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In his seminal paper, Göte Turesson proposed the term ecotype as the ‘ecological unit 
to cover the product arising as a result of the genotypical response of an ecospecies to 
a particular habitat’. Turesson further outlined that to fully understand the ecology of 
a species, a knowledge of its most important ecotypes is needed. Whereas Turesson’s 
original idea of an ecotype mainly referred to the response of a species to abiotic condi-
tions, there is mounting evidence that ecotypes can also originate as a response to biotic 
conditions. Hence, to understand the ecology of a species, one should also understand 
the distribution and variation in biotic interactions. For plants, one such biotic inter-
action involves mycorrhizal fungi. Particularly in mycoheterotrophic plants, i.e. plants 
that rely on mycorrhizal fungi for their carbon supply, adaptation to and specializa-
tion on mycorrhizal fungi have the potential to drive ecotype formation and specia-
tion. In this paper, we provide evidence that populations of mycoheterotrophic plants 
inhabiting contrasting habitats commonly encounter divergent mycorrhizal fungal 
communities leading to geographic mosaics of mycorrhizal interactions. Adaptation 
to local fungal communities, in turn, can induce (partial) reproductive isolation and 
contribute to ecotype and ultimately species formation as a result of decreased fit-
ness of immigrant genotypes (immigrant inviability). In the most extreme case, loss of 
photosynthesis and mycorrhizal switching have led to reproductive isolation and the 
development of novel species that have become fully mycoheterotrophic. Such shifts 
have occurred repeatedly during the evolutionary history of land plants. We conclude 
that mycorrhizal fungi not only contribute to the early divergence of populations of 
mycoheterotrophic plants, but also play a crucial role in the further diversification and 
origination of this unique set of species that rely on mycorrhizal fungi for obtaining 
carbon and completing their life cycle.
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Introduction

One of the main insights of the 19th century was that species 
are not static entities, but evolve and can give rise to new spe-
cies as the result of a complex process called natural selection 
(Darwin and Wallace 1858, Darwin 1859). In most cases, 
the evolution of new species is a very long process that may 
take hundreds to thousands of generations (Coyne and Orr 
2004). Because of this long time, it is tempting to search for 
stages during the speciation process (Wallace 1865, Turesson 
1922a, Clausen 1951, Grant 1981, Wu 2001, Lowry 2012). 
One of the first to develop the idea that the evolution of 
new species goes through a series of successive stages was the 
Swedish botanist Göte Turesson (1892–1970). Using trans-
plantation and crossing experiments mostly with species from 
the genera Atriplex and Hieracium as a study system, Turesson 
(1922a) showed that species often consist of varieties that dif-
fer in many ways from each other dependent on the habi-
tat where they occur. Turesson (1922a) called these varieties 
ecotypes: ‘The term ecotype is proposed here as ecological 
unit to cover the product arising as a result of the genotypi-
cal response of an ecospecies to a particular habitat.’ In later 
writings, Turesson (1922b, 1925, 1929, 1931) indicated that 
ecotypes have genetically adapted to their particular environ-
ments and should not be seen as rigid abstract entities, but 
are constantly evolving groups that themselves are the prod-
uct of natural selection.

Building on Turesson’s work and his own experiments, 
Clausen (1951) identified similar groups of locally adapted 
populations, but he called these no longer ecotypes, but 
ecological races. Just as in Turesson’s work, these ecological 
races are considered the product of local adaptation processes 
and have become partially reproductively isolated from each 
other. As such, ecological races can be considered as one of 
the earliest stages in the speciation process (Lowry 2012). 
Although the definition of these stages is clearly arbitrary and 
other authors have criticized the validity of the terms ‘ecotype’ 
and ‘ecological race’, the recognition that speciation is a slow 
process that includes the formation of ecologically special-
ized populations or ecotypes, has significantly advanced the 
field (Doebeli and Dieckmann 2003, Coyne and Orr 2004, 
Nosil 2007, Lowry et al. 2008, Nakazato et al. 2008, Schluter 
2009). Moreover, the recent development of new molecular 
tools including high-throughput sequencing and genomics 
has caused a renewed interest in the topic (Lowry et al. 2008, 
Nosil et al. 2009) and has brought the work of Turesson back 
to the forefront (Lowry 2012).

