycorrhizal

‘cheater’ plants are no longer physiologically capable of trading nutrients for carbon, full



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

mycoheterotrophs are unequivocal examples of non-cooperative partners in the mycorrhizal
symbiosis (Walder & van der Heijden, 2015) and therefore represent ideal model taxa to study the
evolution of mycorrhizal interactions in relation to cooperative strategy. Nonetheless, they are
routinely ignored in studies dealing with mycorrhizal cooperation, which typically focus on
mycorrhizal fungi taking advantage of mycorrhizal plants rather than vice versa (e.g. Jones et al.,
2015). Phylogenetic evidence suggests that the evolution of full mycoheterotrophy from autotrophy
is likely to occur through intermediate initial and partial mycoheterotrophic stages (Motomura et al.,
2010; Merckx et al., 2013a). This indicates that a plants’ symbiosis with mycorrhizal fungi can
therefore be considered as a dynamic interaction along a continuum of possible outcomes, ranging
from initial mycoheterotrophy over autotrophy, partial mycoheterotrophy to full mycoheterotrophy.

Shifts along the continuum can occur at a developmental, ecological, and evolutionary scale.

At present, little is known about whether and how mycorrhizal communities change during
the transition from initial mycoheterotrophy to autotrophy, partial or full mycoheterotrophy. The
few available studies have shown that in some cases mycorrhizal communities shift during
ontogenetic development. For example, germinating seeds and the first underground stages of
several Pyrola (Ericaceae) species have been shown to associate with multiple partners
simultaneously, but the fungi that associated with seeds differed from those associating with adult
plants (Hashimoto et al., 2012; Hynson et al., 2013; Johansson et al., 2017; Jacquemyn et al., 2018),
suggesting that plants may serially associate with different partners rather than specializing on a
single ‘best’ partner. Similarly, the mycorrhizal communities associating with protocorms and adult
plants of the orchid Liparis loeselii (Orchidaceae) were diverse and varied among life cycle stages
(Waud et al., 2017). During this conversion, trophic modes change from full mycoheterotrophy in
protocorms to partial mycoheterotrophy in adults plants (Schweiger et al., 2018). Broad host
specificity may allow seeds to germinate in a wide range of habitats with contrasting mycorrhizal
communities and to provide the necessary resources for germination and subsequent growth to

aboveground seedling, whereas switching of partners across life cycle stages may indicate selectivity
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towards ‘high-quality’ partners or redundancy of partners that were needed to initiate germination,
but are no longer needed to support adult plants. However, mycorrhizal community shifts during
ontogenetic development were not observed in all cases: in the ferns and lycophytes species of
Botrychium (Ophioglossaceae), Huperzia (Lycopodiaceae) and Psilotum (Psilotaceae) for example,
autotrophic sporophytes were found to associate with the same arbuscular mycorrhizal fungi as
their mycoheterotrophic gametophytes (Winther & Friedman, 2007, 2008, 2009). This evidence
indicates that at least in some cases shifts in fungal communities have occurred during ontogenetic
development of plants, but whether similar changes have occurred during the transition from
autotrophy to initial, partial, and full mycoheterotrophy at an evolutionary time scale and what

determines such shifts remain to some extent unclear.

In this paper, we review recent studies that have provided novel insights in the potential
mechanisms leading to mycoheterotrophy. First, we assess to what extent autotrophy, partial
mycoheterotrophy and mycoheterotrophy represent distinct classes of trophic modes or rather
represent a continuum of trophic modes that gradually change from one state into another. Second,
we assess the phylogenetic background of the origination of mycoheterotrophy. Finally, we
investigate whether within plant genera mycorrhizal communities differ between autotrophic,
partial mycoheterotrophic and mycoheterotrophic plants, and assess whether presence of particular

fungi may allow or facilitate the transition from one trophic mode to another.

Trophic modes: a continuum from autotrophy to mycoheterotrophy?

To be able to test the hypothesis that mycoheterotrophic plants evolved from mutualistic ancestors,
possibly through an intermediate stage of partial mycoheterotrophy, it is important that the trophic
mode of an individual plant can be accurately assessed. The trophic mode of an individual can be
measured using stable isotopes, mostly 3C and °N (Ziegler, 1996; Gebauer & Meyer, 2003), and

more recently also 2H and 20 (Gebauer et al., 2016). The general principle behind isotope analysis is



that fungi are heterotrophic and therefore significantly enriched in 2H, 3C and >N compared to their
substrates and to autotrophic plants (Gebauer & Dietrich, 1993; Gleixner et al., 1993; Ziegler, 1994;
Trudell et al., 2003). Mycoheterotrophic plants take up fungal material through either hyphal lysis or
transfer across intact membranes of fungus and plant (Kuga et al., 2014). Because the relative
abundance of *C and °N systematically increases at each trophic level in the food chain (DeNiro &
Epstein, 1978), tissues of mycoheterotrophic plants will therefore mirror the isotopic signature of
their associated fungi (Gebauer & Meyer, 2003), whereas autotrophic plants will show no such

pattern.

Box 1. The principle of stable isotope analysis

Most elements of biological interest are composed of two or more stable and/or nonstable
(radioactive) isotopes, distinguished by different atomic mass units. These differences in atomic
properties cause thermodynamic isotope effects, which lead to predictable changes in the isotopic
composition of ecosystem compartments as elements cycle through the biosphere. Natural
abundances of stable isotopes in a given material are usually expressed as the ratio of the minor
(usually heavier) over the major abundant (usually lighter) isotope of a given element (e.g. ?H/*H or
13¢/12C). Because changes in isotope abundance are usually very small at natural abundance levels,
measured isotope ratios of a given sample are usually expressed relative to a contemporaneously
measured isotope ratio of a standard of known isotopic composition (Meier-Augenstein & Kemp,
2012). To make formal comparison of the resulting figures possible, the “delta notation” (6) was
proposed. The 6-value of the heavier isotope h of a chemical element E in a sample is defined by the

following equation:

SME = [(M) - 1] x 1000,

Rstandard

where Rsample is the measured isotope ratio of the heavier isotope over the lighter (e.g., 1*C/**C) for
the sample and Rstandard is the measured isotope ratio for the corresponding international reference
material (RM) (Meier-Augenstein & Kemp, 2012). The results of this equation are referred to as per
mil values (%o). A positive 6-value means that the sample has a higher abundance of the heavier
isotope than the international reference standard that defines the scale for a particular isotope,
while a negative 6-value indicates that the sample has a lower abundance of the heavier isotope

than the international reference standard (Meier-Augenstein & Kemp, 2012).
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Comparing 6-values (see Box | for explanation) across different plant species or life cycle
stages allows to get insights into the trophic modes of plants or different stages within the life cycle
of a plant. Usually, autotrophic plants are used as a reference and stable isotope signatures of
putative mycoheterotrophic plants are compared with those of autotrophic reference plants. A 6-
value of a certain element that is significantly higher than the average of 6-values of that element of
reference autotrophic plants means that the plant is significantly enriched for that element.
However, because stable isotopes are site-dependent and often depend on the prevailing light
conditions (Preiss et al., 2010; Matsuda et al., 2012; Gonneau et al., 2014), comparison between
multiple sites is not always possible. To overcome this problem, Preiss & Gebauer (2008) suggested
using normalized enrichment factors (g), which are calculated as € = s — érer , Where s is a single
63C or 6%°N value of a mycoheterotrophic individual, a fungal sporocarp or an autotrophic reference
plant, and &ger is the mean value of all autotrophic reference plants occurring at the site. Normalized
enrichment factors allow comparing the trophic mode of many plant species, irrespective of the site
where they were sampled, and is therefore especially useful for comparative analyses (Preiss &
Gebauer, 2008).

After the pioneering work of Gebauer & Meyer (2003) and Trudell et al. (2003), many studies
have applied stable isotope analyses to assess the trophic modes of plants (e.g. Bidartondo et al.,
2004; Abadie et al., 2006; Tedersoo et al., 2007; Zimmer et al., 2007; Hynson et al., 2009; Johansson
et al., 2015; Hynson et al., 2016; Jacquemyn et al., 2017a). Bidartondo et al. (2004), for example,
analyzed isotope signatures in several orchid species inhabiting forest habitats and showed that
orchids that associated primarily with rhizoctonia fungi were not significantly enriched in 3C,
whereas orchids associated with ectomycorrhizal fungi showed both significant enrichment in 3C
and N. Similarly, Hynson et al. (2009) showed evidence for mycoheterotrophy on ectomycorrhizal
fungi in several species of the tribe Pyroleae. Within Orchidaceae, mycoheterotrophy on
saprotrophic fungi was investigated by Ogura-Tsujita et al. (2008), Martos et al. (2009), Dearnaley &

Bougoure (2010), Sommer et al. (2012), and Lee et al. (2015). In contrast, isotopic composition on
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mycoheterotrophic plants associated with arbuscular mycorrhizal fungi has been studied for very
few species, including fully mycoheterotrophic Burmanniaceae and Gentianaceae (Merckx et al.,
2010; Courty et al., 2011), and putative partially mycoheterotrophic species within the same families
(Cameron & Bolin, 2010; Bolin et al., 2017).