Notwithstanding Tureson (1922b) acknowledged there 
is a genetic basis to the differentiation of plant populations, 
the factors driving this differentiation were not always clearly 
articulated. Since Turesson conducted most of his research 
along the coast and the inland of Sweden, this led him to 
believe that abiotic factors were the main drivers of ecotype 
formation. In his seminal paper, Turesson (1922a) writes: 
‘As a natural consequence we are led to the inference that 
a change in the inorganic world must bring about a corre-
sponding change in the organic, inducing a recombination 

of Mendelian factors now distributed in living organisms and 
resulting in the formation of new genotype compounds or 
species (= evolution)’. Hence, we get the notion that new 
genotypes or species arise solely from changes in the abiotic 
environment. However, Turesson’s successors increasingly 
stressed the importance of reproductive isolating barriers that 
limit gene flow in the process of ecotype formation (Gregor 
1931, 1938, Gregor  et  al. 1936, Clausen  et  al. 1939). 
Clausen (1951), for example, recognized the importance of 
many ecological barriers including temporal flowering isola-
tion and pollinator isolation in contributing to reproductive 
isolation. Clearly, biotic factors that limit gene flow among 
populations can be expected to be important drivers of eco-
type formation. There is mounting evidence that pollina-
tors have the potential to drive speciation at several different 
stages of the evolutionary process. For example, various stud-
ies in the Cape Region of South Africa have shown strong 
spatial variation in flower traits such as color, shape and odor, 
and strong matches between pollinator and flower dimen-
sions (Anderson and Johnson 2009, Newman  et  al. 2014, 
Van der Niet et al. 2014a). In addition, reciprocal transloca-
tion experiments or experiments using artificial flowers have 
indicated that these flower types are adapted to local polli-
nator communities, demonstrating that pollinators can be a 
driving force of ecotype formation in plants. Similar results 
were found for several other plant species growing in the 
Cape Region and elsewhere in the world (van der Niet et al. 
2014b), indicating that pollinator-driven selection can be an 
important process driving differentiation in flower morphol-
ogy among local populations and contributing to ecotype 
and ultimately species formation (Johnson 2006).

Pollinators are only one of several biotic factors that 
have the potential to drive divergence between populations. 
Another biotic factor that can potentially drive population 
divergence is mycorrhizal fungi. These fungi aid plants with 
the acquisition of nutrients and water in exchange for photo-
synthetically derived carbon. It has been estimated that about 
90% of all land plants form associations with mycorrhizal 
fungi under natural conditions (van der Heijden et al. 2015, 
Brundrett and Tedersoo 2018). However, in some plants, the 
mutualistic association between plants and fungi has been 
disrupted and the plants obtain carbon from fungi (Leake 
1994). These plants are called mycoheterotrophic plants 
(Leake 1994, Merckx 2013). Because mycoheterotrophic 
plants crucially rely on fungi for carbon, it can be expected 
that they have strongly adapted to fungi and that therefore 
differences in mycorrhizal fungi can be a determining force 
driving the divergence of populations of mycoheterotrophic 
plants (Taylor et al. 2004). However, there is still little infor-
mation about the role of mycorrhizal fungi in driving ecotype 
formation and speciation in mycoheterotrophic plants.

The overall aim of this paper is to review the available 
knowledge about the potential role of mycorrhizal fungi in 
driving ecotype formation and ultimately speciation in myco-
heterotrophic plants. We start our review with a definition of 
mycoheterotrophy, we then assess the geographical context in 
which adaptation to fungi can occur, highlight studies that 
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have shown evidence of mycorrhizal fungi driving ecotype 
formation and finally we put our results in a broader phy-
logenetic perspective. We conclude this review with future 
perspectives that may stimulate further research on the role 
of mycorrhizal fungi in driving ecotype formation and specia-
tion in mycoheterotrophic plants.

Mycoheterotrophic plants

About 90% of vascular plants associate with mycorrhizal fungi 
to obtain essential minerals (N, P) and water from the soil in 
exchange for photosynthetically derived carbon (Bonfante 
and Genre 2010, van der Heijden et al. 2015, Brundrett and 
Tedersoo 2018) and as such the interaction between plants 
and mycorrhizal fungi is arguably one of the most impor-
tant interactions on Earth (Tedersoo et al. 2020). Based on 
several criteria of morphological differentiation of root tis-
sues and host plant lineages, different types of mycorrhizal 
fungi can be discerned (Brundrett and Tedersoo 2018) and 
these fungi associate with different types of plants. Whereas 
arbuscular mycorrhizal fungi associate with a wide variety of 
plants, ectomycorrhizal fungi and ericoid mycorrhizal fungi 
associate primarily with trees and plants from the Ericaceae, 
respectively. Orchids form a separate group of plant species 
and commonly associate with a distinct set of saprotrophic 
fungi, so-called rhizoctonia, although some orchids also 
associate with ectomycorrhizal (Taylor and Bruns 1997) and 
wood and litter decaying fungi (Ogura-Tsujita  et  al. 2009, 
Suetsugu et al. 2020). In most plant species the relationship 
between plants and fungi is a mutualistic interaction, i.e. both 
partners benefit from the association. However, some plants 
have broken down this mutualistic relationship and partly or 
completely rely on fungi to obtain their carbon (Leake 1994). 
These plants are commonly known as ‘mycoheterotrophic’ 
plants (Merckx 2013).