Recent analyses have revealed that partial mycoheterotrophy may be more widespread than
previously assumed, as plants that were initially assumed to be autotrophic based on their $3C
signature appeared to be significantly enriched in isotopes other than 3C (Gebauer et al., 2016).
Using normalized enrichment factors, Schiebold et al. (2017), for example, showed that in a large
number of terrestrial orchids of the genus Epipactis, normalized enrichment factors for °N showed a
continuous gradient from low values (<5) in so-called ‘rhizoctonia’ orchids (Epipactis palustris and E.
gigantea) (Fig. 2) to high values for species that are assumed to form orchid mycorrhizas exclusively
with ectomycorrhizal ascomycetes (E. neglecta, E. muelleri, E. leptochila and E. distans). Similarly,
normalized enrichment factors for 3C continuously increased from zero to 5 (Fig. 2). In another
study, Schiebold et al. (2018) investigated stable isotope signatures in a range of meadow orchids
associating with rhizoctonia fungi and found significant enrichment in >N and 2H, although no signs
of 3C enrichment were found and in some cases even 3C depletion. Stéckel et al. (2014) compared
enrichment factors between protocorms and adult plants of both orchids associated with
ectomycorrhizal fungi and rhizoctonia. As could be expected, protocorms of ectomycorrhiza-
associated orchids were significantly enriched in 3C and >N compared to autotrophic reference
plants similar to fully mycoheterotrophic adults. In contrast, the protocorms of orchid species
associated with rhizoctonia were also enriched in 3C and °N, but significantly less compared to the
protocorms of ectomycorrhiza-associated orchids and almost similar to that of adult plants,
indicating that the trophic status of rhizoctonia associated orchids cannot be unequivocally
determined based on their C and N isotope composition alone. These results were later
corroborated by Schweiger et al. (2018), who used protocorms as fully mycoheterotrophic endpoints

and showed that the photosynthetic orchids Platanthera bifolia and Ophrys insectifera were
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significantly enriched in organic matter derived from fungi, although fungal gains were at the low
end of the range reported for partially mycoheterotrophic orchids. These results therefore indicate a
pattern of trophic modes that can be best summarized as a continuous gradient from fully
mycoheterotrophic plants in the early stages of their development that grow into auto- or partially
mycoheterotrophic plants or remain fully mycoheterotrophic (Fig. 3), and suggest that partial

mycoheterotrophy may be much more widespread than previously assumed.

Multiple origins of full mycoheterotrophy

Phylogenetic evidence indicates that full mycoheterotrophy evolved multiple times independently in
land plants (Fig. 4a). There are c. 580 leafless achlorophyllous species that are potentially fully
mycoheterotrophic. Apart from one liverwort species (Aneura mirabilis, Aneuraceae), and a single
species in gymnosperms with a controversial status (Parasitaxus usta, Podocarpaceae is either a full
mycoheterotroph or a holoparasite; Feild & Brodripp, 2015), all these fully mycoheterotrophic
species are flowering plants. The monocots have the highest diversity of fully mycoheterotrophic
species, c. 530 species within the families Orchidaceae (295 spp.), Petrosaviaceae (3 spp.),
Burmanniaceae (63 spp.), Thismiaceae (83 spp.), Triuridaceae (56 spp.), Corsiaceae (27 spp.), and
Iridaceae (3 spp.). Within eudicots, fully mycoheterotrophic species are present in Ericaceae (17
spp.), Gentianaceae (25 spp.), and Polygalaceae (7 spp.) (Merckx, 2013, updated based on WCSP
(2018)). Collectively, these species are part of over 40 evolutionary lineages, suggesting that full
mycoheterotrophy has evolved independently over 40 times within land plants (Merckx et al.,
2013a). The majority of evolutionary shifts from mycorrhizal mutualism to mycoheterotrophy
occurred in the plant family Orchidaceae (Merckx, 2013), which is one of the most species-rich
families of land plants and contains more than 28,000 species across 736 genera (Christenhusz &
Byng, 2016). The family is widely distributed, from tropical rainforest to temperate grassland, only

excluding the polar regions and driest deserts (Chase et al., 2015; Givnish et al., 2015; Jacquemyn et
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al., 2017b). Fully mycoheterotrophic orchid species, however, are mostly restricted to tropical,
temperate and boreal forests (Merckx, 2013).

Due to its cryptic manifestation partial mycoheterotrophy has so far only been confirmed for
over 20 species of Orchidaceae (Hynson et al., 2016; Schiebold et al., 2017), although it seems much
more likely that many more orchid species, if not all, show evidence of partial mycoheterotrophy
(Schiebold et al., 2018). Further evidence for partial mycoheterotrophy has been found in c. 8
species of Ericaceae (within Pyrola, Orthilia, and possibly Chimaphila and Moneses,), a single species
of Burmanniaceae (Burmannia coelestis), and has been suggested for Gentianaceae (Bartonia
virginica and Obolaria virginica) (Cameron & Bolin, 2010; but see Hynson et al., 2013). Based on their
obligate symbiotic germination initial mycoheterotrophy is the likely nutritional mode for the
majority of Orchidaceae species and some Ericaceae species (Chimaphila and Moneses when
autotrophic as adults; Matsuda et al., 2012). Initial mycoheterotrophy, however, is potentially
prevalent in families with species producing so-called ‘dust seeds’, i.e. minute seeds that lack a
sufficient amount of resources and are dependent on mycorrhizal fungi for germination and
subsequent growth to a seedling (Eriksson & Kainulainen, 2011). In addition, a number of taxa in the
Lycopodiaceae, Psilotaceae, Ophioglossaceae, Schizaeaceae, and Gleicheniaceae have
unambiguously mycoheterotrophic gametophytes and pre-emergent sporophytes (Boullard, 1979).
Adult sporophytes are consistently photosynthetic, and many can be cultivated. It appears that
many of these taxa may be initially mycoheterotrophic, although the trophic status of adult
sporophytes under field conditions has yet to be investigated (Hynson et al., 2013).

While some lineages of fully mycoheterotrophic species are evolutionary ‘isolated’ and
diverged from their most closely related photosynthetic relatives many million years ago (e.g.
Voyria; Merckx et al., 2013b, Corsiaceae; Mennes et al., 2015), several fully mycoheterotrophic
species have close photosynthetic relatives, which are confirmed as, or candidates for, partial
mycoheterotrophs (e.g. Motomura et al., 2010). Within Orchideaceae, and potentially also Ericaceae

(Pyroleae), these partially mycoheterotrophic clades are on their part imbedded within initially

11
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mycoheterotrophic groups (Lallemand et al., 2016). This suggests that evolution from autotrophy to
full mycoheterotrophy is a graduate process, in which initial and partial mycoheterotrophy are
intermediate steps. In this respect, the evolution of initial mycoheterotrophy is the critical barrier for
a departure from full autotrophy. The origin of initial mycoheterotrophy is often linked with the
evolution of dust seeds, which depend on external fungal carbon for germination and early
development (Ramsbottom, 1922; Eriksson & Kainulainen, 2011). Under this scenario, ‘compensated
trait loss’ (Ellers et al., 2012), in which interactions with fungi replaced the dependence on seed

endosperm, allowed for an evolutionary trajectory towards new nutritional modes in plants.

Partner selectivity and niche breadth

For some plant lineages it is assumed that autotrophic, initially, partially, and fully
mycoheterotrophic plants associate with distinct sets of mycorrhizal fungi. For example, within the
orchid family, a distinction has been made between so-called ‘ectomycorrhiza-associated’ orchid
species and ‘rhizoctonia-associated’ species (Bidartondo et al., 2004; Schiebold et al., 2018). The
latter have long been assumed to be autotrophic as adults, whereas the former usually show partial
or full mycoheterotrophy. However, the assumed autotrophy of rhizoctonia-associated orchid
species has recently been challenged (Gebauer et al., 2016; Schiebold et al., 2018; Schweiger et al.,
2018). Moreover, detailed molecular analyses using high-throughput sequencing techniques have
shown that many so-called ‘rhizoctonia-associated’ species also associate with ectomycorrhizal fungi
and vice versa (Jacquemyn et al. 2014; 2015a; 2017a), indicating that a strict distinction between
rhizoctonia-associated and ectomycorrhiza-associated species cannot be maintained, neither based
on their stable isotope signatures nor their mycorrhizal communities. Similar results have been
observed in other genera displaying autotrophy and mycoheterotrophy. The mycoheterotrophic
Pyrola aphylla (Ericaceae), for example, associates with a wide range of endophytic and
ectomycorrhizal fungi, which partly overlap with the associations of its partially mycoheterotrophic
sister species P. picta, and other species within Pyroleae (Hynson & Bruns, 2009). The fully

12
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mycoheterotrophic liverwort Aneura mirabilis (Aneuraceae) harbors similar symbiotic Tulasnella
fungi as its close autotrophic relatives (Bidartondo & Duckett, 2010). These Tulasnella species are
able to form ectomycorrhizas with Betula and Pinus sp. (Bidartondo et al., 2003). While only limited
data are available for arbuscular mycorrhizal mycoheterotrophic lineages, observations in
Burmannia (Burmanniaceae) and Petrosaviaceae show that fully mycoheterotrophic species tend to
target Glomeraceae fungi exclusively, while related photosynthetic species grow with a wider range
mycorrhizal community, which, besides Glomeraceae, includes families such as Acaulosporaceae and
Diversisporaceae (Merckx et al., 2010; Suetsugu et al., 2012; Ogura-Tsujita et al., 2013; Yamato et al.,
2014).

Associations with multiple mycorrhizal partners appear to be common in both autotrophic
and mycoheterotrophic plants, whereas switches in mycorrhizal communities from an initial
mycoheterotrophic to an autotrophic life style during ontogenetic development seem to be
relatively frequent. This raises the intriguing question why plants associate with multiple fungi and
why they switch from partners across life cycle stages with different trophic modes. Associating with
multiple fungi simultaneously may be beneficial when partners differ in quality or functionality,
because a more diverse community may be more likely to include the most beneficial partner
(sampling effect) or because multiple partners provide different benefits (complementarity effect)
(Batstone et al. 2018). Partners may also have complementary effects over time if the focal
mutualist’s needs change across ontogeny, finally resulting in a different ideal partner at different
life stages (Batstone et al. 2018). Evidence for complementarity effects over time was given by
Bidartondo & Read (2008), who showed that the diversity of mycorrhizal fungi associating with
seedlings and adult plants in a number of orchids generally increased from the seedling stage to the
adult stage, indicating that plants gradually accumulate fungi during their development. Johansson
et al. (2017) investigated germination and seedling development and the diversity of fungi
associated with germinating seeds and subterranean seedlings (juveniles) in partially and fully

mycoheterotrophic Ericaceae species. Their results showed that fungal host specificity generally
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increased during juvenile ontogeny, most pronounced in the fully mycoheterotrophic species,
although a narrowing of fungal associates was also observed in two partially mycoheterotrophic
species.

Besides shifts during ontogeny, associating with multiple partners may allow mutualists to
overcome stressful abiotic conditions when partners exhibit different performance optima along a
niche axis. McCormick et al. (2006), for example, showed that the evergreen terrestrial orchid
Goodyera pubescens was able to switch mycorrhizal partners during periods of stress (in this case
drought). Although not investigated, it is reasonable to assume that this fungus was already latently
present, but became dominant when drought progressed. Further evidence for temporal turnover in
mycorrhizal partners was provided by Oja et al. (2015), who showed that the mycorrhizal
communities associated with the forest orchid Neottia ovata changed through time, whereas no
such shifts were observed in the surrounding soil. The explanation for why host plants select
different mycobionts from the local species pool over time may be found in the fact that different
partner species exhibit different population dynamics or performance trade-offs and that associating
with multiple partners will therefore lead to more consistent returns through time (so-called

portfolio effect) (Batstone et al., 2018).

Mycorrhizal fungi associated with shifts in trophic modes

Arbuscular mycorrhizal lineages — Within the genus Burmannia, the fully mycoheterotrophic species
are all associated with Glomeraceae fungi, which are a subset of the fungal associates of the
autotroph Burmannia capitata (Merckx et al., 2010; Suetsugu et al., 2012; Ogura-Tsujita et al., 2013;
Fig. 4b). A similar pattern is observed for Petrosavia-Japonolirion (Petrosaviaceae; Yamato et al.,
2014) and Epirixanthes-Salomonia (Polygalaceae; Mennes et al., 2015), which suggests that the shift
from autotrophy to full mycoheterotrophy in arbuscular mycorrhizal lineages occurs in parallel with
an increased specificity towards fungi which were already present in the mycorrhizal communities of
the autotrophic ancestor.

14
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Orchidaceae — Together with Ericaceae, Orchidaceae is the only family with strong evidence for the
occurrence of initial, partial, and full mycoheterotrophy. The evolution of initial mycoheterotrophy is
hypothesized to have occurred in the most recent ancestor of Orchidaceae in parallel with a shift
from arbuscular mycorrhiza towards orchid mycorrhiza (Yukawa et al., 2009; Fig. 4c), c. 90 million
years ago (Chomicki et al., 2014). However, not all orchids seem to have lost the association with
arbuscular mycorrhiza. For example, in at least two Cypripedium species the presence of Glomus has
been observed in the roots (Shefferson et al., 2005). Due to the deep evolution of these shifts their
mutual influence remains unclear. Within Orchidaceae, there have been several subsequent shifts
towards partial and full mycoheterotrophy. One way to investigate how mycorrhizal communities
shift from initial mycoheterotorphy to mycoheterotrophy consists of comparing mycorrhizal
diversity and composition between species that display different trophic modes and that co-occur at
a given site. Such situations can be found in several orchid genera (e.g. Epipactis, Neottia,
Cymbidium) (Motomura et al., 2010; Ogura-Tsujita et al., 2012; TéSitelova et al., 2015; Yagame et al.,
2016), or species within the Ericaceae. For example, comparison of the mycorrhizal fungi associating
with autotrophic, partially and fully mycoheterotrophic Cymbidium species showed that the
autotrophic species was predominantly dependent on saprobic Tulasnellaceae, the partially
mycoheterotrophic species associated with fungi of the Tulasnellaceae and several ectomycorrhizal
groups, including members of the Sebacinales, Russulaceae, Thelephoraceae and Clavulinaceae,
whereas the two mycoheterotrophic species were mostly specialized with ectomycorrhizal
Sebacinales. Within a phylogenetic perspective, evolution from initial mycoheterotrophy over partial
mycoheterotrophy to full mycoheterotrophy can therefore be hypothesized to coincide with a shift
from saprotrophic to ectomycorrhizal fungi via a phase of coexistence of both nutritional types of
fungi in the partial mycoheterophic mode (Ogura-Tsujita et al., 2012).

A similar comparison of the mycorrhizal communities of two Epipactis species that co-occur

in dune slacks showed that the putatively autotrophic Epipactis palustris mainly associated with
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fungi of the genera Tulasnella and Ceratobasidium, whereas fungal communities in the partially
mycoheterotrophic E. helleborine subsp. neerlandica) were primarily dominated by members of the
ectomycorrhizal genera Tuber and Geopara (Jacquemyn et al., 2016, 2017a) (Fig. 5). Interestingly,
several ectomycorrhizal genera were also present in E. palustris, albeit at much lower abundances.
Similarly, in Neottia partially mycoheterotrophic species, such as N. ovata (Schiebold et al., 2017)
interact with Sebacinales B fungi, while leafless species grow on ectomycorrhizal Sebacinales A fungi.
However, Sebacinales Group A fungi were detected in a small portion of the sampled green species,
most closely related to the leafless species (TésSitelova et al., 2015; Yagame et al., 2016). Moreover,
deeper sequencing of multiple populations of N. ovata in Belgium showed that the species
associated with a wide range of putative mycorrhizal fungi, including ectomycorrhizal fungi and
representatives of both Sebacinales Group A and B (Jacquemyn et al., 2015b).

Interestingly, a few fully mycoheterotrophic orchids have been reported to associate with
saprotrophic non-rhizoctonia fungi and obtain nutrients through the ability of the fungi to cause
wood or litter decay (e.g. Lee et al., 2015; Ogura-Tsujita et al. 2018). Their phylogenetic relationships
as well as the mycorrhizal communities and the trophic modes of their photosynthetic relatives
remain to be investigated in detail. However, saprotrophic non-rhizoctonia fungi are often present in
the roots of photosynthetic orchids, either as facultative biotrophic encounters or as endophytes,
thus their presence may act as a predisposition for the evolution of full mycoheterotrophy (Selosse

et al., 2010).

Ericaceae — In Ericaceae, two independent evolutionary origins of mycoheterotrophy were
preceded by a single shift from arbuscular mycorrhizal interactions to an interaction with
ectomycorrhizal fungi, in the common ancestor of the clade formed by Pyroleae, Arbutoideae,
Monotropeae, and Pterosporeae (Lallemand et al., 2016; Freudenstein et al., 2016; Fig. 4d). In
Pyroleae, initially, partially, and fully mycoheterotrophic species all associate with a wide range of

endophytes and ectomycorrhizal fungi of which Tomentella, Sebacina, Wilcoxina and Inocybe appear
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to be common (Hynson & Bruns, 2009). An extensive phylogenetic comparison is lacking, but a
comparison between the mycorrhizal communities of the full mycoheterotroph Pyrola aphylla and
its co-occurring partially mycoheterotrophic relative P. picta did not reveal strong differences. In
contrast to the wide diversity of Pyroleae mycorrhizal communities, fully mycoheterotrophic species
in Monotropoideae and Pterosporeae are each associated with a distinct narrow range of
ectomycorrhizal fungi (Bidartondo & Bruns, 2002; Bidartondo, 2005). Their most closely related
relatives, the putatively autotrophic species in Arbutoideae, associate with a wide range of

ectomycorrhizal fungi (Kennedy et al., 2012).

Aneuraceae —In the liverwort family Aneuraceae a shift from a non-mycorrizal ancestor (or
alternatively an arbuscular mycorrhizal status) towards an association with Tulasnella fungi, which
are either saprotrophic or ectomycorrhizal, preceded an evolutionary shift towards full
mycoheterotrophy in Aneura mirabilis (Kottke & Nebel, 2005; Bidartondo & Duckett, 2010; Fig. 4e).
Closely related Aneura species, which are possibly partially mycoheterotrophic (Duckett & Ligrone,
2008), grown on a similar, or a slightly larger phylogenetic range of Tulasnella fungi (Bidartondo &

Duckett, 2010).