Within mycoheterotrophic plants, a distinction can be 
made between initially, partially and fully mycoheterotro-
phic plants (Leake 1994, Gebauer and Meyer 2003, Merckx 
2013, Jacquemyn and Merckx 2019). Initially mycohetero-
trophic plants often produce very small seeds that are devoid 
of nutritional resources (endosperm) and therefore depend 
on mycorrhizal fungi for their nutrition during germina-
tion and early development (e.g. many species of orchids) 
or during their gametophyte phase (several species of ferns 
and lycophytes) and later become putatively autotrophic as 
adults or sporophytes, respectively. Partially mycoheterotro-
phic plants retain the ability to obtain carbon from fungi 
throughout their entire life in combination with photosyn-
thesis (Gebauer and Meyer 2003). The extent of their depen-
dency on fungal carbon varies depending on local ecological 
factors such as light availability (Preiss  et  al. 2010) or the 
physiological properties of the plant (Stöckel  et  al. 2011, 
Jacquemyn  et  al. 2021, Suetsugu and Matsubayashi 2021, 
2022). Finally, fully mycoheterotrophic plants are non-pho-
tosynthetic throughout their entire life cycle and completely 
depend on fungal carbon. This mode of life occurs in a small 

fraction of land plants: currently, about 580 leafless achlo-
rophyllous species have been described that are potentially 
fully mycoheterotrophic, all within angiosperms except for 
a single liverwort species (Jacquemyn and Merckx 2019). 
Detailed phylogenetic analyses have suggested that the evolu-
tion of full mycoheterotrophy from autotrophy has occurred 
at least 40 times during plant diversification and most likely 
occurs through intermediate initial and partial mycohetero-
trophic stages (Motomura et  al. 2010, Merckx et  al. 2013, 
Těšitelová  et  al. 2015, Lallemand  et  al. 2016, Wang  et  al. 
2021, Suetsugu et al. 2022). Fully mycoheterotrophic plants 
are often associated with a narrower phylogenetic range of 
fungi compared to their autotrophic relatives, and these 
fungi are either a subset or distinct from those of autotrophic 
plants, suggesting that host switching and local adaptation to 
mycorrhizal fungi have been important drivers of speciation 
associated with increased dependence on mycoheterotrophy.

Geographic variation in fungal availability

For fungi to drive ecotype formation and speciation, at least 
two conditions have to be met. First, plant populations occu-
pying different habitats or occurring in geographically dis-
tinct areas are associated with different sets of mycorrhizal 
fungi and second plants have adapted to their local fungal 
communities in such a way that the fitness of immigrant 
seeds is consistently lower than that of native seeds, initiat-
ing reproductive isolation and thus the possibility of ecotype 
formation. However, at present, we don’t know precisely how 
mycorrhizal communities vary in space (Tedersoo 2017) and 
whether this variation is sufficient to drive ecotype formation. 
Xing et al. (2020) investigated variation in mycorrhizal com-
munities associated with two widespread terrestrial orchids 
(Epipactis helleborine and Gymnadenia conopsea) across a large 
geographic (7000 km) gradient in Eurasia and showed strong 
turnover in mycorrhizal communities (Fig. 1). In both spe-
cies, most of the multiple-site dissimilarity was the result of 
taxon replacement and not caused by loss of taxa. Similarly, 
Duffy et al. (2019) showed strong turnover in the mycorrhi-
zal communities associated with Spiranthes spiralis in Europe. 
Renny  et  al. (2017) surveyed arbuscular mycorrhizal com-
munities associated with the fully mycoheterotrophic species 
Arachnitis uniflora from Bolivia to Patagonia and found that 
environmental and climatic factors were strongly associated 
with the distribution of arbuscular mycorrhizal fungal diver-
sity. Environmental and host factors also explained most of 
the variation in ectomycorrhizal diversity in the soil of forest 
habitats in Europe (van der Linde et al. 2018). Overall, these 
results indicate that mycorrhizal communities vary substan-
tially across large geographic gradients and that local habitat 
conditions can strongly determine fungal availability in the 
soil and the resulting community structure in the roots.

At smaller geographic scales, similar variations can be 
observed between populations occupying different environ-
ments. Jacquemyn  et  al. (2016), for example, showed that 
the mycorrhizal communities associating with adult plants 
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of E. helleborine differed significantly between plants grow-
ing in forests and dunes. Out of a total of 90 putative fungal 
OTUs (operational taxonomic units) that were found in both 
habitats, only ten were shared between them and these shared 
fungi were only sporadically observed and probably did not 
contribute much to seed germination or growth. Mycorrhizal 
communities of the dune populations were mainly domi-
nated by members of the fungal genera Inocybe, Cortinarius 
and Thelephora, whereas communities in the forest habitat 
were mainly dominated by members of the genus Hebeloma 
(Jacquemyn et al. 2016). Strong mycorrhizal divergence has 
also been reported between coastal and inland populations 
of E. helleborine in Japan (Ogura-Tsujita and Yukawa 2008), 
with individuals from coastal dunes being exclusively asso-
ciated with the pezizalean fungus Wilcoxina, which is ecto-
mycorrhizal with pine trees. This fungus was not found in 
inland populations, which are associated with several other 
ascomycetous ectomycorrhizal taxa of Pezizales, including 
Wilcoxina, Tuber and Hydnotrya. Similarly, plants in dune and 
forest populations of the partially mycoheterotrophic Pyrola 

rotundifolia associated with different mycorrhizal communi-
ties, most likely related to the different tree species that can be 
found in both habitats (Betula pendula in forest populations, 
Salix repens in dune populations) (Jacquemyn et al. 2018b).