Evidence for mycorrhizal shifts during the evolution towards full mycoheterotrophy?

In some partially mycoheterotrophic plant species, albino plants can be observed that have lost the
capacity of photosynthesis and thus potentially represent an intermediate stage between partial and
full mycoheterotrophy (Renner, 1938; Salmia, 1986; Selosse et al., 2004; Julou et al., 2005; Abadie et
al., 2006; Stockel et al., 2011). As such, they represent interesting model systems to investigate how
loss of photosynthesis may trigger other changes in the physiology, ecology and mycorrhizal
communities associating with partially mycoheterotrophic plants, potentially leading to full
mycoheterotrophy. Detailed physiological measurements and long-term observations in mixed

populations of the woodland orchid Cephalanthera damasonium have shown that albinos are in
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general less fit than their green counterparts. Albinos displayed more frequent shoot drying at
fruiting, possibly due to stomatal dysfunctions, had a lower basal metabolism, showed increased
sensitivity to pathogens and herbivores, had higher dormancy and showed signs of maladapted
sprouting, and produced, probably due to the previous differences, fewer seeds, which in turn had a
lower germination capacity (Roy et al., 2013). When all fitness costs were added, albinos were
estimated to have a 103 x fitness reduction, compared to green plants, suggesting that a successful
transition to full mycoheterotrophy is unlikely to occur from albino plants. Closer evaluation of the
mycorrhizal fungi associating with both green and albino phenotypes showed that they usually
associate with the same set of fungi, although the level of colonization tends to be higher in albino
plants (Abadie et al., 2006). For example, in Epipactis microphylla both phenotypes associated with
ectomycorrhizal truffles and Cortinarius (Selosse et al., 2004). In a Japanese population of Epipactis
helleborine, green and albino plants also harbored similar fungi, mainly Wilcoxina (Suetsugu et al.,
2017). Similarly, Julou et al. (2005) and Abadie et al. (2006) did not find significant differences in the
mycorrhizal communities associating with albino and green plants of Cephalanthera damasonium
and C. longifolia. In both species, mycorrhizal communities were dominated by ectomycorrhizal
fungi of the Thelephoraceae, with additional associations with members of the Cortinariaceae and
few rhizoctonias. These results indicate that a switch to fungal partners that provide more carbon
had not (yet) occurred and therefore may have prevented the emergence of a fully heterotrophic
lineage. On the other hand, Shefferson et al. (2016) showed that, despite the pronounced fitness
reduction that was observed in albino plants, the deterministic population growth rate (A) did not
significantly differ between the two phenotypes, suggesting that albinism was neither adaptive or
maladaptive and that some compensation mechanisms may open the door to the origination of full

mycoheterotrophy from partially mycoheterotrophic ancestors.

Conclusion and future directions
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Our overview indicates that full mycoheterotrophy evolved multiple times and only occurs on fungi
that are simultaneously mycorrhizal with surrounding plants, either arbuscular or ectomycorrhiza, or
on particular wood or litter decaying fungi. There is also mounting evidence that full
mycoheterotrophy is one endpoint of a continuous gradient between autotrophy and full
mycoheterotrophy and that partial mycoheterotrophy is much more widespread than previously
assumed. Similarly, our review indicates that there is a continuous gradient in fungal community
composition between autotrophic and mycoheterotrophic plants, and between initially
mycoheterotrophic and autotrophic life stages. However, in most instances, a progressive change in
communities has been observed between autotrophic and mycoheterotrophic plants, suggesting
that in the transition from autotrophy to full mycoheterotrophy some fungi have been gradually
discarded from the mycorrhizal pool present in autotrophic ancestors and replaced by others that
were already latently present and became progressively more important, or that have been acquired
from the soil if they were not yet present in the ancestor. Because acquisition of new fungal strains
is difficult and may require alternative resource acquisition techniques (Werner et al., 2018), this
may explain why the number of fully mycoheterotrophic lineages is relatively low. To fully
understand the evolution of trophic modes in plants we see significant improvements in the fields of
molecular quantification of fungal abundance, physiology and functionality of the fungi involved and

the mechanisms leading to fungal turnover. These are briefly discussed below.

Quantifying absolute abundances of mycorrhizal fungi in the roots of autotrophic and

mycoheterotrophic species

Although current advances in high-throughput sequencing have allowed to obtain more detailed
insights into the mycorrhizal communities associating with autotrophic and mycoheterotrophic
plants (e.g. Jacquemyn et al., 2017a; Johansson et al., 2017; Waud et al., 2017), they still are not
suitable to obtain reliable estimates of fungal abundances and therefore to assess the contribution
of each fungal partner to the carbon and nitrogen budget of partially and fully mycoheterotrophic
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plants. Recent research has shown that differences of relative abundances generated by high-
throughput techniques not necessarily reflect those of the actual taxon abundances (Zhang et al.,
2018) and that relative sequence abundances may therefore lead to biased assessments of
mycorrhizal abundance. Quantitative real-time PCR (qPCR) can be used to estimate absolute
abundances of particular mycorrhizal strains in complex mycorrhizal communities and to relate
these to normalized enrichment factors. In addition, recent advances in sequencing (e.g. whole
genome shotgun sequencing) will allow for enhanced detection of fungal species, increased
detection of diversity and increased prediction of genes, while the increased length, either due to
longer reads or the assembly of contigs, will improve the accuracy of species detection (Ranjan et al.,
2016; Laudadio et al., 2018). Further studies of trophic modes should therefore combine improved
descriptions of mycorrhizal communities with the quantification of absolute abundances of the
fungal communities for comparisons among autotrophic and mycoheterotrophic species or among

life stages within single species.

Assessing functionality of mycorrhizal fungi

Once mycorrhizal fungi have been detected and identified, the next step would be to assess their
function in autotrophic, partially and fully mycoheterotrophic plants. Recent studies have shown
that in partially mycoheterotrophic orchids carbon derived from mycorrhizal fungi mostly supports
young spring shoots and below-ground organs, whereas carbon originating from photosynthesis
contributes most to sexual reproduction (Gonneau et al., 2014; Suetsugu et al., 2018; Lallemand et
al., 2018). These results may explain why albino plants fail to produce similar levels of seeds than
green plants, but show the same survival rates (Roy et al., 2013; Lallemand et al., 2018). Using
fungicides, Bellino et al. (2014) were able to eliminate the mycorrhizal fungi associating with the
partially mycoheterotrophic orchid Limodorum abortivum without impairing fruit production,
supporting the idea that carbon derived from fungi contributes little to sexual reproduction. Future
research could use selective fungicides to eliminate some, but not all fungi, and measure the effect
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of fungicide application on below- and aboveground growth and reproduction in fully and partially
mycoheterotrophic plants. However, plant-soil feedback models suggest that fungicide studies
should be treated with extreme caution because the impacts on the plants and the remaining fungi
can be driven by indirect effects on competition and other interactions between soil microbes.
Experiments using different sets of fungi for germination and subsequent growth to adult plants may
allow to compare the specific role of each fungal partner across the life cycle of autotrophic and

mycoheterotrophic plants.

Assessing the mechanisms leading to fungal turnover and partner selectivity

The establishment and maintenance of mycorrhizal symbiosis is mediated by the complex molecular
cross-talk between symbiotic partners (Floss et al., 2013; Garcia et al., 2015; Oldroyd, 2013). In
general, the evolutionary processes that determine fungal specificity and partner selectivity are not
clear. Our overview has indicated that in some instances partner switching and/or abandonment
have accompanied the transition from autotrophy to mycoheterotrophy, suggesting that the
autotrophy-mycoheterotrophy continuum in plants is supported by distinct fungal partners, and that
plants may select the best partner that is available in the local community according to their trophic
mode. Interestingly, fungal partners that sustain mycoheterotrophy in plants are sometimes also
present in autotrophic relatives alongside the principal fungal symbionts of autotrophs, in which
case their role is unknown. We hypothesize that mycorrhizal communities of autotrophic plants may
routinely contain ‘ineffective’ mycorrhizal fungi. An emerging framework for plant-associated
symbioses predicts key roles for spatio-temporal variation and host community dynamics in the
maintenance of these ineffective symbionts (Thompson, 2005; Bever, 2015; Pahua et al., 2018), and
ultimately their presence may increase a plant’s niche breath (Batstone et al., 2018). Ecological
pressures, such as intense competition for light, may subsequently change the role of ineffective
symbionts to beneficial symbionts. To understand the precise circumstances under which partner
switching has occurred, experimental systems should be developed to investigate the relative fitness
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of different plant-mycorrhizal fungi combinations, similar to those used for legume-rhizobia
associations (e.g. Pahua et al., 2018). In addition, symbiotic gene expression patterns in mycorrhizae
could be compared between autotrophic, partially mycoheterotophic and fully mycoheterotrophic
plants associating with different mycorrhizal partners. This will allow getting insights into the role of
key genes in the symbiotic toolkit encoding crucial root mutualism effectors (Werner et al., 2018).
Comparison of gene expression profiles between albino and green plants of the terrestrial orchid
Epipactis helleborine has for example shown that genes involved in the antioxidant metabolism were
upregulated in albino plants, possibly reflecting increased peloton digestion in albino plants
(Suetsugu et al., 2017). Interestingly, their analysis also showed that genes related to arbuscular
mycorrhizal symbiosis were upregulated in the albino variants, possibly as a mechanism to promote
fungal colonization and opening doors for the establishment of new partnerships. Similar analyses
could be performed between closely related autotrophic, partially and fully mycoheterotrophic
plants. This experimental and genetic research will further elucidate the mechanisms of host
switching in relation to shifts in trophic modes and uncover the stepwise process by which these

mechanisms evolve.

Acknowledgements

We would like to thank Richard Shefferson for his kind invitation to contribute to this Special Issue.

Two anonymous reviewers and Richard Shefferson provided useful comments that significantly

improved the quality of this manuscript.

Authors contributions

HJ and VSFTM developed the ideas of the manuscript and wrote the paper.

Data Accessibility

22



1

This manuscript does not use data.

23



10

11

12

13

14

15

16

17

18

19

20

21

22

23

References

Abadie, J. C., Puttsepp, U., Gebauer, G., Faccio, A., Bonfante, P., & Selosse, M.-A. (2006).
Cephalanthera longifolia (Neottieae, Orchidaceae) is mixotrophic: a comparative study
between green and nonphotosynthetic individuals. Canadian Journal of Botany, 84, 1462-

1477.

Batstone, R.T., Carscadden, K.A., Afkhami, M.E., & Frederickson, M.E. (2018). Using niche breadth

theory to explain generalization in mutualisms. Ecology, 99, 1039-1050.

Bellino, A., Alfani, A., Selosse, M.-A., Guerrieri, R., Borghetti, M., & Baldantoni, D. (2014). Nutritional
regulation in mixotrophic plants: new insights from Limodorum abortivum. Oecologia, 175,

875-885.

Bever, J. D. (2015). Preferential allocation, physio-evolutionary feedbacks, and the stability and
environmental patterns of mutualism between plants and their root symbionts. New

Phytologist, 205, 1503-1514.

Bidartondo, M. I. (2005). The evolutionary ecology of myco-heterotrophy. New Phytologist, 167,

335-352.

Bidartondo, M. I., & Bruns, T. D. (2002). Fine-level mycorrhizal specificity in the Monotropoideae

(Ericaceae): specificity for fungal species groups. Molecular Ecology, 11, 557-569.

Bidartondo, M. I., Bruns, T. D., Weiss, M., Sérgio, C., & Read, D. J. (2003). Specialized cheating of the
ectomycorrhizal symbiosis by an epiparasitic liverwort. Proceedings of the Royal Society of

London B: Biological Sciences, 270, 835-842.

Bidartondo, M.l., Burghardt, B., Gebauer, G., Bruns, T.D., & Read, D.J. (2004). Changing partners in
the dark: Isotopic and molecular evidence of ectomycorrhizal liaisons between forest orchids

and trees. Proceedings of the Royal Society of London B: Biological Sciences, 271, 1799-1806.

24



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Bidartondo, M. 1., & Duckett, J. G. (2010). Conservative ecological and evolutionary patterns in
liverwort-fungal symbioses. Proceedings of the Royal Society of London B: Biological Sciences,

277,485-492.

Bidartondo, M. 1., & Read, D. J. (2008). Fungal specificity bottlenecks during orchid germination and

development. Molecular Ecology, 17, 3707-3716.

Bolin, J. F., Tennakoon, K. U., Majid, M. B. A., & Cameron, D. D. (2017). Isotopic evidence of partial

mycoheterotrophy in Burmannia coelestis (Burmanniaceae). Plant Species Biology, 32, 74-80.

Bonfante, P, & Genre, A. (2010). Mechanisms underlying beneficial plant-fungus interactions in

mycorrhizal symbiosis. Nature Communications, 1, 48.

Boullard, B. (1979). Considérations sur la symbiose fongique chez les Ptéridophytes. Syllogeus, 19, 1-

58.

Brundrett, M.C., & Tedersoo, L. (2018). Evolutionary history of mycorrhizal symbioses and global

host plant diversity. New Phytologist, 220, 1108-1115.

Cameron, D., & Bolin, J. (2010). Isotopic evidence of partial mycoheterotrophy in the Gentianaceae:
Bartonia virginica and Obolaria virginica as case studies. American Journal of Botany, 97,

1272-1277.

Chase, M.W., Cameron, K.M., Freudenstein, J.V., Pridgeon, A.M., Salazar, G., Van den Berg, C., &
Schuiteman, A. (2015). An updated classification of Orchidaceae. Botanical Journal of the

Linnean Society, 177, 151-174.

Chomicki, G., Bidel, L. P. R., Ming, F., Coiro, M., Zhang, X., Wang, Y., ... Renner, S.S. (2014). The
velamen protects photosynthetic orchid roots against UV-B damage, and a large dated
phylogeny implies multiple gains and losses of this function during the Cenozoic. New

Phytologist, 205, 1330-1341.

25



10

11

12

13

14

15

16

17

18

19

20

21

22

Christenhusz, M. J. M., & Byng, J. W. (2016). The number of known plants species in the world and its

annual increase. Phytotaxa, 261, 201-217.

Courty, P.-E., Walder, F., Boller, T., Ineichen, K., Wiemken, A., Rousteau, A., & Selosse, M.-A. (2011).
Carbon and nitrogen metabolism in mycorrhizal networks and mycoheterotrophic plants of

tropical forests: A stable isotope analysis. Plant Physiology, 156, 952-961.

Dearnaley, J. D. W., & Bougoure, J. J. (2010). Isotopic and molecular evidence for saprotrophic

Marasmiaceae mycobionts in rhizomes of Gastrodia sesamoides. Fungal Ecology, 3, 288—294.

Delaux, P.M. (2017). Comparative phylogenomics of symbiotic associations. New Phytologist, 213,

89-94.

DeNiro, M.J., & Epstein, S. (1978). Influence of diet on the distribution of carbon isotopes in animals.

Geochimica et Cosmochimica Acta, 42, 495-506.

Duckett, J. G., & Ligrone, R. (2008). Basidiomycetous endophytes in New Zealand Aneuraceae
(simple thalloid liverworts, Metzgeriidae) and the derived status of the monotypic genus

Verdoornia. Botany-Botanique, 86, 346-358

Ellers, J., Kiers, T.E., Currie, C. R., McDonald, B. R., & Visser, B. (2012). Ecological interactions drive

evolutionary loss of traits. Ecology Letters, 15, 1071-1082.

Eriksson, 0., & Kainulainen, K. (2011). The evolutionary ecology of dust seeds. Perspectives in Plant

Ecology, Evolution and Systematics, 13, 73-87.

Feijen, F.A.A., Vos, R.A,, Nuytinck, J., & Merckx, V.S.F.T. (2018). Evolutionary dynamics of mycorrhizal

symbiosis in land plant diversification. Scientific Reports, 8, 10698.

Feild, T., & Brodribb, T. (2005). A unique mode of parasitism in the conifer coral tree Parasitaxus

ustus (Podocarpaceae). Plant Cell and Environment, 28, 1316-1325

26



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Field, K.J., Pressel, S., Duckett, J.G., Rimington, W.R., & Bidartondo, M.I. (2015). Symbiotic options for

the conquest of land. Trends in Ecology & Evolution, 30, 477-486.

Floss D. S., Levy J. G., Lévesque-Tremblay V., Pumplin N., & Harrison M. J. (2013). DELLA proteins
regulate arbuscule formation in arbuscular mycorrhizal symbiosis. Proceedings of the National

Academy of Sciences of the United States of America, 110, E5025-E5034.

Freudenstein, J. V., Broe, M. B., & Feldenkris, E. R. (2016). Phylogenetic relationships at the base of

Ericaceae: Implications for vegetative and mycorrhizal evolution. Taxon, 65, 794-804.

Garcia, K., Delaux, P.M., Cope, K.R., & Ane, J.M. (2015). Molecular signals required for the

establishment and maintenance of ectomycorrhizal symbioses. New Phytologist, 208, 79-87.

Gebauer, G., & Dietrich, P. (1993). Nitrogen isotope ratios in different compartments of a mixed
stand of spruce, larch and beech trees of understory vegetation including fungi.

Isotopenpraxis, 29, 35-44.

Gebauer, G., & Meyer, M. (2003). °N and *3C natural abundance of autotrophic and myco-
heterotrophic orchids provides insight into nitrogen and carbon gain from fungal association.

New Phytologist, 160, 209-223.

Gebauer, G., Preiss, K., & Gebauer, A.C. (2016). Partial mycoheterotrophy is more widespread among

orchids than previously assumed. New Phytologist, 211, 11-15.

Gleixner, G., Danier, H.-J., Werner, R. A., & Schmidt, H. L. (1993). Correlations between the 3C
content of primary and secondary plant products in different cell compartments and that in

decomposing basidiomycetes. Plant Physiology, 102, 1287-1290.

Givnish, T.J., Spalink, D., Ames, M., Lyon, S.P., Hunter, S.J., Zuluaga, A., ... Cameron, K.M. (2015).
Orchid phylogenomics and multiple drivers of their extraordinary diversification. Proceedings

of the Royal Society of London B: Biological Sciences, 282, 20151553.