Similarly, Oja et al. (2015) and Wang et al. (2023) showed 
significant differences in community composition between 
fungal communities associated with grassland and forest 
populations of the terrestrial orchid Neottia ovata. Whereas 
plants from grasslands predominantly associated with rhizoc-
tonia fungi of the family Serendipitaceae, plants in forests 
also recruited several ectomycorrhizal fungi. More evidence 
of geographic mosaics of mycorrhizal specificity can be found 
in the fully mycoheterotrophic Monotropa uniflora, which 
associates with different members of the Russulaceae at differ-
ent populations throughout its geographic range (Bidartondo 
2005). In this particular case, individual plants were never 
found to form mycorrhizas with more than one fungal lin-
eage at the same time, even when neighboring M. uniflora 
were mycorrhizal with other Russulaceae or if mushrooms 
and tree ectomycorrhizas of other Russulaceae were growing 
in the immediate neighborhood (Bidartondo 2005). Overall, 
these results indicate that at various spatial scales environ-
ments not only differ in abiotic factors, but also in mycorrhi-
zal communities and that this may lead to geographic mosaics 
of mycorrhizal interactions (Thompson 1994, Bidartondo 
2005). However, whether these differences in mycorrhizal 
communities are strong enough to induce local adaptation 
and reproductive isolation remains less understood.

Local adaptation and the evolution of 
reproductive isolation

When species occur over large geographical ranges or grow in 
strongly contrasting habitats, it can be expected that popula-
tions adapt to both the abiotic environment (e.g. precipitation 
regime, geological substrate) and other organisms (pollina-
tors, fungi) (Nosil 2007). Ecological adaptation, in turn, can 
be expected to contribute to species formation in several ways. 
First, populations or ecotypes adapted to different habitats 
often evolve differences in flowering time that may hamper 
the exchange of pollen between populations (i.e. temporal 
isolation) (Grant 1981, Lowry et al. 2008, Melo et al. 2014). 
Second, a fitness advantage of locally adapted ecotypes rela-
tive to introduced or immigrant ecotypes can counterbalance 
the process of gene flow through seed dispersal and contrib-
ute to reproductive isolation among ecotypes (i.e. immigrant 
inviability) (Nosil et al. 2005, Lowry et al. 2008, Melo et al. 
2014, Richards and Ortiz-Barrientos 2016). Third, when two 
ecotypes can hybridize through pollen flow, reduced fitness of 
the resulting hybrids can occur because only one-half of the 
locally adapted alleles can come to expression, a phenomenon 
known as extrinsic hybrid inviability (Schluter 2000, Rundle 
and Whitlock 2001, Baack et al. 2015). Although it can be 
expected that in species that critically rely on mycorrhizal 
fungi for the completion of their life cycle, differences in soil 
mycorrhizal partners act as a source of divergent selection and 

(a)

(b)

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0 1 10 100 1000 10000

D
is

si
m

ila
rit

y

Distance (km)

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

10 100 1000 10000

D
is

si
m

ila
rit

y

Distance (km)
Figure 1. Large-scale variation in mycorrhizal community composi-
tion in two widespread orchid species. Relationships between 
mycorrhizal dissimilarity and geographic distances for populations 
of (a) Epipactis helleborine and (b) Gymnadenia conopsea (adapted 
from Xing et al. 2020).
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therefore contribute to ecological speciation, their actual role 
remains relatively unexplored.

Osborne et al. (2017) provided compelling evidence that 
arbuscular mycorrhizal fungi (AMF) promoted coexistence 
and niche divergence of the sympatric palm species Howea 
belmoreana and H. forsteriana on Lord Howe Island, a min-
ute and isolated island located in the Tasman Sea between 
Australia and New Zealand. In this case, speciation most 
likely involved adaptation to AMF communities occurring 
in different soils (older volcanic rocks and Pleistocene cal-
careous deposits) (Osborne et al. 2017), which in turn trig-
gered differences in flowering time and hence the evolution 
of reproductive isolation (Savolainen et al. 2006). The diver-
sity of AMF was significantly lower in H. forsteriana occur-
ring on volcanic soils compared to H. belmoreana growing on 
volcanic soil and H. forsteriana on calcareous soil. Survival 
experiments further showed that sterilization of natural soil 
reduced Howea fitness in every soil–species combination 
except H. forsteriana on volcanic soil. Moreover, there was 
also evidence that AMF-associated genes exhibited evidence 
of divergent selection between Howea species, indicating that 
the ability to form AMF associations was one of the main fac-
tors driving speciation in these two sister species.

Further evidence for local adaptation to mycorrhizal 
partners and hence mycorrhiza contributing to reproduc-
tive isolation is best provided by using an experimental 
approach. One of the strongest approaches for demonstrat-
ing adaptation to local environmental conditions is perform-
ing common garden or reciprocal translocation experiments 
(Cheplick 2015). In reciprocal translocation experiments, the 
performance of home individuals is compared with that of 
individuals from other populations or environments. If eco-
types are truly adapted to their respective environments, the 
expectation is that ecotypes will be fittest in their home envi-
ronment and should be evidenced by a significant interaction 
effect of ecotype × environment. These experiments have 
been commonly used to show evidence of pollinator ecotypes 
(Clausen et al. 1940, Robertson and Wyatt 1990, Ågren and 
Schemske 2012, Boberg et al. 2014), but are less available for 
mycorrhizal fungi (Johnson et al. 2010).

Bidartondo and Bruns (2005) performed seed germination 
experiments in the field with several fully mycoheterotrophic 
species of the Monotropoideae (Ericaceae). Germination was 
only induced by fungi that associate with the roots of mature 
plants or by closely related congeners. However, seedlings 
developed best when associating with fungi present on adult 
roots, indicating a performance tradeoff between the breadth 
of host range and rate of development. Similar performance 
tradeoffs were shown by Jacquemyn et al. (2018a), who used 
reciprocal seed germination experiments to assess whether 
dune and forest populations of the partially mycoheterotro-
phic orchid E. helleborine showed higher germination and 
protocorm formation in their home environments. Both 
genetic and morphological analyses indicated that plants 
from both habitats were genetically and morphologically dif-
ferent from each other and therefore most likely had under-
gone specific adaptations to their respective environments 

(Jacquemyn et al. 2018a). Moreover, the mycorrhizal fungi 
associated with plants growing in dune and forest habitats dif-
fered substantially from each other (Jacquemyn et al. 2016). 
Results of the seed germination experiments showed that 
the proportion of germinating seeds depended significantly 
on the habitat where the seeds were buried, ecotype and the 
interaction between habitat and ecotype (Fig. 2a). Seeds from 
the forest habitat that were sown in dune habitat showed the 
lowest proportion of germinating seeds (5.7%), while 43.8% 
of these seeds germinated in forest habitat. No such effects 
were found for the dune ecotype. In this case, 56.0 and 
35.9% of all seeds germinated in dunes and forests, respec-
tively. The average number of protocorms observed within a 
single seed package also depended significantly on the habitat 
where the seed packages were buried and on the interaction 
between habitat and ecotype (Fig. 2b). However, in this case 

Figure 2. Differences in seed germination (a) and protocorm devel-
opment (b) of seeds collected from dune and forest individuals of E. 
helleborine between native and non-native habitat (adapted from 
Jacquemyn et al. 2018a).
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no significant effect of ecotype was observed. Overall, these 
results indicate that the two ecotypes were fittest in their own 
environment. The associated strength of reproductive isola-
tion due to selection against immigrants can be calculated as:

RI = -1 w wi n 	  (1)

with wi the total number of protocorms originating from 
immigrant seeds and wn the total number of protocorms orig-
inating from native seeds. Selection against immigrants was 
complete (RI = 1.00) for seeds of the forest ecotype migrat-
ing into dune habitats and 0.6 for seeds of the dune ecotype 
dispersing into forest populations.

Similar experiments were performed for the partially 
mycoheterotrophic Pyrola rotundifolia (Jacquemyn  et  al. 
2018b). This species can also be found in a number of dif-
ferent habitats, including broad-leaved forests and heath-
land, rich swampy forests, fens, mountain birch woodland 
and tundra (Johansson et al. 2014). Molecular analyses have 
shown that populations occurring in dune and forest habi-
tats are associated with different mycorrhizal communities. 
In both habitats, mycorrhizal communities were dominated 
by members of the Thelephoraceae, but dune populations 
showed a higher incidence of members of the Inocybaceae, 
whereas plants from forest populations showed more associa-
tions with members of the Russulaceae. Similar to the results 
for Epipactis, there was a strong effect of ecotype (forest ver-
sus dune) and the interaction between environment and eco-
type on seed germination success. The number of seedlings 
within a seed package was always higher for native seeds than 
for immigrant seeds and this difference was again most pro-
nounced in the dune populations. In the forest populations, 
the difference in germination success between native and 
immigrant seeds was substantially lower (Jacquemyn  et  al. 
2018b). Overall, the results of these experiments indicate 
that plants of mycoheterotrophic species growing in differ-
ent environments often associate with different mycorrhizal 
communities and that non-native seeds show lower germina-
tion than native seeds. As a result, pronounced differences 
in mycorrhizal community composition and selection against 
immigrants may constitute an important reproductive barrier 
at the early stages of the speciation process and hence initiate 
ecotype formation.