27



10

11

12

13

14

15

16

17

18

19

20

21

22

Gonneau, C., Jersakova, J., de Tredern, E., Till-Bottraud, |., Saarinen, K., Sauve, M., ... Selosse, M.-A.
(2014). Photosynthesis in perennial mixotrophic Epipactis spp. (Orchidaceae) contributes
more to shoot and fruit biomass than to hypogeous survival. Journal of Ecology, 102, 1183-

1194.

Hashimoto, Y., Fukukawa, S., Kunishi, A., Suga, H., Richard, F., Sauve, M., & Selosse, M.-A. (2012).
Mycoheterotrophic germination of Pyrola asarifolia dust seeds reveals convergences with

germination in orchids. New Phytologist, 195, 620-630.

Hynson, N. A., & Bruns, T. D. (2009). Evidence of a myco-heterotroph in the plant family Ericaceae
that lacks mycorrhizal specificity. Proceedings of the Royal Society of London B: Biological

Sciences, 276, 4053-4059.

Hynson, N. A., Preiss, K., Gebauer, G., & Bruns, T.D. (2009). Isotopic evidence of full and partial

myco-heterotrophy in the plant tribe Pyroleae (Ericaceae). New Phytologist, 182, 719-726.

Hynson, N. A., Weiss, M., Preiss, K., Gebauer, G., & Treseder, K. K. (2013). Fungal host specificity is
not a bottleneck for the germination of Pyroleae species (Ericaceae) in a Bavarian forest.

Molecular Ecology, 22, 1473-1481.

Hynson, N. A., Madsen, T. P., Selosse, M.-A., Adam, I. K. U., Ogura-Tsujita, Y., Roy, M. H., & Gebaue

G. (2013). The physiological ecology of mycoheterotrophy. In V. Merckx (ed.),

r,

Mycoheterotrophy: The Biology of plants living on fungi (pp. 297-342). New York, NY: Springer.

Hynson, N. A., Schiebold, J. M.-1., & Gebauer, G. (2016). Plant family identity distinguishes patterns

of carbon and nitrogen stable isotope abundance and nitrogen concentration in

mycoheterotrophic plants associated with ectomycorrhizal fungi. Annals of Botany, 118, 467-

479.

28



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Jacquemyn, H., Brys, R., Merckx, V.S.F.T., Waud, M., Lievens, B., & Wiegand, T. (2014). Co-existing
orchid species have distinct mycorrhizal communities and display strong spatial segregation.

New Phytologist, 202, 616-627.

Jacquemyn, H., Brys, R., Waud, M., Busschaert, P., & Lievens, B. (2015a). Mycorrhizal networks and

coexistence in species-rich orchid communities. New Phytologist, 206, 1127-1134.

Jacquemyn, H., Waud, M., Merckx, V.S.F.T., Lievens, B., & Brys, R. (2015b). Mycorrhizal diversity,
seed germination and long-term changes in population size across nine populations of the

terrestrial orchid Neottia ovata. Molecular Ecology, 24, 3269-3280.

Jacquemyn, H., Waud, M., Lievens, B. &, Jacquemyn, H. (2016). Differences in mycorrhizal
communities between Epipactis palustris, E. helleborine and its presumed sister species E.

neerlandica. Annals of Botany, 118, 105-114.

Jacquemyn, H., Waud, M., Brys, R., Lallemand, F., Courty, P.-E., Robionek, A., & Selosse, M.-A.
(2017a). Mycorrhizal associations and trophic modes in coexisting orchids: An ecological

continuum between auto- and mixotrophy. Frontiers in Plant Science, 8, 1497.

Jacquemyn, H., Duffy, K., & Selosse, M.-A. (2017b). Biogeography of Orchid Mycorrhizas. In L.
Tedersoo (ed.), Biogeography of Mycorrhizal Symbiosis (pp. 159-177). Springer International

Publishing, Cham, Switzerland.

Jacquemyn, H., Waud, M., & Brys, R. (2018). Mycorrhizal divergence and selection against immigrant
seeds in forest and dune populations of the partially mycoheterotrophic Pyrola rotundifolia.

Molecular Ecology, 27, 5228-5237.

Johansson, V.A., Mikusinska, A., Ekblad, A., & Eriksson, O. (2015). Partial mycoheterotrophy in
Pyroleae: nitrogen and carbon stable isotope signatures during development from seedling to

adult. Oecologia, 177, 203-211.

29



10

11

12

13

14

15

16

17

18

19

20

21

22

Johansson, V. A,, Bahram, M., Tedersoo, L., K&ljalg, U., & Eriksson, O. (2017). Specificity of fungal
associations of Pyroleae and Monotropa hypopitys during germination and seedling

development. Molecular Ecology, 26, 2591-2604.

Jones, E. |, Afkhami, M. E., Akcay, E., Bronstein, J .L., Bshary, R., Frederickson, M.E,, ... Friesen, M. L.
(2015). Cheaters must prosper: reconciling theoretical and empirical perspectives on cheating

in mutualism. Ecology Letters, 18, 1270-1284.

Julou, T., Burghardt, B., Gebauer, G., Berveiller, D., Damsein, C., & Selosse, M.-A. (2005). Mixotrophy
in orchids: insights from a comparative study of green individuals and nonphotosynthetic

individuals of Cephalanthera damasonium. New Phytologist, 166, 639-653.

Kennedy, P. G., Smith, D. P., Horton, T. R., & Molina, R. J. (2012). Arbutus menziesii (Ericaceae)
facilitates regeneration dynamics in mixed evergreen forests by promoting mycorrhizal fungal

diversity and host connectivity. American Journal of Botany, 99, 1691-1701.

Kottke, I., & Nebel, M. (2005). The evolution of mycorrhiza-like associations in liverworts: an update.

New Phytologist, 167, 330-334.

Kuga Y., Sakamoto N., & Yurimoto H. (2014) Stable isotope cellular imaging reveals that both live and
degenerating fungal pelotons transfer carbon and nitrogen to orchid protocorms. New

Phytologist, 202, 594-605.

Lallemand, F., Gaudeul, M., Lambourdiére, J., Matsuda, Y., Hashimoto, Y., & Selosse, M.-A. (2016).

The elusive predisposition to mycoheterotrophy in Ericaceae. New Phytologist, 212, 314-319.

Lallemand, F., Figura, T., Damesin, C., Fresneau, C., Griveau, C., Fontaine, N., ... Selosse, M.-A. (2018).
Mixotrophic orchids do not use photosynthates for perennial underground organs. New

Phytlogist, in press.

30



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Laudadio, I., Fulci, V., Palone, F., Stronati, L., Cucchiara, S., & Carissimi, C. (2018). Quantitative
assessment of shotgun metagenomics and 16S rDNA amplicon sequencing in the study of

human gut microbiome. Omics, 22, 248-254.

Leake, J.R. (1994). The biology of myco-heterotrophic (‘saprotrophytic’) plants. New Phytologist, 127,

171-216.

Lee, Y.-l,, Yang, C.-K., & Gebauer, G. (2015). The importance of associations with saprotrophic non-
Rhizoctonia fungi among fully mycoheterotrophic orchids is currently under-estimated: novel

evidence from sub-tropical Asia. Annals of Botany, 116, 423-435.

Martin, F.M., Uroz, S., & Barker, D.G. (2017). Ancestral alliances: Plant mutualistic symbioses with

fungi and bacteria. Science, 356, eaad4501.

Martos, F., Dulormne, M., Pailler, T., Bonfante, P., Faccio, A., Fournel, J., ... Selosse, M.-A. (2009).
Independent recruitment of saprotrophic fungi as mycorrhizal partners by tropical

achlorophyllous orchids. New Phytologist, 184, 668-681.

Matsuda, Y., Shimizu, S., Mori, M., Ito, S.-l., & Selosse, M.-A. (2012). Seasonal and environmental
changes of mycorrhizal associations and heterotrophy levels in mixotrophic Pyrola japonica
(Ericaceae) growing under different light environments. American Journal of Botany, 99, 1177-

1188.

McCormick, M. K., Whigham, D. F., Sloan, D., O’Malley, K., & Hodkinson, B. (2006). Orchid-fungus

fidelity: a marriage meant to last? Ecology, 87, 903-911.

Meier-Augenstein, W., & Kemp, H.F. (2012) Stable Isotope Analysis: General Principles and

Limitations. Wiley Encyclopedia of Forensic Science.

Mennes, C. B., Moerland, M. S., Rath, M., Smets, E. F., & Merckx, V. S. F. T. (2015). Evolution of
mycoheterotrophy in Polygalaceae: The case of Epirixanthes. American Journal of Botany, 102,
598-608.

31



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Merckx, V., Stockel, M., Fleischmann, A., Bruns, T. D., & Gebauer, G. (2010). >N and *3C natural
abundance of two mycoheterotrophic and a putative partially mycoheterotrophic species

associated with arbuscular mycorrhizal fungi. New Phytologist, 188, 590-596.

Merckx, V. (2013) Mycoheterotrophy: The biology of plants living on fungi. New York, NY: Springer.

Merckx, V.S.F.T., Freudenstein, J.V., Kissling, J., Christenhusz, M.J.M., Stotler, R.E., Crandall-Stotler,
B., ... Maas, P.J.M. (2013a) Taxonomy and classification. In V. Merckx (ed.), Mycoheterotrophy:

The Biology of plants living on fungi (pp. 19-101). New York, NY: Springer.