Host switching and local adaptation to mycorrhizal fungi 
may not only drive ecotype formation but also contribute 
to speciation. Disruptive selection on host specificity, charac-
terized by tradeoffs in performance between different hosts, 
can lead to further specialization and eventually promote the 
formation of two daughter species. Suetsugu  et  al. (2023) 
recently described a new fully mycoheterotrophic plant, 
Monotropastrum kirishimense (Ericaceae) (Fig. 3a), based on 
not only morphology but also fungal usage. M. kirishimense 
has a consistent and specialized association with a particular 
Russula OTU, whereas M. humile (Fig. 3b) is associated with 
several other members of the Russulaceae. Interestingly, M. 
kirishimense is found exclusively in Pinus densiflora forests, 

whereas M. humile occurs in more diverse ectomycorrhizal 
forests, mainly fagaceous forests. Therefore, the differentia-
tion of M. kirishimense from M. humile may have been caused 
by host switching and local adaptation. Furthermore, it is 
highly probable that host switching and local adaptation to 
mycorrhizal fungi have played a critical role in driving specia-
tion associated with increased dependence on mycoheterot-
rophy. Recent studies have explored the physiological ecology 
of Cremastra aphylla (Fig. 3d), a fully mycoheterotrophic spe-
cies, and its photosynthetic sister species, Cremastra appendic-
ulata (Fig. 3c), within the C. appendiculata species complex 
(Yagame et al. 2021, Suetsugu et al. 2022, Zahn et al. 2022). 
It has been observed that C. aphylla, which inhabits dark 

Figure 3. Examples of mycoheterotrophic plant species that occupy 
different habitats and in which host switching and local adaptation 
to mycorrhizal fungi may have driven ecotype formation and spe-
ciation. (a) Monotropastrum kirishimense is a fully mycoheterotro-
phic species that grows exclusively in P. densiflora forests and 
consistently associates with a single Russula OTU, whereas (b) M. 
humile occurs in more diverse ectomycorrhizal forests and is associ-
ated with several other members of the Russulaceae. (c) Cremastra 
appendiculata is a photosynthetic orchid species that inhabits some-
what open habitats and is mainly associated with rhizoctonias, 
while (d) the fully mycoheterotrophic C. aphylla inhabits dark 
shaded understories and is consistently associated with wood-decay-
ing fungi of the Psathyrellaceae.
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shaded understory, is consistently associated with wood-
decaying Psathyrellaceae, whereas C. appendiculata, which 
inhabits somewhat more open habitats, is mainly associated 
with rhizoctonias. The abundance of fallen logs and trunks in 
cool-temperate areas may represent more stable and efficient 
nutrient resources in shaded forests, whereas they may be 
less available in more open habitats. The utilization of wood-
decaying fungi, coupled with the invasion of shaded forest 
understory, could provide access to larger and older carbon 
pools, thereby facilitating speciation along with mycohetero-
trophic evolution.

A broader phylogenetic perspective

The examples provided above suggest that shifts in mycor-
rhizal fungi have the potential to drive plant speciation, 
but supportive evidence is still limited. A more compelling 
overview can be obtained when using a broader phylogenetic 
perspective. Wang  et  al. (2021) recently built a compre-
hensive dataset of fungal symbionts associated with a large 
number of orchid species and used a dated plant molecular 
phylogeny to test the hypothesis that the formation of new 
species was accompanied by switches in mycorrhizal part-
ners and associated changes in trophic mode. Shifts from 
autotrophy towards full mycoheterotrophy occurred at least 
17 times within the orchid family, and these shifts mostly 
went through an intermediate state of partial mycoheterot-
rophy. Phylogenetic hypothesis tests further showed that 
these shifts towards full mycoheterotrophy were accompa-
nied by shifts in mycorrhizal partners. Whereas the common 
ancestor of the family most likely associated with a wide 
variety of fungal groups, including ‘rhizoctonias’, ectomy-
corrhizal, and wood- or litter-decaying saprotrophic fungi, 
associations with ectomycorrhizal or saprotrophic fungi were 
most likely a prerequisite for evolutionary shifts towards full 
mycoheterotrophy. Most of these fungi were most likely 

already present as endophytes in the roots of the ancestors 
(Selosse  et  al. 2022), but they only became mycorrhizal 
when plants lost their capacity to perform photosynthe-
sis. In the arbuscular mycorrhizal plant genus Burmannia 
(Burmanniaceae), which contains both autotrophic, par-
tially mycoheterotrophic and fully mycoheterotrophic spe-
cies, a similar pattern has been observed: plant phylogenetic 
relationships suggest that mycoheterotrophy evolved in a 
stepwise manner from autotrophy over partial mycoheterot-
rophy to full mycoheterotrophy (Leake 1994, Merckx et al. 
2008, Zhao et al. 2021). During this process, which coin-
cides with a niche shift from open grasslands to closed forests 
(Maas et al. 1986), there was a gradual loss of non-Glomera-
ceae fungi (Zhao et al. 2021). Moreover, mycorrhizal inter-
actions in Burmannia tend to be species-specific and closely 
related species share more mycorrhizal fungi than distantly 
related species, suggesting a link between speciation and 
mycorrhizal interactions (Zhao et al. 2021).