Merckx, V. S. F. T., Kissling, J., Hentrich, H., Janssens, S. B., Mennes, C. B., Specht, C. D., & Smets, E. F.
(2013b). Phylogenetic relationships of the mycoheterotrophic genus Voyria and the
implications for the biogeographic history of Gentianaceae. American Journal of Botany, 100,

712-721.

Morris, J.L., Puttick, M.N., Clark, J.W., Edwards, D., Kenrick, P., Pressel, S., ... Donoghue, P.C.J. (2018).
The timescale of early land plant evolution. Proceedings of the National Academy of Sciences

of the United States of America, 10, E2274-E2283.

Motomura, H., Selosse, M.-A., Martos, F., Kagawa, A., & Yukawa, T. (2010). Mycohetetrophy evolved
from mixotrophic ancestors: Evidence in Cymbidium (Orchidaceae). Annals of Botany, 106,

573-581.

Obase, K., Matsuda, Y., & Ito, S.-I. (2013). Enkianthus campanulatus (Ericaceae) is commonly

associated with arbuscular mycorrhizal fungi. Mycorrhiza, 23, 199-208.

Obase, K., & Matsuda, Y. (2014). Culturable fungal endophytes in roots of Enkianthus campanulatus

(Ericaceae). Mycorrhiza, 24, 635-644.

Ogura-Tsujita, Y., Gebauer, G., Hashimoto, T., Umata, H., & Yukawa, T. (2008). Evidence for novel

and specialised mycorrhizal parasitism: the orchid Gastrodia confusa gains carbon from

32



10

11

12

13

14

15

16

17

18

19

20

21

22

saprotrophic Mycena. Proceedings of the Royal Society of London B: Biological Sciences, 276,

761-767.

Ogura-Tsujita, Y., Yokoyama, J., Miyoshi, K., & Yukawa, T. (2012). Shifts in mycorrhizal fungi during
the evolution of autotrophy to mycoheterotrophy in Cymbidium (Orchidaceae). American

Journal of Botany, 99, 1158-1172.

Ogura-Tsujita, Y., Umata, H., & Yukawa, T. (2013). High mycorrhizal specificity in the
mycoheterotrophic Burmannia nepalensis and B. itoana (Burmanniaceae). Mycoscience, 54,

444-448.

Ogura-Tsujita, Y., Gebauer, G., Xu, H., Fukasawa, Y., Umata, H., Tetsuka, K., ... Yukawa, T. (2018). The
giant mycoheterotrophic orchid Erythrorchis altissima is associated mainly with a divergent

set of wood-decaying fungi. Molecular Ecology, 27, 1324-1337.

Oldroyd, G.E.D. (2013). Speak, friend, and enter: signalling systems that promote beneficial

symbiotic associations in plants. Nature Reviews Microbiology, 11, 252-263.

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

1618.

Pahua, V. J., Stokes, P. J. N., Hollowell, A. C., Regus, J. U., Gano-Cohen, K. A., Wendlandt, C. E., ...
Sachs, J. L. (2018) Fitness variation among host species and the paradox of ineffective rhizobia.

Journal of Evolutionary Biology, 31, 599-610.

Preiss, K., & Gebauer, G. (2008). A methodological approach to improve estimates of nutrient gains
by partially myco-heterotrophic plants. Isotopes in Environmental and Health Studies, 44, 393-

401.

33



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Preiss, K., Adam, I.K.U., & Gebauer, G. (2010). Irradiance governs exploitation of fungi: fine-tuning of
carbon gain by two partially myco-heterotrophic orchids. Proceedings of the Royal Society of

London B: Biological Sciences, 277, 1333-1336.

Puttick, M.N., Morris, J.L., Williams, T.A., Cox, C.J., Edwards, D., Kenrick, P., ... Donoghue, P.C.J.
(2018). The interrelationships of land plants and the nature of the ancestral embryophyte.

Current Biology, 28, 733-745.

Ramsbottom, J. (1922). Orchid mycorrhiza: With plates II-VIIl. Transactions of the British Mycological

Society, 8, 28-61.

Ranjan, R., Rani, A., Metwally, A., McGee, H.S., & Perkins, D.L. (2016). Analysis of the microbiome:
Advantages of whole genome shotgun versus 16S amplicon sequencing. Biochemical and

Biophysical Research Communications, 469, 967-77.

Renner, 0. (1938). Uber blasse, saprophytische Cephalanthera alba und Epipactis latifolia. Flora,

132, 225-233.

Roy, M., Gonneau, C., Rocheteau, A., Berveiller, D., Thomas, J.-C., Damesin, C., & Selosse, M.-A.
(2013) Why do mixotrophic plants stay green? A comparison between green and

achlorophyllous orchid individuals in situ. Ecological Monographs, 83, 95-117.

Sachs, J. L. (2015) Exploitation of mutualisms. In: Mutualism (J. Bronstein, ed.), pp. 93-106. Oxford

University Press, Oxford.

Salmia, A. (1986). Chlorophyll-free form of Epipactis helleborine (Orchidaceae) in SE Finland. Annals

of Botany Fennici, 23, 49-57.

Schiebold, J.M.I., Bidartondo, M.I., Karasch, P., Gravendeel, B., & Gebauer, G. (2017). You are what
you get from your fungi: nitrogen stable isotope patterns in Epipactis species. Annals of

Botany, 119, 1085-1095.

34



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Schiebold, J.M.1., Bidartondo, M.I., Lenhard, F., Makiola, A., & Gebauer, G. (2018). Exploiting
mycorrhizas in broad daylight: Partial mycoheterotrophy is a common nutritional strategy in

meadow orchids. Journal of Ecology, 106, 168-178.

Schweiger, J.M.I., Bidartondo, M.I., & Gebauer, G. (2018). Stable isotope signatures of underground
seedlings reveal the organic matter gained by adult orchids from mycorrhizal fungi. Functional

Ecology, 32, 870-881.

Selosse, M.-A., Faccio, G., Scappaticci, G., & Bonfante, P. (2004). Chlorophyllous and achlorophyllous
specimens of Epipactis microphylla (Neottieae, Orchidaceae) are associated with

ectomycorrhizal septomycetes, including truffles. Microbial Ecology, 47, 416-426.

Selosse, M.-A., & Roy, M. (2009). Green plants eating fungi, facts and questions about mixotrophy.

Trends in Plant Science, 14, 64-70.

Selosse, M.-A., Martos, F., Perry, B. A., Padamsee, M., Roy, M., & Pailler, T. (2010). Saprotrophic
fungal mycorrhizal symbionts in achlorophyllous orchids: finding treasures among the

'molecular scraps'? Plant Signaling & Behavior, 5, 349-353.

Shefferson, R.P., Roy, M., Piittsepp, U, & Selosse, M.-A. (2016). Demographic shifts related to
mycoheterotrophy and their fitness impacts in two Cephalanthera species. Ecology, 97, 1452-

1462.

Sommer, J., Pausch, J., Brundrett, M.C., Dixon, K.W., Bidartondo, M.l., & Gebauer G. (2012). Limited
carbon and mineral nutrient gain from mycorrhizal fungi by adult Australian orchids. American

Journal of Botany, 99, 1133-1145.

Stockel, M., Meyer, C., & Gebauer, G. (2011). The degree of mycoheterotrophic carbon gain in green,
variegated and vegetative albino individuals of Cephalanthera damasonium is related to leaf

chlorophyll concentrations. New Phytologist, 189, 790-796.

35



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Stockel, M., Tésitelova, T., Jersakova, J., Bidartondo, M. |., & Gebauer, G. (2014). Carbon and

nitrogen gain during the growth of orchid seedlings in nature. New Phytologist, 202, 606-615.

Suetsugu, K., Kawakita, A., & Kato, M. (2012). Evidence for specificity to Glomus group Ab in two

Asian mycoheterotrophic Burmannia species. Plant Species Biology, 29, 57-64.

Suetsugu, K., Yamato, M., Miura, C., Yamaguchi, K., Takahashi, K., Ida, Y., Shigenobu, S., & Kaminaka,
H. (2017). Comparison of green and albino individuals of the partially mycoheterotrophic
orchid Epipactis helleborine on molecular identities of mycorrhizal fungi, nutritional modes

and gene expression in mycorrhizal roots. Molecular Ecology, 26, 1652-1669.

Suetsugu, K., Ohta, T., & Tayasu, |. (2018). Partial mycoheterotrophy in the leafless orchid Cymbidium

macrorhizon. American Journal of Botany, 105, 1595-1600.

Tedersoo, L., Pellet, P., Kdljalg, U., & Selosse, M.-A. (2007). Parallel evolution paths to
mycoheterotrophy in understorey Ericaceae and Orchidaceae: Ecological evidence for

mixotrophy in Pyroleae. Oecologia, 151, 206-2017.

Thompson, J.N. (2005) The Geographic Mosaic of Coevolution. The University of Chicago Press,

Chicago, lllinois.

Tésitelova, T., Kotilinek, M., Jersdkova, J., Joly, F.-X., KoSnar, J., Tatarenko, I., & Selosse, M.-A. (2015).
Two widespread green Neottia species (Orchidaceae) show mycorrhizal preference for

Sebacinales in various habitats and ontogenetic stages. Molecular Ecology, 24, 1122-1134.

Trudell, S. A., Rygiewicz, P. T., & Edmonds, R. L. (2003). Nitrogen and carbon stable isotope
abundances support the myco-heterotrophic nature and host-specificity of certain

achlorophyllous plants. New Phytologist, 160, 391-401.

van der Heijden, M.G., Martin, F.M., Selosse, M.A., & Sanders, |.R. (2015). Mycorrhizal ecology and

evolution: the past, the present, and the future. New Phytologist, 205, 1406-1423.

36



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Walder, F., & van der Heijden, M.G. (2015). Regulation of resource exchange in the arbuscular

mycorrhizal symbiosis. Nature Plants, 1, 15159.

Waud, M., Brys, R., Van Landuyt, W., Lievens, B., & Jacquemyn, H. (2017). Mycorrhizal specificity
does not limit the distribution of an endangered orchid species. Molecular Ecology, 26, 1687-

1701.

W(CSP (2018) World Checklist of Selected Plant Families. Facilitated by the Royal Botanic Gardens,

Kew. Published on the Internet; http://wcsp.science.kew.org/ Retrieved 15 Sept 2018."

Werner, G.D.A., Cornelissen, J.H.C., Cornwell, W.K., Soudzilovskaia, N.A., Kattge, J., West, S.A., &
Kiers, E.T. (2018). Symbiont switching and alternative resource acquisition strategies drive
mutualism breakdown. Proceedings of the National academy of Sciences of the United States

of America, 115, 5229-5234.

Winther, J., & Friedman, W. (2007). Arbuscular mycorrhizal symbionts in Botrychium

(Ophioglossaceae). American Journal of Botany, 94, 1248-1255.

Winther, J. L., & Friedman, W. E. (2008). Arbuscular mycorrhizal associations in Lycopodiaceae. New

Phytologist, 177, 790-801.

Winther, J. L., & Friedman, W. E. (2009). Phylogenetic affinity of arbuscular mycorrhizal symbionts in

Psilotum nudum. Journal of Plant Research, 122, 485-496.

Yagame, T., Ogura-Tsujita, Y., Kinoshita, A., lwase, K., & Yukawa, T. (2016). Fungal partner shifts
during the evolution of mycoheterotrophy in Neottia. American Journal of Botany, 103, 1630-

1641.

Yamato, M., Ogura-Tsujita, Y., Takahashi, H., & Yukawa, T. (2014). Significant difference in
mycorrhizal specificity between an autotrophic and its sister mycoheterotrophic plant species

of Petrosaviaceae. Journal of Plant Research, 127, 685-693.

37



10

11

12

13

14

15

Yukawa, T., Ogura-Tsujita, Y., Shefferson, R. P., & Yokoyama, J. (2009). Mycorrhizal diversity in
Apostasia (Orchidaceae) indicates the origin and evolution of orchid mycorrhiza. American

Journal of Botany, 96, 1997-20009.

Ziegler, H. (1994). Deuterium content in organic material of hosts and their parasites. In E.D. Schulze,
& M. M. Caldwell (Eds.), Ecophysiology of photosynthesis. Ecological Studies 100 (pp. 393-408).

Berlin, Germany: Springer.

Ziegler, H. (1996). Stabile isotope in den Interaktionen von Parasiten und Wirten bei Hoheren

Pflanzen. Isotopes in Environmental Health Studies, 32, 129-140.

Zhang, Z.,Qu, Y., Li, S., Feng, K., Wang, S., Cai, W., Liang, Y., Li, H., Xu, M., Yin, H., & Deng, Y. (2018).
Soil bacterial quantification approaches coupling with relative abundances reflecting the

changes of taxa. Scientific Reports, 7, 4837.

Zimmer, K., Hynson, N.A., Gebauer, G., Allen, E. B., Allen, M.F., & Read, D.J. (2007). Wide
geographical and ecological distribution of nitrogen and carbon gains from fungi in pyroloids

and monotropoids (Ericaceae) and in orchids. New Phytologist, 175, 166-175.

38



10

11

12

13

14

15

16

17

18

19

20

21

22

23

List of Figures

Fig. 1 Representative examples of mycoheterotrophic plants across the flowering plants. (a-f) Fully
mycoheterotrophic species: (a) Sciaphila densiflora (Triuridaceae); (b) Epirixanthes cylindrica
(Polygalaceae); (c) Thismia tentaculata (Thismiaceae); (d) Neottia nidus-avis (Orchidaceae); (e)
Sarcodes sanguinea (Ericaceae); (f) Erythrorchis altissima (Orchidaceae); (g-h) Partially
mycoheterotrophic species: (g) Ophrys insectifera (Orchidaceae); (h) Platanthera bifolia

(Orchidaceae). All pictures by V. Merckx, except (f) by Y. Ogura-Tsujita.

Fig. 2 Normalized enrichment factors €'3C and €'°N for a large number of Epipactis species showing a
continuous gradient of 3C and °N enrichment. Species codes: Eat = Epipactis atrorubens; Edi = E.
distans; Efi = E. fibri; Egi: E. gigantea; Ehe: E. helleborine, Ehn: E. helleborine spp. neerlandica; Ele = E.
leptochila; Emi = E. microphylla; Emu: E. muelleri; Ene = E. neglecta, Epa: E. palustris; Epu: E.
purpurata. The green box represents the mean enrichment factors (+ 1 s.d.) for autotrophic
reference plants that were sampled together with the Epipactis species. The red box represents
mean enrichment factors (+ 1 s.d.) of all partially mycoheterotrophic orchid species that associate
with ectomycorrhizal fungi that were reviewed by Hynson et al. (2013) before publication of

Schiebold et al. (2017). (Figure reproduced from Schiebold et al. (2017), with permission).

Fig. 3 Proposed continuum of trophic modes in plants. Autotrophy, partial mycoheterotrophy and
full mycoheterotrophy should not be seen as three distinct stages in trophic modes, but rather as a

gradual transition from one stage to the next.
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Fig. 4 Evolution of trophic modes and mycorrhizal associations. (a) Phylogenetic distribution of
mycoheterotrophy in land plants. Size of major land plant clades are according to species numbers
reported in Christenhusz & Byng (2016). Phylogenetic relationships and divergence times follow
Puttick et al. (2018) and Morris et al. (2018). (b) Evolution of trophic modes and mycorrhizal
associations in Burmannia (Burmanniaceae). Initial mycoheterotrophy is not described for this
group. Mycorrhizal associates of Burmannia coelestis, a species capable of partial mycoheterotrophy
(Bolin et al., 2017) have not been characterized yet. Other lineages, such as Petrosaviaceae,
Polygalaceae show a similar trend (Yamato et al., 2014; Mennes et al., 2015). (c) Initial
mycoheterotrophy likely evolved in the common ancestor of Orchidaceae, in parallel with a shift
from arbuscular mycorrhizas to orchid mycorrhizas (Yukawa et al., 2009). Two scenarios towards full
mycoheterotrophy are illustrated: (1) In Cymbidium evolution from initial mycoheterotrophy over
partial mycoheterotrophy to full mycoheterotrophy is associated with a gradual shift from
rhizoctonia orchid mycorrhiza to ectomycorrhizal Sebacinales (Ogura-Tsujita et al. 2012). A similar
pattern is found for Neottia (Yagame et al., 2016); (2) Some fully mycoheterotrophic orchid species
exploit non-rhizoctonia wood and litter decaying fungi, such as Mycena in Gastrodium confusa
(Ogura-Tsujita et al., 2008). Existence of partial mycoheterotrophy of species closely related to these
mycoheterotrophs remains to be tested. (d) Enkianthus, the sister group of all other Ericaceae,
associates with arbuscular mycorrhizal fungi (Obase et al., 2013), although ericoid forming fungi of
Helotiales are also present (Obase & Matsuda, 2014). (1) In Pyroleae, initially, partially, and fully
mycoheterotrophic taxa all associate with a broad range of ectomycorrhizal fungi, such as Russula,
Tricholoma, and Rhizopogon (Hynson & Bruns, 2009). (2) Putatively autotrophic species of
Arbutoideae associate with a wide range of ectomycorrhizal fungi (Kennedy et al., 2012), while fully
mycoheterotrophic Monotropoideae grow on narrow ranges of ectomycorrhizal fungi (Bidartondo,
2005). (e) In Aneuraceae, mycorrhizal association with Tulasnella fungi were acquired from a non-
mycorrhizal ancestor (Kottke & Nebel, 2005). These Tulasnella species may be saprotrophs or form

ectomycorrhizal associations with surrounding trees, which is the case for the sole fully

40



10

11

mycoheterotrophic species A. mirabilis (Bidartondo et al., 2003). Some Aneura species maybe

partially mycoheterotrophic (Duckett & Ligrone, 2008).

Fig. 5 Differences in mycorrhizal communities between the putatively autotrophic Epipactis palustris
and the partially mycoheterotrophic E. helleborine subsp. neerlandica sampled in dune slacks in
Belgium where the two species co-occur. Both species associate with a large number of fungal
strains, but the relative proportion of sequences belonging to fungal genera differed between the
two species. Epipactis palustris showed a high preference for fungi of the genera Tulasnella and
Ceratobasidium, which were largely lacking or completely absent in E. helleborine subsp.
neerlandica. In the latter, fungal communities were primarily dominated by members of the

ectomycorrhizal genera Tuber and Geopara (data from Jacquemyn et al. 2016, 2017a).
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