Further evidence for speciation driven by shifts in mycor-
rhizal partners includes the mycoheterotrophic plant subfam-
ily Monotropoideae (Ericaceae), in which diversification has 
resulted in five mycoheterotrophic plant lineages, each of 
which is associated with one of five distantly related basid-
iomycete fungal lineages (Bidartondo and Bruns 2002, 
Bidartondo 2005). In Afrothismia (Thismiaceae), the special-
ization of five closely related plant species to five closely related 
lineages of arbuscular mycorrhizal fungi resulted in a delayed 
co-speciation pattern (i.e. fungal hosts diverged in advance of 
their plant parasites) (Merckx and Bidartondo 2008) (Fig. 4). 
In this case, the photosynthetic ancestor of Afrothismia most 
likely began specializing on particular fungal lineages and 
this initiated or followed a shift from mutualism to parasit-
ism. However, when this occurred, most extant lineages had 
already diverged, suggesting that once plants had adapted to 
a group of related arbuscular mycorrhizal fungi, subsequent 
specialization and a lack of host-switching forced the plants to 
track the fungal phylogeny, resulting in the observed delayed 

Figure 4. Comparison of multi-gene phylogenies for fully mycoheterotrophic Afrothismia plants (left) and arbuscular mycorrhiza fungi 
(right). Branch lengths represent the number of substitutions per site. Divergence time estimates in million years ago (Mya) are indicated 
in boxes. Adapted from Merckx and Bidartondo (2008), with nomenclature updated following Schüßler and Walker (2010).
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co-speciation process (Fig. 4). Although these patterns point 
towards a possible involvement of mycorrhizal interactions in 
plant speciation, research on recently diverged species of fully 
mycoheterotrophic plants in the genus Thismia indicates that 
in this system mycorrhizal associations are mostly evolution-
ary conserved, although broad ‘host’ switches may still lead to 
lineage-specific mycorrhizal interactions (Merckx et al. 2017).

Future perspectives

Although it is generally acknowledged that ecological dif-
ferentiation is often the underlying basis for the formation 
of new taxa (Coyne and Orr 2004, Rundle and Nosil 2005, 
Nosil 2007, Lowry et al. 2008), the extent to which ecotypes 
are formed by variation in the environment and how adap-
tive divergence leads to the formation of plant species are not 
well understood (Nosil et al. 2009). Moreover, the possibility 
that mycorrhizal fungi constitute an important reproductive 
barrier and therefore contribute to taxon formation, has only 
rarely been considered. Here, we have given an overview of 
studies showing that mycorrhizal communities of mycohet-
erotrophic plants vary across space and large environmental 
gradients and that this variation can induce reproductive iso-
lation. However, there are still major knowledge gaps that 
limit our understanding of how mycorrhiza-driven specia-
tion. Below we describe three major topics for future research.

The geographical mosaic of mycorrhiza-mediated 
selection

One of the biggest challenges for understanding the evolution 
of ecotypes in mycoheterotrophic plants is to determine the 
ultimate drivers of shifts in mycorrhizal communities. While 
the above-mentioned examples have indicated that mycor-
rhizal communities can be highly variable and differ between 
contrasting habitats (Ogura-Tsujita and Yukawa 2008, 
Jacquemyn et al. 2016, 2018a, b), the number of studies is 
still limited and it remains to be seen whether these results can 
be generalized to other systems. Moreover, it remains unclear 
what drives the observed variation in mycorrhizal communi-
ties. Previous studies have already indicated that fungal com-
munities are often patchily distributed and can differ between 
sites with different soil chemistry, climatic conditions, and the 
presence of ectomycorrhizal hosts (McCormick  et  al. 2012, 
Renny  et  al. 2017, Duffy  et  al. 2019, Ferlian  et  al. 2021). 
From the examples highlighted above, it seems that the domi-
nant tree/shrub species and pronounced differences in envi-
ronmental conditions may be the driving forces leading to 
mycorrhizal divergence. However, to what extent differences 
in mycorrhizal communities are caused by other factors such 
as competition between fungal lineages and priority effects, or 
result from dispersal limitation needs further research. In addi-
tion, most studies have assumed that differences in mycorrhi-
zal fungi are the driving force affecting seed germination and 
plant performance, but it is possible that abiotic factors such 

as soil moisture content, pH or organic content also affect 
germination patterns and subsequent growth. Therefore, in 
vitro seed germination experiments with fungi retrieved from 
seed packages and protocorms should be conducted to unam-
biguously show the role of mycorrhizal fungi in determining 
immigrant inviability. Bruns and Read (2008), for example, 
isolated different Rhizopogon species to assess the various fac-
tors stimulating seed germination in the fully mycoheterotro-
phic Sarcodes sanguinea and Pterospora andromedea (Ericaceae, 
Monotropoideae) under in vitro conditions. Interestingly, 
their results showed that seeds responded to a slightly broader 
range of Rhizopogon species than what had been observed to 
be associated with the adult plants, suggesting that results 
from in vitro germination experiments cannot be readily 
extrapolated to field conditions and that other factors may be 
involved under natural conditions. Besides, it is not always 
possible to conduct in vitro seed germination experiments as 
several fungi may be very hard to culture under lab conditions.

Mechanisms inducing mycorrhizal switching

Despite limited knowledge of the genetic underpinnings of 
mycorrhizal associations in mycoheterotrophic plants, the 
exceptionally high level of mycorrhizal specificity in sev-
eral mycoheterotrophic plant species is believed to result 
from fine-tuning their physiology to adapt to specific fungi. 
Consequently, the disruption of co-adapted gene complexes 
that regulate host specificity may lead to reduced hybrid fit-
ness and postzygotic isolation. Jacquemyn  et  al. (2011a, b, 
2012), for example, showed that seed germination percent-
ages of hybrid seeds were always lower than those of seeds 
originating from pure crosses, but this never resulted in com-
plete postzygotic reproductive isolation. Suetsugu et al. (2017) 
further observed only minor changes in gene expression in 
the roots and fungi of photosynthetic and albino plants of 
E. helleborine. Similarly, Lallemand  et  al. (2019) could not 
find critical metabolic innovations in albino plants to over-
come the loss of photosynthesis, suggesting that the evolu-
tion towards mycoheterotrophy is more likely to be reliant on 
the versatility of the metabolism of the plants and the ability 
to exploit fungal organic resources, especially amino acids, 
to replace missing photosynthates. However, it is important 
to note that both green and albino phenotypes of these spe-
cies typically associate with the same set of fungi (Julou et al. 
2005, Suetsugu  et  al. 2017). These findings suggest that a 
transition to fungal partners that provide more carbon has not 
yet occurred in these albino mutants, which therefore may 
explain the observed minor change in gene expression of green 
and albino plants. Roy et al. (2013) have also shown that the 
albino phenotype of partially mycoheterotrophic plants is 
not entirely adapted to the mycoheterotrophic lifestyle and 
exhibits some maladaptive traits. To obtain a comprehensive 
understanding of the genetic basis of mycorrhizal associations 
during mycoheterotrophic evolution, it is critical to investi-
gate mycoheterotrophic evolution during actual speciation, in 
addition to studying mutants (i.e. albinos).
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Quantifying total reproductive isolation

Local adaptation to mycorrhizal fungi and associated invi-
ability of immigrant seeds are only one of many factors that 
may induce reproductive isolation (Ramsey  et  al. 2003, 
Coyne and Orr 2004, Baack  et  al. 2015). Moreover, sev-
eral studies have shown that fungal partners are conserved 
between closely related species (Jacquemyn et al. 2011a, b, 
Waterman  et  al. 2011) and that plant species may recruit 
the same fungal species even when transplanted to differ-
ent areas (Waterman et al. 2011). However, these examples 
involve initially mycoheterotrophic plant species, which for 
their growth and survival are less dependent on fungi than 
partially and fully mycoheterotrophic species. In these cases, 
shifts in pollination traits and associated pollinator species 
may have been more important in driving speciation than 
shifts in mycorrhizal fungi. These results indicate that the 
importance of ecological factors that induce local adaptation 
may differ between species with different trophic modes, and 
that diversification of mycorrhizal associations has mainly 
contributed to the radiation of species that mostly rely on 
mycorrhizal fungi, namely partially and fully mycohetero-
trophic species. This is exemplified by a study of Taylor et al. 
(2004), who showed that different genotypes of the fully 
mycoheterotrophic orchid Corallorhiza maculata associated 
with distinct subclades of fungi of the Russulaceae. When 
these different genotypes were found growing in close prox-
imity, they also maintained their distinct fungal associations, 
suggesting a very tight relationship between orchid and fun-
gus and divergent selection on resource acquisition medi-
ated by fungi. Nonetheless, to fully understand the absolute 
and relative contribution of mycorrhizal fungi to ecologi-
cal speciation in mycoheterotrophic plants, the strength of 
other reproductive barriers should be quantified (Klooster 
and Culley 2009). This can be done by carrying out detailed 
pollinator observations and performing crossing experi-
ments to assess pollinator sharing and the fitness of hybrid 
plants (Ramsey  et  al. 2003, Brys  et  al. 2014, Baack  et  al. 
2015).

Conclusion

Since the seminal work of Göte Turesson on local adaptation 
and ecotype formation, much progress has been made. Recent 
work has shown that plants do not only adapt to abiotic con-
ditions, but also to biotic factors and that mycorrhizal fungi 
are one of the many biological factors that can be expected 
to contribute to ecotype formation and speciation, especially 
in mycoheterotrophic plants that strongly rely on these fungi 
for completion of their life cycle. They do not only contribute 
to the early divergence of populations inhabiting contrasting 
habitats, they also play a pivotal role in the further diversifica-
tion and origination of a completely unique set of species that 
entirely rely on mycorrhizal fungi for obtaining carbon and 
completing their life cycle.
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